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The influence of biaxial-in-plan strain on optoelectronic and thermoelectric characteristics
of AgXTe, (X: Ga, In) chalcopyrite type compound has been investigated using density
function theory base on full potential linear augmented plane wave technique. The
generalized Perdew-Burke-Ernzerhof gradient approximation (PBEsol GGA) is used to
optimize unit cell and the Tran-Blaha modified Becke-Johnson (TB-mBJ) approach is
employed to improve the electronic, optical and thermoelectric properties. The effects of
biaxial strains of the tensile (1%, 2%, 3%) and compression (-1%, -2%, -3%) have been
calculated along with contribution of two cations (Ga and In). The calculated band gap of
AgGaTe, and AgInTe, without strain is 1.17 and 1.13 eV that decreases with applied
tensile strain and increases with compressive strain. Without strain maximum absorption is
obtained at 1.3 eV and 1.1 eV AgGaTe, and AgInTe, respectively, however, tensile and
compressive strain shows red and blue shift accordingly. The increase in flatness of
valance band with compressive strain results in a large Seebeck coefficient due the large
hole effective mass. This identifies AgGaTe, as a possible efficient thermoelectric
material. Consequently, the present study is very useful for developments of desired
characteristics by applying strain for optoelectronic and thermoelectric devices.
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1. Introduction

Renewable and efficient energy source is one of the biggest challenges for human and
global environment. The solar energy conversion technologies are entering into a new regime with
inception of novel device architectures, nanotechnologies and new materials for the device. The
solar energy is best alternative source of sustainable energy supply than fossil energy because it is
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considered to be everlasting on human time scale and does not affect the environment in any way.
Compared to their binary analogues, the ternary chalcopyrite compounds of I-111-VI2 and 1I-VI-V2
families are considered to be promising compounds for investigation of optoelectronics, non-linear
optical devices, solar cells, light emitting diodes and solid-state laser systems because of high
absorption rate in visible region, wider band gap and small melting points. From family of I-111-VI2,
the Ag-based ternary chalcopyrite compound is a potential candidate for many optoelectronic
devices [1-6].

Hahn et al [7] is the first one who discovered and reported the properties of I-111-VI2
compounds. The semiconductor nature of ternary chalcopyrite compounds was described by
Goodman et al. [8]. Photoelectric conversion using these compounds was done by Tuttle et al [9].
Lazewski et al [10] and Alonso et al [11] calculated the electronic, elastic and complex dielectric
properties of these compounds respectively.

The I-111-VI2 chalcopyrite compounds are also good thermoelectric materials. However,
their usage as thermoelectric device is limited due to low efficiency [12]. Thermoelectric materials
are a green energy or renewable energy source which converts the wasted heat from the
environment into useful electrical energy without polluting the environment. They have potential
applications in waste-heat recovery, air conditioning and refrigerators. Therefore, now a days many
researchers all over the world are engaging in this effort to explore new efficient thermoelectric
materials and enhancing the efficiency of existing thermoelectric materials [13-18]. Noticing them,
the AgXTe,(X=Ga, In) chalcopyrite has paying much attention due to its fascinating properties of
structural, electronic, optical and thermoelectric properties of this compound has been extensively
study both theoretically as well as experimentally [19-22].

Estimating the features and qualities of new compounds earlier than fabrication is one of
the greatest achievements of modern computational and theoretical method. This helps in saving
very expensive and rare materials, energy, time, money and most important shields the atmosphere
from polluting.

Utilizing strain is a practical strategy to tune and control the physical and chemical
properties of nanomaterials by changing structural parameters. Recent studies on low dimensional
materials shows that electronic, optical, magnetic, mechanical, and thermal characteristics of
nanomaterials can all be improved due to exclusive layered structures and bond symmetry by strain
causing methods [23-25]. These strain-induced processes and their utilization put emphasis on
strain engineering.

In this article we have been investigated the effect of biaxial in plane strain on structural,
electronic, optical and thermoelectric properties on ternary chalcopyrite AgXTe,(X=Ga, In)
compounds based on many electrons system. Tensile as well as compressive strain study have been
applied to find the effect on band structures, absorption coefficient and figure of merit. Furthermore,
to my best knowledge and to the reported experimental and theoretical survey, there is no studies on
biaxial in-plane strain induced variations on ternary chalcopyrite AgXTe, (X=Ga, In) compounds.

2. Computational Methodology

First principle calculation to study the electronic, optical and thermoelectric properties of
AgXTe,(X=Ga, In) compounds under strain were performed by using full potential linearized
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augmented plane wave (FP-LAPW) method implemented in the WIEN2K code. The generalized
gradient approximation (GGA) within Perdew-Burk-Ezrenhop (PBE) method are used for the
exchange correlation potential to study the structural and electronic properties. These GGA based
calculation gives the underestimation of band gap therefore modified Trans Blah — Becke Johnson
(Th-mbj) potential was use to obtained the accurate band gap. Cutoff energy to separate the core
and valance states are set to be -6.5Ry. Muffin tin radius are taken for Ag = 2.5a.u, Ga = 2.5a.u,
In = 2.5a.u and for Te= 2.06a.u. The plane wave cutoff was defined as R+ X Kipgx = 7. Self
consistency was achieved by using 1000 k-points in irreducible Brillion zone and total energy is
converged to within 10Ry. The in-plane biaxial strain is defined by

@)

where a, is optimized in-plane lattice constant for the unstrained case and a is the in-plane lattice
constant for the strained case. The thermoelectric properties of AgXTe,(X=Ga, In) compounds
under strain were calculated on the basis of semiclassical Boltzman Transport theory within the
constant scattering time approximation (CSTA) by using BoltzTrap Code. For thermoelectric
properties measurement a dense mesh of 30,000 k points is used.

3. Results and Discussion

In this research work, we report the effect of biaxial in-plane strain on the properties of
ternary chalcopyrite AgXTe,(X=Ga, In) compounds. For this purpose, we evaluated the effect of
strain on equilibrium lattice constant, band gap value, absorption coefficient and thermoelectric
properties.

3.1. Structural Properties
At ambient temperature and pressure, the ternary chalcopyrite AgXTe,(X=Ga, In) has rutile

tetragonal phase with space group I — 42d(No.122). The primitive unit cell of AgXTe,(X=Ga,
In), contain four formula unit atoms, Ag, (X=Ga, In) and two Te atoms at positions (0,0,0), (0, 0,
1/2), (0.26, 1/4, 1/8), respectively [27-29]. The crystal structure of AgXTe,(X=Ga, In), is shown in
Fig.1.
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Fig. 1. Rutile tetragonal structure of AgXTe,(X=Ga, In).
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The ternary chalcopyrite AgXTe,(X=Ga, In) is not perfect tetrahedral crystal structure due
to the tetragonal distortion parameter 1 = c/2a # 1 and the anion displacement parameter u # %. By
interaction of neighboring atoms in crystal, the distortion in structure is produced due to shifting of
anions from their ideal positions with an amount of anion displacement (u) and it can be calculated
with this equation.

2

These structural distortion are negligible but have significant importance in describing the
electronic properties of ternary chalcopyrite.

The optimized lattice constant of AginTe, and AgGaTe, under unstrained case are a =
6.431A, ¢ = 12.770A, and a = 6.415A, ¢ = 12.323 A, respectively which are very close to the
experimental values indicating our optimized results are reliable. The optimized lattice parameters
of AgXTe,(X=Ga, In) under various strains are listed in Table 1.

Table 1. Structural properties of AgGaTe, and AginTe, with tensile and compressive strain.

strain Lattice Calculated Parameters This work | Previous Theoretical work Experimental
parameters [30] Parameters [30]
(A)
AgGaTe, AgInTe, AgGaTe;, | AginTe, AgGaTe, | AginTe,
0%
a 6.414 6.431 6.469 6.623 6.288 6.467
c 12.322 12.77 12.284 12.988 11.940 12.633
c/a | 1.921 1.985 1.8989 1.961 1.898 1.953
Tensile Strained applied
1% a 6.478 6.494
c 12.322 12.770
c/a | 1.902 1.966
2% a 6.542 6.559
c 12.322 12.770
c/a | 1.883 1.946
3% a 6.606 6.623
c 12.322 12.770
c/a | 1.865 1.928
Compressive strained applied
-1% a 6.3504 6.3662
c 12.322 12.77
c/a | 1.940 2.00
-2% a 6.286 6.302
c 12.322 12.770
c/a | 1.960 2.020
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-3%

a 6.222
c 12.322
c/a | 1.980

6.237
12.770
2.040

2.2. Electronic Properties
Fig.2 (@ and (b) shows the electronic band structures obtained from our Th-MBj
simulations for the unstrain AgGaTe, and AgInTe, respectively. As shown in Fig.2 (a) and (b)
without strain AgGaTe, and AglInTe, are direct band-gap semiconductor with a band gap of 1.173
eV and 1.13 eV using Th-mbj functional which is in a good agreement with previous works. From
the band structure graphs it can be seen that the valance band maximum (VBM) and conduction
band minimum (CBM) is located on the I' point. Band structure plots under different biaxial
compressive and tensile strain conditions are shown in Fig.2 (c) and (d) It can be seen that tensile
and compressive strains does not change the nature of direct semiconducting band gap.

Encrgy(eV)

Energy (eV)

Fig.2.
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(d)
Band structures of AgGaTe, and AgInTe, (a) and (b) unstrained and (c) and (d) for different

compressive and tensile strained, respectively.
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It is observed that band gap increases for the compressive strain cases, while it decreases in
the case of the tensile stress. Fig.3 represent the variation of band gap under different biaxial
compressive and tensile strain conditions. Band structures plots shows that under tensile strain
CBM move downward while for compressive strain move upward with respect to fermi level
therefore reduction in band gap for tensile strain cases and vice versa for compressive strain cases.
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Our results show that through applying biaxial compressive and tensile strains on AgGaTe, and
AgInTe,, the band gap of AgGaTe, and AginTe, can be continuously modulate with different
magnitude of strains.

Energy Gap (e%)

Biaxial Strain{% }

Fig. 3. The variation of energy band gap with strain.

To get further insight for the understanding of strain on the electronic structure total (TDOS)
and partial density of states (PDOS) are calculated and Dos plots of AgGaTe, and AgInTe, without
strain are shown in Fig.4. From the PDOS plots it is observed that VBM is mainly composed of
Te-p and Ga-p states in case of AgGaTe, similarly for AginTe, VBM is mainly composed of Te-p
and In-p states. Above Fermi energy, in conduction band minima (CBM) the maximum
contribution comes from Ga-s, In-s and Te-p states. Overall, the trend of DOS of AgGaTe, and
AgInTe, compounds considered to be similar.
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Fig. 4. Partial density of states of (a) AgGaTe, (b) AgInTe,.

To explore the influence of compressive as well as tensile strain on total density of states it
is observed that for the tensile strain case the VBM is going toward lower energy states and CBM is
shifting toward fermi level. In case of compressive strain, VBM is shifting toward Fermi level and
CBM moves toward higher energy states. From total DOS as shown in Fig.5 (a-d), we also noted
that, in tensile strain the gap between VBM to CBM is reducing but in compressive strain its value
is increasing respectively.
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Fig. 5. Partial density of states of (a) AginTe,,(0%), (b) AginTe, (1 ,-1)%, (c) AgInTe; (2 ,-2)% and (d)
AglnTe, (3 ,-3)% for Tensile and Compressive Strained, respectively.

3.3. Optical Properties

The study of optical spectra is very important from practical point of view of optical
properties in different devices such as solar cell, LEDs, modulators and nonlinear optics. The
optical property of material is denoted by complex dielectric function ¢ ()

& (0) = & (0) +ig;(0) 3)

which represents electron and photon interaction. &;(®) and &,(w) denotes its real and imaginary
parts. Other optical parameters like refractive index n(w), absorption coefficient a(w) and optical
conductivity o (0) can also be measured with the help of dielectric function.

Fig.6 (a-d) represents the real and imaginary parts of dielectric functions for AgGaTe, and
AgInTe, with and without strain. From real part of dielectric function in Fig.6 (a) and (b) it is
observed that transition of electron from valence to conduction band occurs at 2.1 eV and 2.23eV
for AgGaTe, and AgInTe; respectively, and ¢, (w) further decreases up to 5.2 eV and 6.7 eV for
AgGaTe, and AglInTe, respectively for unstrained materials. By applying the tensile strain, value of
the real part of dielectric function reduces while for compressive strain its value increases. This
behavior is mainly due to the fact that compressive strain increases the electric polarization while
the tensile strain decreases the electric polarization. Fig.6 (a) and (b) also indicate that for each
compound the value of €1 is negative for higher values of energy which indicate the metallic
reflectivity of AgXTe, (X= Ga, In) in this region.
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Fig.6 (c) represents the imaginary part of the dielectric function of AginTe, while the Fig.6
(d) represents the imaginary part of the dielectric function of AgGaTe,. From these figures it can be
observed that as the tensile strain increases, the imaginary part of the dielectric function slightly
move towards the red end of the spectrum because the direct band gap of AgXTe, (X= Ga, In) is
decreasing under tensile strain, while as the compressive strain increases it showed the blue shift
because of its direct band gap is increasing under compressive strain. Moreover, it is observed
from Fig.6 (c) and (d) both the compounds have maximum absorption takes place in the UV region
however a remarkable absorption also takes place in the visible region. In the visible region (1.65-
3.1eV), as we increase the value of tensile strain, the peak value of &, of AgXTe, (X= Ga, In)
enhances, which indicates that by applying the tensile strain the transition probability of electrons
can increases while the compressive strain has the reciprocal effect on the transition probability in
this region. In UV region (3.2 to 30 eV), the increase in compressive strain increases the transition
probability while the tensile strain reduces the transition probability.
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Fig. 6. (a-b) Real and (c-d) Imaginary Parts of AgGaTe, and AgInTe, with and without strain, respectively.

Measurement of the attenuation in the amount of light intensity per unit of length is known
as absorption coefficient. The behavior of absorption coefficients of AgXTe, (X=Ga, In) with and
without different strains is shown in Fig.7 (a-d) The results obtained by the plot of absorption
coefficient of both the compounds are consistent with the results obtained by the plots of imaginary
part of the dielectric function. From Fig.7 (b & d), it is noted that when increases the tensile as well
as compressive strain the absorption coefficient has at zero level in the energy range 0.0 to 1.0 eV.
From absorption spectra, we noted that the absorption edges are positioned at 1.3 eV and 1.1 eV for
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AgGaTe, and AglInTe, respectively. This shows that AgXTe, (X=Ga, In) are brilliant mid-IR
transparent compounds for small energy photons and displays zero absorption coefficient in that
region. When energy increases more than absorption edge value, the absorption increases. The
absorption coefficient again decreases in high energy region, and this is the distinctive nature of
semiconductor. Even if the beginning of absorption is the visible region, however maximum
absoption takes place in UV region. Moreover, in visible region using tensile and compressive
strains for AgXTe, (X=Ga, In), the absorption peaks show red and blue shift respectively. Apart
from this, strains also change the peak intensity slightly, the peak maxima of absorption coefficient
of AgXTe, (X=Ga, In) is observed under tensile strain of +3% and peak minima is observed at -3 %
magnitude of compressive strain, which shows the tranparency of these materials is more for
compressive strain as compare to tensile strain but in UV region, compressive strain have maximum
absorption coefficient and tensile strains have less absorption rate.
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Fig. 7. Absorption Coefficient of AgGaTe, (a,b) and AgInTe, (c,d) with and without strain respectively.

The study of optical conductivity parameter is important because this phenomenon is
associated with photo-electric conversion ability and essentially used to find the variation produced
by light. Fig. 8(a & b) represent the optical conductivity of AgXTe, (X=Ga, In) for different values
of strain. Fig. 8(a & b) indicate that for low energy values the effect of strain on optical conductivity
of each compound is negligible. However, these compounds have non-zero values in visible region
(1.65- 3.1 eV), therefore can be used in optoelectronic devices. It is noted from figures that tensile
and compressive strains do not have any major influence on the optical spectra of the compounds.
The applied strains just change the intensity of the peaks slightly. Consequently, applying
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compressive strain give rise to intensity of peaks and hence conductivity increases for both visible
and UV region. However, the peak intensity as well as conductivity decrease by applying tensile
strain. This is because by the application of tensile strain the inter atomic distance as well as the
bond length increases but the charge density reduces which in turn result in the reduction of the
transition probability between valance and conduction band electrons.
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Fig. 8. Optical Conductivity of (a)AgInTe, and (b)AgGaTe, with and without strain respectively.

3.4. Thermoelectric Properties

Thermoelectric materials are the best choice to convert heat into electrical energy. The
thermoelectric power generation between heat and electricity is measured by the dimensionless
Figure of merit (ZT). The ZT value is defined as: ZT = S2?cT/x. Here, S is Seebeck coefficient,
PF = S%c, is power factor,c is electrical conductivity and « is thermal conductivity. The
improvement in ZT value can be done by increasing power factor or decreasing thermal
conductivity. Figure of merit must be fulfill that condition (ZT > 1). A large value of PF suggests
that electrons are efficient to convert heat into electricity, whereas we need a very low value of
thermal conductivity to tolerate temperature gradient. To achieve a high value of ZT requires
simultaneously high Seebeck coefficient, high electrical conductivity but sustain very low thermal
conductivity, which is very challenging because these demands are often contrasting to each other
in conventional materials as, the Seebeck coefficient decreases and electrical conductivity improves
with carrier concentration but corresponding thermal conductivity also rises with carrier
concentration. Presence of nearly flat bands around the Fermi level for all the values of applied
strain indicate that AgXTe, (X=Ga, In) can be favorable contenders for TE applications.

Fig.9 (a) and (b) shows the temperature dependent Seebeck coefficient of AgGaTe, and
AgInTe, under different strains. The calculated Seebeck coefficient of unstrained for AgGaTe, and
AgInTe, at 200K is 1400 uV/K and 1600 uV/K respectively. It is observed that both the
compounds have positive Seebeck coefficient, positive value of Seebeck coefficient referred that
the charge carrier are holes so both the compounds are of p type, which expected that AgXTe,
(X=Ga, In) compounds stand good for thermoelectric materials at higher temperature.
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Fig. 9. Variation of Seebeck Coefficient with temperature of (a)AginTe, and (b)AgGaTe..

It can be seen that the increase in temperature leads to decrease the Seebeck coefficient,
meanwhile the Seebeck coefficient enhances with increase in strain both compressive and tensile.
The variation of strain dependent Seebeck coefficient is consistent with prediction from the analysis
of results of band structure and DOS under strain. This increase in the Seebeck coefficient is
attributed to similarity of their band dispersions around the fermi level. The flatness of the upper
valence bands at the gamma point gives large hole effective mass. This large hole effective mass is
significant for the thermoelectric performance of materials such small hole effective mass gives
good electrical conductivity and large effective mass give large Seebeck coefficient for the p-type
compounds.

From the Fig .9 it can be observed for the same temperature the Seebeck coefficient
increases as with the increase in compressive strain because as from the band structure graphs it can
be seen that the top of valence bands at the gamma point are flat and this flatness increases with
increasing the compressive strain. For AgGaTe, and AgInTe,, the value of Seebeck coefficient for
-3% compressive strain is 1900 uV/K and 1850 uV/K respectively.

The variation of electrical conductivity (o/t) Vs T is shown in Fig. 10 (a) and (b) for
AgGaTe, and AgInTe, respectively. The electrical conductivities of AgXTe, (X=Ga, In) increases
with increasing the temperature showing the semiconductor like temperature dependance. For each
given temperature the electrical conductivity decreases with strain changes from tensile to
compressive for both AgGaTe, and AgInTe,. The unstrained compounds of AgGaTe, and AginTe,
have electrical conductivity of 6.3 x 10" 1/ Qm.s and 6.4 x 10" 1/ Qm.s respectively at 1000 K.
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Fig. 10. Variation of Electronic Conductivity with temperature of (a)AgIinTe, and (b)AgGaTe,.
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The PF can be calculated by Seebeck coefficient and electrical conductivity. The variation
of PF with temperature along the strain is shown in Fig. 11(a) and (b) it is observed from graphs
that Power factor improves by increasing temperature. It can be seen the PF of both the compounds
remain unchanged by applying strain up to 300K. Above 400K there is an exponential rise in the
value of PF for each value of applied strain. However, for the rise of +1% strain both the
compounds attain the highest value of PF. For AgInTe,, the unstrained value of PF is 1.5 x 10"
W/mk?s and the highest value is 1.6 x 10** W/mk?s at +1% tensile strain. By applying compressive
strain, PF decreases.
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Fig. 11. Variation of power factor with temperature of (a)AgIinTe, and (b)AgGaTe,.

4. Conclusion

In summary, we have investigated the effect of biaxial in plane strain on electronic, optical
and thermoelectric properties of AgXTe, (X: Ga, In). Our calculations shows that the strain strongly
affects the band gap of AgXTe, (X: Ga, In) but under all strain values shows the direct band gap
semiconducting nature. The absorption spectra show red and blue shifting with the tensile and
compressive strain.  The increase in flatness of valance band with compressive strain results in a
large Seebeck coefficient due the large hole effective mass. The effect of strain on the
electro-optical and transport properties of AgXTe, (X: Ga, In) can offer useful guidelines to design
thermoelectric and photovoltaic materials.
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