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Abstract

In the present investigation, we have examined the structural, optoelectronic and thermoelectric
properties of the compound ZnCrX> (X=S, Se, Te) using the full potential linearized augmented
plane wave (FP-LAPW) method with the generalized gradient approximation (GGA-PBE) and
the modified Becke—Johnson (mBJ) implemented on Wien2k code. By calculating the
electronic structure, we observed that the indirect band gap was 1.76 eV, 1.68 eV, and 1.59 eV,
for these selected compounds and the type of chemical bonding was ionic between Zn-X
and Cr-X. For the three ternary chalcopyrites their optical properties including optical
conductivity, complex dielectric functions, complex refractive index, reflectivity, energy loss,
and absorption coefficient were examined. The calculated optical conductivity indicates that
the studied compounds are suitable for optoelectronic applications as they have good
absorbance and less energy loss in the a low energy range of the electromagnetic spectrum. For
ZnCrTe2, the maximum reflectivity was in the low energy range (0.48 or 48% at 9 eV). The
BoltzTrap code was executed for the calculation of the thermoelectric properties and thermal
efficiency of the compounds investigated, depending upon the Seebeck coefficient, thermal
conductivity and electrical conductivity. The high value of the figure of merit and the Seebeck
coefficient (260 uV/k) defines the high efficiency of the materials studied. Hence, the studied
chalcopyrite compounds offer applications in solar cell devices and p-type semiconducting

nature predictive in transport investigations.
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1. Introduction:

With the exponential growth of the world population and the extending use of modern
electronic devices, it is impossible to keep up with the ever-increasing energy demand.
Recently, solar panels have seen an improvement in their efficiency, which has been
depicted in recent trends [1]. The vast majority of commercially available solar products are
built using silicon-based technology. The development of affordable solar cell materials with
greater efficiency is a growing area at the present  [2], [3]. However, by employing certain

techniques, it is possible to improve the yield of solar energy, despite the challenges that this

proposes  [1], [4].

Chalcopyrite type semiconductors are considered important in the context of solar cell
optoelectronic technology. The main rationale for their use is the upgrading of the capability
and the functionality in different applications, which may include: Solar Cells, Light Emitting
Diodes, filters used in nonlinear optics, and photovoltaic detectors [5]. The formula for
chalcopyrite compounds is A'B"C, which is known as ternary chalcopyrite compounds [6].
Their other general family groups include CuXY3 (Y=S, Se and X=In, Ga) [7], AgGaSe: [8], AgTiXz
(X =S, Se, Te) [9] and AgAIM; (M=S, Se, Te) [10] having a direct band gap, which ranges from
1.4 eV to 3.05 eV. The properties of chalcopyrite material suggest that they may be
important in the absorption, and evolution of certain visible ranges of the solar spectrum [11].
Kushwaha et al. studied the phonon and elastic properties of ABSe> (A = Cu and Ag; B = Al,
Ga and In) materials for solar cell applications [12]. Transition-metals based chalcopyrite s
are specific types of earth materials that include the following properties:  catalytic ,
various electronic, optical, and magnetic  [13]. Using  first-principles calculations, Ranjan
et al., have introduced Ag-based chalcopyrite having formula AgTiXz (X = S, Se, Te). They
studied and gained the experimental results, which showed a rectangular geometry, having a
maximum highest occupied molecular orbital and lowest occupied molecular orbital (HOMO-
LUMO) gap as well as doublet spin multiplicity associated with certain AgTiS, compound [9].
Electronic and Structural properties were examined by Ranjan et al., and they calculated the
HOMO-LUMO energy gap for the compound CuTiX; (X =S, Se and Te) to have a range of
energy gaps between 2.405 to 3.197 eV [5]. The study of ZnMnO; chalcopyrite and ZnCrO;
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has been done by Tabti et al., using TB-mBJ potential and reported wide band gaps in the

spin-down channel [14].

This work aims to investigate the optical and thermoelectric behavior of a series of ternary
chalcopyrites ZnCrX, (X =S, Se, Te) exhibiting body-centered tetragonal structure in the /I-42d
phase [15,16]. To check the electronic behavior of chalcopyrite compounds mBJ potential wa
s employed since GGA approximation yields an underestimated band gap value. Moreover,
the BoltzTrap code was used to calculate the thermoelectric properties of the studied

compounds.

2. Computational details:

Density Functional Theory (DFT) formalism was employed by (FP-LAPW) [17-18] scheme in
Wien2k code [19] for the study of ZnCrX; (X=S, Se, Te) chalcopyrite. Perdew Burke Ernzerhof
Generalized Gradient Approximation (PBE-GGA) [20] and modified Becke Johnson method
(mBJ) approach [21] we re adopted for exchange correlation potential. By considering a cut-
off of RmtKmax = 9.0, the wave functions plane was enlarged in a zone known as the interstitial
zone. The value of the potential and Gmax=12 shows the Fourier charge density has increased,
while the spherical harmonic functions have a value Imax=10. The total is converged without
even overlapping the atomic spheres -9.0 Ry and it’s cut-off energy, which calculates the
segregation with the valence states and the core. 1000 k-points (10 x 10 x 10) were used for
the betterment of the energy convergence within the Monk Horst-Pack k-mesh test [22]. The
self-consistent field for the convergence criteria of energy was set to the values of 10 Ry, 10
4 e for energy and charge respectively. We used the modified Becke-Johnson type potential,
which is an accurate recent potential to calculate the band gap value [23], resulting in a better,
more accurate band structure computation that is similar to the experimental data. The

following relation was used for the calculation in DFT

Bj, 1
Ure (1) = cugf + (3¢ —2) -

)

Where u2% is the Becke-Roussel potential, p, represents the symbol for electron density, 7,
resembles (K.E) kinetic energy, [24] parameter ¢ defines the System-Dependent parameters,

where in  equation 1, c=1 corresponds to the actual Becke-Johnson potential. For bulk



crystalline materials, an empirical relation was introduced by Blaha and Tran for the

calculation of C (equation 2), which is:

1
C=a+[3(if Vpg(r)d3r,)z (2)

Veen * cell pa‘(r,)

Where the unit cell volume (Veen), o and B values —0.012 & 1.023 bohr!? respectively

are determined from the crystal structure as seen in Fig 1 [25, 26].

3. Results & details
3.1 Structural details:
3.1.1: Geometry of unit cell:

The ternary chalcopyrite compound crystallizes with a body centered tetragonal structure
[27] at absolute pressure and temperature. The 1-42d space group unit cell consists of 8
positions, which have been elaborated in Fig. 1. Within the computation, the corresponding
atoms positions within a unit cell of chalcopyrite structure have been employed :Zn (0, 0,0)
(0,1/2,1/4); Cr (1/2,1/2,1/2) (0, 1/2, 3/4); S/Se/Te (u, 1/2, 1/8) (—u, 3/4, 1/8) (3/4, u, 7/8),
and (1/4, —u, 7/8). To obtain the minimized energy of the unit cell for the compounds ZnCrX;
(X='S, Se and Te), for the approximate optimization of the lattice parameters, GGA-PBE has
been adopted. The unit cell optimized calculations are done for the lattice parameters a, (c/a),
(Bo) the bulk modulus, and the pressure derivative of the first bulk modulus (B'). Murnaghan’s

equation of state [28] is used for the calculation of the total energy from which the ground

3
state energy and volumes are determined.[ B’ (1 —VVO) - (%) - 1] The energy versus

volume fitting curve has been presented in Fig. 2, which represents the ground state energy
of the concerning compounds. After optimization the calculated lattice parameters, including
a, ¢, n, Boin GPa, bulk modulus derivative B in GPa, the ground state energy Epand Volume Vp
are presented in Table 1. It is observed that by replacing the atoms as S ->Se =>Te in the
compound ZnCrX,, the lattice constants a, ¢, volume, and ground state energy increases but

the pressure bulk modulus and its derivative decreases. For an ideal case, the  tetragonal
chalcopyrite structure has bond lengths which are equal, n= i =1.Asn# 1, this means

that there is distortion within the ideal tetragonal structure and anion displacement is present

[29]. A measure of distortion in the unit cell bond lengths can be calculated.
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Fig. 1. Crystal Structure of ZnCrX; (X=S, Se, Te) chalcopyrite compounds using PBE-GGA

3.1.2 Bond length:

The crystal lattice of the chalcopyrite structure is indicated by the lattice parameters a, c,
bond length (Rz,,_x, Rcr—x ) and dimensionless anionic displacement u which is known as the
internal parameter [30]. Anion displacement u represents how an anion displaces from its
ideal position in a tetrahedron. The bond length of two chemical bonds (Zn—X and Cr-X) was

determined using equations 3 and 4, [31]:
2 1+7)2 l
RZn—X == a[u +T]2 (3)

1\2 14521
RCT—X = a[(u2 - E) + 1_;7]2 (4)

From the ideal case, the internal parameter u = 0.25, but for the non-ideal case, the bond
length is R,,_x # Rc-_x due to dissimilar atoms in ZnCrX; (X=S, Se, Te), thus u # 0.25. In the
case where the calculated parameters are larger than the ideal parameter, tetragonal anion
distortion is higher [32]. The question arises, how much alteration occurs in the bond of a
system? The answer to this, is determined by anion displacement u and calculated by using

the relation:

2 2
u = 0.25 + (FL=x_for-x) (5)



Bond length (Rz,,_x, Rcr—x) and anion displacement u are presented in Table:1. For ZnCrX;
compounds, the range from 0.347 to 0.375 shows the anion displacement u which further
leads towards distortion from ideal Zinc blend structure known as small tetragonal distortion.
Whereas we discuss the representation values, when u is less than 0.25 (u < 0.25), the Cr site
anion X is displaced away from it, hence showing the movement toward the Zn site, which
results in a shorter bond length of Zn—X as compared to the Cr—X bond length, which overall
results towards volume compression. When u is greater than 0.25 (u > 0.25), then the anion
X shows the movement towards the Cr site, which results in the increment of Zn—X bond
length. Thus the overall result leads towards expanded volume [33]. It can be seen from Table
1 that u > 0.25, then there is a shorter Cr-X bond length and an increase in bond length of
Zn—X that further leads towards volume expansion. The value of the bond lengths increases

by replacing atoms, as S ->Se —>Te anion displacement is increasing and volume is also

increasing.
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Fig. 2. Total energy Vs volume curves of ZnCrX; (X='S Se Te) using PBE-GGA approximation



Table 1: Lattice constants (a & c), pressure bulk modulus and its derivative, ground state
energy and volume, internal parameters (n and u), and bond length.

Compound  a=b c Bo B E. Ve n=2i Rzn-x  Rer-x u
a
(A) (A)  GPa  GPa  (Ryd) (a.u.)’ i (A) (A) -
ZnCrS; 571 10.67 88.40 5 -14581.561 1007.075 0.934 2.447 1.672 0.347
5
ZnCrSe; 587 1125 64.02 5 -30829.706 1185.716  0.958 2.5818 1.7708 0.352
2
ZnCrTe; 6.62 1195 53.69 45 -65762.136 1483.516 0.902 2.992 1.8579 0.375
9

3.2 Electronic properties:

It is important to understand the electronic behavior of materials as it helps us gain an
appropriate domain for their use and the results lead us to confirm the demand for material
specially in the solar cell field [34]. The band structure and the state densities using the mB)J

potential have been plotted in Fig. 3.
2.2.1 Band Structure:

The band structure curves of these compounds were studied and show the representation of
the conduction band and valence band having a Fermi level within the energy gap between
the bands Theindirectbandgap valuesare estimated by using TB-mBJapproximation,
the calculated values are 1.76 eV, 1.62 eV and 1.59 eV for ZnCrS,, ZnCrSez and ZnCrTe;
respectively. Hence this shows that the behavior of these three compounds is semiconductor
behavior. A decrease in band gap is found with the transition of atom from S to Te in the
ZnCrX; compound. An analogous decrease within the band gap of these materials ZnCrX; (X=S,
Se, Te) results in the anions substitution of S, Se, and Te and this behavior is reported in other
theoretical articles [35]. Hence it is concluded that by decreasing the band goto 1.59 eV,
the anions S, Se, & Te have played a vital role. Similarly, the semiconductor nature and smaller
band gaps confirm that the concerning materials are good candidates for the production of

photovoltaic gadgets.

3.2.2 Total & Partial Density of States (TDOS and PDOS):



The density of states plays a major role and provides a vital tool in the disclosure of the
physical properties of any material. This investigation leads us to know the involvement of
atomic states to a specific band set by decomposing the (TDOS) total density of states into
the orbital contributions (s, p, and d), that describe the projected density of states (PDOS)
[36]. Therefore, it strengthens for explaining the general characteristics of bonding within
such materials which are shown in Figure 3. This figure shows the results regarding the partial
and total electronic density of states. Gaps within the states of the conduction band and the
valence band in the total density of states confirm the semiconducting behavior of the

compounds.

Forallthree compounds, the Cr-d and S/Se/Te-p orbitals are mainly driven by the electronic
states around the valence band ranges from -2 eV to -3 eV, whereas the Cr-d states
dominate in conduction band ranges from about 2 eV to 3 eV. We remark that nearly all of
the S/Se/Te p-states are in the middle within the valence band from -3 eV to -5 eV, while
negligible contribution is present in the conduction band. Whereas, the Cr-d character and its
presence within the upper valence band (0 to -0.5 eV) plays an important role in the optical

band gaps within these materials [37].
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Fig. 3. Total densities of states (TDOS) & band structure of ZnCrX, compounds:(a) ZnCrS,, (b)
ZnCrSe; (c) ZnCrTe; using mBJ potential

3.3.2 Electronic Charge Density:



The chemical bonding present within the elements of the ternary chalcopyrite ZnCrX2 (X=S,
Se, and Te) compounds depends on the band structure as well as the density of states
(DOS), ,thus we need to calculate the electronic charge density within the (100) plane, with
mBJ potential as shown in Fig. 4(a-c). When the electronegativity difference is large the ionic
bond occurs whereas the covalent bond occurs with a small electronegativity difference [38].
We observed that when the Zn, Cr, S, Se, and Te charge is transferred, their results show an
ionic bond nature, this is caused due to a huge difference within the electronegativity present
between them. These electronegativity values for Zn, Cr, S, Se, and Te are 1.65, 1.66, 2.58,
2.55, and 2.1 respectively. The electronegativity difference Zn and Cr with Siis (0.93 and 0.92),
with Se is (0.9 and 0.89) and with Te is (0.45 and 0.44), observed that ionic bond character is
decreasing by replacing the S atom with Se and Te. Fig. 4 (a-c) shows the spherical
representation for the charge density lines among the atoms, and the figure also indicates

the ionic bonding of the examined components.

(a) ZnCrS; (b) ZnCrSe; (c) ZnCrTe;

Fig.4. Electronic Charge Density (ECD) representation of (a) ZnCrS, (b) ZnCrSe; (c) ZnCrTe:
compounds using mBJ potential

3.3 Optical properties:

In the discussion of optical properties, the optical response of material can be acquired from

the Complex Dielectric Function (CDF) which is related to the band structure [39].

3.3.1 Complex Dielectric Function (CDF):



The CDF is determined by using Maxwell’s equations. The presence of the electromagnetic
wave CDF mainly attributes to the inter-band transition, which is beneficial for the formation
of semiconductors and the intra-band transition, which is useful for the formation of metals
[40]. The optical properties of the concerning compound are examined which elaborates on
the linear optical properties present in materials. The formalism for complex dielectric

function depending on Ehrenreich Cohen is given  [41,42]: g(w) = €1(w) + i€z(w)
The dielectric function is divided into two parts:

1. Real part €1(w)

2. Imaginary part &2(w)

The second part (imaginary part) gives us the representation of how much energy is absorbed

by the material, it is stated as follows [43]:

42 e? . .
(@) =258, UMIAf(1— f)8(E — E; — w)d’k (6)
A photon incident on the material means that dispersion occurs that is presented by the real
part of dielectric £1(w). By using the Kramer’s Kronig relation [44] it can be obtained from the

matrix of the imaginary part of dielectric e2(w).

w 82(0.) )dwl (7)

2
w' —w?

2 [¢e]
51((0) =1 +;Pf0

In Fig. 5(a, b)  the results of the dielectric function £1(w) and &2(w) are calculated for both
the real and imaginary parts, with the function energy ranging from 0to 12 eV. 1(w) gives
the representation about how much dispersion by the incident photon within the material,
and &2(w) resembles how much energy is absorbed by the material [45]. e2(w) is also related
to the optical transitions between the conduction band and the valence band, which give
confirmation of the band gap for the concerning compounds ZnCrX,(X= S, Se, Te) with the

result is obtained in the band structure [46].

Fig. 5a displays the calculated real part values as a function of incident photon energy. At zero
frequency, the real part of the dielectric is called a static optical dielectric constant. Band gap
variations are described by a static dielectric constant depending on the Kronig-Penney model

[44]. The compounds which have shorter band gaps possess higher static dielectric constant



values [47]. The static dielectric functional €1(0) values are 4.9, 5.6, and 6.5 for ZnCrX; (X=S,
Se, Te) and it is highest for ZnCrTe; while the band gap is smallest . Also, ZnCrS; has a smaller
dielectric function €1(0) while the band gap is larger. The studied materials show the value of
€1(w) has greater values in the range (3-5 eV) representing maximum polarization and
minimum dispersion of light from the material [47]. Hence it is observed that the real part of
the dielectric function €:(w) increases until reaching a maximum showing major peaks at 4.5
eV, 4.1 eV, and 3.2 eV for ZnCrS;, ZnCrSe;, ZnCrTe; respectively, with the peaks shifting to
lower energy values from S to Te. Then the €1(w) decrease to the negative values for the
three studied compounds. The incident photons are entirely reflected because the real part
of the dielectric constants has a negative value and the compound shows metallic behavior in
this region [48]. In Fig. 5b; the imaginary part of dielectric €2(w) shows that the threshold
values of concerning compounds are 1.3 eV,1.2eVand 1.1 eV, which show the start of
optical transition in compounds. Also, the peaks of the imaginary parts of the dielectric
constant g2(w) reach their maxima at 5 eV, 4.5 eV and 3.5 eV for ZnCrS;, ZnCrSe; and ZnCrTe;
respectively. The large size of the peaks can be explained by an important absorption of the
phonons [11]. Itis found that ZnCrTe; exhibits higher absorption in comparison to ZnCrS; and

ZnCrSe,; compounds with higher energy photons.

(a)
" F =1 * 0 ¢ L=
Il — ZnCrS, |,
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. 2
* 3
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Fig. 5. Dielectric function (a) Real part €1(w). (b) Imaginary part €2(w) of ZnCrX; (X=S Se Te) as

a function of photon energy using mBJ potential

3.3.2 Complex Refractive Index:



The complex refractive index, " n = n + ik, with n as the phase velocity and k as the extinction
coefficient was calculated according to the following relations: n? — k? = &, (w) real part and

2nk = &,(w) the imaginary part of the complex refractive index [49].

The refractive index is a dimensionless number that describes the propagation of light
through material and the values elucidate different spectroscopic data [23], [50]. The

refractive index measures the transparency of a material [51] and by using dielectric functions

/e%(w)+sf (w)+&1(w)

2

formulated as: n(w) = . In Fig. 63, the results show that the static

refractive index n(0) (refractive index at zero frequency) value is 2.2, 2.3, and 2.5 for ZnCrS,,

ZnCrSe;, and ZnCrTe; respectively. It was found that it is related to the real part of dielectric

function by the relation: n(0) = \/m [52]. The increase in energy shows the increase in
the refractive index values, with afew sharp peaks in the energy range of 3-5 eV, which
implies these materials are applicable for optoelectronic devices [53]. The highest refractive
index value is determined around 4.8 eV, 4.2 eV, and 3.3 eV for ZnCrS;, ZnCrSe3, and ZnCrTe;
respectively. Thus, ZnCrTe; has the highest refraction among these materials with maximum
transparency. The refractive index decreases to its minimum value of around 12.0 eV as
interacting photons increase. If the refractive index is less than 1, then phase velocity
increases but the group velocity remains less than the speed of light, thus the equation of

relativity remains unaffected [38].

The extinction coefficient is the decay or damping in the oscillation amplitude of the incident

electric field [54]. The extinction coefficient based on the dielectric function is determined by

/8% (w)+e%(w)—&1(w)

2

the relation [55]: n(w) = . It reveals the capability of the material to

absorb incident light and is similar to &,(w) [51]. The extinction coefficient K(w) is presented
in Fig. 6b and it shows that ZnCrSe; has a greater value than ZnCrS; and ZnCrTe; in the visible
region of the electromagnetic spectrum. While ZnCrTe; has a greater value for high energy
photons in the ultraviolet region ranging from 3 eV to 7 eV, then decreases to a lower

extinction coefficient after 8 eV of photon energy.
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Fig. 6. (a) Refractive index n(w) and (b) extinction coefficient K (w) as a function of the
photon energy of compounds ZnCrX2 (X= S Se Te) using mBJ potential.

3.3.3 Optical conductivity and absorbance coefficient:

Optical conductivity o (w) studies the conduction process that emerges from a photo electron

that interacts with a material Fig. 7 (a) shows the optical conductivity calculated by the relation:
w

2 €2 (w) [56] and it provides information about the optical transitions of the materials.

o(w) =
Higher optical conductivity of all compounds were found in the 6—8 eV range and the sharp
peaks are shifted to lower photon energy by changing the atoms in order of S >Se >Te at
8.1eV, 7.4 eV, and 6.1 eV values respectively. It was found that ZnCrTe; has greater optical
conductivity for low energy photons, this is indicative of large absorption of a photon in this
range. These materials exhibit significant absorption in the UV region of the solar spectrum,

making them ideal for UV detectors, X-ray phosphors, photovoltaic materials for space

technologies, and LED solid-state illumination [57].

The absorption coefficient shows how much light an electromagnetic wave loses when it

travels through a material of a given thickness [58] and the absorption coefficient can be

V2w

calculated as [59]: a(w) = T\/\/e%(w) + €3(w) — €1(w). Fig. 7(b) shows the absorbance

coefficient perpendicular to c of the electromagnetic waves up to 12 eV, for the different
compounds. It is observed that the materials can absorb incident photons through direct and
indirect electronic transitions, when the energy of the incident solar radiation exceeds the
energy band gap (Eg) of the material. The fluctuation in the absorption edge of ZnCrS;, ZnCrSe;,

ZnCrTez at 1.8 eV, 1.7 eV and 1.6 eV is related to the band gap, which begins at approximately



the same value of €;(w). Also, maximum absorption is in the ultraviolet region with the
greatest values for ZnCrS; and ZnCrSe; in the range of 9-12 eV, while it decreases for ZnCrTe;
in this region. The greater optical conductivity and absorbance of ZnCrTe; is in the range from
3 eVto 7eV.ltis found that results correspond with the other chalcopyrite compounds like
NaGa$S;, NaGaSe;, NaGaTe;, GaCuS;, InCuS;, and AICuS; in the photon energy range of 6-10
eV [60,11]. From the absorption edge values it can be concluded that the ZnCrX; compounds

are good candidates for optoelectronic devices.
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Fig. 7. (a) Optical Conductivity o(w); (b) Absorbance coefficient a(w) as a function of the

photon energy of compounds ZnCrX; (X=S, Se, Te) using mBJ potential
3.3.4 Reflectivity and energy losses:

For the construction of opto-electronic surfaces in a particular device, it is imperative to
explore the behavior of the material by the phenomenon of light reflectivity R (w) [56]. The
computed reflectivity pattern for all studied compounds is plotted in Fig. 8(a). The static
values of reflectivity R (0) are 0.14, 0.16, and 0.19, also observed is that the value of R (0)
increases by varying anions from S -Se —->Te. The refractive index and reflectivity follow
similar trends [51]. The maximum reflection is 47% for ZnCrTe; as its absorbance is lower than
the other two compounds in the ultraviolet energy region and ZnCrS; shows lower reflectivity.
It can be seen that ZnCrS; shows maximum reflectivity at 5 eV. Therefore, it can be confirmed

from this research that material ZnCrTe; has a large reflection.

As we have observed, heating, dispersion, or scattering phenomena are some factors of

optical loss that result in the energy loss of our studied compound ZnCrX; (X='S Se Te ) as



shown in Fig. 8(b). Interband transitions, intraband transitions & plasmonic excitation, these
important factors are provided by the spectra of energy loss. As a result, the electron energy
loss spectrums with higher values provide information about plasmon resonance, also known

as plasmon frequency. Incident radiation reflection off the material from its surface will occur

&2(w)

—=—~<——  we can evaluate the
s% (a))+£% (w)’

in that specific range [53]. By adopting this equation: (w) =

energy loss L (w) of any type of material [53]. Therefore, the loss parameters were evaluated
for the optical behavior of the compounds, results show that they have maximum absorption
and the low energy range lies from 0-8 eV minimum energy loss. Whereas in the high energy

range (8-12eV) forZnCrS,; the compound exhibits higher energy losses but absorbance

is lower.
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Fig.8 (a) Reflectivity R(w), (b) Energy loss L(w) as a function of the photon energy of

compounds ZnCrX; (X=S, Se, Te) using mBJ potential

3.6 Thermoelectric performance:

During this technological age heat loss is higher; in this regard, researchers are
considering converting the wasted heat into electrical energy [61, 62]. It is important to
determine the thermoelectric behavior of compounds, thus the classical Boltzmann transport
theory was implemented in the BoltzTraP code along with wien2k by using the following

relation [61]:

1 . 5( —§&j, )
Uaﬁ(g) = ﬁZi,k Uaﬁ(l: k) % (8)

oap(i,k) = €210, (i, k) vp(i, k) 9)



Equation 8 represents the transport coefficient and equation 9 is k points dependent

transport tensor, also 7 is relaxation time and v, (i, E) is the group velocity component. In
investigating transport properties no material is affected by band structure because electrons

are the carriers of properties [56]. The performance of thermoelectric devices is calculated by

. . . . . . 52 . .
using a dimensionless quantity, the figure of merits ZT = TJT . In this equation, o represents

electrical conductivity, S represents the Seebeck coefficient, T represents temperature
and k represents thermal conductivity. For an efficient thermoelectric device electrical
conductivity and Seebeck coefficient value should be high and thermal conductivity must be
low [63]. Chalcopyrites are considered to be valuable candidates for thermoelectric devices
as they show low thermal conductivity and a high Seebeck coefficient. The thermoelectric
behavior of the materials ZnCrX; (X = S, Se, Te) are shown in Fig. 9(a—d) and were

investigated in the 0—800 K temperature range.

Fig. 9a shows the electrical conductivity that represents the availability of electrons for
conduction by increment in temperature [60]. Taking integration of the transport tensor the

o as a function of absolute temperature and chemical potential are illustrated by equation
[61] [64]:04p(a, ) = éf Oqp(€) [— W] de. Electrical conductivity presented 9a is

calculated in exa (E) prefix. It is obvious from Fig. 92 that electrical conductivity also rises
with an enhancement of temperature. It can be seen that at room temperature ZnCrTe; has
higher electrical conductivity as compared to ZnCrS; and ZnCrSe;. The electrical conductivity

of ZnCrTe; at 300 K is 3 x 1081/ Q. m.

In thermoelectric properties, thermal conductivity is important to discuss. In semiconductors
thermal conductivity is contributed by both electron and lattice vibrations and expressed by
the relation k= kig: +kei, here kiqr is the lattice conductivity and ke is electrical conductivity [65].

Asthe lattice conductivity contributes lesstothe thermal conductivity, only the electronic

(e —

component is taken into account and it can be determined as: k, ==

9 . -
w)? a(s)%‘g)ds. It is assumed that thermal conductivities only depend on temperature,

which is widely used in thermoelectric materials. Fig. 9b is the presentation of thermal

conductivity that increases with an increment in temperature. At room temperature ZnCrTe;



thermal conductivity is less than electrical conductivity but has a greater value of 70 T (W/m.k)

than the other two compounds.

The Seebeck effect is defined by the potential created in a material by the movement of
electrons, which results in a temperature difference across the material. The formula of the
Seebeck coefficient in form of a distribution function is written as [62]:

a 0 T' )
Sap(To1) = oup(ee ~ ) [~ LE ] g

1
eTQogp (T, w) f

By changing the temperature, the Seebeck coefficient (S) values also change as shown in Fig.
Sc. It is clear that the Seebeck coefficient is increasing at first and then decreasing after room
temperature for ZnCrSe; and ZnCrTe; while for ZnCrS; the Seebeck value is lower than the
other two compounds. Seebeck is calculated in micro (1 V/K) and the highest Seebeck value
at 170 K is 260 u V/K for ZnCrTe, which shifted to lower at room temperature. For ZnCrSe;
the highest Seebeck value is 240 u V/K at 390 K. The positive or negative sign of the Seebeck
coefficient reveals the type of free charge carrier in the material. The positive Seebeck
coefficient value possesses the p-type material and has extra holes while the negative
Seebeck coefficient value possesses n-type material with the majority of electrons [51, 66]. It
clarifies that all concerning materials are p-type materials with positive Seebeck coefficient

values.

To predict the efficiency of material, it is important to know the power generation of material
and this is known as the power factor of the material. The material will not be beneficial
enough if its power factor is low while the best recommendation for material application is
those that exhibit a higher power factor. It is related to the Seebeck coefficient and electrical
conductivity so by attaining moderate S and o values an optimal power factor can be achieved
[67]. Depending on the temperature, the power factor is increasing as plotted in Fig. 9d. The
power factor is plotted in Giga (G W/mk?s) and PF value is maximum for ZnCrTe; at 500 K but

decreases at 800 K. This means that ZnCrTe; has maximum power conversion efficiency.
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Fig. 9. (a) Electrical conductivities (o); (b) Thermal conductivities (k); (c) Seebeck coefficient
(S); and (d) Power Factor (PF) for ZnCrX, (X='S, Se, Te) compounds using mBJ potential +
BoltzTrap code

The figure of merits describes how far the concerning material is efficient for thermoelectric
application. Depending on the temperature the figure of merits is presented in Fig. 10. It is
found that ZT increases by increment in temperature. Figure 10 shows that ZnCrTe; is highly
efficientasits  figure of merit is high at 93% efficiency, while ZnCrS; is less efficient than the
other two compounds. ZnCrSe; shows its maximum figure of merit at 400 K after that it goes
on decreasing by increment in temperature. Calculated values of the figure of merit at
different temperatures are presented in Table 2. Results reveal that ZnCrTe; has a maximum
figure of merits up to 0.92 at 150 K which is greater than CulnTe; in bulk and surface [68]. It
has been concluded that ZnCrTe; has credibility for thermoelectric applications like

thermocouple, refrigerators, electric generators, etc., [69].

0.9 —

0.8 —

Ko7

0.6 [~ +— ZnCrS, -
>—e Zn(,‘rSc:
m—m ZnCrTe,




Fig. 10: Figure of merits of ZnCrX; (X=S, Se, Te) for ZnCrX; (X=S, Se, Te) compounds using
mBJ potential + BoltzTrap code

Table 2: At different temperature figures of merit ZT for ZnCrX2(X=S, Se, Te) compounds

Temperature Compounds
ZnCrS; ZnCrSe; ZnCrTe;
100K 0.60 0.63 0.83
300K 0.72 0.83 0.88
500 K 0.78 0.87 0.81
Max. figure of 0.83 0.88 0.92

merits

4. Conclusion:

The present study shows the investigation of optoelectronic and thermoelectric properties of
ZnCrX; (X= S, Se, Te) with first-principles calculations in the framework of DFT using
WIEN2k code. The g round state energy of the compounds were calculated in 1-42d space
group, and they exhibit body centered tetragonal geometry with anion displacement toward the
Cr atom. For the electronic properties using modified Becke-Johnson potential, the band gap
tends to decrease in the order (S— Se — Te) with 1.76 eV, 1.68 eV, and 1.59 eV values and
chemical bonding is more ionic in ZnCrS> due to large electronegativity difference. From the
optical properties, it is concluded that ZnCrTe> exhibits good optical conductivity and very
small energy loss in the 0-6 eV energy range of the electromagnetic spectrum. The optical
behavior of ZnCrTe, material makes it a promising candidate for optoelectronic devices.
Plasmonic excitation is increased for ZnCrTe, after 6 eV causing more energy losses. In the
high ultraviolet region absorbance is lower for ZnCrTe; while reflectivity is higher but in a
lower region of the energy spectrum absorbance is higher which is suitable for photovoltaic
applications. Moreover, ZnCrSe; and ZnCrTe are characterized as highly efficient

thermoelectric materials due to their lower thermal conductivity and high Seebeck coefficient



values. ZnCrTe; has maximum efficiency as it has 0.92 figures of merit. These compounds will
provide an important perspective in the thermoelectric and optoelectronic fields.
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