Ayhan and Balci, International Advanced Researches and Engineering Journal 02(01): 001-008, 2018

Available online at www.dergipark.gov.tr

e-ISSN: 2618-575X

Research Article

INTERNATIONAL ADVANCED RESEARCHES

and

ENGINEERING JOURNAL

International
Open Access

Volume 02
Issue 01

April, 2018

Journal homepage: www.dergipark.gov.tr/iarej

Ab-initio calculations of structural, optical and electronic

properties of AgBIS:

Seyfettin Ayhan? , Giilten Kavak Balci®™

a Department of Physics, Dicle University, Diyarbakir, Turkey

ARTICLE INFO ABSTRACT

Article history:

Received 05 January 2018
Revised 19 March 2018
Accepted 20 March 2018

Keywords:

Ab-intio calculations
Wien2k

FPLAPW

Structural properties
Optical properties
Electronic properties

In this work, we use first-principles calculations based on density-functional theory
generalized gradient approximation (Perdew Burke Ernzerhof, PBE). Cubic and hexagonal
AgBIS: structures have been performed using the self-consistent full-potential linearized
augmented plane wave (FPLAPW) method to investigate the structural, optical and electronic
properties. We have calculated the ground-state energy, the lattice constant, DOS, band gap
and dielectric constant of cubic and hexagonal AgBiS: by using Wien2k packet. The calculated
physical properties of silver bismuth sulfide are compared with the experimental results and
good agreement was observed.

© 2018, Advanced Researches and Engineering Journal (IAREJ) and the Author(s).

1. Introduction

Recently, there are great attention on I-V-VI,
ternary chalcogenide semiconducting compounds
because of their many applications as a solar cell in
linear, nonlinear, optoelectronic and thermoelectric
devices [1,2,3]. In addition to experimental study there
are intensive theoretical study on this material class
[4,5]. Silver bismuth sulfide, one of these compounds,
(AgBiS2) is a promising candidate for use as novel
semiconductors[6, 7].

AgBIS; is considerable practical concern as a solar
cell material, because its energy gap [7,8] is close to
the optical energy gap of solar cell absorbers [9].

AgBIiS2 has been studied because of exceptional its
uncommon electronic and magnetic properties which
can be applied in linear, non-linear, optoelectronic, and
thermoelectric devices as well as optical recording
media [4, 10,11].

AgBiS; nanocrystals are used in quantum dot-
sensitized solar cells and it increases the conversion
efficiency [12].
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Accurate knowledge of the thermodynamic properties
of B-AgBiS2 is very important not only for studies of
ore genesis, processing of complex minerals, and the
optimization of the extractive metallurgy of the base
and precious metals but also for improved
manufacturing of novel electronic  materials
incorporating 3-AgBiS2 [4,13].

Ternary silver bismuth sulfide (AgBIS,) is a typical
member of I-V—VI, family. Bulk AgBiS2 crystallizes in
the hexagonal phase (space group, P-3ml) at room
temperature, ) and transforms to a cubic rocksalt structure
(space group, Fm-3m) at around 473 Kelvin[14]. It is
known that there exist two phases of AgBiS;, namely, the
low temperature phase B-AgBiS; with a hexagonal
structure and the high temperature phase a—AgBiS; with
a cubic structure [10]. It is also some works show that
mineral matildite (AgBiS;) have orthorhombic phase
with a=8.14 b=7.87 and ¢=5.69. a-AgBiS, has face-
centered disordered cubic statistically NaCl-type
structure with Ag and Bi atoms distributed
indistinguishably (0, 0, 0; 0, 1/2,1/2) and S on the
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average in the other set of position (1/2, 1/2, 1/2; 0, 0,
1/2) (Figure 1.a.). B—phase of AgBiS; is hexagonal with
space group 139 (P-3m1) and a =4.72, ¢=19.06 (Figure
1.c) [10,15].

Because of its physical properties, AgBiS;
compound is used at widely area so we aimed to find
more information about its physical properties and
contribute the literature

In the present study, the ground-state energy, the
lattice constant, DOS, band gap, structural, electronic
and optical properties of cubic and hexagonal AgBiS;
are investigated. According to our knowledge, no
theoretical works have been performed for structural,
electronic and optical properties of AgBiS; using the
full-potential linearized augmented plane wave
(FPLAPW) method.

This work is organized as follows: Section 2
describes our method and give the computational
details, in Section 3 is given to the description of the
results and Section 4 is for the conclusions.

2. Computational method

We studied structural, electronic and optical
properties of both cubic and hexagonal AgBiS;
compounds with in a self-consistent scheme by solving
the Kohn-Sham equations based on Density Functional
Theory with generalized gradient approximation
(GGA) method [16]. The calculations were performed
using the self-consistent full potential linearized
augmented plane wave (FPLAPW) method [17]
implemented in Wien2k code [18]. We select Perdew-
Burke-Ernzerhof Generalized Gradient Approximation
(PBE-GGA) exchange and correlation potentials
described by Perdew-Burke-Ernzerhof (PBE) [18-21].
In the LAPW method the space is divided into non-
overlapping muffin-tin (MT) spheres and interstitial
region. We select muffin-tin sphere radii as 2.5 au for
Ag and Bi, and 2.08 au for S. The convergence of the
basis set was controlled by a cut off parameter
RmtKmax. The RmtKmax Was selected as 8 value. The
magnitude of the largest vector in charge density
Fourier expansion (Gmax) was selected as 12. The
separation of valence and core states energy called the
cutoff energy was chosen as -7 Ry. During SCF
calculation, we select the 0.001e for charge and 0.0001
Ry for energy convergence criteria. For the Brillouin
zone (BZ) integration, the tetrahedron method with 159
special k points in the irreducible wedge (2000 k-points
in the full BZ) was used to construct the charge density
in each self-consistency step.

Structural calculation of hexagonal AgBiIS, was
started with experimental lattice constant (a= 4.07, ¢
=19.06 A% and atomic coordinate, given in Table 1
[16], and searched for minimum energy depend on
volume. The electronic and optical calculations were
performed with optimized structure data.

Because of cubic AgBiS; is disordered and Bi and
Ag atoms distributed indistinguishably (Figure 1.a.) the
cubic AgBiS, was studied as supercell 2x2x2. So Ag

and Bi were settled in regular order position in NaCl
type structure. The produced cell dimensions is 2 times
and volume is 8 times larger than disordered unit cell
structure (Figure 1.b.).

Table 1. Atomic positions of hexagonal AgBiS2

Atom X Yy z
Agl 0 0 0
Ag2 1/3 2/3 0.672
Bil 0 0 0.5
Bi2 1/3 2/3 0.163
S1 0 0 0.253
S2 1/3 2/3 0.926
S3 1/3 2/3 0.406
Ag/Bi
S

Figure 1. Unit cell of AgBiSz (a) NaCl disordered  cubic
structure, (b) Ag,Bi,S supercell structure, (c) hexagonal

AgBiIS: structure

The volume optimization of supercell performed
with ground state energy minimization. The electronic
and optical calculations were performed with
optimized lattice constant.
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3. Results and discussion
3.1. Structural properties

To find ground state energy the total energy was
calculated for different volume. The calculated total
energies as a function of volume are fitted with
Murnaghan’s equation of state [22] to determine the
ground state properties. We plotted total energy as a
function of volume for hexagonal AgBiS; in Figure 2
and for cubic Ag,Bi S in Figure 3.
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Figure 2. Dependence of total energy on unit cell volume for
hexagonal AgBiS2

In Figure 2, it is can be seen that the minimum value of
energy corresponds to the ground state volume
1809,3644 au® . Therefore, the calculated lattice constants
for hexagonal AgBiS, are found a= 4,02 A° and
c=19,054 A% Meanwhile, the experimental values of
lattice constants are:

a=4.07 A°, ¢=19.06 A’ [15]

Energy (Ry)
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In Figure 3, it is seen that the minimum value of
energy corresponds to the ground state volume
2493,5740 au® Therefore, the calculated lattice constant

for cubic  Ag,;Bi,;S is found a=11.3910 A

Meanwhile, the experimental value of lattice constant a =
5.648 A°. The calculated results are good agreement with
experimental data if we consider supercell is 2 times
larger than experimental unit cell.

Calculated volume cell dimensions, bulk modulus (B)
and minimum energy (E) values for both phase are given
in Table 2

Table 2. Calculated cell dimensions, bulk modulus and
minimum energy of cubic and hexagonal AgBiS2 compound

Parameter | a (A% | ¢ (A% | B(GPa) | E (Ry)

Hexagonal | 4,068 | 19,054 | 80,07 |-166183,71460
AgBiS;

Cubic 11,391 - 54,8389 | -221578,31996
AJ,5Biy5S

-221578,33

Volume (au’)

Figure 3. Dependence of total energy on unit cell
volume for  cubic AgBiS:

T T T T T T 1
2400 2420 2440 2460 2480 2500 2520 2540

The structural stability of cell is determined by
cohesive energy calculation. According to cohesive
energy [23]:

tot tot tot tot
EAgBis2 - kEAg - mEBi - nEs

E

coh

K+m+n

tot tot
Where Egns . Eny. Eg  Eg are total energy for

AgBiS; unit cell, isolated Ag, Bi and S atom,
respectively. k, m and n indexes refer to the number of
each atom in the unit cell.

We obtained the value of cohesive energy 2.38
eV/atom for cubic Ad, ;BiysS and 2.33 eV/atom for

hexagonal phase AgBiS;.

3.2. Electronic properties

It is well known that the electronic band structure
and density of states (DOS) are important quantities to
determine the crystal structure [24]. In order to
understand bonding character clearly, the density of
states (DOS) is calculated, as shown in Figure 4 and
Figure 5. In the figures, Fermi level were settled at
zero point. Evidently, the total DOS’s of the two
phases exhibit semiconductor feature. It can be seen
from Figure 4.b and 5.b that the big DOS contribution
at the valence band are given by silver. At the
conducting band, the contribution of silver decreases
and the contribution of bismuth increases. So we can
say that charge transfer is occurred from silver to
bismuth at Fermi energy level, and the bond character
of both phase are largely covalent bonding.
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Figure 4. Calculated total and partial DOS for hexagonal
AgBiS: (a) total DOS (b) partial DOS

We plotted an electronic band chart to understand
the electronic properties of the both cubic and
hexagonal phase structures (Figure 6. and Figure 7.).
At the figures the Fermi energy level set to origin. In
the Figure 6, top of valence band is located between
the high symmetry points K and T while the bottom of
conduction band is located at the A in the Brillion Zone
[25]. Therefore, hexagonal AgBIiS; has an indirect
band gap with value of 0.463 eV.

In the Figure 7, top of valence band is located at the
high symmetry point X while the bottom of conduction
band is located at the L in the BZ. Therefore, cubic
AgBIS; has an indirect band gap with value of 0.83 eV.
The calculated band structure is in good agreement
with previous works [14].
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Figure 5. Calculated total and partial DOS for cubic AgBiS:
(a) total DOS (b) partial DOS
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Figure 6. Electronic band plot of hexagonal AgBiS2
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Figure 7. Electronic band plot of cubic AgBiS2

3.3. Optical properties

Determining optical properties of materials let us to
develop new optoelectronic  applications. So we
calculated dielectric function, optical conductivity,
absorption, energy loss function and reflection of both
cubic and hexagonal AgBiS; to contribute this area.
All calculations performed with no intra band
contributions added.

3.3.1. Dielectric function

The calculation of complex dielectric function can
be considered as one of the best approaches to
investigate the optical properties of materials [26]. The
optical response of a medium at all photon energies is
described by the dielectric function:

e(w) = &, (w) +ig,(w)

The real part g(w) and the imaginary part ¢, (o)
corresponds to the dispersive and absorptive behavior
of the material, respectively. The real and imaginary
parts of dielectric function of cubic and hexagonal
phase of AgBiS; calculated without the addition of spin
orbit interaction are plotted in Figure 8 and Figure 9.

As seen in the Figure 8 and 9, the static values of real
part of dielectric constant,g,, is 20 and 16.4,

respectively.
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3.3.2. Absorption coefficient

The absorption coefficient determines the ability of
material to absorb the incident photon of specific
frequency [25]. We can write the absorption
coefficient:

a(w); =20/ c(-Re(s(w),) +|e(0) ;| 2)"
Calculated absorption coefficient of AgBiS; are plotted

in Figure 10.

It can be seen from Figure 10, the absorption part
of hexagonal AgBiS; spectra starts with 0.8 eV
energy, and the absorption part of cubic AgBiS; spectra
starts with nearly 1 eV energy.
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Figure 10. Calculated optical absorption of AgBiS2
a) hexagonal phase b) cubic phase

3.3.3. Optical conductivity

The optical conductivity — o(w)=anc/4x

corresponds to the conduction of electrons produced
when photon of certain frequency is incident upon a
material [25]. The optical conductivity of hexagonal

AgBiS; given in Figure 11.a. E;=0.65 eV and the first

peak appears for xx direction 2.408 eV and for zz
direction 2.327 eV. The optical conductivity(sigma)
has the maximum value of xx direction 13227 [1 /
(Ohm cm)] and 12381 [1 / (Ohm cm)] for zz direction
corresponds to visible region of the electromagnetic
spectrum.

The optical conductivity of cubic AgBiS; shown in
Figure 11.b. Eo =0.8 eV, the first peak appears for

3.088 eV and the optical conductivity has the
maximum value of 10064 [1 / (Ohm cm)]
corresponds to visible region of the electromagnetic
spectrum.
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Figure 11. Calculated optical conductivity of AgBiS2
a) hexagonal phase, b) cubic phase

3.3.4. Reflectivity

The value of reflectivity at the zero frequency is
described as the static reflectivity (R ). For the cubic

phase of AgBiS;, R,=0.36 and for the hexagonal
AgBiS; R,=0.4 (Figure 12.a.). It can be seen from

figure the reflectivity has many peaks depending on
energy. The reflectivity has a maximum value
Rmax=0.617 at the 4.14 eV energy and minimum value
Rmin=10.186 at 7.31 eV energy for cubic AgBiS.

The maximum reflectivity values of hexagonal
AgBiS; are 0.656 at the 3.36 eV energy for xx
direction and 0.638 at the 2,48 eV energy for zz
direction. The minimum values of reflectivity for
hexagonal phase are 0.281 at the 7.39 eV energy at xx
direction and 0.133 at the 7.17 eV energy for zz
direction.
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Figure 12. Calculated reflectivity coefficient, R(w) index
a) hexagonal phase AgBiS2 b) cubic phase AgBiS:

3.3.5. Energy loss function

The energy loss function L(w) describes the
frequencies correspond to the plasma resonance.
Plasma resonance occurs when the frequency of
incident radiations matches with the frequency of
plasmas. The energy loss function depend on incident
energy for cubic and hexagonal of AgBiS; is plotted in
Figure 13. The loss function shows peaks at 5.37 eV,
7.22eV,8.72eV and 11.44 eV for xx direction and at
6.93 eV, 7.96 eV, 9.13 eV, 9.83 eV, 11.68 eV for zz
direction(Figure 13.a.), and for cubic phase shows
peaks at 5.89 eV, 6.79 eV, 8.67 eV and 1231
eV(Figure 13b).
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Figure 13. Calculated electron energy loss spectrum of
AgBiS: a) hexagonal phase b) cubic phase

4. Conclusions

We have investigated structural, electronic and
optical properties both cubic and hexagonal AgBiS;
using all electrons full potential linearized augmented
plane wave (FPLAPW) method based on DFT within
generalize gradient approximation (GGA). We
calculated ground state energy, cell constants, bulk
modulus, and cohesive energy. The calculated cell
constants are good agreement with experimental
works. Calculated cohesive energy of compounds show
that the structures have mechanical stability.

DOS calculation of both phase of cubic and
hexagonal are plotted. DOS plot show the both phase
have semiconducting features. The DOS plots show
that the bond character of compounds are covalent
bonding.  The calculated electronic band structure
shows that the both phase of AgBiS; are indirect band
gap semiconductor. The calculated band gap of cubic
phase is 0.83 eV and it has a good agreement with
compare to other experimental results (bulk 0.8 eV,
monocrystalline 1 eV) [14]. The hexagonal AgBiS; has
indirect band gap with 0,463 eV.

To determine optical properties of AgBIS; we
calculated optical parameters such as dielectric
function, absorption coefficient, refractive index,
reflectivity and energy loss function for radiation up to
14.0eV.

Calculated electronic and optical properties of
AgBIS; show that the both phase of AgBiS, compounds
are good candidate for electronic devices, optical
devices and solar cell applications.
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