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Abstract

Article History

In order to overcome the disadvantages of magnesium hydride (MgH>) towards its applications in
solar cell science and technology, doping with non-metals such as Fluorine (F) doping is a
promising approach to tune its large band gap. In order to expose the hidden potential in F doped
MgHo, details analysis of electronic and optical absorptions is needed. Theoretical calculations of
structural, electronic and optical properties of F doped MgH: are studied using first-principles
approach within density functional theory (DFT) framework. The calculated lattice constants with
PBE-GGA are in better agreement with experimental result. The bandgap value of 3.34 eV for the
undoped MgHz is close to experimental value. When one atom of F is introduced into MgH, at Mg
site, the doping effects modified the band gap from 3.34 to 2.72 eV. Also, by introducing one atom
of F to H site, the band gap value reduced to 1.59 eV. Our findings confirmed that non-metal doping
narrow the energy band gap of semiconductor materials. The results of optical absorptions indicate
that F doped MgH; at H has strong absorption behavior in the visible light frequency, which depicts
its suitability for solar cell applications.
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1.0 Introduction

Solar energy is the most reliable renewable energy
source (Li et al., 2022). Apparently, the sunlight
supplies approximately 10* times larger energy than
our present needs (Radzwan et al., 2018). However,
the biggest challenge is the conversion of solar energy
into electrical through cheaper technology. In order to
resolve this issue, photovoltaic (PV) technology is the
most practical and attractive approach to exploit the
sustainable energy. Although semiconductor materials
are already exploited in the technology, most of the
solar panels are dominated by crystalline silicon (Si)
technology. However, there are some disadvantages of
using silicon for solar cells such as high cost because
its fabrication and extraction from raw materials need
sufficient efforts (Sopian et al., 2017). The dire
requirements for a more efficient, low-cost, and non-

toxic optoelectronic devices has led to the increased
focus on a range of different source materials along
with the development of methodologies to characterize
these materials. In this regards, Magnesium Hydride
(MgHy) is considered a promising candidate owing to
its abundance, less-toxicity and low cost (Varunaa et
al., 2019). Large band gap of MgH, for about 5.16 eV
has limited its application for solar cells device (Bahou
et al., 2020; Isidorsson et al., 2003; Krasko, 1982). To
use MgH; as photoactive material for solar cell
application, the bandgap value must be tuned.
Nowadays, doping is one of the well-developed
processes to modify the physical properties of
materials. Doping can dramatically modify physical
and chemical properties of materials (Jiang et al.,
2021). Conversely, non-metal doping is an approach
used to narrow the bandgap; in comparison to metal
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doping that often forms a donor level in the forbidden
band, non-metal doping usually shifts the valence band
edge upward (Reisner and Pradeep, 2014). Doping
with non-metal elements such as fluorine (F) shows an
enhancement in the electronic, optical, and magnetic
properties of semiconductor material (Liu et al., 2020;
Ren et al., 2008; Wu et al., 2021). The above-
mentioned reasons motivated us to study the doping by
fluorine atom, which can significantly modify/tune the
electronic and optical properties of MgH,. To the best
of our knowledge, no studies on F-doped MgH: exist
in literature. The F doping approach in MgH, may
open new paths to non-metal elements doping for
various other potential applications such as infrared
detectors, infrared LEDs, lasers, transistors, and
thermo-photovoltaic systems. Therefore, the main
objectives of this paper are to analyze the
optoelectronic properties of F doped MgH, for solar
cell application. First-principles calculations within
the framework of density functional theory (DFT) is
the method of choice for investigating material
properties at the ground state. This method was
proposed by famous Hohenberg and Kohn in 1964 as
an approach to determine the electronic structure of a
system 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 and electronic
properties calculations are performed within DFT
framework as implemented in Quantum Espresso
simulation package (Giannozzi et al., 2009). Optical
properties are calculated using  many-body
perturbation theory (MBPT) as implemented in
Yambo package.

2.0 Materials and methods

In this paper, a well-established tool that does not rely
on any fitting techniques or special model called DFT
approach is used throughout. The structural and
electronic properties of F doped MgH» were calculated
within DFT framework. For full first-principles
philosophy, all calculations have been performed with
fully optimized lattice parameters. The first-principles
DFT calculations were carried out using
pseudopotential method with plane-wave as a basis
set. The calculations were performed within the
Quantum-Espresso  package. Plane-wave Kkinetic
energy cut-offs were set at 50 Ry. The Brillouin zone
was sampled with a 10x10x10 Monkhorst-Pack grid
of k-points. The geometry relaxation calculations were
performed using PBE-GGA. Moreover, to correct the
underestimated electronic band gap obtained from
DFT calculations, starting from DFT eigen functions
and eigenvalues which are solution of Eqg.1 to obtain a
real quasiparticle (QP) energy E,‘f,f correction to the
Kohn-Sham eigenvalues EZFT as in Eq.2 (ldris et al.,
2021).
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where T is the kinetic energy operator, Vy is the
Hartree potential, V,,, is the potential of the nuclei, Vy
is the DFT exchange-correlation potentials and k and
n are the k-point and band indices respectively, X, is
the GW self-energy which is the product of one-
electron Green’s function, G and screened Coulomb
potential, W as iGoW,, EPFT and @2fT are the KS
eigen functions and Z,, is the orbital renormalization
factor which is defined as shown in Eqg. 3 (Lawal et al.,
2022)
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3.0 Results and discussions

3.1 Convergence test of Ecutand k-point

Performing convergence test calculation before
structural, electronic and optical properties calculation
is a basic requirement for first-principles calculations
within the framework of DFT. The result presented in
Figure 1(a) is the obtained convergence tests with
respect to the plane wave kinetics energy cut-off and
k-points mesh. The converging test in Figure 1(a)
illustrated that the total energy varies substantially
with respect to the kinetic energy cut-off 10 Ry to
30 Ry and remains almost constant at 40 Ry. As such,
50 Ry is taken as the value for the kinetic energy cut-
off for all our calculations. The variations of the total
energy with k-points are presented in Figure 1(b).
Nevertheless, the total energy changes substantially
with the number of k-points, signifying a well-
converged value at exact point. However, the total
energy increases from 4 X 4 x 4 to 8 x 8 x 8k-point
grids and remain almost steady at 8 x 8 x 8 k-points.
Therefore, 10 x 10 x 10 k-point was used for all our
calculations.

3.2 Structural properties of MgH:2

In order to find the equilibrium structural ground state
properties of the MgH, compound, such as the lattice
constants, the structure relaxation via Quantum
Espresso code using different exchange potentials.
Initially, the experimental lattice parameters of the
MgH; compound were used for the structural
optimization process. The geometric parameters of
MgH; are shown in Table 1. The calculated total
energies are fitted to the Murnaghan's equation
(Tyuterev and Vast, 2006) of state to determine the
ground state properties. The calculated lattice
parameters with different exchange correlation
potentials together with experimental result are listed
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in Table 1. It is seen that the lattice constants obtained
with PBE-GGA are in better agreement with
experimental data. PBEsol-GGA gives out more errors
among the exchange functionals used and the largest
portion of error is coming from c while LDA
underestimate lattice parameters.

3.3 Electronic properties

Electronic properties calculation is important due to
interpretation of electronic properties of solids
(Radzwan et al., 2020). The investigation of electronic
properties of pure MgHand F doped MgH_ comprises
of band structure, density of state (DOS) and partial
density of state (PDOS). Fluorine was added to pure at
H and Mg sites in the calculations in order to
understand the effect of doping. The calculated
electronic band structure for both undoped and F
doped MgH are shown along the high symmetry point
I'-X-M-TI'-Z-A-R-Z-W of the first Brillouin zone (BZ).
The Fermi level is indicated by the zero-energy scale
on the band structure. A generalised gradient
approximation (PBE-GGA) was preferred over Local
Density Approximations (LDA) due to its reliability
and accuracy in DFT calculations (Lawal et al., 2017b;
Radzwan et al., 2020). The energy separation between
the conduction band minimum (CBM) and the valence
band maximum (VBM) occurred at X and Z points
which indicates an indirect band gap material with
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value of 3.34 eV energy band gap and this value
corresponds to the energy band gap of pure MgH,. The
calculated band gap of pureMgH; is close to
experimental value when compared with previous first
principle calculations of value 2.01 eV (Irfan and
Azam, 2020). Consistency of our results with
experimental value is due to convergence test of
energy cut-off, k-point and structural relaxation of the
lattice parameters. It can be observed that the energy
band gap reduces considerably by doping F at Mg and
H atoms sites as can be seen in Figure 3(b) and 3(c).
The bandgap of single-atom F doped MgH; at Mg site
is reduced from 3.34 to 2.72 eV. For F doped MgH; at
H site the band gap value reduced to 1.59 eV. This
trend of reduction of band gap value for none-metal
doping on large band gap material is in good
agreement with previous theoretical approach (Butt et
al., 2018; Lawal et al., 2021; Radzwan et al., 2020)
and experiment measurement (Mushtaq et al., 2016).
The electronic band gap values calculated in this paper
together  with  previous first-principles  and
experimental results are tabulated in Table 2. From our
findings, the material that can be used for solar cell
application is the one in which F is doped at H site of
MgH,, because its band gap is within the visible light
wavelengths.
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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.

Table 1: Calculated and experimental lattice constants of MgH>

Reference XC a(A) b (A) c(A)
Present work LDA 4.252 4.252 2.884
PBE-GGA 4.540 4.540 2.994

PBEsol-GGA 4.631 4.631 3.340

GGA-WC 4.562 4.562 3.162

Experiment (Bortz et al., 1999) 4.501 4.501 3.010
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Figure 2: Schematic diagram of crystal structure of (a) Pure MgH- (b) F doped MgH, at Mg site (c) F doped MgH>
at H site
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Figure 3: Band structure of (a) Pure MgH- (b) F doped MgH- at Mg site and (c) F doped MgH. at H site
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Table 2: Calculated band gap values of pure MgH. and F doped MgH- together with available experimental data and
other first principles calculations

Polymorth Methods Bandgap value,
Eq(eV)
MgH: PBE-GGA 3.34
PBE-GGA (Irfan and Azam, 2020) 2.01
PBE-GGA 3.06
F doped MgH; at Mg site PBE-GGA 2.72
Fdoped MgH, at H site PBE-GGA 1.59
@ Pure MgH, @) F doped MgH, at Mg site ., F doped MgH,, atH site
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Figure 4: Total density of states (DOS) of (a) Pure MgH, (b) F doped MgH, at Mg site (c) F doped MgH: at H site
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Figure 5: Partial density of states (DOS) of (a) Pure MgH: (b) F doped MgH: at Mg site (c) F doped MgH; at H site
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Figure 6: The imaginary part of frequeny-dependent dielectric function of: (a) Pure MgH: (b) F doped MgH; at Mg

site and (c) F doped MgH; at H site

Total density of state (DOS) and partial density of state
(PDOS) were studied in order to understand the nature
of energy gap clearly. Figures 4 and 5 show DOS and
PDOS results respectively, both Figures illustrated
higher peaks at the valence bands and lower peaks at
the conduction bands. In the case of pure MgH,, the
lowest valence states are dominated by s-, p-orbital of
Mg atoms and s-orbital of H atom. The s-orbital of Mg
atoms have the highest contribution in the conduction
band with little contributions of p-orbital of Mg and s-
orbital of H atoms. Figure 5 depicts the PDOS of F
doped MgH, at Mg site, p. The energetically
conduction bands are principally due to s- and p-
orbitals of Mg and F atoms The upper valence bands
near the Fermi level is due to s-orbitals of H atoms.
For F doped MgH: at H site, the lowest of the
conduction bands consists of s-orbitals of Mg and H
atoms together with p-orbital of Mg atoms. The
maximum of the valence band near to the Fermi level
comes from s-orbitals of H while the core of valence
bands is due to p-orbital of F atoms.

3.4 Optical properties of pure and F-doped MgH:2
The study of optical properties due to electronic
transition is related to electronic properties (Lawal et
al., 2022). The ability to capture, transmit and
efficiently transform the photons into electricity is one
of the interesting characteristics of the optoelectronic
properties of materials (Lawal et al., 2019). Hence, the
knowledge of the optical properties of the F-doped
MgH: is considered a key in realizing the dream of its
practical application besides electronic properties. In
the optical approach, excited states is represented as
unoccupied Kohn-Sham states. Transitions between
occupied and unoccupied states are caused by the
electric field of the photon. When the excitations are
collective, they are known as plasmons (which are
most easily observed by the passing of a fast electron
through the system rather than a photon). When the

transitions are independent, they are known as single
particle excitations (Lawal et al., 2017b). The spectra
resulting from these excitations can be thought of as a
joint density of states between the valence and
conduction bands. This part provides information as
regards to optical absorptions of undoped and doped
MgH: which was examined for the first time by highly
accurate first principles pseudopotential plane wave
method as implemented in Yambo code. Optical
absorption of material normally explains the behavior
of material when exposed to the electromagnetic
radiation and it also helps in predicting band structure
configuration. Optical behavior is strongly associated
with  electronic band structure (Cohen and
Chelikowsky, 2012; Ni et al., 2021). Several
experimental studies showed that optical properties of
doped materials depended on the concentration of
dopant element. However, to the best of our
knowledge, theoretical investigation on F doped MgH:
have not been reported yet. In order to describe the said
parameter quantitively, it is essential to evaluate
frequency dependent dielectric function &(w).
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.
All dielectric materials are insulators but all insulators
are not dielectric (Subramanian et al., 2000). The
dielectric function consists of real & (w) and
imaginary part €, (w). It is represented as follows:
g(w) = & (w) +igz(w) (4)
where g; (w) is real part and &,(w) is imaginary part
of the dielectric function. Physical properties and band
structure rely strongly on &(w).
As mentioned, we analyzed optical absorption based
on PBE-GGA functional. From the knowledge of
electronic band structure of a solid, the imaginary part
of the dielectric function, €2(®) can be calculated from
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Kubo-Greenwood equation as show in Equation 2
(Lawal et al., 2017a):

ne? c = c
&2 (@) = T g1 x I (Ef -

(Ex + E)) )

The calculated imaginary (g2) parts of the dielectric
functions as a function of the photon energy for
undoped and F doped Mg are shown in Figure 6.
The edge of optical absorption (first critical point)
occurs at about 3.34, 2.72 and 1.59 eV for pure MgH,
F doped MgH, at Mg site and F doped at H
respectively. Hence, the calculated imaginary part of
dielectric function shows that the first critical point
peak is related to the transition from the valence to the
conduction band states which corresponds to the
fundamental band gap. The results of imaginary part
of dielectric function indicate that F doped MgH. at H
has strong absorption behavior in the visible light
frequency, which depicts its suitability for solar cell
applications. In the imaginary part of the dielectric
function, F doped MgH: at Mg and H sites are found
to be zero at higher energy of >10eV, which shows that
the structures have achieved the equilibrium value of
zero. This suggests that the functionalities of F doped
MgH: is limited under ultraviolet range, which is in
consistent with the role as a photovoltaic (PV)
material. However, the obtained spectrum still covers
a wide energy range that is not restricted only to the
visible region. In PV applications, high potential
materials rendering high absorption intensity are used
as an absorbing medium of the electromagnetic
radiation. From the spectra comparison, F doped
MgH: depicts better absorption quality than pure
MgH_2. The response of each structure is also different
in terms of the energy absorbing radiations. The
absorption spectrum of F doped MgH: at H site shows
better capability in absorbing the radiation at low
frequency than pure MgH; and F doped MgH; at Mg
site as electromagnetic radiation of the 1.59 eV energy
can be easily absorbed.

4.0 Conclusion

In this paper, structural, electronic and optical
properties of pure MgH; and F doped MgH: were
studied using DFT formalism. It is seen that the lattice
constants obtained with PBE-GGA are in better
agreement with experimental data when compared
with other exchange potentials. Our band structure
results revealed that the material that can be used for
solar cell application is the one in which F is doped at
H site of MgH,, because its band gap of 1.59 eV is
within the visible light wavelengths. Based on this, it
can be concluded that the results of this research work
confirmed the decreasing of band gap when non-metal
is added to material with wider energy band gap. The
results of optical spectra indicate that F doped MgH:
at H has strong absorption behaviour in the visible

Research article

light frequency, which depicts its suitability for solar
cell applications. Our theoretical study of F-doped
MgH> suggests that a device fabricated from these
materials can be operated on a wide range of the
energy scale such as solar cell and broadband
photodetector.
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