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The density functional theory technique based on the Full Potential Linear
Augmented Plane Wave (FP-LAPW) method is used to investigate the structural,
electronic, and optical properties of AgGaS, under different values of axial strain.
The structural parameters are in good accordance with experimental ones.
Furthermore, the Tran-Blaha modified Becke-Johnson (TB-mBJ) potential method is
used to achieve the desired band structure, which verifies the experimental results.
It is observed that when tensile strain (0%, +3%, +6%, +9%) is applied, the bandgap
reduces from 2.253 eV to 1.645 eV and when compressive strain (0%, -3%, -6%, -
9%) is applied, band gap increases from 2.253 eV to 2.9331 eV. Axial strain enhances
the absorption, reflection and refractive index, which compromises the transparent
performance in visible region. Due to high absorption coefficient and close to the
optimal bandgap, AgGas$; is a suitable material for solar cell and light emitting
diodes and related applications. The main focus of the study is to tune bandgap

and optical properties of AgGaS; by using biaxial tension.
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INTRODUCTION

halcopyrite semiconductor have

been extensively used in numer-

ous applications like solar cells,
photo-detectors, flat panel displays, gas
sensors and Laser diodes.'? These mate-
rials have direct band gap of about
(~2 eV), which makes them transpar-
ent for visible light. Using biaxial prac-
tices, strain has been used to tune the
band gap of these materials for various
applications. Several researchers have
been working on Al III CVI family
exploring linear and non-optical prop-
erties. Few works have reported the

structural, elastic and optical properties
of these semiconductors by using Den-
sity Functional Theory (DFT). Several
researchers focused on reporting the the-
oretical analysis of the AgGaX,; (X =
S, Se, Te) chalcopyrites. The equation
(ZT= S*rT/k) shows that greater the ZT,
there will be more effective energy con-
version and eventually minor the thermal
conductivity due to its inverse relation
with each other.!?Kurosaki and cowork-
ers reported that AgGaS, compound has
minor thermal conductivity at room tem-
perature so k value will be lower with the
rise in temperature and vice versa.?
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In 2019, Omamoke and Enaroseha cal-
culated the electronic and optical prop-
erties of AgGaS; and AgGaSe, by uti-
lizing pseudopotential method Projec-
tor Augmented Wave method (PAW).
This technique, gives results which
match closely with the experimental
findings. Computational findings show
that both materials are semiconductors
and have band gap 1.82 eV and 1.25
eV respectively. The density of states
and partial density of states showed that
Ga-4s orbital has greater energy than
the Ga-3p orbital.*In 2017, Hou et al.
investigated the ground state parame-
ters such as lattice constants, bulk mod-
ulus and elastic constants for AgAlS;
chalcopyrite structure by using Den-
sity Functional Theory (DFT). The
obtained lattice parameters and elas-
tic constants agreed well with available
theoretical and experimental results.
The bulk modulus B, shear modulus G,
Young’s modulus E and wave velocity
of AgAIS, were also obtained for the
first time. In addition, the equation of
state of AgAlS, in the pressure range
of 0-10 GPa and up to temperature of
1000 K was stated.’

H. Salehi, E. Gordanian et al. deter-
mined structural, electronic and optical
characteristics of AgGaX, (X=Te, S,
Se) with the help of Engel Vosco Gen-
eralized Gradient Approximation (EV-
GGA). For optical and band gap char-
acteristics, mBJ was in good favor with
experimental and our calculated results.
Furthermore, lattice constant and bulk
modulus (B) GGA-PBE results were
close to experimental work. Band con-
figuration, which was straight for all
components were plotted to achieve
band gap and other electronic charac-
teristics such as total and partial Den-
sity of States. The function of X atoms
(X = Te, S, Se) in optical properties
such as extinction coefficient, reflec-
tion coefficient, and refractive index,
using imaginary and real sections of
dielectrics were also investigated.®

Yi Li, and his fellows proposed a
specialized genetic algorithm approach
in combination with first-principles

calculations to predict the stable struc-
tures of AgGaS, crystal at differ-
ent pressures. The results show that
the chalcopyrite structure first trans-
forms to the monoclinic phase, and
then to a centrosymmetric structure due
to which second-harmonic generation
(SHG) response of AgGaS, disappears.
The effects of external pressures, up
to 7 GPa, on the linear and second-
order nonlinear optical properties of
AgGaS, are explored systematically.
This work reveals that the resistance to
laser-induced damage, the transparency
range, and the phase matchability can
be improved by the pressure-induced
deformation of AgGaS, crystal. More-
over, the feature of the strong SHG
response of AgGaS, crystal is still pre-
served in the whole IR region even
under pressure up to 7 GPa.”

AgGaS; have attained the atten-
tion in opto-electronics and non-linear
optical properties due to their poten-
tial use. Some of the application such
as light emitting diodes (LED), solar
cells, photovoltaic detectors, optical
frequency conversion, laser frequency
conversion, and signal communica-
tions, etc.>®Due to unique electronic
configurations of this compound, d-
shell elections participate in conduc-
tion process which can be used to
enhance the effectiveness of electri-
cal and optical properties. The main
objective of our studies is to calcu-
late the lattice parameters of AgGaS;
under axial strain, to study (under
strain) detailed opto-electronic proper-
ties including total and partial Den-
sity of states, band structure, absorption
coefficient, refractive index, extinction
coefficient, and reflectivity. Detailed
results of our study are presented
below, which can be useful for the
various electronic and opto-electronic
applications of AgGaS,;. We believe
that our results on strain induced
changes in electrical and optical prop-
erties of AgGaS; will be useful for
scientist working in experimental and
computational Materials Science.

COMPUTATIONAL DETAILS

To calculate under axial strain struc-
tural and opto-electronic properties of
AgGaS,, the Full Potential Linearized
Augmented Plane Wave (FP-LAPW)
method is applied to elucidate Khon-
Sham equations’ derived in DFT, by
means of different exchange correla-
tion approximations like GGA-PBE,
GGA-PBE-sol and GGA plus Trans-
Blaha modified Becke—Johnson (TB-
mBJ) potential.® Additionally, opti-
mizations of each unit cell are per-
formed to obtain ground state structural
parameters by fitting Birch-Murnaghan
equation of state.”Moreover, In
WIEN2K package, valence electrons
treatment is done semi-relativistically
although, core electrons are treated
fully relativistically.!! But for con-
vergence in basis size a cut-off value
of Ryr Kyax = 8.0 is used. Addi-
tionally, to achieve well-converged
optimum results of structural proper-
ties, 56 K point integration in brillouin
zone (BZ) is done with modified form
of tetrahedron method. Furthermore,
for calculating opto-electronic, prop-
erties a denser mesh of 2000 K-points
is used. The converged calculations
are achieved, when the energy differ-
ence between two consecutive self-
consistent cycles was seems to be less
than 0.01 mRy and 0.1m for energy and
charge, respectively.

RESULTS AND DISCUSSION

Characteristics of the
structure

At room temperature and pressure, the
AgGaS; unit cell is in the tetragonal
phase with space group. I 42d (No
.122). Its unit cell consists of three
molecules, each of which has an Ag
atom at position (0, 0, 1/2): (0, 1/2,
3/4), Ga at (0, 0, 0), (0, 1/2, 1/4) and
Sy at (u, 1/4, 5/8), (1/4, u, 2/5), (u,
3/4,7/8), (3/4, u, 2/5). Where the value
of u = 0.26 (common structural posi-
tion) as shown in Figure 1. We mea-
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sure the energy as a volume function
to reduce the total energy of said com-
pound in accordance with other geo-
metrical parameters as shown in Figure
2(a & b). In order to calculate structural
properties of AgGaS,, the energy min-
imization process is employed, where
the total energy (E) and the correspond-
ing equilibrium cell volume (V,) are
calculated by taking series of differ-
ent lattice parameters. For each vol-
ume, the c/a quantity is determined, and
a polynomial is then tuned to resolute
energies in order to determine the best
c/a proportion. As a result, an optimal
bend (c/a) appears as a volume part.

Figure 1. Tetragonal structure of
AgGa$,.

The obtained structural properties of
AgGaS, with tensile and compressive
strain are listed in Table 1. The exper-
imental lattice parameters of AgGaS;
structure are a = b = 57564 o ¢
= 10.301 A0 and c/a = 1.7896A0.
AgGaS8; is tetragonal. So, both a and b
parameters are equivalent while c is not
equivalent, and it is different from a and
b.

Electronic characteristics

To examine the effect of the compres-
sive strain on the electronic properties
in AgGaS, compound, we first deter-
mine properties of AgGaS,. The elec-
tronic characteristics are determined
by using Trans Blaha modified Becke
Johnson potential (TB-mBJ) potential.

The electronic band structure and Den-
sity of states (DOS) for 0% strain with
TB-mBJ potential are presented in Fig-
ure 3(a) and Figure 3(b), respectively.
The plot is energy against high sym-
metry points in the first Brillioun zone.
The valence and conduction band’s
energies are grouped together. The
Fermi energy, which is represented by
dotted lines, is set at zero energy. The
minima and maxima of the conduction
and valence bands remain unchanged.
It indicates that CBM and VBM are at a
negative value, indicating that AgGaS,
possess direct band gap. The funda-
mental band gap is direct and occurs
at the gamma point, which means that
the conduction band minimum (CBM)
and the valence band maximum (VBM)
are both on the gamma point. The band
gap of AgGaS; is 2.25 eV. The calcu-
lated results for bandgap are in reason-
able agreement with experimental val-
ues of 2.14 eV and 2.23 eV.1017 Fur-
thermore, the orbital contribution from
Ag to the total density of states are the
4s, 4p, 4d and 5s orbitals. The orbital
contribution from Ga is 3d states, p
orbital contribution is from the 3p and
4p and 4s orbital. The orbital contri-
bution from S is S-3p, S- 3s, orbital,
respectively. It is observed that valence
band in energy region from 5eV to 0eV
dominated states are Ag- 4d, Ga-4p and
S-3p states. At energy level from -10
eV to -5 eV Ga-4p states are domi-
nated and in -5 eV to -0 eV energy
region dominated states are Sy-3s while
energy region -10 eV to -5 eV is subsi-
dized by Ga-4p state. The low- est part
of the conduction band, from 0 to 5 eV
energy range Ga-4s, Ga- 4p, and S-3p
states are more valuable, while in the
energy range from 5 eV to 15 eV, the
Ga-4s, Ga-4p, and S-3p states are more
valuable. Ga-4p and S-3p, Ga-3d, S-3p,
and S-3s are all strong contributors.

The electronic band structure for 0
%, 3 %, 6 %, 9 %, and -3 %, -6 %, -
9 % strain with TB-mBJ potential are
presented in Figure 4. It can be noticed
that as strain start to increase from
0 to 9 % the fundamental band gap

remains direct and occurs at the gamma
point, which means that the conduction
band minimum (CBM) and the valence
band maximum (VBM) are both on the
gamma point but the bandgap going to
decrease from 2.253 eV to 1.645 eV.
On the other hand, as strain start to
decrease from 0 to -9 % the fundamen-
tal band gap remains still direct and
occurs at the gamma point, but bandgap
increase from 2.253 eV to 2.933 eV as
shown in Table 1.

The total and partial density of states
(TDOS & PDOS) for 0 percent, 3 %, 6
%, 9 %, and -3 %, -6 %, -9 % strain with
TB-mBJ potential are presented in Fig-
ure 5 and Figure 6 respectively. Simi-
lar behavior of contraction and extrac-
tion is observed for TDOS & PDOS as
noticed from bands dispersion curves.
Compressed valence band is frequently
contributed due to Ag-4d, Ga-4s and S-
3p states from energy region -5 eV to 0
eV and with increased strain contribu-
tion, Ga-4p become more dominated.
In forward direction, from energy level
-10eV to -5 eV Ga-4p and S, -3p states
more dominated but with cumulative
strain the contribution of these situa-
tions is additional. It is further noticed
that valence band from energy region -5
eV to -0 eV is dominated by S,-3s state
however in energy region from -10 eV
to -5eV dominated states are Ga-4p. It
is observed that with further growing
strain more hybridization states are pro-
duced. For the lowest part of conduc-
tion band from energy region 0 eV to 5
eV, more contribution is observed from
Ga-4s, Ga-4p and S-3p states whereas
in upper part from energy region 5 eV
to 15 eV, more contribution is observed
from Ga-4p and S-3p states while Ga-
3d, S-3p and S-4d states are strongly
hybridized. With additional collective
strain Ga-3d, S-3p and S-4d become
even more strongly hybridized. In case
of total density of states, lowest part of
conduction band from energy region 0
eV to 5 eV Ga-4p, and S-3s is dom-
inated but from energy region from
+10 eV to 15 eV Ga-4p and S-4d con-
tributes more and strongly hybridized.
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Figure 2. Volume optimization of AgGaS> with (a) PBE-GGA (Murnaghan fit) (b) PBE-GGA (fit poly 4 order).
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Table 1. Structural properties of AgGaS, with tensile and compressive strain.*Ref.'>. ” Ref.'3 (other theoretical Work).¢

Ref'* (experimental work).

Properties of the material and the
structure

AgGaS; a(A) c(A) c/a

AgGaS, for 3% strain a(A) c(A) c/a
AgGaS; for 6% strain a(A) c(A) c/a
AgGaS, for 9% strain a(A) c(A) c/a
AgGaS, for -3% strain a(A) c(A)
c/a

AgGaS; for -6% strain a(A c(A) c/a

AgGas, for -9% strain a(A) c(A)
c/a

Current work

5.7875 10.6086
1.8327

5.9891 10.6488 —
1.7780

6.1635 10.6488 —
1.7277

6.3379 10.6488 —
1.6802

5.64021 10.6488 —
1.8880

5.46577 10.6488 —
1.9483

5.29133 10.6488 —
2.0125

Other work

/1.952b

5.756%/5.858 ? 10.30% /10.39” 1.789¢

Experimental
work

5.756¢ 10.34¢
1.789¢

It is observed that with the tensile strain
edge of conduction band moves away
from the Fermi-level.

Partial density of states (DOS), (Fig-
ure 6) are frequently governed by Ag-
4d, Ga-4p and S-3p states from energy
region -5 eV to 0 eV. In forward direc-
tion from energy level -10 eV to -5
eV Ga-4p and S,-3p states are strongly
hybridized. It is observed that valence
band from energy region -5 eV to 0
eV is influenced by S;-3s state while
in forward direction energy region -10
eV to -5 eV is more contributed by
Ga-4p state. It is possible that as strain
decreases from -5 eV to 0 eV, Ga-5p
state contribution decreases, while S-
3s state contribution increases from -15
eV to -5 eV. From 0 eV to 5 eV, the
lowest portion of the conduction band
Ga-4s, Ga-4p, and S-3p states are more
prominent and Ga-3d, S-3p, and S-4d
are heavily hybridized in the upper part
(energy range from 5 eV to 15 eV). Itis
noted that with decreasing strain from
energy region 0 eV to 5 eV the contri-
bution of S-3p is decreased but Ga-4s
state is enhanced. The feedback of Ga-
3d and 4p states increases in the for-
ward direction from 5 eV to 15 eV,
but the output of S-3p and 3s states
decreases. In the case for total density
of states, the lowest portion of the con-

duction band, (energy region 0 eV to 5
eV) contribution of S-3s and Ga-4p is
dominant. As a result, the compressive
strain is increased and the contribution
of conduction band dominates near the
Fermi-level.

Optical properties

The change in optical properties
will give us further insight into the
effects of strain on AgGaS, electronic
structure.'®19 The optical properties
of strained AgGaS; are vital for opto-
electronic devices and photovoltaic
function. Calculated refractive index
for 0%, 3%, 6%, 9% strain along x-
axis and z-axis are shown in Figure
7 (a) & (b). The speed of light prop-
agation fluctuates with tensile strain
which shows high interference between
incident light and medium.?°=2%> The
refractive index value of tensile strain
for AgGaS, is 2.1, 2.2, 2.3, and 2.4
for 0%, 3%, 6% and 9%, respectively.
The major peak is observed at about
5 eV and with the further rise in the
energy the refractive index reduces.
The refractive index under tensile strain
for AgGaS, along z-axis is displayed
in Figure 7(b). Here, the static value of
refractive index is 2.30, 2.31, 2.32 and
2.33 for 0%, 3% and 6% and 9% strain,
respectively and it displayed qualita-

tively similar curves as for x-axis. Cal-
culated refractive index for 0%, -3%,
-6%, -9% compressive strain along x-
axis and z-axis are shown in Figure
7(c) & (d). The distribution of refrac-
tive index reveals anisotropic behavior
(An at 0 eV = 0.0199) for compressive
strain laterally in x-axis and z-axis.
With an increase in energy, the refrac-
tive index increases to a higher value
in the visible region, and then with an
increase in energy in the ultra-violet
region, the refractive index decreases
with an increase in energy. The peak
value of refraction index is 3.1 at 4 eV
for x-axis compressive strain. In Fig-
ure 7(d) for compressive strain along
z-axis the spectrum of refractive index
displays an anisotropic behavior (An
at 0 eV = 0.0066). It has similar ten-
dency of ‘n’ as along x-axis. The peak
value is 3.20 at 4 eV for AgGaS,. In
conclusion, peak value is lower for ten-
sile strain and higher for compressive
strain.

Figure 8(a) along x-axis shows
the absorption coefficient of tensile
strained functional absorption coeffi-
cient. Figure shows that prominent
peak is observed at 8.3 eV. The Fig-
ure displays that highest absorption is
observed at 0% strain and it decreases
as strain increases from 0 to 9%. Along
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Figure 3. Calculated (a) band structure (b) total and partial density of states.

Table 2. Calculated band gap of AgGasS, for tensile and compressive strain.
Material AgGaTe; Present work (TB-mBJ)
-9% -6% -3% 0% 3% 6% 9%  2.933 eV, 2.660 eV, 2.420 eV, 2.253eV, 1.999 eV, 1.831 eV, 1.645 eV
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Figure 4. Calculated band structure of AgGaS, for 3%, 6%, 9%, -3%, -6%, -9% strain with TB-mBJ

z-axis, Figure 8(a) reveals 0%, 3%,
6% and 9% strain, here the increase in
absorption is observed at lower ener-
gies, while at higher energies absorp-
tion saturates for all the strained and
non-strained conditions. For x-axis,
however, there was a slight dip in
absorption at around 10 eV. For both
x-axis and z-axis, Increase in photon
energy starts at 2 eV and eventually
attains maximum value at about 14

eV (14 eV has an abrupt increase). In
Figure 8(c) compressive strain is plot-
ted (0%, -3%, -6% and -9%) along x-
axis. Absorption increases upto 10 eV
photon energy but afterwards abrupt
decrease is observed in absorption at
13 eV for -9%, at 12.8 eV for -6%, at
12.5 eV for -3%, and at 12.2 eV for
0%. In Figure 8(d) along z-axis, when
compressive strain is applied to the
semiconductor AgGaS,, the absorption

increases with increase in the energy
and finally saturates before an abrupt
increase at 14 eV. When compressive
strain is 0%, it absorbs less at sim-
ilar energy level as compared to 3%
strained and -6% strained samples.

Reflectivity against the tensile and
compressive strained samples is plot-
ted in Figure 9(a-d). For both x and z-
axis, and for both tensile and compres-
sive strains, the reflectivity change with
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Figure 6. Calculated total density of states AgGaS; for 3%, 6%, 9%, -3%, -6%, -9% strain with TB-mBJ.
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the strain is not significant (it increased
form 0.15 to 0.7) for all the energies in
the range of 0-14 eV. At 14 eV, how-
ever, we did observe a similar sharp
rise as for the absorption coefficient. It
is important to note that strained and
non-strained samples also didn’t show
a monotonic difference in the reflec-
tivity values. For tensile strained sam-
ples, reflectivity was highest for 0%
strained samples, while for compres-
sive strained samples, 0% strained sam-
pels had the lowest reflectivity. Over-
all, we can say that reflectivity-strain
relationship is not significant.

CONCLUSIONS

In this manuscript, to explore the struc-
tural, electronic and optical properties
of AgGaS; under axial strain, Den-
sity functional theory (DFT) based
Full Potential Linear Augmented
Pane Wave (FP-LAPW) method is
employed, using Wein2k code. The
approximations like PBE-GGA and
TB-mBJ potential are used to observe
opto-electronic trend under axial strain.
When strain applied to AgGaS, struc-
ture, lattice constant variations rise
from compressive strain to tensile
strain. The calculated results are in
reasonable agreement with other theo-

retical and experimental reports. The
band gap varies from 1.645 eV to
2.933 eV which shows that band gap
rises from tensile strain to compres-
sive strain, in accordance with cal-
culated total and partial density of
states. The dielectric function is used
to determine optical properties such
as absorption coefficient, refractive
index, and reflectivity. Highest absorp-
tion is observed at 0% strain while it
decrease as strain increases from 0 to
9%. Absorption coefficient rises from
tensile strain to compressive strain. In
spectrum of reflectivity, no significant
variation happens in the visible region
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with increase in photonic energy. This
study has benchmarked various opto-
electronic properties under strain con-
ditions, which must be taken into
account to understand and utilize in
fabricating practical opto-electronic
devices for their possible technological
applications. We believe results of our
study will open new avenues for the
applications of AgGaS,.
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