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ABSTRACT

The electronic band structure and optical properties of hexagonal GaS are investigated using the density
functional theory. The calculated band structure shows that the crystal has an indirect band gap with the value
of 1.54 eV in the Brillouin zone at the '>M. The structural optimization has been performed using the
generalized gradient approximation (GGA) and the local density approximation (LDA). The calculated structure
optimization of GaS has been compared with the experimental results and has been found to be in good
agreement with each other. Furthermore, the linear photon-energy-dependent dielectric functions and some
optical constants such as energy-loss functions for volume and surface, extinction, reflectivity and absorption
coefficients, refractive index and effective number of valence electrons per unit cell participating in the

interband transitions have been calculated.

Key Words: Density functional theory, local density approximation, gradient and other corrections; Optical properties;

Electronic structure; Optical constants.

1. INTRODUCTION

In recent years, several binary and ternary layered
semiconductors have attracted a lot of interest due to their
future optoelectronic applications in ultraviolet, visible
and infrared regions of the spectra [1, 2]. Since these
materials have large optical nonlinearity, they are also
promising for optical switching devices. Besides, they
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can be used as photoelectric analyzers of polarized light,
too [3]. Despite the significant number of experimental
and theoretical studies on these materials, it is seen that
neither the experimental data nor the overall theoretical
understanding of them are sufficient to be qualified as a
complete and coherent framework. Actually, only a little
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work has been done both experimentally and theoretically
even for binary compounds, like GaS.

GaS is a member of the family of the A™BY' type
semiconductor crystals, crystallizing in a layered
structure, like GaSe and InSe. These layered compounds
are characterized by highly anisotropic bonding forces
arising from the fact that layer-layer interaction is weaker
than the bonding force within a layer. In Ga$S, intralayer-
bonding forces are ionic covalent type, whereas interlayer
ones are van der Waals type, which causes a weak
interlayer interaction between layers. Due to this
property, GaS can easily be cleaved along these layers.
GaS crystallizes in the so-called B-polytype and carries
the symmetry properties of the P6;/mmc (No. 194) space
group. Each layer consists of four atoms stacked along
the c-axis with a repeating unit of S—-Ga—Ga—S and a unit
cell has two layers, that is, eight atoms.

GaS has wide indirect and direct band gaps having the
energy values of 2.59 and 3.04 eV at 300 K, respectively
[4]. Due to the energy value of its band gap, this crystal is
a promising material, especially for near-blue light
emitting devices. The lattice vibrations in GaS crystal
have been studied by several authors using Raman
scattering [5-11], infrared reflectivity and absorption
[12], inelastic neutron scattering [13], and Brillouin
scattering measurements [14]. In addition to these, the
trapping parameters have been investigated by thermally
stimulated current measurements [15]. Furthermore, it
has been experimentally revealed that GaS exhibits both
electroluminescence and photoluminescence in the green-
blue region [16-18]. Near band edge photoluminescence
spectra of Zn doped and undoped GaS crystal has been
investigated by various authors [19-21]. Besides, deep
level luminescence was also observed experimentally for
GaS crystal [22]. Moreover, a detailed low temperature
photoluminescence study on GaS crystal has been
reported, where the emission bands were thought to
originate from close donor—acceptor pair recombination
processes by using the results of excitation light intensity
and temperature-dependent measurements [23, 24].

The present study focuses on the electronic and optical
properties of GaS crystal using density functional theory
under the local density approximation (LDA) and
generalized gradient approximation (GGA) absent in the
literature.

2. COMPUTATIONAL DETAILS

The self-consistent norm-conserving pseudopotentials
were generated by using the FHI98PP code [25] with a
Troullier-Martins scheme [26] for all atoms of GaS
crystal. The Perdew-Burke-Ernzerhof GGA functional
(PBE-GGA-96) [27] and Ceperley-Alder-Perdew-Wang
LDA functional (CAPW-LDA-92)[28] were used to
include the exchange-correlation effects.  The
pseudopotentials for only valence electrons were
generated to investigate the effects on the physical
properties of the crystal. 4s and 3p electrons of a Ga atom
and 3s and 3p electrons of an S atom were studied as the
true valence. The basis set for the electronic wave
functions were chosen to be plane waves. The conjugate
gradient minimization method [29] was used with the
ABINIT code [30] for solving Kohn-Sham equations
[31]. All the calculations included hexagonal unit cells
containing four molecules. With the choice of
cut-off energies at 35 hartree using 8 X 8§ X 8 Monkhorst-

Pack mesh grid [32], a good convergence for the bulk
total energy calculation was succeeded. On the other
hand, the irreducible Brillouin zone was sampled with
10X 10 X 10 k-points to calculate the optical properties of
GaS.

For a material having a polar crystal structure and a

spontaneous polarization,PS, the total polarization

consists of two terms: Pmt

polarization induced by incoming light and given by
formula [33]

=PS +Pl.,where P, is the

1
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In Eq. (1), /?y('l) is the frequency-dependent linear

optical susceptibility tensor and is given by
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where n, m denote energy bands,
fmn (k)= fm (k) —fn (k) is the Fermi occupation
factor, Q is the volume,

,, (k)= w, (k)- , (k) is the frequency
differences, ha)n (k) is the energy of band n at wave
vector k , & i (a)) is the frequency-dependent dielectric

tensor, and the 7, ~ are the matrix clements of the

position operator. It is seen from Eq. (2) that the
dielectric function can be associated with the

susceptibility: & (w)=1+ 472'}(1;1) (—w, ). mEq.

[y 4 ;i) is the frequency-dependent second-order
susceptibility tensor, but non-linear optical response for
hexagonal GaS single crystal has not been investigated in
this work.

It is a well-known fact that the properties of ground-state
are determined by Kohn-Sham equations. The self-energy
effects must be included when the optical response
calculations are made, since the unoccupied conduction
bands have no physical importance and a band gap
problem appears at too low energy values. In order to
include the self-energy effects, the scissor approximation
[34] was used and 1.05 eV was chosen as the scissor shift
in the present work using the experimental energy gap
(2.59 eV) for GaS by Aulich et al. [4].

3 RESULTS AND DISCUSSION
3.1. Volume Optimization

The GaS crystal is hexagonal and belongs to the space
group P6s/mmc (No. 194). The investigated GaS contains
two molecules with eight atoms per unit cell, as shown in
Table 1. Calculations were carried out using the lattice
constant @ = b = 3.592 A and ¢ =15.465 A for GaS. The
crystal data of GaS obtained the structure optimization
from first-principle are presented in Table 2.
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Table 1. Crystal structure data of hexagonal GaS.

Space group P6s/mmc
GaS Experimental [4] Wyckoff X y z
a(A) 3.592 4f 03333 0.6667 0.17082
c () 15.465 4f 0.3333  0.6667 0.60191
E, (eV) 2.59
Volume (A %) 172.8
Table 2. Crystal structure data of hexagonal GaS from first-principle.
Space group P63/mmc
GaS Calculated Wyckoff X y z
GGA LDA
a(h) 3.6406 3.4629 af 0.3333  0.6667 0.17279
c(A) 15.5137 15.3359 Af 0.3333  0.6667 0.60330
E, (eV) 1.54 1.54
Volume (A °) 178.1 159.3

All physical properties of a material are related to the
total energy. For example, the equilibrium lattice constant
of a crystal is the lattice constant that minimizes the total
energy. Therefore, physical properties of a material can
be determined by the calculation of the total energy. In
theoretical lattice constant calculations, the base state

energy of GaS crystal is calculated for different volumes
around the experiment balance volume. Figure 1 shows
the total energy as a function of the volume of GaS by the
GGA and the LDA. The experimental and calculated
volume values are presented in tables 1 and 2,
respectively.
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Figure 1. Dependence of total energy on unit cell volume for hexagonal GaS single crystal.

The lattice parameter of GaS can also be obtained using
the pseudopotential method based on the density
functional theory under the LDA and the GGA, that is, by
minimization of the crystal total energy to crystal volume
ratio (volume optimization), the theoretical lattice
constants have been obtained as @ = b = 3.4629 A and ¢ =
153359 A, a = b = 36406 A and
c = 155137 A, respectively. The experimental and
calculated data from first principles for the equilibrium
lattice are given in tables 1 and 2.

The results reveal that the calculated values for the GGA
are much closer to the experimental data than the
calculated values for the LDA, which means that there
are noticeable differences between the experimental data
and the calculated data from LDA. As can be seen from

table 2, the deviation of the calculated equilibrium
volumes for the GGA and the LDA calculations are
3.07% and 7.81% of the experimentally determined
value, respectively. However, geometrical optimization
using the LDA is more acceptable than that using the
GGA, as shown in figure 1.

3.2. Band Structure and Density of States

The investigation of electronic band structure of
hexagonal GaS is very useful for that it helps us to
understand the electronic and optical properties of the
material better. At this point, what we first need is to
describe our calculated electronic structure. The energy-
band structure calculated using the GGA for hexagonal
GasS is shown in figure 2, where the origin of energy was
arbitrarily set to be at the valence band maximum.
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Figure 2. Calculated band structure for hexagonal GaS single crystal.

The band structure calculations have been performed in
the high-symmetry directions of the first BZ. The band
structure of hexagonal GaS has been calculated and
plotted on surface of the BZ. The & points denoting the
high symmetry points of irreducible BZ are marked with
letters in figure 2, where the Fermi level is set to zero.
The maximum of the valence band and minimum of the
conduction band are located at the ' M point of the
BZ.

The calculated band structure for hexagonal GaS shows
an indirect band gap at the
I'-> M symmetry direction of the BZ. The band gap

calculated by the GGA is 154 eV at the
I'—> M point. It is seen that the obtained band gap is
smaller than the experimental result of 2.59 eV [4],
probably due to a discrepancy in the pseudopotential
method. If we add a correction factor to this band gap, the
result is found to be in good agreement with the
experimental result. Furthermore, total density of states
(DOS) for GaS is also studied and the calculated DOS are
shown in figure 3.
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Figure 3. Total density of states for hexagonal GaS single crystal.

3.3. Optical Properties

In the present work, we also studied the linear optical
properties of hexagonal GaS. The optical functions
calculated by neglecting all lattice vibrational effects and
pertaining only the electronic transitions are shown in
figure 4. The optical response was calculated in the
photon energy range of 0-30 eV by using the calculated
band structure. As a result of calculations, we saw that a
0-25 eV photon-energy range is sufficient for most
optical functions. Thus, we have derived the values of
real and imaginary parts of the dielectric function as a
function of the photon energy.

The calculated real and imaginary parts of the frequency-
dependent linear dielectric function are shown in figure
4a and 4b along crystallographic a- and c-directions,
respectively. Along the crystallographic a-direction, the

imaginary part of the dielectric constant,&,, shows

several main peaks located at 4.30, 5.0, 6.52, 6.95, 7.79,
8.48, 9.06, 10.39 and 11.26 eV, while along the
crystallographic c-direction, it reveals peaks located at
3.95,5.01, 5.48, 6.70, 7.79, 8.60, 9.15, 11.26, 11.78 and
12.76 eV. These peaks correspond to the optical
transitions from the valence band to the conduction band.
In the light of this information, we see that GaS exhibits
two fundamental oscilator bands at 4.30 and 5.0 eV along
crystallographic a- and another two fundamental oscilator

bands at 3.95 and 5.0 eV along crystallographic c-
directions, respectively. From figure 4a, it is seen that 0-
4.5 eV photon-energy range is characterized by high
transparency, no absorption and a small reflectivity which
explain the origin of the peak structure in the reflectivity
and absorption coefficient spectra. In addition, 4.5-6.50
eV photon-energy range is characterized by strong
absorption and appreciable reflectivity which means that
optical absorption increases more quickly in this photon-
energy range. Moreover, 6.50-11.50 eV photon-energy
range is characterized by high reflectivity. Similarly, it is
obvious from figure 4b that 0-3.95 eV photon-energy
range is characterized by high transparency, no
absorption and a small reflectivity, which explain the
origin of the peak structure in the reflectivity and
absorption coefficient spectra. Besides, the 3.95-5.48 eV
photon-energy range is characterized by strong
absorption and appreciable reflectivity, which means that
optical absorption increases more quickly in this photon-
energy range. Furthermore, 5.48-12 eV photon-energy
range is characterized by high reflectivity.

Figure 4a and 4b also show the real parts of the
frequency-dependent linear dielectric functions obtained
from the imaginary parts by Kramers-Kronig conversion
for crystallographic a- and c-directions, respectively. The
static dielectric constants g, of GaS is calculated as 5.56
along a-direction, while calculated as 7.26 along c-

-3 0 3
Energy (eV)
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direction. The function &, is equal to zero at 7.04, 8.18,

8.31 and 16.06 eV for a-direction and at 7.73, 8.31 and
18.08 eV for c-direction. The interband transitions at
these points consisting mostly of plasmon excitations, the
scattering probability of volume and surface losses are
directly connected to the energy loss function.

For GaS, the calculated energy-loss functions, -Im & for
volume and -Im (1+¢)”" for surface, are plotted in figures
4c and 4d corresponding to crystallographic a and c-
directions, respectively. The energy-loss functions give a
description about the energy loss of the fast electrons
transferring the material. The calculated energy-loss
function for volume shows mainly two intense maximum
peaks at 16.06 along a- and 18.43 eV along c-direction
due to the excitation of plasmons. Furthermore, the
calculated energy-loss function for surface shows mainly
two intense maximum peaks at 13.50 and 14.75 eV, along
a- and c-directions, respectively. It is easily noticed that
the peak values of volume loss coincide with one of the
zero values of the real part of dielectric function. The
sharp maxima in the energy-loss functions are associated
with the existence of plasma oscillations or the energy

h())p of volume and surface plasmons. The calculated

extinction coefficients, reflectivity spectrum, absorption
coefficients and effective number of valence electrons
along the crystallographic a and c-directions are shown in
figures 4e, 41, 4g and 4h, respectively.

The sum rule [35] can be used to calculate the effective
number of valence electrons per unit cell contributing to
the optical constants in the interband transitions. For both
intraband and interband transitions, an estimate of the

distribution of oscillator strengths can be obtained by

computing the N off (E 0 ) defined according to

_ 2meg, 1 B

- 2 2
rh'e” Ny 3

N, (E,) &,(E)EdE » Q)

where N of (Eo) is the effective number of electrons
contributing to optical transitions below an energy of
Eo- Eo denotes the upper limit of integration, the

quantities m and e are the electron mass and charge,
respectively, and N, stands for the electron density. As
can be seen from figure 4h, the effective electron number,

N off (EO) along the crystallographic a and c-

directions, up to 4.0 eV is zero, then rises rapidly and
reaches a saturation value above 14.0 and 15.0 eV,
respectively. This shows that the interband transitions do
not include deep-lying valence states.

For the calculation of the refractive index, an initial
choice of photon-wavelength range of 0-3 um was made.
It was noticed that a 0-3 pm photon-wavelength range is
sufficient for the calculations, as seen from figure 5. The
figure represents spectral dependence of the calculated
main refractive index for hexagonal GaS in a wide
wavelength range and reveals the decreasing behavior of
n with the transition from the intrinsic absorption region
towards long wavelengths where a normal dispersion
takes place. In the figure, by using » = n (1) dependence,
the maxima are obtained at A = 0.198 and 0.254 pm with
the values of n as 3.694 and 4.074, along the
crystallographic a and c-directions, respectively.
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Figure 4. Optical spectra of hexagonal GaS crystal. Calculated real and imaginary parts of optical dielectric function, energy
loss functions for volume and surface, extinction coefficient, reflectivity spectrum, absorption coefficient and effective
number of valence electrons.
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Figure 5. Dispersion of refractive index for hexagonal GasS crystal.

4.CONCLUSIONS

In the present work, the electronic and linear optical
properties of hexagonal GaS crystal have been
investigated in detail by using the density functional
methods under the GGA and LDA. As a result of
calculations, it is found that the fundamental gap of GaS
crystal is indirect at the '->M point of the BZ. The
calculated band gap by LDA is 1.54 eV at the '->M
points and is smaller than the experimental result of 2.59
eV because of the discontinuity in the pseudopotential
method. We have examined the photon energy-dependent
dielectric functions as well as related quantities such as
energy-loss functions for volume and surface, extinction
and absorption coefficients, reflectivity and refractive
index. In addition to these, the effective number of
valence electrons per unit cell participating in the
interband transitions, which is a very important optical
parameter, was studied and calculated. The results of
implemented structural optimization by the GGA and
LDA and the experiments agree with each other well.
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