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Abstract

Ab initio study of the density of states on InAs zincblende phase is calculated using the linearized
augmented plane wave method based on density functional theory, implemented with WIEN2k
codes. These calculations used the local density approximation for the exchange and correlation
potential. The result shows that InAs is the n-type smiconductor (donor) which has direct band gap
of 0.388eV which is in agreement with experimental result. There is an internal gap between upper
valence band and lower valence band. The result indicates a strong hybridization between arsenide
atom and 5p state of indium atom, which belongs to the InAs at upper valence band.
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1. Introduction

Group 111-V semiconductors are currently used in many established electronic devices such as
photo-electrochemical cells, transistors, detectors, photodiodes, photoconductors and photovoltaic
solar cells. InAs is one of the compounds in Group I11-V semiconductors belongs to a family of
anion 111-V semiconductor and has the wavelength range between 1 to 4.0 #m which is suitable

for the infrared detectors application. It has been used in higher-power applications at room
temperature without any cooler for lower noise [1, 2]. Experimentally indium-arsenide (InAs) is
direct bandgap with 0.36eV and used for diode lasers [3].

InAs has another applications such as semiconductor quantum dot which performs in a
monolayer on gallium-arsenide (GaAs) substrate [4]. The electronic properties of nanosize give
the numerous applications and improve the efficiency in electronics and photonics device. InAs
based nanowires have been used to improve electronics in case of resonant tunneling diodes and
single electron transistor [3]. Experimentally, InAs grown on GaAs substrate via Molecule Beam
Epitaxy [5] and metal-organic chemical vapor deposition and the distribution InAs in subtrate was
observed using Scanning Tunneling Microscope (STM) [6].
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Density Functional Theory (DFT) developed by Hohenberg and Kohn [7] in 1963
following by Kohn and Sham [8] in 1964, was used throughout the fields including physics and
chemistry [9]. It is started with the solution for many body problems, since we know it is quite
complicated for their classical approximation even analytical solution, where Born and
Oppenheimer [10] made a simple assumption to eliminate the kinetic energy for nuclei and
Coulomb interaction nuclei-nuclei terms. The further medication of many body problems, namely
Hartree-Fock (HF) method [11], perfomed accurate in solution for atoms and molecules but less
accurate in solids. To treat HF, Hohenberg and Kohn found two theorems of early density
functional theory. Later, Kohn and Sham provided the proper exchange-correlation potential into
the theory.

Previously, Zanolli and Barth calculated the structural and electronic properties of InAs
and GaAs in wurzite and zincblende [12]. Ahmed et. al. [13] observed the effect of various chosen
exchange-correlation functional namely local density approximation or LDA. Generalized gradient
approximation parameterized by Engel and Voskov [13] was called as EV-GGA and generalized
gradient approximation (GGA) [14] upon band structure of InAs and EV-GGA and GGA gave a
better accuracy than LDA. The objective of this work is to investigate the calculation of density of
states performed by linearized augmented plane wave (LAPW) method and local density
approximation as the exchange and correlation potential. Density of states is an important
electronic properties for material especially semiconductor compounds, where the density of states
(DOS) at certain system are defined as the number of states at each energy level that are available
to be occupied. A high DOS at a specific energy level means that many states are available for
occupation. A DOS of zero means that no states can be occupied at that energy level and
moreover, it provides sufficient information for a through characterization of the electronic
properties of a material, we can also determine whether the materials have conductor,
semiconductor or insulator properties. The calculation in this work provided within WIEN2k [15]
software package based on DFT and employed with the LAPW method [16].

2. Methods

The calculation of electronic properties performed by DFT provided by the linearized augmented
plane wave (LAPW) [16] method using WIEN2k code [15]. LAPW is among the accurate method
for performing electronic properties study. The exchange-correlation potential of calculation was
treated by local density approximation (LDA) parameterized by Perdew and Wang [14] and the
latest developed by Perdew et al. [17]. Many researchers calculated the exchange-correlation using
LDA corrected with generalized gradient approximation, but in this article we only focused on
LDA as our accurate calculation.

The electronic configuration of InAs within In: [Kr],4d'°,5s? 5p® and As:[Ar],3d" 4s? 4p®
was provided. Before we started our calculation, we had to differentiate between electronic
configuration of inner shell and valence state. For inner shell, electronic configurations of In and
As are 152,2s%2p°,3s%,3p® 452, 4p°® and 1s%2s°2p° 3s%,3p° and for valence states for In and As are
4d™ 5s% 5p* and 3d'°4s% 4p®. The type of lattice for InAs was face centered cubic FCC (F-43m,
no.216) with position In (0, 0, 0) and As (0.5, 0.5, 0.5) and the lattice parameter of FFC InAs, we
chose the value that has already been studied, i.e a=6.0584A [18].

In this calculation, we treated the unit cell divided by interstitial region and non-
overlapping muffin tin spheres. We used the plane waves in the interstitial region and linear
combination of radial functions multiplied by spherical harmonics in non-overlapping muffin-tin
spheres. For InAS, we performed covergence studies and determine the optimum value for cut-off
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parameter RytKuax = 11; where Kyax is the maximal value of the respirocal lattice vector and
R is the smallest atomic sphere radius in the unit cell.

We chose k-points at 1000 (10x10x10) and the separation energy of core and valence
states equal to -9.0 Ry because we wanted to ensure that charge could leak to the atomic sphere.
The Ry values for In and As in InAs compound are 2.5 atomic units (a.u.) and 2.2 a.u.,
respectively. Our calculation included relativistic and neglecting spinor orbit coupling because it
did not produce any significance effect to our result.

3. Results and Discussion

3.1 Partial density of states of indium (5s and 5p states)

From the result, it was found that the region for DOS is separated by three regions, where valence
band is composed of two parts, namely lower valence band (core state) and upper valence band
(start from -11.2eV until 2.42eV), but they separated by internal gap about 9.0eV. The Fermi
energy level is located at 0.0eV. Conduction band starts from 2.5eV and above. Figure 1 showed
the partial density of state for atom indium at 5s and 5p state, respectively, where the peaks in
Figure 2 looks dominant at conduction band rather than Figure 1, this implies that In-p contributed
more number of occupation available as conduction state. It indicates that the most outer electron
consised at configuration 5p state. The maximum peak in Figure 1 is located at -5.12eV, in the
valence band. Moreover there are slightly hybridization between In-s and In-p at region 0.08eV
until -3.78eV.
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Figure 2 Partial DOS In-p

3.2 Total density of states of indium and arsenide

Figure 3 is the combination between partial DOS In-s and In-p. Peaks at the conduction band in
the total DOS atom indium is dominated by peaks from partial DOS In-p and the maximum peak
contributed by partial DOS In-s, indicates that In-s has tendency to be the lower valence state.
Atom indium is relatively dominant contributed to the conduction band and the upper valence
band.
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Compared with atom arsenide (Figure 4), atom arsenide is relatively more dominant at lower
valence band, especially at energy -9.38 eV (core), where it has maximum density of states at that
point, which is about 1.68 eV and the total DOS arsenide dominated at upper valence band as
well. At conduction band, the total density of states of arsenide seem overlapping with the partial
density of states of indium, It was observed that strong hybridization occurs between atom
arsenide and indium at 5p state.
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Figure 5 shows the combination of density of states from the total DOS arsenide and
partial DOS indium (p and s). At the region 0.08eV until -3.78eV, there is slightly mixing density
of states between arsenide and partial indium-5p, resulted in hybridization. The result showed that
region between upper valence band and conduction band had no states of occupation around
energy 2.421eV to 2.801eV and indicates that InAs is a semiconductor and has a bandgap about
0.38eV. It is in a good agreement to the experimental result about 0.36eV [19-21]. In addition, the
shifted band gap to the upper Fermi energy level [19] indicated that InAs is the n-type
semiconductor or donor. This property has been proven by Farah [22] with her undergraduate
project to investigate the band structure of InAs, the result was similarly to the density of state
calculation, and moreover Farah proves that InAs has a direct bandgap, which is agreed to the fact
about InAs.
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