FUDMA Journal of Sciences (FJS)
ISSN online: 2616-1370
ISSN print: 2645 - 2944
Vol. 9 No. 5, May, 2025, pp 187 - 195
DOI: https://doi.org/10.33003/fjs-2025-0905-3560

RSIT
WERSIT)
2,

0\
v

¢

FEDER
%)
<

&

e

STRUCTURAL, ELECTRONIC AND OPTICAL PROPERTIES OF BORON DOPED MONOLAYER GALLIUM

ARSENIDE (GaAs) FOR OPTOELECTRONIC APPLICATION: A DFT STUDY

*1Anas Manga, 1?3Yahaya Saadu Itas, ‘Sadig Abubakar Dalhatu, *Aliyu Mohammed Aliyu,
Asmau Muhammad Hassan, “Mustapha Bello and *Abdullahi Abubakar

!Department of Physics, Saadu Zungur University, Gadau -Nigeria

2NanoScience and Technology Research Group, Department of Physics, Saadu Zungur University, Bauchi-Nigeria
3Applied Physics and Radiation Technologies Group, CCDCU, School of Engineering and Technology, Sunway

University, 47500 Bandar Sunway, Selangor, Malaysia
4Department of Physics, Federal College of Education (Technical) Omoku, Rivers state

*Corresponding authors’ email: anasman@basug.edu.ng; anasmanga002@gmail.com

ABSTRACT

This work carried out investigations on the optoelectronic properties of two-dimensional gallium arsenide
under some specific conditions. To achieve the aim and objectives of this research, detailed analysis of
electronic, structural and optical absorptions is reported. The first principles calculations method within the
density functional theory framework was used to study the structural, electronic and optical properties of boron
(B) doped monolayer GaAs, The calculated lattice constants with PBE-GGA are 7.9871 A, and 6.5861 A for
“a” and “c” respectively. The bandgap value of 0.43 eV was obtained for the undoped monolayer GaAs. When
6.25% of B is introduced into monolayer GaAs, the doping effects modified the band gap from 0.43 to 0.29
eV. Also, by introducing 12.50% of B to monolayer GaAs, the band gap value reduced to 0.12 eV. Our findings
confirmed that boron doping narrows the energy band gap of monolayer GaAs semiconductor material. The
results of optical absorption indicated that 6.25% B doped monolayer GaAs and 12.50% B monolayer GaAs
have strong absorption behavior in the visible light frequency, which depicts its suitability for optoelectronic
applications such as solar cells. The study revealed that band gap engineering using boron effectively allowed
better control of electronic and optical properties of monolayer (2D) GaAs semiconductor, and enhances

visible light absorption, making it superior to undoped GaAs for solar cells.
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INTRODUCTION

Currently, the global community is actively in search of more
materials for optoelectronic applications. Because the existing
ones are consistently overused, which may lead to some
terminal point in terms of abundance. Other reasons for the
search of alternative materials for optoelectronics is related to
power efficiency and stability (Nowsherwan et al., 2024).
Efficient optoelectronic materials must possess large surface
area, low electron hole recombination, high thermal stability
and versatile mechanical strength (Znidi et al., 2024).
Discovery of graphene has attracted a lot of interests in 2D
materials especially semiconductors (Tiwari et al., 2020).
Several 2D semiconductors such as transition metal
dichalcogenides (TMDs), silicon, group 1,
monochalcogenides and so on were used as good materials for
optoelectronics, photocatalysts and spintronics because of
their band gap and fast carrier transport system (Saadu et al.,
2024). Due to their versatile performance, 2D materials have
gain much attention due to their excellent contribution to
nanoelectronics, optoelectronic and clean energy conversion
(Itas et al., 2023). In the review research by Wang et al,
optoelectronic properties of graphene can be improved by
changing its shape through combination with other
nanomaterials (Wang et al., 2019). The wide band gaps of
several nanomaterials have been modified in order to actively
promote their optoelectronic behaviors. For example,
hexagonal boron nitride (h-BN) has been doped with carbon,
which improved it capacity to work as solar cell material (Cui
& Xue, 2024).0ther researchers have tried to bring heavy
materials to optoelectronic environments. This is because they
are frequently being ignored despite their versatile
optoelectronic characteristics. Youngchan experimentally
synthesized a two-dimensional form of molybdenum

disulfide (MoS2) under controlled conditions. It was found the
synthesized MoS: can actively work as a better candidate for
photocatalysis (Kim, 2022).

A semiconductor called gallium arsenide (GaAs) is employed
in many technological and scientific applications, including
FETs and LEDs, among others (Mishra, 2020). Investigations
on its activity in relation to photocatalytic processes are still
ongoing. GaAs is widely studied in bulk form, However, with
the emergence of two-dimensional (2D) materials, interest has
shifted toward exploring the behavior of GaAs at the
monolayer level, its monolayer (two-dimensional) properties
under boron doping remain insufficiently explored. GaAs
monolayer's other characteristics also need to be further
investigated. Due to their potential use in photonic, electronic,
and optoelectronic devices like thin films solar cells, diode
lasers, blue and green light-emitting diodes, metal insulator
semiconductor photodetectors, and Il1-V semiconductors
based on GaAs, these materials are currently promising
materials in vast scientific and technological usefulness(Yang
et al, 2022). Metal-oxide semiconductor capacitor
(MOSCAP) and High-Electron Mobility Transistor (HEMT)
Electrooptic Waveguide Modulators (Lin & Lu, 2023).
First-principles calculations within the framework of density
functional theory (DFT) is the method of choice for
investigating material properties at the ground state. DFT in
principle provides an exact description of material physical
properties at ground states although approximations become
necessary. In this work, structural, electronic and optical
properties calculations are performed within DFT
framework as implemented in Quantum Espresso
simulation package (Giannozzi et al., 2017). We made the
choice of boron as the model dopant in this research because
boron is compatible with the GaAs crystal structure, which
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allows efficient incorporation into the lattice without causing
significant lattice deformations. It is a group 11l atom whose
valence electrons are three. This makes it effective p-type
impurity. Therefore, boron atoms create holes in GaAs lattice
which promotes its conductivity. Boron-doped GaAs exhibits
good thermal stability, which is important for maintaining
performance in devices that operate at high temperatures
(Khanna, 2017).

MATERIALS AND METHODS

Computational Methods

In this research, the first principles calculations of the
structural, electronic and optical properties of the system
under study were carried out within the DFT implemented in
quantum ESPRESSO codes. In this work, the geometric
structure of the pristine GaAs (2D) monolayer was generated
from materials project data base (Rouzhahong et al., 2020).
Thereafter, the 2x2 super cell of monolayer GaAs monolayer
was constructed using BURAI software. The first-principles
DFT calculation were carried out using pseudopotential
method with plane-wave as a basis set and norm-conserving
pseudopotentials generated within the PBE-GGA (Perdew-
Burke-Ernzerhof Generalized Gradient Approximation)
framework were used to describe the electron-ion
interactions. Doping was performed by replacing Ga atoms of
with B atoms in concentrations of 6.25% and 12.50%
respectively. To achieve balance between computational cost
and accuracy, various convergence test were performed on the
basis of kinetic energy cut-of values and k-sampling of the
Brillouin zone (Mustapha et al., 2022),(Adamu et al., 2020).
Calculations of the electronic and optical properties of the
pristine and B-doped GaAs monolayer was performed using
the generalized gradient (GGA) approximation method in
terms of Perdiew-Burke-Emzerhop (PBE) exchange
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correlation functional as implemented in quantum
ESPRESSO codes (Giannozzi et al., 2009),(Alhassan &
Albaba, 2024). The PBE-GGA functional was employed due
to its computational efficiency and its established reliability
for predicting structural and electronic properties of
semiconductors. While hybrid functional such as HSEQ6 offer
improved accuracy for bandgap calculations, their
significantly higher computational cost limits their practically
for large supercells and extensive doping studies like those
conducted here. Analysis of the structural, electronic and
optical properties of the considered B-doped GaAs monolayer
were examined based on the materials’ response to visible
light in the electromagnetic spectrum

RESULTS AND DISCUSSION

Convergence Test of E_Cut and k_Points

Within the DFT framework, a fundamental need for first-
principle calculations is to compute the convergence test
before calculating the structural, electronic, and optical
characteristics. The resulting convergence tests with regard to
the plane wave kinetics energy cut-off and k-points mesh are
shown in Figure 1. As can be seen from the convergence test
in Figure 1(a), the total energy changes significantly from the
kinetic energy cut-off of 05 Ry to 50 Ry and then almost stays
nearly constant at 60 Ry. Consequently, we choose 70 Ry as
the kinetic energy cut-off number in all of our computations.
Figure 1(b) shows the fluctuations of the total energy with k-
points. However, the overall energy varies significantly with
the number of k-points, indicating a value that has well-
converged at precise locations. On the other hand, the total
energy rises from 1 x 3 x 3to 1 x 6 x 6 k-point grids and then
nearly stays constant at 8 k-point. Consequently, we
utilized the 1x9x9 k-point in all of our computations

(b) k-point convergence test for GaAs
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Figure 1: (a) The convergence of total energy with respect to the kinetic energy cut-Off. (b) The
convergence of the total energy with respect to the k-points grids

Structural Properties of Pure and Doped Monolayer
GaAs

The structure relaxation via Quantum ESPRESSO code
employing various exchange potentials was carried out by
reducing the total energy with regard to the unit cell in order
to determine the equilibrium structural ground state
parameters of the Monolayer GaAs molecule, such as the

lattice constants. The structural optimization procedure
started with the monolayer GaAs compound's experimental
lattice parameters. Figure 2(a) displays the geometric
structures for monolayer GaAs, Figure 2(b) and Figure 2 (c)
display the geometric structures for 6.25% B doped
monolayer GaAs and 12.50% B doped monolayer GaAs
respectively. With a vacuum in the Z direction, the GaAs
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monolayer was positioned at the X-Y plane. One-unit cell of
the GaAs monolayer has one Ga atom and one As atom, as
seen in Fig. 2. The GaAs monolayer structure is a member of
the monolayer honeycomb structure, which is created by
repeating six membered rings (Rouzhahong et al., 2020). The
As atom coordinates itself thrice with three Ga atoms, and
each Ga atom coordinates three times with three As atoms.
The computed lattice parameter in monolayer are a= 7.9871,
and c= 6.5861. the computed lattice parameter for monolayer
GaAs in the wurtzite phase exhibits a modification in the in-
plane lattice constant, with an increasing from approximately
3.98 A to 7.98 A. This variation is attributed to the of a 2x2
supercell expansion, a standard technique in computational
materials science for simulating monolayer systems
(Cahangirov & Ciraci, 2009),(De & Pryor, 2010). While the ¢
parameter remains consistent at 6.58 A, reflecting the vertical

N
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spacing of the GaAs structure, the expansion of ‘a’ is a direct
result of the increased unit cell in the in-plane direction to
accommodate the monolayer and introduce necessary vacuum
space, in accordance with common computational practices
(Glas et al., 2013),(Surnev et al., 2024). This outcome is
consistent with previous studies employing similar supercell
techniques to model the structural properties of low-
dimensional materials, such as monolayer and thin films.
Specifically, earlier works on 2D GaAs and related systems
have demonstrated that supercell expansion results in
modifications to the lateral lattice constants without
significantly affecting the vertical spacing (Dridi et al.,
2003),(Rasmussen & Thygesen, 2015). The GaAs monolayer
buckling height (h) is 0.41 A, and the Ga-As bond length (2.41
A), this has similar value to a prior researcher’s (Mishra,
2020), (Rouzhahong et al., 2020)

Figure 2: Schematic diagram of Geometric Crystal of (a) Pure Monolayer GaAs (b) 6.25% B
doped Monolayer GaAs (c) 12.50% B doped Monolayer GaAs

Electronic Properties of Pure and Doped Monolayer GaAs
The electronic structure and band gap energy of
semiconductors have a significant impact on how well they
function under visible light (Itas, Suleiman, Ndikilar, Lawal,
Razali, & Danmadami, 2023), (Mustapha et al., 2022), (Itas,
Isah, et al., 2023). The bandgap of semiconductor material
should be smaller than 3 eV for best results in order to expand
photo absorption into the visible region and make efficient use
of solar energy (ltas, Isah, et al., 2023). Both un-doped and
doped monolayer GaAs predicted electronic band structure is
displayed along the first Brillouin zone's high symmetry
point, I'-M-K-I'-A-L-H-A-L-M-K-H as shown in Figure 3.
The energy of band structure separation is plotted from
—5.0eV to 5.0eV in the case of undoped and doped
monolayer GaAs. In this work, we first analyzed the
electronic band structure of the pristine monolayer GaAs
semiconductor, and the results are shown in Figure. 3(a) The
results showed a band gap of 0.43 eV, indicating the energy
difference between its valence band (VB) and conduction
band (CB) agrees with the obtained 0.42 eV, experimental
results(Ma et al., 2020) . in this work, a bandgap of 0.43 eV
was obtained for monolayer GaAs using DFT with the PBE-
GGA functional. This result aligns with trends observed in

earlier studies that used similar computational methods. For
instance, (Anua et al., 2012), reported a PBE-GGA bandgap
of 0.329 eV, while (Madu & Onwuagba, 2010)obtained a
value of approximately 0.35 eV using FPLAPW method
within the same functional. Thought slightly lower than the
present value, these results reflect the known underestimation
of bandgap by PBE-GGA. The small variation in reported
values can be attributed to differences in computational
parameters, structural models, and dimensionality. The
present result is consistent with existing literature and
supports the reliability of PBE-GGA in capturing the
electronic properties of monolayer GaAs. The valence band
represents the highest energy level filled with electrons at
absolute zero temperature, while the conduction band is the
energy level above the valence band where electrons can
move freely. This means that at room temperature, only
electrons with energies higher than 0.43 eV can overcome the
bandgap and transition from the valence band to the
conduction band, enabling electrical conductivity. Therefore,
monolayer GaAs in its current state is suitable for use as a
photocatalyst, since the obtained band gap is much higher
than 0 eV. In its intrinsic state, monolayer GaAs has equal
numbers of electrons and holes. The Fermi energy level (Er)
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lies near the middle of the bandgap. When monolayer GaAs
is doped with boron (B) atoms, interesting changes occur in
its electronic properties. Doping introduces impurity levels
within the bandgap, altering the semiconductor's conductivity
characteristics (Pramanik et al., 2024),(Itas, Suleiman,
Ndikilar, Lawal, Razali, Ullah, et al., 2023). Boron, being a
group IIl element, introduces acceptor levels in GaAs,
creating holes in the valence band. When 6.25% Boron atom
is introduced into the lattice structure of monolayer GaAs, it
replaces a Gallium atom. Since boron has one fewer valence
electron than Gallium, it creates a hole (missing electron) in
the valence band. This increases the concentration of holes
and makes the material a P-type semiconductor. The
introduction of this hole acceptor state moves the Fermi
energy level (Er) closer to the valence band. As shown in
Figure 3(b) Doping monolayer GaAs with one boron atom
reduces the bandgap to 0.29 eV which is less than 3 eV, and
hence can be a better photocatalyst, which also agrees with
the experimental range for photocatalysts. This reduction
indicates that the energy required for electrons to transition
from the valence band to the conduction band decreases (Wu
et al., 2021). Consequently, the material becomes more
conductive as the number of available charge carriers (holes)
increases due to boron doping (Cao et al., 2022). As shown in
Figure. 3(c) a 12.50% boron atom creates another hole. This
further increases the concentration of holes and pushes the
Fermi level even closer to the valence band. The bandgap is
reduced even further to 0.12 eV due to the presence of two
holes’ acceptor states. Doping monolayer GaAs with boron
atoms alters its electronic properties by reducing the bandgap,
enhancing its conductivity, and shifting the Fermi energy.
These changes are crucial for tailoring the material's electrical
behavior and making it suitable for various semiconductor
device applications (Itas et al., 2024), (Balci et al., 2017).

To gain a comprehensive understanding of the nature of the
energy gap, the total density of state (DOS) and partial density
of state (PDOS) were analyzed. The DOS and partial density
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of states (PDOS) results are shown in Figures 4 and 5,
respectively, in all three cases (a, b, and c), the DOS plots
exhibit lower peaks at higher energies, corresponding to
the conduction band. Conversely, higher peaks at lower
energies represent the valence band. The position of the Fermi
level (E = 0 eV) is evident in both Figures. The pristine
monolayer GaAs (Figure 4a) shows a valence band ranging
from -15.80 eV to 0 eV and a conduction band between 0.0
eV and 4.20 eV. The peak of the valence band is located at -
15.34 eV. Introducing boron dopants (Figures 4b and 4c)
demonstrate some noticeable effect; The valence band
remains relatively unchanged, spanning -15.75 eV to 0 €V in
both cases. The conduction band shows a slight upward shift
in energy distribution. In Figure 4b (6.25% dopant), the
conduction band ranges from 0.0 eV to 4.39 eV, with a peak
at -15.22 eV. This effect becomes more pronounced with
12.5% B dopants (Figure 4c), where the conduction band
spans 0.0 eV to 5.21 eV and the peak reaches -15.18 eV. In an
intrinsic semiconductor (undoped), the Fermi level lies near
the middle of the bandgap. Doping disrupts this equilibrium,
causing the Fermi level to shift closer to the valence band in
p-type doping. This shift, in turn, influences the distribution
of electrons in the energy bands (Raship et al., 2023). The
upward movement of the conduction band reflects the
introduction of additional energy states due to the presence of
holes (Samaki et al., 2023). The PDOS plot in Figure 5 shows
how each type of atom (and its orbitals) contributes to the
overall distribution of electrons in the 6.25% B-doped GaAs.
The combined contribution of these orbitals shapes the overall
electronic structure of the 6.25% B-doped GaAs material. The
valence band is primarily formed by the overlap of Ga 2p and
As 2p orbitals. The conduction band likely involves
contributions from Ga 4f, As 4d, and possibly Ga 3d and As
3d orbitals at higher energies. The presence of the B 2p peak
near the valence band confirms the p-type doping and
signifies the introduction of acceptor states by Boron
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Figure 3: Electronic band structures of (a) pristine Monolayer GaAs (b) 6.25% B-doped Monolayer GaAs

and (c) 12.5% B-doped Monolayer GaAs
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Figure 5: Partial density of states (PDOS) of 6.25% B-doped Monolayer GaAs

Optical Properties of Pure and Doped Monolayer GaAs

To determine a material's utility and suitability for an
optoelectronic application, one must comprehend its optical
behavior ~ (“Lead-Free  Perovskites  for  Flexible
Optoelectronics,” 2024),(Zou et al., 2024). This is because
electronic structure has a substantial correlation with optical
phenomena (Ishikawa et al., 2019). in the current study,
geometry and electronic structure of monolayer GaAs with
the element being swapped has been adjusted. This can be
seen in the electronic band structure analysis. This is found to
be in good agreement with experimental investigations which

reported that that the dopant element concentration affects the
optical characteristics of doped materials(ltas, et al., 2023).
In order to describe the said parameter quantitatively, it is
essential to evaluate dielectric function. Dielectric function is
the ratio of the permittivity of a material to the permittivity of
free space, whereas permittivity is the measure of the
resistance of a material when an electric field is induced in a
material (Scarpa et al., 2024). The dielectric function consists
of real (¢; (w)) and imaginary part (g, (w)). It is represented
as follows:

g(w) = & (w) +igy(w) @)
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where & (w) is real part and €, (w) is imaginary part of the
dielectric function. Physical properties and band structure rely
strongly on e(w).

From the knowledge of electronic band structure of a solid,
the imaginary part of the dielectric function, €2(®) can be
calculated from Kubo-Greenwood equation as shown in
Equation 4.2:

&2(@) = = (gl x FRIS(EE - (BF + B))

The calculated imaginary (e2) parts of the dielectric functions
as a function of the photon energy for undoped and doped
monolayer GaAs are shown in Figure 6. To further elucidate
the optical characteristics of the three varieties of Monolayer
GaAs, Figures 7 and 6 display the spectra depicting the real
and imaginary components of the dielectric functions. The
peaks in the imaginary segments of the dielectric constants for
both undoped and doped monolayer GaAs trace the optical
band gaps. As presented in Figure 7 (a), sharp maxima peaks
for real dielectric functions were seen. For pure monolayer
GaAs, the peak appeared at 45.6 corresponding to 0.35 eV. In
terms of 6.25% B doped monolayer GaAs, higher minimum
peak was recorded which appeared at very low energy region
of 0.3 eV which enhanced optical conductivity while
maximum peak recorded appeared at an energy region of
3.03eV. Lower peak was also observed for 12.50% B doped
monolayer GaAs but the peaks are at range of visible to
ultraviolet, as shown in Figure 7 (c). Based on this both 6.25%
B doped monolayer GaAs and 12.50% B doped monolayer
GaAs can be regarded as best candidate for optoelectronics
applications.

The static dielectric constant for monolayer GaAs is 55.8, the
dielectric absorption peak appears near 3.3 eV. Other
dielectric constants appear at 132, and 107 for 6.25% B doped
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monolayer GaAs and 12.50% B doped monolayer GaAs
respectively. In all cases the increase in the dielectric peaks
were observed between 0 to 3.0 eV as presented in Figure 6(b)
and 6(c). In this range, the dielectric constant increases with
decrease in the energy gap. The presence of peaks of
monolayer GaAs in the imaginary part of the dielectric
function indicate the occurrence of inter-band transitions.
EELS enables us to obtain the band gap energy from the onset
energy of a spectrum that reflects inter-band transitions.

The energy loosed/released by an electron in traversing from
one band to another is calculated for both monolayer GaAs,
6.25% B doped monolayer GaAs and 12.5% B doped
monolayer GaAs systems. The calculated charge distributions
of each of the three materials were presented in Figure 8. In
all cases, the peaks of (w) appear as a result of combined
excitations of different photons with various frequencies. The
expanded distance of the electron energy loss by the excitons
in monolayer GaAs (Fig. 8a) relates to the absorption peak.
This shows that the distribution of the valence electrons has
fast convergence. More energies are loosed in the x direction
than in the y direction for monolayer GaAs, this can be seen
by the appearance of peaks at 16.97 eV. Therefore, maximum
energy is loosed as a result of the effect of incident
electromagnetic radiation with matter. In the 6.25% B doped
monolayer GaAs structure and 12.5% B monolayer GaAs,
there were maximum energy loss in the y direction than in the
x direction, this can be seen from the peak at 13.33 eV and
13.93 presented in Figure. 8(b) and 8(c) respectively. The
energy loss region of the EELS in Fig. 8 (a, b and c) is
generally less than 50 eV, this is specifically called the
valence electron energy loss spectroscopy (VEELS) because
it is dominated by the collective excitations of the Plasmon
(valence electrons) and inter-band transitions
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Figure 6: Imaginary dielectric for (a) pristine Monolayer GaAs (b) 6.25% B-doped Monolayer GaAs and (c)

12.50% B-doped Monolayer GaAs
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CONCLUSION

To conclude our findings in this paper, we performed
investigations on the structural, electronic and optical
properties of Boron doped monolayer GaAs based on density
functional theory. The results confirmed that undoped
monolayer GaAs was found to have a bandgap value of 0.43
eV. The band gap changed from 0.43 to 0.29 eV due to doping
effects when 6.25% B atom was added to monolayer GaAs.
Additionally, the band gap value decreased to 0.12 eV when
12.5% B atoms were added to monolayer GaAs. Our results
verified that boron doping reduces the monolayer GaAs
semiconductor material's energy band gap and shift the Fermi
energy level closer to the valence band. The results of optical
absorptions indicated that B doped monolayer GaAs has
strong absorption behavior in the visible light frequency,
which depicts its suitability for optoelectronic applications
such as telecommunication laser, blue laser, optical fiber,
LED traffic lights, photo diodes and solar cells. Dopants’
significance in altering the electronic structure of GaAs is
revealed by density of states analysis, and the quantitative
description of optical properties needed for optoelectronic
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applications is provided by dielectric function evaluation. All
things considered, this study shows that 6.25% and 12.50% of
B-doped monolayer GaAs are viable options for light
absorption applications, backed by thorough data and
explained energy loss fluctuations using electron energy loss
spectroscopy
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