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Abstract

The electronic and optical properties of Boron (B) and Beryllium (Be)-doped graphene were determined using the ab initio approach based
on the generalized gradient approximations within the Full potential linearized Augmented Plane wave formalism (FP-LAPW). Our findings
demonstrated that doping at the edges of graphene is notably stable. In both systems, Be- doped graphene proves more efficient in manipulating
the band gap of graphene. Both B and Be, induce P-type doping in graphene. B-doped graphene exhibits a negligible magnetic moment of
0.000742, suggesting its suitability for catalytic semiconductor devices. Conversely, Be-doped graphene displays a large magnetic moment of
1.045 uB, indicating its potential in spintronics. Additionally, this study elucidates the influence of the dopant atoms on the optical properties of
graphene. These findings underscore a stable and controllable method for modelling graphene at its edges with B and Be atoms, opening new
avenues in the design of these devices.
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1. Introduction have been an active area of research due to their exceptional

physical properties for more than two decades [1-3]. The ultra-

high electron mobilities and unique optical properties make it

an exciting choice for optoelectronic applications [4—6]. How-

ever, graphene exhibits a zero-band gap due to its linear disper-

—_— sion around the Dirac point, which reveals its semi-metallic na-
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tijjani@unimap.edu.my (T. Adam) tors’ poor on/off ratios [10, 11]. Several methods, such as me-

Two-dimensional materials such as graphene, hexagonal
boron nitride, silicene, and transition metal dichalcogenide
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chanical strain, stacking configuration, chemical functionaliza-
tion, and heteroatom doping, have been employed to engineer
a band gap in graphene [12-14]. Among these methods, het-
eroatom doping is the most promising approach for manipulat-
ing graphene’s electronic and optical properties [15-17]. This
is because it is an efficient approach in modifying its proper-
ties towards designing graphene-based devices with specialized
functionalities.

Among the different dopant atoms reported in the literature
to model graphene for optoelectronics from both computational
and experimental approach, nitrogen (N) and B atoms are the
natural choice due to their similar atomic sizes to carbon on the
periodic table and ease of substitution in graphene [15, 18]. The
N and B atoms induces n- and p-type conductivity, respectively
[19]. However, N and B atom have shown in different studies to
induce a small band gap in graphene, which is responsible for
the poor absorption coefficient in N-and B doped graphene for
solar cell applications [20]. Recently, Zhou et al. [21] investi-
gated the electronic and optical properties of N- and Al-doped
graphene, with the N-atom engineering the lowest band gap of
0.21 eV. In another study, Luo et al. [22] also reported that ni-
trogen is the least efficient in tuning the band gap of graphene
while investigating the electronic and optical properties of Ti,
Fe, and N-graphene. Moreover, Fujimoto et al. [23] reported a
band gap of 0.32 eV for B-doped systems.

Meanwhile, (Be) which was reported to engineer a wider
band gap in graphene has received less attention via the DFT
approach [24, 25]. Additionally, most of these studies focused
on doping at different lattice positions and percentages, and
relatively few studies have addressed doping at the edges of
graphene [26, 27]. Therefore, in this study, we modelled an 8-
atom graphene supercell decorated with both B and Be singly
on the repeating graphene edges.Our calculations revealed that
doping of graphene at the edges with both B and Be is not only
stable but also preserves the symmetry of the graphene lattice.
Notably, Beryllium proved to be more efficient in widening
the band gap, making it promising for graphene-based opto-
electronics. Furthermore, Section 2 presents the computational
details employed in the study of the structural, electronic, and
optical properties of graphene using the density functional ap-
proach. Section 3 is dedicated to discussion the results of the
above-mentioned properties. Lastly, Section 4 concludes the
study.

2. Computational Details

The electronic and optical properties of the pure graphene
supercell and the doped graphene systems were calculated us-
ing the first principles of spin polarization in the full poten-
tial linearly augmented plane wave (FP-LAPW) [28] approach
as implemented in WIEN2K software [29].The WIEN2k code
designed for 3D crystals introduces a suitable, strong vacuum
between two identical layers of the surface or 2D crystal to an-
alyze crystal surfaces or a 2D crystal, such as graphene. In
these studies, the generalised gradient approximation (GGA)
with Perdew Burke Ernzerhof (PBE) was used to calculate the
minimum energy [30, 31]. The optimized structural parameters,

such as the lattice constant, were determined by the Murnaghan
equation of state by fitting the total energy of the structures
generated against their volume [32]. The muffin-tin spheres
were set at G,,,,, = 12 for the angular momentum, and the wave
functions in the interstitial regions were expanded in a plane
wave at R;,(Ky.x= 7 to reach convergence while determining
the properties of the doped graphitic systems. The orbitals for
C (2s%, 2p?), B (2s%, 2p') and Be (2s?) were considered va-
lence electrons, with a separation energy of -6.0 Ry between
the core and the valence electrons [32]. The first Brillouin zone
was chosen using the Monkhorst-Pack K point of 1000k for
self-consistent field calculations [33]. Additionally, a denser
K-mesh of 5000 k was used to successfully capture the first
Brillouin zone while computing the density of state. The sam-
pling path of '=M—K—I" was employed to provide the path
in the reciprocal space along which the band structures were
identified [34]. Given that the system’s optical properties de-
pend on the incident electromagnetic waves, the real £; (w) and
imaginary part & (w) of the dielectric function were used to
determine these properties as displayed in equation 1 [35].

g(w)=¢g (W) +ig(w). (D

Thus, employing the Kramers-Kronig relation in equation
(2), & in the long wavelength limit can be determined using the
following expression [36, 37]:
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where, w, &y, and V represent the angular frequency, permit-
tivity of free space, and volume of the supercell of the electro-
magnetic radiation, respectively. The valence and conduction
bands are denoted by ¢ and v. Thus, &t and 7 represent the in-
cident electromagnetic field’s polarization vector and position
vector, respectively [34, 38].
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The dielectric function as denoted above by € (w) and other
parameters of other optical properties such as absorption coef-
ficient (Acerf), optical refractive index n (w), energy loss func-
tion L (w), extinction coefficient K (w) and optical conductivity
o (w) are denoted by these symbols in equation eqs. (4) to (8)

respectively [39].

(V2w) 1
Acoeff (W) = W Hsg (W) + & () — & (W) W(4)

where v represents the velocity of light.

The modulation of the refractive index is employed to de-
termine energy against wavelengths. The refractive index of
Be/B-doped graphene were determined using equation (6) and
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where n (w) and k (w) in equation (6) and (7) represent the real
and the imaginary part of the complex refractive index with the
relation, U = n(w) + ik(w).
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The electron energy loss function determines the collective
excitation of a particular system and is obtained using equation
(8). The optical conductivity can be calculated using:

w
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3. Results and discussion

3.1. Structural Properties

The pristine graphene considered has a space group symme-
try of 194 P6;/mmc and the value of the lattice parameter was
settobea = b = 2.46A and ¢ = 10 A. These values are con-
sistent with other theoretical and empirical values [34, 40, 41].
The unit cell of graphene consists of two carbon atoms, which is
contained in a rhombus with the hexagonal lattice in real space
rotated by 90° to create an equivalent reciprocal lattice [42].
The positions chosen are at a (0, 0, 3/4; 0, 0, 1/4) and a (1/3,
2/3, 3/4; 2/3, 1/3, 1/4). The supercell of pristine graphene with
the dimension 2x2x1, comprised of 8 Carbon atoms was con-
structed as displayed in Figure 1a.

Subsequently, B and Be, atom were chemically substi-
tuted in the supercell structure of graphene at the edges sepa-
rately which maintained the hexagonal structure of graphene.
The crystal structure of the optimized pristine graphene super-
cell and B and Be-doped graphene was illustrated in Figure
1 [43]. The minimum energy and volume of the optimized
pure graphene was determined by executing volume optimiza-
tion programme on WIEN2K. The diagram reveals that when
Murnaghan Equation of state is employed, the minimum en-
ergy of the system (i.e., -304.832 Ryd) is determined for the
cell volume V, =355.97384 bohr®>. The value of the opti-
mized lattice parameter obtained for pure graphene emerges as
a =Db =4.663 au, equivalent to 2.468A, the vacuum emerges
as, ¢ = 18.897 approximately 10.00 A with a C—C bond
length equal to 1.42A.

To determine the impact of B and Be dopants on the ar-
rangement of the pristine graphene supercell mentioned ear-
lier, one carbon atom was substituted at the edges of graphene
with B and Be atoms singly to generate B-doped and Be-doped
graphene. This results in a 12.5 % of B and Be in graphene. We
observed that the hexagonal lattice of graphene remained undis-
torted after substituting these elements at the edges with the
same sublattice sites, despite the differences in their core and
the outermost electron configurations compared to graphene.
This is consistent with other findings reported in literature
[34, 44]. However, the in-plane substitution of either of B or
Be in any two carbon atoms may result in the breaking of the

(a) (®) *

Figure 1. The supercell structure of (a) Pure (b) B and (c) Be-doped
graphene.

hexagonal 2D lattice of graphene due to the size of the molecu-
lar radius of Be and B relative to carbon.

The relaxation of the lattice parameter was carried out to ob-
tain the minimum energy, and this is revealed in Figure 1b and
Figure 1c for B and Be-doped graphene supercell. As reported
earlier, hexagonal lattice structure and symmetry of graphene
chosen was maintained with 194 P6;/mmc as the space group
for the most relaxed structures for the doped systems. The su-
percell’s parameters for B- and Be-doped graphene were deter-
mined and observed to be a = b=4.968A and ¢ = 10.066A with
@ = =90° y = 120. We observed that the bond length of
both B-C and Be-C is 1.415 A which is a slight distortion com-
pared to the C-C bond length of 1.42 A, due to their position
in the lattice of graphene which was also reported by Zeng at
al. [45]. The minimum energy of the B-doped graphene system
(i.e.,-1166.071 Ryd) is determined for volume, V(=1452.3733
bohr® while for Be-doped graphene the minimum energy (i.e.,
-1124.9432 Ryd) calculated for the cell volume V(=1452.3733
bohr?.

3.2. Electronic Properties

In this section, the electronic properties of optimized pris-
tine graphene, as well as graphene geometry doped with (B),
and (Be). We examined the influence of these dopants on
graphene’s electronic band structure. It was observed that the
orbitals associated with C, B, and Be dopants are responsible
for the band gap in graphene. Figure 2 reveals the electronic
band structure of the optimized pure and doped graphene sys-
tems investigated. Moreover, as shown in Figure 2a, the con-
vergence of the maximum valence and minimum conduction
band at the K point results in a zero-band gap, indicating its
semi-metallic behaviour. The relationship between these two
bands determines the appearance of high electrical conductiv-
ity with high electron mobility from the unoccupied band to the
occupied band. As a result, graphene behaves like a semi-metal
with a zero-band gap, as the two P, bands meet at the Fermi
level’s K-point, and this is consistent with previous findings es-
tablished in the literature, validating the accuracy of our results
[40, 46, 47].Therefore, the chemical substitution of B and Be
alters the charge carrier concentration of the material.

Figure 2b vividly illustrates the effect of B on the band
structure of graphene, with an increased number of bands due
to the optimized B-doped graphene. However, B is less elec-
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tronegative than carbon and undergoes sp? hybridization be-
cause they both have similar sizes due to their position on the
periodic table. As a result of B’s electron-deficient character
causing p-type doping, the Fermi level seen in Figure 2b is 2.2
eV below the Dirac cone in the unoccupied band. The substi-
tution of B in the graphene structure causes a distortion in the
symmetry of the C — C atoms, creating a band gap of 0.4 eV
around the Dirac cone. This observed change indicates a de-
crease in the conductivity of graphene. This is consistent with
previous studies [41, 48, 49].

In Figure 2c, the influence of the Be atom substitution in
graphene is observed. Our calculations show that, like the B-
doped graphene, the Fermi level, as observed in Figure 2c has
shifted 2.6 eV below the Dirac cone in the unoccupied band,
resulting to p-type doping. However, a wider direct band gap
of 0.9 eV was induced, showing that Be is more efficient than
B at widening graphene’s band gap. The introduction of Be in
graphene resulted in increased stability and reduced conductiv-
ity compared to pure and B-doped graphene, as evidenced by
band lines crossing the conduction band. Our calculated en-
ergy band gap for one atom substituted into eight atoms of the
Be-doped system is close to the energy gap obtained by Ullah
et al. [50] when four carbon atoms replaced four Be atoms at
12.5%, demonstrating the accuracy of our results [51]. The
total and partial densities of state for pure graphene were com-
pared to those of B- and Be-doped graphene in Figures 3, 4,
and 5. The density of state (DOS) gives vital details about the
transition of electrons from the valence band to the conduction
band and predicts the occupancy of electronic orbitals during an
interval of energy changes due to the presence of dopant atoms,
which affects the performance of the device [32]. The density
of states at the Fermi level is crucial for a material’s electronic
and electrical conductivities.

The calculated total density of state (TDOS) of pure
graphene in Figure 3 reveals that pure graphene metal has a
vanishing density of state at the Fermi energy, typified by linear
dispersion around this point, as indicated by the band structure
in Figure 3a. In Figure 3a and b, a sharp peak in the conduction
band appears for both TDOS and TDOS_PDOS at 8.85 eV for
pristine graphene. We observed three sharp peaks each in the
conduction band in Figure 3a-b at 2.5 eV, 12 eV, and 16 eV,
while 13.8 eV is an extended peak. Two peaks appear in the
valence region for both figures, with an extended peak at -7.5
eV and a sharp peak at -2. 5 eV. As seen in Figure 3c, the C-
p-orbital of the C atom has the highest contribution, with the
C-s-states of carbon contributing less. Moreover, a prominently
distinct peak at about 8.85 eV in the conduction band and in
the valence band is primarily attributed to the presence of the
C-p states, consistent with findings reported by several studies
[52-54].

As shown in Figure 4, the point relevant to zero density of
state at Ep relative to the Dirac cone in pure graphene appears
at +2.20 eV for B-doped graphene, with the Fermi level moving
to the valence band, implying that this system is a p-type mate-
rial. The linear dispersion observed at the Fermi level of pure
graphene vanishes due to the impact of B, and an overlapping
emerges in the valence and conduction bands at the Fermi level,

indicating a reduction in the conductivity of graphene. There-
fore, no energy levels are seen in this range of energy based on
the energy gap found in the density of the state spectrum.

Furthermore, the peaks at 0.00 and 2.20 eV, both with a
value of 3.56 eV, contribute significantly to the material’s elec-
tronic properties due to their proximity to the Femi level, as
shown in Figure 4b. The intensities of the peaks for the total
density of state of B-G appear at the valence band, which ap-
pears at 0.0, 2.0, 4.6, 5.0, and 7.5, respectively, while in thee
CB the intensities peaks are at 12.0, 13.8, 17.8, respectively, as
displayed in Figure 4a. These values are significantly higher
than the values obtained for pure graphene. Therefore, by cal-
culating the partial density of states on different atomic sites,
as revealed in Figure 4c, the band gap caused by B doping was
determined.

Furthermore, in Be-doped graphene, the change in the
Fermi level is 2.26 eV, with a wider gap as observed in the band
structure of (Be), which reveals that it is more effective than B
in opening an energy gap in graphene. As illustrated in Figure
Sa-b, the Fermi level shifted to the valence band, with the sys-
tem also indicating a p-type material, which is consistent with
different studies [55-57]. The chemical substitution of Be into
the lattice of graphene has led to a much-reduced conductivity
when compared with both pure and B-doped graphene, which
appears in the band structure. There is an overlap of both bands
at the Fermi level, with a DOS value of 6.2 eV as presented
in Figure 5a. The Be-doped graphene also reveals that at the
Fermi level, the linear dispersion disappears Figure Sa-c.

Additionally, the peaks at 0.00 and 2.26 eV, both with a
DOS value of 6.2 and 3.8 eV, greatly affect the material’s elec-
tronic properties because of their proximity to Fermi levels, as
shown in Figure 5a-b. The peak values of the TDOS in the va-
lence band were determined to be 2.7, 3.5, 3.1, 8.0, 4.8, and 2.9
, corresponding to energies of -1, -2, -3, -4, -5, and -8 eV, re-
spectively. In the conduction band, the DOS values vary at 3.8,
4.0, 7.6, 5.2, 5.2, corresponding to energies of 3.8, 10, 11.5,
14 and 18 eV, respectively. Furthermore, Figure 5b reveals the
partial density of state plot, illustrating that the P orbital of both
C and Be is the major contributor to the bonding despite Be
having an electronic configuration of 1S?2S?. However, due
to the small gap between the two orbitals, the electron in the
2s orbitals is partially promoted to the 2p orbitals, resulting in
covalent bonding.

3.2.1. Magnetic Moment

The calculated magnetic moments for pure, B, and Be-
doped graphene are presented in Table 1 based on the inputs
of each atomic element in the system configurations, with each
atom’s interstitial as well as the spin moment highlighted. The
negligibility of the values of the magnetic moment of the com-
position of all the atoms in pure and B-doped graphene verifies
the nature of the total and partial densities of the state curve
and their non-magnetic character for both systems. The pla-
nar structure of the B-G was retained. The B atom is a P-
block element with an electronic configuration of 1s?2s” 2p!.
The B atom, when substituted into graphene, undergoes sp2 hy-
bridization, and no unpaired electrons or breaking of the sym-
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Figure 3. The calculated (a) total density of state (b) partial density of state of pure graphene.

metry occurred. The distribution of the dopant atoms within
the graphene sheet has a significant impact on how the dipole
moment of B-G behaves. However, in this case, there is no
magnetism in the system. These reports are reported in dif-
ferent studies and show that B-doped graphene can be adopted
in catalytic and semiconductor applications [58—60]. Further-
more, due to Be’s electronic configuration, Be-G is limited to
sp hybridization, 1s?2s>. A total magnetic moment of magni-
tude 1.045 up was obtained due to the paired electrons and a
small distortion in the symmetry of graphene. Urias reported a
total local magnetic moment of 0.29 ug.

The difference in the value of the magnetic moment can
be attributed to the difference in the size of the systems and
dopants considered [6]. However, in an earlier study, He ef al.

[61] reported a magnetic moment as large as 1up agreeing with
our result. Therefore, our results show that Be atoms are more
reactive and have a more significant impact than B atoms by in-
ducing a magnetic moment in graphene. This is also evidenced
by the density of the state’s plot and several other findings [62—
64]. The calculated magnetic moment (up) for Pristine and B
and Be doped graphene is presented in Table 1 .

3.3. Optical Properties

The influence of the B and Be atoms on the optical proper-
ties of graphene will be discussed in this part, with an obvious
change observed in graphene’s electronic properties by chem-
ically substituting these atoms in graphene’s hexagonal struc-
ture.
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Table 1. The calculated magnetic moment (up) for Pristine and B-/Be doped Graphene Sample.

Pure B-doped Be-doped
Magnetic Moment in interstitial —-0.00307 - 0.00456 0.64356
Magnetic Moment in Sphere 1 -0.00319 0.00000 —0.01026
Magnetic Moment in Sphere 2 -0.08775 -0.00012 -0.01320
Magnetic Moment in Sphere 3 NA —0.000417  0.08582
Magnetic Moment in Sphere 4 NA —-0.00028 0.04432
. Spin Magnetic Moment in a Cell -0.07522  —0.00742 1.04599

3.3.1. Dielectric Properties

The main optical properties of the material are determined
by the dielectric function, which also depicts the structure of
the solid energy band and a variety of spectrum information
[108]. The real & (w) and imaginary part &, (w) of the dielectric
function of pure graphene is shown in Fig 6a-b as a function of
frequency in the parallel, E; and perpendicular, E, polarization
of the electromagnetic (EM) waves in the energy range of 0-14
eV. Graphene’s absorption spectra are related to the imaginary
part of the dielectric function.

In this part, Figure 6b shows two distinct peaks at 4 eV in
the ultraviolet range, with a sharp fall at the visible light range
at 8 eV, and a maximum of 13.8 eV at the infrared range in the
parallel polarization of the electromagnetic wave. The locations

of these two peaks are consistent with the findings reported by
Olaniyan et al. [38], [109] and Sedelnikova et al. [67]. The
origin of the peak at 4 eV can be attributed to the transition
between the electronic states of graphene from the higher va-
lence band to the lower conduction band (;t — ) in the M-K
direction in the region of M in the I'-M path, as illustrated in
Figure 2, while the strong resonance observed at 13.8 eV re-
sults from the changes from the lower conduction band to the
higher valence band, which generates its strongest peak at the
higher energy range (0 — o* ) in both the X-M and M-K di-
rections at the M point [67, 68]. Moreover, in the perpendicu-
lar polarization, a peak emerges at 11 eV and falls at 13.8 eV,
caused by the (1 — o*)and (0 — #*) inter-band changes
between the material. In equation (1), the Kramer-kroing rela-
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tion is used to determine the real part of the dielectric function
€1 (w) with the calculated static constant for both parallel and
perpendicular polarization found at 33.5 and 2.00. The & (w)
at the parallel polarization has a peak at 4.2 eV in the ultravio-
let range, which spreads across the visible range till it reaches
a maximum of 13.6 eV in the infrared range while the perpen-
dicular polarization in the EM waves reaches a peak at 10.5eV
in the far red region [69, 70].

Therefore, we have calculated how the modeling of
graphene with different atomic elements (Band Be) affects the
height and position of the imaginary and real parts of the di-
electric function in doped graphene systems. Figure 6¢c-d de-
picts the imaginary and real parts of the dielectric function to
show how B-G differs from pristine graphene. The well-defined
peaks observed in pristine graphene appear to have redshifted,
i.e., they change to a broader plateau on the axis with the fre-
quency spread across the energy range of B-G and the parallel
polarization vanishes at this range, based on the results for E;
polarization in Figure 7b.

The calculated static dielectric constant for B-doped system
in both Ej and E, polarization is less than zero, as illustrated in
Fig 7a. The same observation is made with Be-G in the EM
spectra at the E and E, polarization. The discussion that fol-
lows focuses on the other optical properties of graphene, like
the absorption, energy loss function, reflection, and refractive
index of a pure and doped system, all of which are deduced
from the dielectric function.

3.3.2. The Absorption Spectra of the systems

The absorption coefficient determines how much light is ab-
sorbed in optical materials per unit length [32]. It is the process
by which an EM wave travels through a material and absorbs
energy, resulting in electron excitation. As illustrated in Equa-
tion 4, the absorption coeflicient is derived from the dielectric
function. Figure 7a depicts the pure graphene absorption spec-
trum in both Ej and E, polarization along the electromagnetic
spectra.

In Figure 7a, we observed that pristine graphene has two
prominent peaks in the spectrum at optical frequencies of 4.2
and 13.6 eV in the E; electromagnetic polarization. The in-
tensity of the second peak at 13.6 eV is higher than the first
peak. However, the first peak has a wider frequency spreading
across the ultraviolet and visible region, which coincides with
the imaginary dielectric function energy in the parallel polariza-
tion for pure graphene. These results are consistent with several
theoretical studies [34, 67, 71].

However, the obtained peak at 4.2 eV is underestimated
compared to the reported empirical value due to the GGA-PBE
functional employed in our calculations. The pristine graphene
has the highest light penetration and absorption coefficient in
the parallel electromagnetic polarization compared to the other
systems considered in this study. Furthermore, in the E, po-
larization pristine graphene has an extended peak at 12 eV and
at an interval of 9.8 eV — 12.6 €V, it is higher than the E; in
this range. However, the results obtained show that the optical
property of pristine graphene depends on the parallel polariza-
tion of the EM wave based on its stronger light penetration and

high absorption coefficient.

The effect of B and Be atoms on the absorption coefficient
of graphene as it affects the positions and intensities of the ma-
jor peaks in relation to the E; and E, polarization is discussed
further . The absorption spectra of the B-doped system illus-
trated in Figure 8b show a decrease in the absorption peak ob-
served in the E polarization of pristine graphene with different
spikes which spread across the visible region with a broader
frequency and blue shifted relative to the position of the E} po-
larization of pure graphene.

However, for the E, polarization in B-doped systems, the
two peaks observed at 10.6 and 12.6 eV are well-defined com-
pared to pristine graphene and it also blue shifted towards the
E, polarization of pristine graphene. However, the B-doped
system in E, polarization of the has a stronger light penetration
compared to pristine graphene at higher energy in the infrared
region with well-defined peaks and wider frequency. While in
the visible range, the E; polarization of B-G still has higher
absorption coefficient than in the E, electromagnetic polariza-
tion. However, the intensity of the absorption coefficient of B
is much reduced compared to pure graphene.

For the Be-doped system, the peak observed at 4 eV in
pristine graphene has fallen further with more spikes relative
to both pure and B-G. However, the frequency of the peaks is
more spread across the energy range when compared to B-G.
The parallel polarization of the electromagnetic wave is char-
acterized by two prominent peaks, as illustrated in Figure 7c,
at 10.5 eV and a well-defined peak at 12.3 eV. Moreover, the
Be-doped system shows stronger light penetration and a more
pronounced absorption coefficient in the E, polarization in the
infrared range at the interval 9.6 eV — 12 eV when compared to
pure and B-G. Thus, graphene has the least light absorption in
the E, polarization and the highest absorption in the E polar-
ization as illustrated in Figure 7.

3.3.3. Complex Refractive Index and Reflectivity of the Systems

The refractive index n (w) and the extinction coefficient k
(w), which are the real and imaginary refractive index, respec-
tively determined as normal incidence as represented by the
equation below, are combined to form the complex refractive
index 71 (w) [32, 72].

n (w) = n(w)+ +ik(w) 9)

The refractive index determines the potential of a material
to permit the passage of EM waves, while the extinction co-
efficient reveals the behaviour of the material because of the
attenuation of the EM waves at a given wavelength [32]. Figure
8a shows the normal refractive index spectra of pure graphene
in the E} and E, polarization as a function of energy. The static
refractive index n (w) for pristine graphene is 5.9 for the E} and
1.2 for the E, polarization. The E polarization of the electro-
magnetic wave has two peaks, with the highest peak value of
the n (w) for pure graphene appearing at 2.4 with an optical fre-
quency of 3.8 eV, while the second peak appears at 1.8 at the
optical frequency of 11.2 eV.

However, a peak at 2.2 appears in the E, polarization of
light at the optical frequency of 10.3eV, as illustrated in Fig-
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ure 8a. The peaks found in the spectra are a great sign of the
refractive index’s highest value at the optical frequency [34].
However, as illustrated in Figure 8b-c, the intensity and posi-
tions of the peaks observed in pure graphene change drastically
and drop to a negligible value in, Ej and E, polarization of EM

wave for both B and Be doped systems, which corresponds to
the results obtained for the real dielectric function in both, Ej
and E, polarization of light with the static n (w) of B reaching a
maximum at 71 and 93 for the, E; and E, polarizations, respec-
tively. The Be-doped system’s static refractive index appears at
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95 and 3 for the Ej and E, polarizatio

Figure 8d-f illustrates the extinction coefficient of the pure

B-G (i) Be-G, all in the E; and E, polarization.

ns, respectively.

graphene and doped systems, and the expression below con-
nects the extinction coefficient with the absorption coefficient
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[121].

47K (w)

1
where the absorption coefficient and light wavelength denoted
by Acoesr and A respectively.

The peak obtained at k (w) of pure graphene in Figure 8d is
like the plot’s trends seen in the imaginary part of the dielectric
function at low energies 0-4eV in the E; polarization of light.
Likewise, a similar trend appears in Figure 8e-f when compared
with the imaginary absorption coeflicient of the doped systems.
For pure graphene, a similar increase in the extinction coefli-
cient emerges due to quantum confinement, which falls after
reaching its highest value. In Figure 8d. we observed a fall in
the extinction coefficient k (w) at the high energy range in the
UV range and a rise again in the infrared region [74]. These
fluctuations observed in K (w) are attributed to the photoelec-
tron effect, the Compton effect, and several other phenomena
[75].

In Figure 8g-f, the reflectivity R (w) of pure, B and Be-G in
the Ej and E, polarization as a function of energy and wave-
length emerges. In the Ej polarization, pristine graphene’s re-
flectivity intensity reached 0.5 at 4.4 eV in the ultraviolet range.
The position of the peak agrees with reports by Olaniyan et
al. [34] and M. Houmad ez al. [40]. However, the reflectivity
spectrum of pristine graphene in the E} polarization revealed an
eigenvalue of 0.24 in the visible region of the electromagnetic
spectrum with a value of zero in the range of 8.6 -10.0 eV. The
maximum reflectivity intensity value in the £, polarization ap-
pears at 0.32 eV at 13.2 eV. In both directions, the reflectivity
below than 8 eV rises as a function of energy with the reflectiv-
ity in the E, polarization being higher from 8.2 eV to 13.2 eV
in the infrared range.

The B-G in Figure 8(h) demonstrates a shift in the positions
and intensities compared to pure graphene. An extended peak
at 3.6 eV is observed and another appears at 13.2 eV, relative
to the initial peak frequency at 4.4 eV. In the E, polarization
of the electromagnetic wave, two peaks appear at 10.8 eV and
12.2 eV with an intensity of 0.26 and 0.38, respectively. We
also observe an identical disappearing reflectivity highlighted
in pure graphene at 8.6 -10.0 eV in B-G in the E, polarization.
In Figure 8i, the reflectivity of Be-G illustrates its intensities

Acoeff (w) = (10)

10

and position, relative to the pure and B-doped graphene E|; and
E | polarization of light.

This system has four peaks in the E; polarization of light at
2.2,3.8,6.0, and 12.8 eV, with intensities of 0.7, 0.45, 0.43, and
0.16, respectively. In comparison to the peak at 4.4 eV in pris-
tine graphene, these peaks here show distinct spikes within this
range. Notably, peaks at 10.6 eV and 12.2 eV with intensities
of 0.23 and 0.43, respectively, are observed in the, polariza-
tion. Moreover, all systems considered (pristine, B-doped, and
Be-doped graphene) in the polarization fall to zero within the
frequency range of 8.6 to 10.2 eV. This suggests a transparent
system during this range of frequencies, which corresponds to
the ultraviolet range of the EM spectra. These agree with exist-
ing studies [34, 76, 77]. The reflectivity in the E, polarization
of Be-doped graphene from 8.6 eV to 13.2 eV is higher than the
E) polarization of light. In the visible range, the reflectivity of
Be-G is much less than that of B and pristine graphene, in that
order, as illustrated in Figure 8g-i.

3.3.4. Electron Energy Loss of the systems

Electron loss determines the energy distribution of electrons
that have interacted with materials and lost energy due to in-
elastic scattering [77, 78]. Figure 9a-c presents the profile of
energy loss functions of pure graphene and the impact of B and
Be doped systems on the plasmon oscillations in the Ej and E |
polarizations of graphene. In Figure 9a, two peaks with inten-
sities of 2.7 and 0.4 in the E) polarization appear at 7.8 eV and
13.2 eV. These peaks observed are caused by the excitation of
the  and 7 + o plasmons in the E} polarization of electromag-
netic waves [67]. In the E, polarization, a peak with a height of
0.52 appeared at 13 eV, respectively. The plasmon peaks in the
E, polarization of light is caused by transitions between occu-
pied and unoccupied states. As shown in Figure 9a, the energy
loss function in both Ej and E, polarization originates at q = 0
eV in the long wavelength limit, which determines the plasmon
dispersion [79].

Despite differences in peak locations, our calculations are
consistent with previous results reported both theoretically and
experimentally where the local field effect was used [79-81].
In Figure 9b-c, the electron energy loss of B and Be-G is illus-
trated in both E; and E, polarizations. Three peaks appeared
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in the direction of B-doped graphene, with the peak at 7.8 eV
having the highest intensity at 2.1 eV and the others at 2.3 eV
and 13.2 eV with intensities of 1.3 and 0.3, respectively.
Figure 9b illustrates that in the £, polarization, a very sharp
peak appears at 4.7 eV with an intensity of 5.9 and a less in-
tense peak at 13 eV with a height of 0.6. However, in the E |

11

polarization, the introduction of B impurities has modified the
position of the q orientations to approximately 1.6 eV. In Fig-
ure 9c, the most intense peak in the Ej polarization for Be-G
appears at 8.1 eV at an intensity of 1.76, with four other peaks
at 1.2, 3.2, 4.0, and 13.2 with intensities of 0.12, 0.52, 0.44,
and 0.52, respectively. In the E, electromagnetic polarization,
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three peaks emerge at 0.2 eV, 11.4 eV, and 13.2 eV at 0.4, 0.32,
and 0.56. However, the q orientation appears in both the £ and
E, polarizations at 0.2 and 0.0, respectively.

3.3.5. Optical Conductivity of the system

It is a vital parameter in determining the electronic state of
materials[130]. The expression relates the refractive index n
(w) with the absorption A (w):

A (w)n (w)v
4

Figure 10a-b illustrates that both the real and imaginary op-
tical conductivity of pristine graphene originates at O eV in the
Ej and E, polarization of light due to its gapless property. In
Figure 10a, two peaks appear at frequencies of 4.2 eV and 13.6
eV with intensities of 5.3 and 5.4 in the parallel polarization
at the UV zone and spread across the visible light range. The
peaks are like the peaks observed in pure graphene at the paral-
lel polarization of light of £; (w). In the perpendicular polariza-
tion of the EM wave, an extended peak appears at 11.4 eV with
a height of 6.3. In Figure 10b, for the imaginary conductivity in
both the parallel and perpendicular polarization of light, a peak
appears in both directions at 4.2 and 12.2 eV with intensities of
2.0 and 1.8, respectively.

The effect of B on the optical conductivity of graphene in
the E; and E, polarizations of electromagnetic waves was in-
vestigated, as indicated in Figure 10a-c. Two peaks appear at
3.6 eV and 13.2 eV with intensities 3.8 and 4 in the parallel
polarization of light in Figure 10c. Similarly, at the perpendic-
ular polarization two peaks appear at 11.2 eV and 12.1 eV with
intensities of 6.0 and 5.0. However, at 10.4 eV to 13.2 eV, the
peak in the perpendicular polarization became greater than the
peak in the parallel polarization. In Figure 10d, at the parallel
polarization of the electromagnetic wave, two peaks appear at
5.6 eV and 13.4 eV with intensities of 0.2 and 0.1, respectively.
Similarly, in the parallel polarization, two peaks appear at 0.2
eV and 12.2 eV with intensities of 8.4 and 2.5, respectively.

However, from 4.4 eV to 10.6 €V, the E| polarization was
greater than the E, polarization of the electromagnetic wave.
Figure 10e-f depicts the influence of Be on the optical conduc-
tivity of graphene. In Figure 10e, four peaks are observed in
the parallel polarization for the real-optical conductivity at 1.6
eV, 2.44 eV, 12.2 eV, and 13.2 eV with intensities 4, 2, 3.2,
and 7, respectively. However, in the E, polarization, two peaks
emerge at 10.4 eV and 12.2 eV at 6.0 and 7.2, respectively.
Similarly, the E, polarization of the electromagnetic wave in
Be-graphene is greater than the E) polarization of the EM wave
in the B-doped system in the 9.4 — 12.2 eV range.

However, the Be-doped model exhibits a more intense peak
compared to B-graphene. Figure 10 (f) shows that the imagi-
nary optical conductivity reveals four at 0.2 eV, 1.8 eV, 3.6 eV,
and 12.6 with intensities of 13.6, 2.2, 1.6, and below zero in the
parallel polarization of light. In the E, polarization, two peaks
appear at 11.4 eV and 12. 2 eV with intensities below zero and
2.2. However, in the E, polarization at 10 eV, the optical reflec-
tivity overlaps at the energy band, and from 10.2 eV to 13.2 eV
in this direction, it was greater than the parallel polarization of

o(w) =

(11)

12

12

light. However, B and Be-G were found to be more stable and
reduced the conductivity of graphene in the visible light range.
The value of the conductivity of Be-doped graphene is 1.2 eV,
that of B-doped graphene is 0.2 and that of pristine graphene
appears at 0 eV.

4. Conclusion

This study employs density functional theory to investi-
gate the electronic and optical properties of B and Be-doped
graphene. The study considered a 2x2x1 graphene supercell
with 12.5% substitution of both B and Be, resulting in a band
gap of 0.4 and 0.9 eV, respectively. B-doped graphene displays
a negligible magnetic moment of -0.00742 up suggesting its
potential suitability for catalytic semiconductor devices.

Furthermore, the study demonstrates that in both parallel
and perpendicular polarizations, pure graphene as well as B and
Be-G exhibit transparency in the frequency range of 8.6 eV to
10.2 eV in the parallel polarization of the electromagnetic spec-
trum.

This study also demonstrates that the optical conductivity
of graphene can be modified with B and Be dopant atoms while
preserving the optical transparency of graphene. Overall, these
intriguing findings suggest that the band gap of graphene can be
tailored for different optoelectronic devices through chemical
doping of the system geometry.
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