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Here in, we have investigated fundamental inherent physical properties like as structural, electronic, optical, elastic, thermal etc of the
ZnSnSb; by using the accurate full potential linearized augmented plane wave (FP-LAPW) method. These materials have higher energy
gaps and lower melting points as compared to their binary analogues, because of which they are considered to be important in crystal
growth studies and device applications. For structural properties, the minimization has been done in two steps, first parameter u is
minimized by the calculation of the internal forces acting on the atoms within the unit cell until the forces become negligible, for this
MINTI task is used, which is included in the WIEN2K code. Second, the total energy of crystal is calculated for a grid of volume of the
unit cell (V) and c/a values. Five values of c/a are used for each volume and a polynomial is fitted to the calculated energies to calculate
the best c/a ratio. We have presented the electronic and optical properties with the recently developed density functional of Tran and
Blaha. Furthermore, optical features such as dielectric functions, refractive indices, extinction coefficient, optical reflectivity,
absorption coefficients, optical conductivities, were calculated for photon energies up to 40 eV. We have used WC and TB-mBJ
exchange correlation potential for these properties and yield a direct band gap of 0.46 eV for this material and the obtained electronic
band gap matches well with the experimental data. The TB-mBJ potential gives results in good agreement with experimental values
that are similar to those produced by more sophisticated methods, but at much lower computational costs. The main peaks of real part
of the electronic dielectric function &1(®w) which is mainly generated by electronic transition from the top of the valence band to the
bottom of conduction band, occurs at 1.59 eV and &1(®) spectra further decreases up to 4.99 eV. The imaginary part of the electronic
dielectric constant e2(®) is the fundamental factor of the optical properties of a material. The proposed study shows that the critical
point of the e2(®) occurs at 0.42 eV, which is closely related to the obtained band gap value 0.46 eV. The maximum reflectivity occurs
in region 3.74-11.33 eV. This material has non-vanishing conductivity in the visible light region (1.65 eV-3.1 eV), the main peak occurs
at 3.80 eV, which fall in the UV region. The elastic constants at equilibrium in BCT structure have also determined. The elastic stiffness
tensor of chalcopyrite compounds has six independent components, because of the symmetry properties of the space group, namely
Ci1, Ci2, C13, Cs3, Ca4 and Ces in Young notation. The thermal properties such as thermal expansion, heat capacity, Debye temperature,
entropy, Griineisen parameter and bulk modulus were calculated employing the quasi-harmonic Debye model at different temperatures
and pressures and the silent results were interpreted. To determine the thermodynamic properties through the quasi-harmonic Debye
model, a temperature range 0 K 500 K has been taken. The pressure effects are studied in the 0—7 GPa range. Similar trends have been
observed in the considered temperature range, but above 600 K trends get disturbed which may be due to melting of material. Based
on the semi-empirical relation, we have determined the hardness of the materials, which attributed to different covalent bonding
strengths. Most of the investigated parameters are reported for the first time.

KEYWORDS: Ab-initio calculations; electronic properties; optical properties; elastic constants; thermal properties

The A" B C," semiconductors have recently received attention due to their potential usage in various nonlinear
laser devices [1-3], i.e. second harmonic generation, sum mixing, difference frequency generation and parametric
oscillation covering a broad part of the electromagnetic spectrum from ultraviolet to the infrared through the visible region.
These materials have higher energy gaps and lower melting points as compared to their binary analogues, because of
which they are considered to be important in crystal growth studies and device applications. Apart from it, the other
important technological applications of these materials are in light emitting diodes, infrared detectors, infrared oscillations,
etc [4-8].

A considerable amount of experimental and theoretical work related to the prediction of crystal structures, lattice
constants, phase diagrams and related properties has been done during the last few years [9-13]. But comparatively, less
attention, however, has been paid to the ZnSnSb, which adopts a chalcopyrite structure [14,15]. Tenga et al [16] have
studied the high temperature form of ZnSnSb, which adopted a disordered cubic sphalerite structure where Zn and Sn
atoms are randomly distributed over the same crystallographic position. A first principles investigation by the same group
suggests that the tetragonal low-temperature form of ZnSnSb, has a narrow band gap of about 0.2 eV in agreement with
the semimetal behavior of the material. Very recently, Mishra et al [17] have demonstrated the effect of the p—d
hybridization, structural distortion and cation electronegativity on the band gap of the ZnSnSb, by using Tight binding
Linear Muffin-Tin orbital method.

In the paper we present the structural, electronic, optical, elastic and thermal properties of ZnSnSb, in chalcopyrite
phase. We have presented the theoretical study of expansion coefficient (a), heat capacities (Cy and C,), bulk modulus (B
and B;), Debye temperature (0p), hardness (H) and Gruneisen parameter (y) of ZnSnSb, which are nevertheless scarce in
literature. The outline of the paper is as follows. In section II we have given a brief review of the computational scheme
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used. The calculations of the structural, electronic and optical properties along with the computed elastic and thermal
properties are described in section III; while the summary and conclusions are drawn in section VI.

COMPUTATIONAL METHODS

The calculations were done using FP-LAPW computational scheme [18,19] as implemented in the WIEN2K
code [20]. The FP-LAPW method expands the Kohn-Sham orbitals in atomic like orbitals inside the muffin-tin (MT)
atomic spheres and plane waves in the interstitial region. The Kohn-Sham equations were solved using the recently
developed Wu-Cohen generalized gradient approximation (WC-GGA) [21,22] for the exchange-correlation (XC)
potential. It has been shown that this new functional is more accurate for solids than any existing GGA and meta-GGA
forms. For a variety of materials, it improves the equilibrium lattice constants and bulk moduli significantly over local-
density approximation [23] and Perdew-Burke-Ernzerhof (PBE) [24] and therefore is a better choice. For this reason we
adopted the new WC approximation for the XC potential in studying the present systems. Further for electronic structure
calculations modified Becke—Johnson potential (TB-mBJ) [25] as coupled with WC-GGA is used.

The valence wave functions inside the atomic spheres were expanded up to /=10 partial waves. In the interstitial
region, a plane wave expansion with RutKmax equal to seven was used for all the investigated systems, where Ry is the
minimum radius of the muffin-tin spheres and Kmax gives the magnitude of the largest K vector in the plane wave
expansion. The potential and the charge density were Fourier expanded up to Gmax = 10. We carried out convergence tests
for the charge-density Fourier expansion using higher Gmax values. The Ryt (muffin-tin radii) are taken to be 2.2, 2.22
and 2.15 (in atomic unit) for Zn, Sn ans Sb respectively. The modified tetrahedron method [26] was applied to integrate
inside the Brillouin zone (BZ) with a dense mesh of 5000 uniformly distributed k-points (equivalent to 405 in irreducible
BZ) where the total energy converges to less than 107 Ry.

RESULTS AND DISSCUSSION
Structural Properties

The ternary chalcopyrite semiconductor crystallizes in the chalcopyrite structure with sapce group 7 —42d (D)}).
The Zn atom is located at (0,0,0); (0,1/2,1/4), Sn at (1/2,1/2,0); (1/2,0,1/4) and Sb at (u,1/4,1/8); (-u,3/4,1/8); (3/4,u,7/8);
(1/4,-u,7/8). Two unequal bond lengths dzn-sp and dsn-sp result in two structural deformations, first is characterized by u
parameter defined as u=0.25+ (dza.sp> — dsn.sv>)/a> where a is the lattice parameter in x and y direction, and the second
parameter n=c/a, where c is lattice parameter in z direction which is generally different from 2a.

To determine the best energy as a function of volume, we minimized the total energy of the system with respect to
the other geometrical parameters. The minimization is done in two steps, first parameter u is minimized by the calculation
of the internal forces acting on the atoms within the unit cell until the forces become negligible, for this MINI task is used
which is included in the WIEN2K code. Second, the total energy of crystal is calculated for a grid of volume of the unit
cell (V) and c/a values, where each point in the grid involves the minimization with respect to u. Five values of c/a are
used for each volume and a polynomial is then fitted to the calculated energies to calculate the best c/a ratio. The result is
an optimal curve (c/a, u) as a function of volume. Further a final optimal curve of total energy is obtained by minimizing
the energy verses [V, c/a (V), u (V)] by FP-LAPW calculations and Murnaghan equation of state [27].

Further we have used the calculated lattice constants for determination of inter atomic distance for A—C and B—-C
bonds by the following relations [15].

x=0.5-(c?/32a> — 1/16)"%; dac = [a’x? + (42 + c?) / 64]';
dpc = [22(1/2 — x)? + (4a2+ ¢?) / 64]"% d (in A) = (dac + d.c)/2. 1)

We have also calculated the bulk modulus (B in GPa) by using the semi-empirical equations developed by Verma
and co-authors [28, 29] for chalcopyrite semiconductors as follows,

kT
B=A+Sx322,Z, X(BTJ )

B=4056(2,2,Z,)""d", (3)

where kg, T, © and d is the Boltzman’s constant, melting temperature, bond volume and inter atomic distance
respectively; Z1Z,Z5 (product of ionic charges)48 for A"B'VC," semiconductors. A and S are constants and the values are
9.09042 and 38.47051 respectively for the chalcopyrite semiconductors. Table 1 presents the lattice constants and
obtained along with the bulk modulus and its pressure derivative (B"). The calculated total energy per ZnSnSb; unit as a
function of volume is shown in Fig. 1.
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Fig. 1. Calculated total energies as a function of volume of ZnSnSbz
Table 1
The various obtained parameters of ZnSnSb; calculated in WC-GGA
a(A) c(A) u d (A)°¢ B (GPa) B’
6.259* 12.901% 0.235* 2.739% 46" 7.978"
6.273% 12.546% 2.716% 35%, 47*%, 49***
QF(103°m?) T (K)* n? nP £ oo
32.2122 600 K 3.693 4.157 13.64 13.0
#this work; $SReference [15]; “Calculated from equation (1); PCalculated from equation (8); Calculated from equation (7); Q is
bond volume, *Calculated from equation (2); **Calculated from equation (3); ***Calculated from equation (3) data taken from
Reference [15].

Electronic and optical properties
The present calculations using the WC and TB-mBJ method yields a direct band gap of 0.46 eV for ZnSnSb,, as
shown in Fig. 2(a).
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As clear from the Fig. 2 that the obtained electronic band gap matches well with the experimental data (0.4 eV)
predicted by Kiselyova et al [30]. Mishra et al, [17] and Bhosale et al [31] have been reported an estimate of the theoretical
band gap of ZnSnSb, as 0.19 eV and 0.46 eV respectively. The total and partial density of state (TDOS and PDOS)
corresponding to the band structures shown in Fig. 2(b) along with the Fermi energy level for 0 GPa pressure. The position
of the Fermi level is at 0 eV. The PDOS are very useful as they give information on hybridization and the orbital character
of the states. It can be seen that in Fig. 2(b), the lowest valence bands are essentially dominated by Sb-s states, with minor
presence Sn-p and Sn-s states. The intermediate valence band is essentially dominated by Zn-d states. The other valence
bands are essentially dominated by Sb-s states. The conduction band consists essentially of Sn-s and Sb-p with a minor
presence Sn-p and Sb-s states. The comparison of the theoretical band gaps with available experimental data shows that
TB-mBJ correlation potential allows the prediction of band gap values much closer to the experimental values. The TB-
mBJ potential gives results in good agreement with experimental values that are similar to those produced by more
sophisticated methods, but at much lower computational costs [25].

The linear response to an external electromagnetic field with a small wave vector is measured through the complex
dielectric function,

g(0)= g1(0)+ iex(w), 4

which is related to the interaction of photons with electrons[32]. The imaginary part €x(w)of the dielectric function could
be obtained from the momentum matrix elements between the occupied and unoccupied wave functions and is given

by [33]
(eefips)

The real part €;(®) can be evaluated from &;(®)using the Kramer-Kronig relations and is given by[34]

2

S| E{-E} -ho]. (5)

27’ A
IS wur

&, iec.fev k

&(w) =

2\ [()'2 6'2 ( 6()')
glw)=1+ — || ——Fdw" (6)
7)o 0" —w

All of the other optical properties, including the absorption coefficient a(x), the refractive index n(x), the extinction
coefficient k(x), and the energy-loss spectrum L(x), can be directly calculated from &(®) and &(®) [33,35].
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Fig. 3. The calculated (a) real e1(®) and (b) imaginary &2(®) parts of complex dielectric constant for ZnSnSbz

Fig. 3(a) and 3(b) displays the real and imaginary parts respectively of the electronic dielectric functions &(®)
spectrum for the photon energy ranging up to 40 eV. The main peaks of real part of the electronic dielectric function g;(®)
which is mainly generated by electronic transition from the top of the valence band to the bottom of conduction band,
occurs at 1.59 eV and €1(o) spectra further decreases up to 4.99 eV. Optical spectra exhibit anisotropy in two directions
(along basal-plane and z-axis) with a very small difference (0.01517) in the static limit. The imaginary part of the
electronic dielectric constant & () is the fundamental factor of the optical properties of a material. The proposed study
shows that the critical point of the &>(®) occurs at 0.42 eV, which is closely related to the obtained band gap value 0.46
eV. This point corresponds to the I'— I, splitting which gives the threshold for the direct optical transitions between the
absolute valence band maximum and the first conduction band minimum and is known as fundamental adsorption edge.
An estimation of dielectric constant for the comparison can be given by the relation developed by Verma et al [13] for
chalcopyrites as follows,

w=5(2,2,)' &, )
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where dxy is the inter atomic distance of (A-C and B-C bond). ZxZy is product of ionic charges of A-C and B-C bond
and the values are 6 and 12 respectively. A and S are constants with the values 0.83 and 0.27 respectively for ATBVC,Y
semiconductors.

Fig. 4(a),(b) present the refractive index n (@) and the extinction coefficient k (o) respectively. The refractive index
spectrum shows an anisotropic behavior (An (0eV)=0.02052), hence only the average value is listed in Table 1.

45

3.0 | ‘”‘ —Elc

4.0 -/ \ Ellc

35 25+ |

3.0

- i

Refractive index
N
o
Extinction coefficient
[$,]

05|
05
[ 00’.|.|.|.|.|.|.|.|.|....|.......
0.0 bt "0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

E V

Energy (eV) nergy (¢V)

(@) (b)

Fig. 4. The calculated (a) refractive index and (b) extinction coefficient for ZnSnSba

The refractive index increases with energy reaching a maximum value in the visible region for all compounds. The
peak values the refractive index has a value of 4.39 at 1.61 eV. The extinction coefficient k (®) is related to the decay or
damping of the oscillation amplitude of the incident electric field, the extinction coefficient k (@) decreases with
increasing the incident photon energy. The peak value obtained for the extinction coefficient occurs at the point where
the dispersive part of dielectric constant (¢; (®)) has a zero value (Fig. 4(a)) for all the compounds. The extinction
coefficient k (@) decreases with increasing the incident photon energy.

The refractive index (n) of these compounds can also be evaluated by using the relation given by Verma et al[36]
for chalcopyrites as follows,

n=03122,2,)""d*, (8)

Where d is the inter atomic distance and Z,Z,Z; (product of ionic charges) = 48 for ATB™VC," semiconductors.

The calculated optical reflectivity R () and absorption coefficient are o (w) displayed in Fig. 5(a),(b) respectively.
The maximum reflectivity occurs in region 3.74 eV - 11.33 eV. The absorption coefficient indicates the fraction of light
lost by the electromagnetic wave when it passes through a unit thickness of the material. It is clear that polarization has a
minor influence on the spectrum. From the absorption spectrum, we can easily find the absorption edge at 0.45 eV. When
the photon energy is more than the absorption edge value, then adsorption coefficient increases. The absorption
coefficients further decrease rapidly in the high energy region, which is the typical characteristic of semiconductors.
Optical conductivity parameters are closely related to the photo-electric conversion efficiency and mainly used to measure
the change caused by the illumination. Fig. 6 shows the optical conductivity of ZnSnSby. It’s clear that the material has
non-vanishing conductivity in the visible light region (1.65 eV - 3.1 eV), the main peak occurs at 3.80 eV, which fall in
the UV region.
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Fig. 5. The calculated (a) reflectivity (R (®)) and (b) absorption coefficient (a(®)) for ZnSnSbz



52
EEJP. 1 (2020) Shalini Tomar, Shiv Raj Bhardwaj, et al.

10000

9000

8000

7000

6000

5000

4000

o (®) (1/Ohm.cm)

3000 | fy
2000

1000 |-

TEPU T TR NEPUR TR PR PR BN ENPR P P SO T T SO T P |
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

Energy (eV)

Fig. 6. The calculated photoconductivity (c(®)) for ZnSnSbz

Elastic Properties

The determination of the elastic constants requires knowledge of the curvature of the energy curve as a function of
strain for selected deformations of the unit cell. The deformations [37] are shown in Table 2 and chosen such that the
strained systems have the maximum possible symmetry. The WIEN2K package [20] facilitates this task by providing a
force-driven optimization of the internal cell geometry. The elastic stiffness tensor of chalcopyrite compounds has six
independent components, because of the symmetry properties of the D)} space group, namely Ci1, Ciz, Ci3, C33, Ca4 and
Ces in Young notation. The calculated elastic constant for the tetragonal phase of ZnSnSb, are listed in Table 3. The
calculated elastic constants fulfill the mechanical stability criteria for the tetragonal systems:

Ci1> |Cial, (C11#+C12) Ca3> 2C13%, Cag> 0, and Cee> 0.

In order to check the internal consistency of calculated elastic constants we can compare the bulk modulus reported
on Table 1&3 with an equivalent combination of the Cj’s.
Table 2.

The lattice parameters of the deformed tetragonal unit cell, the expression relating the 6 and € variables, the finite
Lagrangian strain tensor (Voigt notation) and the value of the second derivative, (1/2V)(d?E/de?), in terms of the elastic
constants (¢ being deformation coordinate and E the energy)

Strained cell £ Strain (1) dE%/d €2
(a+8,a+8,572 90,00,90) @9’ 2.5 00,0 Ly +emste,ile,
a a’ 22 2a 4 8 2
(a+6,a+6,¢,90,90,90) (“f)z -1 £.£,0,0,0,0) L, vy
a 22 4
(a,a,5 +C§,90,90,90) (”f)z -1 (0,0,%,0,0,0) éCm
c
(a+0Yy £ 1
(a,a+8,¢,90,90,90) 2 0.£.0.0.0,0 S
a
(a,a,c,90,90 + 5,90) sin o (0,0,0,0,¢,0) Cu
(a,a,¢,90,90,90 + ) sin & (0,0,0,0,0,¢) Ces
Table 3.
Elastic constants C;; (in GPa) of ZnSnSb, compared with available data
Cn Cn Ci Cs Cy Css
63.4%, 78.7* 39.2%,49.2% 33.1%,46.7* 65.6%, 73.8* 49.9% 27.1* 74.4%, 24.6*
B (GPa)* G (GPa)” Y (GPa)” v# Ka (GPa!)* Ke (GPa'h*
45 33 80 0.20 0.0072 0.0080
*Calculated from equation (29); *this work

Bulk modulus should be found from above by the Voigt approximation (uniform strain assumption) [38-40]:

1
B, =§(2C11 +C,, +2C, +4C,;), 9)
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BR _ (Cn +C12)C33 _2C123 . (10)

C,+C,+2C,; -4C,
Voigt and Reuss approximations provide, in fact, an estimation of the elastic behaviour of an isotopic material, for
instance a polycrystalline sample. Such a medium would have a single shear constant, G, upper bounded (Gy) and lower

bounded (Gr) by

1

G, :%(M+3C“ -3C, +12C,, +6C), (11)
-1
18B 6 6 3
Gy =15 2V + t——+—— ; C"=(C,+C,)C;; -2C};. (12)
c (Cu _Clz) C44 C66

In the Voigt-Reuss-Hill approximation [41], the B and G of the polycrystalline material are approximated as the
arithmetic mean of the Voigt and Reuss limits:

B, +B

p-BrtBe (13)

2
G- @ , (14)
Finally the Poisson ratio and the Young modulus are obtained as

b 3B-2G ’ (15)

2(3B+G)
9BG

Y= . (16)

3B+G

Using the single crystal C;; data, one can evaluate the linear compressibilities along the principles axis of the lattice.
For the tetragonal structure, the linear compressibilities k, and k. along the a- and c-axis respectively are given in term of
elastic constants by the following relations;

Ka:_l@a: C,-C;, . (17)
adp Cy (Cll +C12)_2C13
_ 1dc C,+C,-2C; (18)

K,=———= .
‘ cip Gy (C11+C12)_2C123

Pugh [42] proposed that the resistance to plastic deformation is related to the product Gb, where ‘b’ is the Burgers
vector, and that the fracture strength is proportional to the product Ba, where ‘a’ corresponds to the lattice parameter. As
b and a are constants for specific materials, the Ba/Gb can be simplified into B/G. This formula was recently exploited in
the study of brittle vs ductile transition in intermetallic compounds from first-principles calculations [43, 44]. A high B/G
ratio is associated with ductility, whereas a low value corresponds to the brittle nature. The critical value which separates
ductile and brittle material is around 1.75, i.e., if B/G > 1.75, the material behaves in a ductile manner otherwise the
material behaves in a brittle manner. We have found that B/G ratio is 1.35, classifying the material as brittle. The c/a ratio
is ~ 2.06, indicates the behavior similar to its binary analog.

Thermal Properties
To investigate the thermodynamic properties of Zn-chalcopyrite, we have used Gibbs program. The obtained set of
total energy versus primitive cell volume determined in previous section has been used to derive the macroscopic
properties as a function of temperature and pressure from the standard thermodynamic relations. Gibbs program is based
on the quasi-harmonic Debye model [45], in which the non-equilibrium Gibbs function G*(V; P, T) can be written in the
form of:

G (V;P,TY=E(V)+PV +4,[0,;T] (19)

where E(V) is the total energy per unit cell, PV corresponds to the constant hydrostatic pressure condition, 6p is the Debye
temperature, and A, is the vibrational term, which can be written using the Debye model of the phonon density of states
as [46, 47]:

A,[60,:T] = nkT {% +3ln(l—¢ 77)-D [?ﬂ (20)

where n is the number of atoms per formula unit, D(6/T) represents the Debye integral, and for an isotropic solid, 0 is
expressed as [46]:

h il A B
eD:;[aﬂ VAn} f(o)5 @1
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M being the molecular mass per unit cell and Bs the adiabatic bulk modulus, approximated by the static
compressibility [45]:
d’E()
dv’?

By=B(V)=V (22)

f (o) is given by Refs. [45,48, 49]; where o is the Poisson ratio.
Therefore, the non-equilibrium Gibbs function G*(V; P, T) as a function of (V; P, T) can be minimized with respect

to volume V,

oG*(V;P,T

[—( 22 J =0. (23)
oV or

By solving Eq. (23), one can obtain the thermal equation of state (EOS) V(P, T). The heat capacity Cyv and the
thermal expansion coefficienta are given by [41],

Z 30/T
S = nk{4p(§j—3lna—e"’”)} (25)
a=25 (26)
BV
where vy is the Griineisen parameter, which is defined as:
dIno¥)

- 27

TN @7)

Through the quasi-harmonic Debye model, one could calculate the thermodynamic quantities of any temperatures
and pressures of compounds from the calculated E-V dataat T=0 and P = 0.

We have also provided a prediction of the hardness (H in GPa) and six independent elastic constants (C;; in GPa) by
using the semi-empirical equations developed by Verma and co-authors[50, 517,

H =K BX*! (28)
B = Bulk modulus; K = 0.59for A"TBIVC,V
k T 0.15
Q,-=4,-X((ZZB—Z'")QJ (i=1,3,4,6andj=1,2,3,4,6) (29)
19243

A11 = 160, A]g = 100, A13 = 95, A33 = 150, A44 = 55, A66 = 50
where Z; Z, and Zsare the ionic charges on the A, B and C elements respectively and the value of product of ionic charge
is 48 for A'BVC,V [50]. The calculated values are presented in Table 3.
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Fig. 7. The calculated values of (a) Volume (V) and (b) Bulk modulus (B) at different temperature and pressure for ZnSnSbo.

To determine the thermodynamic properties through the quasi-harmonic Debye model, a temperature range
0 K-500 K has been taken. The pressure effects are studied in the 0—7 GPa range. Similar trends have been observed in
the considered temperature range, but above 600 K trends get disturbed which may be due to melting of material. Hence
for convenience we have taken 600 K as the melting temperature (T.) in the proposed study. Fig. 7(a) presents
relationships between the equilibrium volume V (bohr?) and pressure at various temperatures. Meanwhile, V increases
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slightly as the temperature increases, whereas the equilibrium volume V decreases dramatically as the pressure P increases
at a given temperature. This account suggests that the ZnSnSb, under loads turns to be more compressible with increasing
pressure than decreasing temperature. Fig. 7(b) presents the bulk modulus slightly which decreases with increasing
temperature at a given pressure and increases with increasing pressure at a given temperature.
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Fig. 8. (a) Debye temperature and (b) Thermal expansion coefficients at various temperature and pressure for ZnSnSba.

The variation of the Debye temperature Op (K) as a function of pressure and temperature illustrated by proposed
results is displayed in Fig. 8(a). With the applied pressure increasing, the Debye temperatures are almost linearly
increasing. Fig. 8 (b) shows the volume thermal expansion coefficient a(10/K) of ZnSnSbsat various pressures, from
which it can be seen that the volume thermal expansion coefficient a increases quickly at a given temperature particularly
at zero pressure below the temperature of 300 K. After a sharp increase, the volume thermal expansion coefficient of the

ZnSnSby is nearly insensitive to the temperature above 300 K due to the electronic contributions.
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Fig. 9. Heat capacity vs temperature at various pressures for ZnSnSba.

As very important parameters, the heat capacities of a substance not only provide essential insight into the vibrational
properties but are also mandatory for many applications. The proposed calculation of the heat capacities Cp and Cvy of
ZnSnSbyverses temperature at pressure range 0-7 GPa are shown in the following Fig. 9. From this figure, we can see that
the constant volume heat capacity Cv and the constant pressure capacity Cp are very similar in appearance and both of
them are proportional to T3 at low temperatures. At high temperatures, the anharmonic effect on heat capacity is
suppressed; which is called Dulong-Petit limit, with the increasing of the temperature, whereas Cp increases
monotonically with the temperature. Fig. 10(a) shows the entropy vs temperature at various pressures for ZnSnSb,. The
entropies are variable by power exponent with increasing temperature but the entropies are higher at low pressure than
that at high pressure at same temperature. The Griineisen parameter y is another important quantity for the materials. In
Fig. 10(b), we have shown the values of Griineisen parameter y at different temperatures and pressures. It shows the value
y increases as the temperature increases at a given pressure and decreases as the pressure increases at a given temperature.

Table 4.

Selection of thermal properties of ZnSnSb, at 300 K; isothermal and adiabatic bulk moduli (B and Bs in GPa), Hardness
(H in GPa), Gruneisen parameter (y), Debye temperature (0p in K) and thermal expansion coefficient (o in 10-5/K),

B (GPa) Bs (GPa) H (GPa) y 0p (K) o (105/K)
47.1 484 2.64 1.86 235 4.94
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In Fig. 11, we have shown the values of hardness (H in GPa) at different temperatures and pressures. It shows the
hardness decreases as the temperature increases at a given pressure and increases as the pressure increases at a given
temperature. The values of hardness are reported for the first time at different pressure and temperature. Table 4 present
the thermal properties such as isothermal bulk modulus, hardness, Griineisen parameter, Debye temperature and thermal
expansion coefficient at 300 K.
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Fig. 11. Hardness vs temperature at various pressures for ZnSnSba.

SUMMARY AND CONCLUSION

We have successfully simulated the ZnSnSb, compound based on the DFT method using the full potential linear
augmented plane waves (FP-LAPW), as embodied in the WIEN2k code, and applied the TB-mBJ exchange potential on
this system to predict its band gap more precisely. Besides, the calculated partial DOSs indicated that majority of the
valence electronic bands correspond to the p orbitals of antimony atoms which are consistent with those of the other
semiconductors of the same group. The proposed result shows that TB-mBJ has significantly improved the electronic
structure of the system. A direct band gap of 0.46 eV, which is very close to the experimentally measured value of 0.40
eV, was obtained. We have compared electronic, optical and elastic properties with the calculated values of theoretical
models [13, 28, 29, 36, 50, 51]. The values are in good agreement with the proposed method and theoretical models.
Thermal properties such as Griineisen parameter, volume expansion coefficient, bulk modulus, specific heat, entropy,
Debye temperature and hardness are calculated successfully at various temperatures and pressures, and trends are
discussed. To the best of our knowledge, most of the investigated parameters are reported for the first time and hoped to
stimulate the succeeding studies.
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TEOPETUYHE JOCJJIII)KEHHA @YHIAMEHTAJIBHUX ®I3UYHUX TA OIITOEJEKTPOHHUX
BJACTHUBOCTEM HAINIBIPOBITHUKOBOI'O XAJKOIIIPUTY ZnSnSh2
I1I. Tomap?, LI.P. Bxapasaii®, C.K. T'ynra®, A.C. Bepma?
“@isuunui paxyromem, banacmxani Bio anim, Padacacman, (Inoia) 304022
bDizuunuii paxynomem, BSA Konedoe Mamypa, (Inois) 281004

B crarTi mociipkeHo HeBig'€MHI (yHIaMEHTalIbHI (hi3H4HI BIACTUBOCTI, TaKi SK CTPYKTYpHI, SIEKTPOHHI, ONTHYHI, IPY>KHi, TEIIOBI
Tomo s ZnSnSbz, BUKOPUCTOBYIOUM TOYHMI NMOBHUHM IOTEHMIaJ JiiHeapu3oBaHOi po3mmpeHoi miockoi xsuwia (FP-LAPW). Li
MaTepiajii MaloTh OiJIbII BUCOKI HEPreTHYHI IIIMHHU Ta HYDKY1 TEMIIepaTypH IIIaBJICHHS HOPIBHSHO 3 X OiHAPHUMU aHAJIOTaMH, Yepe3
[0 BOHU BBAXAIOTHCS BAXJIMBUMHU B JIOCHI/DKEHHSX POCTY KPUCTANiB Ta B 3aCTOCYBaHHI I MPUCTPOiB. It CTPYKTYpHHX
BJIACTUBOCTEH MiHiIMi3allis MPOBOAUTHCS B JBa €TalH, HEPLIMi MapaMeTp U MiHIMi3y€eThCsl LIISIXOM OOUMCIICHHSI BHYTPILIHIX CHIL, 10
JIIOTh HA aTOMHU BCEPEANHI OAMHUYIHOI YapyHKH, TIOKH CHJIM HE CTAHYTh HE3HAYHHMH, JJIsI [IbOTO BUKOPHCTOBYEThCs 3aBaanHs MINI,
10 BxoauTh 10 kogy WIEN2K. ITo-apyre, 3aranpHa eHepris KpucTana 00UUCIIIOEThCS A CiTKH 00'eMy oquHUYHOI YyapyHkH (V) Ta
criBBiZHOIIEHHS c/a. 71 KOKHOTO 00'eMy BHKOPHCTOBYIOTHCS I'SITh 3HAYCHB C€/a, 1 3aCTOCOBYETHCS IMOJIHOMIiaJbHA IMiATOHKA IO
OOUHCIIeHHX eHeprii, mob oTpUMaHHs HaHKpaIOTro CIiBBITHOUIEHHS c¢/a. MU NpeacTaBuIIN eJIEKTPOHHI Ta ONTHYHI BIACTHBOCTI 3
HEIOaBHO PO3poOJIeHNM (yHKIioHANOM miabsHOCTI Tran i Blaha. Kpim Toro, ontudHi XapakTepUCTHKH, Taki SK MieJEKTPHIHI
GyHKIIT, TOKa3HUKH 3aJIOMJICHHS, KOE(Ili€HT 3racaHHs, ONTHYHA BiJOWBHA 3/aTHICTh, KOCQIII€HTH MOTIUHAHHSI, ONTHYHA
MPOBIHICTB, po3paxyBanu i eHepriii Gorona no 40 eB. [[ns nux BiaactuBocteit Mu BukopuctoByBau WC i TB-mBJ oOMinuwmi
KOpEeJISLIHUI MOTeHIial 1 OTpUMay BelNn4nHy 3a00poHeHol 30HH y aiarnasoni 0,46 eB s 1poro Marepiaiy, i orpuMana 3a00poHeHa
30HHU Jiana3oHy ao0pe BimmoBimae excriepumeHtansHuM aanuM. [lorennian TB-mBJ mae xopoury 3roay 3 eKcliepUMEHTaIbHUMU
3HAUCHHSIMU, TOAI0HUMH JI0 THX, IO OTPUMYIOTHCS OLITBII JOCKOHAIMMHU METOAAMH, aJie 32 3HAYHO MEHIITNX 004NCIIIOBATEHUX BUTPAT.
OcCHOBHI HiKH peabHO YaCTHHU eNIEKTPOHHOI JieTeKTpHIHOI yHKIIT £1(®), IKa B OCHOBHOMY I'€HEPYEThCS €IEKTPOHHIM IIEPEX00M
BiJl BEpIIMHHU BAJICHTHOI 30HU JJO HIKHBOI 30HU IPOBIAHOCTI, HacTymnae mpu 1,59 eB, a ciekrpu €1(®) gani 3meHmIyoTses 10 4,99 eB.
VsBHA dYacTHHA ENEKTPOHHOI MiCJEKTPHYHOI IOCTIHHOI €2(®) € OCHOBHMM (DAaKTOPOM ONTHYHHX BIIACTUBOCTEH Matepiaiy.
[IporoHOBaHe OCIIIKEHHS TT0Ka3ye, 0 KPUTHYHA TouKa £2(®) BUHUKae npu 0,42 eB, 110 TiCHO MOB'A3aHe 3 OTPUMAHUM 3HAYCHHSIM
mrinuay B aianasoni 0,46 eB. MakcumainbHa BiJOMBHA 3/1aTHICTh BUHUKAE B 00macTi 3,74-11,33 eB. lleit MaTepian Mae He 3HHKAIOUY
MPOBIAHICTh Yy 30HI Bumumoro csitia (1,65 eB — 3,1 eB), ocHoBHuii mik Hactae npu 3,80 eB, sikuii morpamwisie y Y@ 00671acTs.
Bu3zHa4yeHO TakoX Npy»KHI KOHCTaHTH IpH piBHOBa3i B cTpykTypi BCT. TeH3op npyxHOT )KOPCTKOCTI CHOITYK XaIbKOMIPUTY M€ IIiCTh
HE3aJeKHUX KOMIIOHEHTIB Yepe3 BIACTUBOCTI CHMeETpil mpoctopoBoi rpymu, a came: Cii, Ci2, Ci3, C33, Cas Ta Co6 y HOTamii FOHra.
TennoBi BIAaCTHUBOCTI, Taki SK TEIUIOBE PO3MIMPEHHS, TEIUIOEMHICTh, Temmeparypa Jlebas, eHTpomis, mapamerp ['proHaii3eHa Ta
o0'eMHMIT MOmynb, Oynu OOYMCIIEHI 3a JOMOMOTOI0 KBasirapMoHi4HOi Mojeni [lebas mpm pi3HHX TeMmeparypax i Tucky. s
BH3HAYEHHS TEPMOJMHAMIYHHIX BIACTHBOCTEH 3a JOMOMOTo0 KBa3irapMoHidHoi Mozeni Jle6Gast Oyio B3sTO TeMIepaTypHHH Jiarna3oH
0 K-500 K. Edexru tucky mocnimkeno B mianazoni 0 — 7 I'Tla. IToxiOHi TeHaeHWIi crocTepiratoThCs i B pO3MIISTHYTOMY Jliana3oHi
Temreparyp, ane Bume 600 K TpeHam mnopynryrotecs, 1o Moke OyTH IOB'S3aHO 3 IUIaBJICHHAM MaTepiany. Buxomsum 3
HaMiBEMITIPUYHOTO BiJHOLICHHS, MU BU3HAYMJIM TBEPAICTb MaTepialiiB, [0 OB’ I3aHO 3 Pi3HOIO CHIIOI0 KOBAJCHTHOTO 3B’s13Ky. IIpo
OLIBLIICTD AOCHIIKYBAaHUX MTapaMETPiB MOBIAOMIISIETHCS BIEPIIIE.

KJIIOUYOBI CJIOBA: obuncnenHst Ab-initio; eleKTpOHHI BIACTHBOCTI; ONTHYHI BJIACTHUBOCTI; MpPY)KHI KOHCTaHTH; TEIUIOBI
BJIACTHBOCTI

TEOPETHYECKHUE UCCIEJOBAHUA ®YHIAMEHTAJIbHBIX ®PU3HYECKUX U OIITO3JIEKTPOHHBIX
CBOMCTB OJYIIPOBOJHUKOBOI'O XAJIKOIIMPUTA ZnSnSb2
1. Tomap?, UL.P. Bxapagaii®, C.K. T'ynra®, A.C. Bepma?
“Quzuyeckuil paxyromem, banacmxanu Buovsanum, Paoxcacman, Hnous, 304022
b@usuueckuii parxynromem, BSA Konneooe Mamyp, Hnous, 281004
B crartee uccnenoBaHbl HeoTheMJIeMble (YHIAMEHTalbHbE (M3UYECKHE CBOMCTBA, TaKUE KaK CTPYKTYPHbBIC, 3JIEKTPOHHBIC,
ONTHYECKHE, YNpyTHe, TEIUIOBbIe W T.A. M ZnSnSb2, ncrons3ysl TOUHBIN HOJNHBIA MMOTEHIMAN JIMHEAPH30BAHHOH pacIIMpeHHON
mwiockoit BoaHbI (FP-LAPW). Ot MaTepuansl UMEIOT OoJiee BRICOKHE SHEPIeTHUCCKIE I U HU3KHE TEMIIEPaTyphl IIaBJICHHUS 10
CPaBHEHHIO C X OMHAPHBIMH aHAJIOTaMH, IO3TOMY OHH CUMTAIOTCS! BAXXKHBIMH B UCCIIEOBAaHHUSAX POCTa KPUCTAIOB M B IPHMEHEHNHT
JUISL yCTPOHUCTB. J[IIsl CTPYKTYPHBIX CBOMCTB MUHUMHM3AIMS ITPOBOMIIACE B JIBA ATAlla, HEPBEIH MapaMeTp «U» MUHUMU3UPYETCS Iy TeM
BBIYHCIICHUS] BHYTPEHHUX CHJI, JEHCTBYIOIIMX Ha aTOMbI BHYTPU SIMHUYHON SYEHKH, OKA CHIIBI HE CTAaHYT HE3HAUUTEIILHBIMU, VIS
3TOoro ucnoib3yercs 3aaaua MINI, koropast Bxoaut B ko WIEN2K. Bo-BTopbIX, 00111ast SHEPrHsi KPUCTAIIA HCUUCIISCTCS TS CETKH
ob0bema exuHNYHOM stueiiku (V) u cooTHOweHUs «c/ay». st Kaxaoro odbeMa UCHONb3YIOTCS MATh 3HAUCHUH «C/ay, U IPUMEHSIETCS
MOJIMHOMUAJIbHASL TIOATOHKA BBIYMCICHHBIX SHEPrHi, U TONYyYeHUs] HAWIYdIIero COOTHOLIEHHs «c/a». MBI TpeacTaBuin
JJIEKTPOHHBIC M ONTHYECKHE CBOHCTBA HEAABHO Pa3pabOTaHHBIM (yHKIHOHAIOM IoTHOCTH Tran n Blaha. Kpome Toro, ontuaeckne
XapaKTepHCTHKH, TaKWe KakK IUIIEKTPHUYeCKHe (YHKIWM, IOKA3aTeNu NpeIoMiIeHHs, Kod(p(UIMEHT 3aTyXaHHs, ONTHYECKas
oTpakaTelbHas CIIOCOOHOCTh, KOA()(MUIMEHTHI MOTJIOMEHHUs, ONTHYECKasi IPOBOAUMOCTD, PACCUUTAHbBI ISl SHEPrHil (POTOHOB 10
405B. [lns atux cBoicTB MBI ucnons3oBad WC n TB-mBJ oOMeHHBIN KOppETAMHOHHBIN MOTCHIMAN U IOMYYHIN BEIHIHHY
3alpellieHHoN 30Hb! B Auanas3oHe 0,46 3B u1g sToro Matepuaa, ¥ nojy4eHHas IIMPHHA 3aPEICHHON 30HbI XOPOILO COOTBETCTBYET
9KCIIepUMEHTAIBHBIM AaHHbIM. [lotennman TB-mBJ naet xoporiee coryacue ¢ SKCIiepUMEHTaIbHBIMHA 3HAUCHUSIMH, NTOJO0HBIE TEM,
YTO TMOTY4aroTCsi 6oyee COBEPIIEHHBIMH METOJAMH, HO MPH 3HAUUTENLHO MEHBIINX BBIYUCIUTENBHBIX 3aTpaTaX. OCHOBHBIE MHKU
peanbHOM YacTH NEKTPOHHON THANEKTPUIECKON QyHKIUH €1(®), KOTOpas B OCHOBHOM T€HEPUPYETCS NEKTPOHHBIM IEPEX0J0M OT
BEPIIMHBI BAJICHTHOH 30HBI O HIDKHEH 30HBI MPOBOAWMOCTH, HacTymaeT mpu 1,59 5B, a cnektpsl €1(®) Jayiblie YMEHBIIAIOTCS 10
4,99 5B. MHnMas 9acTh JIEKTPOHHON AMDICKTPUUECKON MOCTOSIHHOHM €2(®) SBISIETCS OCHOBHBIM (DaKTOPOM ONTHUYECKHUX CBOMCTB
Marepuaia. [Ipemiaraemoe McciieoBaHNe TTOKa3bIBAET, YTO KPUTHUIECKas TOUKa €2(®) Bo3HMKaeT mpu 0,42 3B, 4To TecHO cBs3aHO ¢
MOTyYeHHBIM 3HaueHHeM mienn B guamazoHe 0,46 5B. MakcumanbHas oTpakaTelbHas CIOCOOHOCTh BO3HHKAeT B oOiacTu
3,74 - 11,33 3B. DToT MaTepuan UMEET HE UCUE3AOINYI0 POBOJIUMOCTD B 30HE BHIMMOro cBeta (1,65 3B — 3,1 3B), 0OCHOBHO#M MUK
HactymnaeT npu 3,80 3B, xoropsrit nonanaer B YO obmacts. OnpeneneHsl yIpyrue KOHCTaHTBI IPpU paBHOBecuH B cTpykType BCT.
Tenzop ynpyroil *ecTKOCTH COEIMHEHUH XalbKOIMHPHTA UMEET ILIECTh HE3aBUCHMBIX KOMIIOHEHTOB 4Yepe3 CBOMCTBA CHUMMETPHUU
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npoctpancTBeHHOU rpynnbl, a uMeHHO: Cii, Ci2, Ci3, C33, Ca4 u Ces B HOoTaumu [Onra. TemnsioBble CBOMCTBA, TaKHMe KaK TEILIOBOE
pacupenue, TemIoeMKOCTh, Temneparypa Jlebas, sHTpomnus, napaMeTp ['proHaiizeHa W 0OBEeMHBIH MOMYJb, OBUTH BBIYHCIICHBI C
TIOMOIIBIO KBa3UTaPMOHHYECKUX Moienu Jle6as mpy pasmuyHbIX TeMIlepaTypax U JaBieHusX. s onpeaeneHus TepMOANHAMHYECKUX
CBOWCTB C IMOMOIIBIO KBa3UTapMOHHYECKHUX Mozaenn Jlebas Oputo B3aTo TemneparypHsiii auana3oH 0 K-500 K. DddexTsr napnenns
uccnenosansl B quana3one 0-7 ['Tla. [TomoOHbIe TeHICHINT HAOMIOAAIOTCS H B PACCMATPUBAEMOM JTHANIA30HE TEMIIEPATyp, HO BBIIIE
600 K TpeHas! HapymaroTcs, 9TO MOXKET OBITH CBSI3aHO C INIaBIEHHEM MaTepuana. Vcxoms U3 IOy MINPHIECKOr0 OTHOLICHHS, MBI
OIIPENENIIN TBEPIOCTh MaTepuaa, YTO CBSI3aHO C PAa3HOM CHIIOW KOBaJeHTHOH cBsi3U. O GONBIIMHCTBE HCCIIEAYEMBIX NapaMeTpoB
coo0IIaeTcs BIEPBLIE.

KJIIOUEBBIE CJIOBA: pacuerbl Ab-initio; 3JeKTpOHHBIE CBOICTBa; ONTHYECKHE CBOICTBA; yNpyrue MOCTOSHHBIE; TEIUIOBBIC
CBOMCTBa





