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Abstract. The properties of GaAs material in zinc blende type was calculated using Hiroshima Linear
Plane Wave program based on the Density Functional Theory. This calculation aims to determine
electronic properties of GaAs material are based on Density of States and energy band structure. This
simulation’s results are DOS shows that hybridization of s orbital of Ga with s orbital of As provides
covalent properties. The simulation of energy band structure from GaAs material indicates that
semiconductor properties of GaAs is direct band gap. The energy band gap results obtained for GaAs is
0.80 eV. The computational result of the energy band gap calculation form HiILAPW has better accuracy
and prediction with good agreement within reasonable acceptable errors when compared to some other
DFT programs and the results of the experimental obtained.
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Introduction

The study of materials applied as electronic materials, magnetic materials, spintronic materials,
optical materials, etc. has a very important role in the development of science and technology. A
widely studied material in this regard is Gallium Arsenide (GaAs). Analysis of its characteristics
is used for the development of electronics and instrumentation technology. The performance of
GaAs materials selected to be applied as optical materials for lasers [1], detectors and
photovoltaics [2], also as substrate materials [3,4], are influenced by their electronic properties.
The electronic properties could be analyzed from the characteristics of the density of state
(DOS) and energy band diagram, as well as the band gap of the material.

The calculation of density of state (DOS) and energy band of GaAs have been reported by
Rany and Kumar [5] using Density Functional Theory implemented by SIESTA code, in local
density approximation with exchange correlation parameterized by Perdew and Zunger. The
GaAs energy band gap, which was simulated using the zincblende structure, was 0.4 eV.
Experimentally, the measurement of the energy gap was carried out by Kusch et al using
Raman Resonance Spectroscopy. At room temperature and 0 K, the energy gaps of GaAs with
a zincblende crystal structure were obtained at 1.425 eV and 1.519 eV, respectively [6]. In this
paper, we perform the calculation of band gap of GaAs zincblende type based on the band
structure using DFT method through HILAPW program package. It is designed to perform band-
structure calculations based on the density functional theory (DFT), with some features
including scalar-relativistic spin-polarized calculations within the local (spin) density
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approximation (LSDA); all-electron self-consistent calculations; total-energy and atomic-force
calculations for determining the equillibrium structure and phonons; electron density-of-states
(DOS) calculations; and also for 2D or 3D drawing of electron density and potential function
calculations [7]. The energy gap of GaAs obtained have been compared with other DFT
methods and also with experiments as validation result.

Theoretical Background

GaAs is an alloy semiconductor material consisting of Gallium (Ga) of group Il and Arsenide
(As) of group V [8]. GaAs has a space group F-43m [9] with zinc blende type structure [10] as
shown in Figure 1.

Figure 1. The crystal structure of GaAs [10,11]

This material is classified as a semiconductor, which is widely studied and developed as nano
materials products [13] as well as the substrate for other materials [3,4,12]. Density Functional
Theory (DFT) is a numerical method based on electron density which replaces the electron
wave function [14,17] developed with the approach of Hohenberg-Kohn theory [15] and outlined
in the Kohn-Sham equation [16].

Materials and Methods

This material simulation program uses the DFT method of HiILAPW. Hiroshima Linear Plane
Wave (HILAPW) is non-open-source simulation program developed by Prof. Tamio Oguchi
(Japan) from the theory group of Hiroshima University on the Linux operating system using the
Fortran code. The program is used to calculate Density of States (DOS) and energy band
structure until it reaches a self-consistent state is means a state when electron density at the
end of the calculation is close to the input of the previous electron density so that the ground
state condition is obtained [17]. The calculation is conducted by iteration process starting with
guessing the electron density, which is a function formed by the wave function of electrons. The
calculation is continued by calculating the Hartree potential and the potential exchange-
correlation to obtain a solution of the calculation in the form of Schrodinger equation as

=372 + Vere () + V() + Vee )| ) = €160, () (1)
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Solving Equation (1) produces a new wave function that forms the density of new electrons. If
the density is equal to or close enough to the initial input density, a self-consistent condition is
obtained. If the condition has not been reached, the calculation is repeated with the input
density of the newly obtained density value. Inputs in the HILAPW DFT calculation are lattice
parameters, space group, atomic position in unit cells, k-point mesh. Details of some
parameters of GaAs structure are listed in Table 1.

Table 1. Parameter of GaAs material zinc blende structure

Space . Vector k-point
Lattice parameters
Group Ga As mesh
. . . 0 0.25
F-43m 5.65§A 5.65§A 5.65§A 0 0.95 444
90 90 90 0 0.25

The electron density simulation uses the JOB-SCF shell-script containing input parameters
(sets.in) and SCF (law.in) control along with other supporting files. This simulation produces
output (wave.out) that is used for DOS simulation and energy band structure by converting it
into input (wavin). The next step of DOS simulation using JOB-DOS contains input (doss.in) and
wavin from SCF calculation to get tdos.ps and pdos.ps. The file is plotted with PSP commands
using GNUPLOT to generate TDOS and PDOS curve. Wavin file from the SCF simulation and
input (kpts.in) is used for JOB-EK simulation generate eigen-energy value. This value is used to
obtain results in the form of eigen-state. This result is used to plot energy band structure with
PSP command using GNUPLOT to obtain energy band structure curve. DOS and energy band
structure plot results will later be used for the analysis of the results. After the analysis of curve
is carried out, a conclusion will be obtained.

Results and Discussion

Density of State (DOS) of GaAs

The calculation of Density of State (DOS) in the Total Density of States (TDOS) and Partial
Density of States (PDOS) are completed using the JOB-DOS shell script and plotted with
GNUPLOT to obtain TDOS and PDOS curve. The curve of TDOS is analyzed based on the
density distribution of the electron states that contribute to GaAs material [18], while the curve of
PDOS is analyzed based on the density of each the orbital states of constituent atomic
electrons that contribute to GaAs material.

96



Computational and Experimental Research )

in Materials and Renewable Energy (CERIMRE) ~ Submitted : August 20, 2021

Volume 4, Issue 2, page 94-101 Accepted : October 25, 2021

eISSN : 2747-173X Online : November 24, 2021
DOI : 10.19184/cerimre.v4i2.28375

GaAs
40— ‘

L
5

:

(S

=

iy B o o O i
5 d ‘
1

TOTAL DOS(/eV)
(3]
o
DOS(/eV-atom-spin)DOS(/eV-atom-spin)

0 I 1 | I
-16 -12 -8 -4 0 4 8
ENERGY(eV)

W

-16 -12

o

ENERGY(eV)

(@) (b)
Figure 2. Curve of DOS on GaAs material (a) TDOS and (b) PDOS

The curves of DOS consisting of TDOS and PDOS is shown in Figure 2 with the x-axis
indicating the energy level in (eV) units and the y-axis indicating the magnitude of the states of
TDOS and PDOS in (states/eV) units. It can be seen in Figure 2 (a) that the energies ranging
from 0 eV to 16 eV perform the valence band, while the conduction band is mainly distributed
between 0 eV and 8 eV. The zero energy indicates the Fermi level of GaAs. Figure 2 (b) exhibit
the partial density of state of each element. The solid line defines the s-orbital, as well as the
dash line represents the p-orbital. The highest state valence band is possessed by the PDOS of
As s, ranging from -13 eV to -10 eV. The lowest state of valence bands is entirely from Ga d,
where the peaks are less noticeable. The upper most group of valence bands is clearly
dominated by As p, with a significant overlap with Ga s and a smaller contribution from Ga p.
The conduction band in PDOS curve shows that Ga and As have overlapping states as
evidenced by similar states with the same high energy ranges. Based on this, the states that
formed in TDOS have a widening of states with a high energy range. The conduction band
overlap between orbital Ga s and orbital As p indicate an hybridization characteristics, where
their interactions represent covalent bonds.

Energy Band Structure of GaAs

The curve of the energy band structure is related to the permissible energy range and the not
allowed electron wave function [19]. This energy range describes electronic states [20] means
that the energy band structure is correlated with DOS shown in Figure 2, where the states on
the TDOS curve denote an energy band. The energy band structure is calculated via the JOB-
BS shell script and plotted using GNUPLOT program to obtain the energy band structure curve
shown in Figure 3.
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Figure 3. Curve of the energy band structure of GaAs material

The curve of the energy band structure of GaAs material has a y- axis indicating energy in (eV)
and the x- axis indicating k-points of the Brillouin zones symmetry points. Based on the structure
energy band, there is an energy band is flat in valence band. These energy band is poorly
dispersed, which results in very low electron states formed from contribution of orbitals d shown
in PDOS states in Figure 2. The energy band of the orbital d or orbital f is an energy band
localized to the atomic nucleus so that the resulting band is less dispersed, while the dispersed
band of energy in the form of parabolic (curly) is energy band of orbital s and orbital p [21].
Based on the energy band structure shows that the maximum valence band and the minimum
conduction band are located on the same symmetry point I' indicates that the bandgap of this
material is direct bandgap. Comparison of the energy bandgap value of this study with the
results of previous simulations and experiment results is performed by Table 2.

Table 2. Comparison of the energy bandgap value of this study with the results
of previous simulations and experiment results

Materials | Energy bandgap (eV) | Method | Reference
A. Computation
GaAs 0.8 DFT (HILAPW), zinc blende, LDA -
GaAs 0.099 DFT (WIENZ2k), zinc blende, LDA [22]
GaAs 0.4 DFT (SIESTA), zinc blende, LDA [5]
GaAs 0.38 DFT (FHI-Aims), zinc blende, LDA [20]
B. Experiment
GaAs 1519 Raman Measurements, zinc [6]
blende nanowires
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The calculation of the energy bandgap using the HILAPW program is obtained of 0.8 eV. This
amount is greater than other calculation result [5,20,22]. While the energy bandgap value
produced from the experiment result by [6] is 1.519 eV and the reference from [19] is 1.52 eV.
Based on the comparison of these data, it can be concluded that the energy gap calculation
using HILAPW code packages is more accurate and has a better approach to experimental
results than other DFT programs.

Conclusions

The calculation of Density of States (DOS) and energy band structure has been carried on zinc
blende type of GaAs with the HILAPW program of DFT method. The results of DOS calculations
showed an interaction between orbital s Ga and orbital p As formed hybridization, so giving
covalent characteristic to semiconductor. The results of calculation on the energy band structure
indicate the presence of semiconductor properties that match the results of previous
experiments and research on GaAs material shows that GaAs is a direct bandgap
semiconductor with an energy bandgap value of 0.80 eV. The HILAPW program has
computationally demonstrated good accuracy and prediction on the calculation of energy band
structure and energy band gap.
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