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Physical properties and electronic structure of
chalcogenide perovskite BaZrS; under pressure
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A theoretical comprehensive implementing of the structural, elastic, and electronic
properties of chalcogenide perovskite BaZrS; under pressures 0 and 20 GPa is performed
by ab-initio calculations included within the density functional theory (DFT). The lattice
constants of the BaZrS; structure are well reproduced from our first-principles calculations,
and in excellent agreement with experimental measurements. The electronic parameters
indicate that the chalcogenide perovskite BaZrS; compound has a direct band gap of 1.75
eV. Moreover, the values of mechanical parameters, such as the elastic constant, increased
under applied pressure. From the quotient of bulk to shear modulus of B/G, it is found that
ductility becomes stronger with the increasing pressure, indicating pressure can effectively

improve the ductility of the orthorhombic BaZrSs.
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1. Introduction

As a prototypical chalcogenide perovskite, BaZrS; perovskite is an ideal candidate for
photovoltaic applications due to its suitable band gap of 1.76-1.85 eV, slightly higher than the
optimum value for a single junction solar cell of 1.3-1.5 eV'? Due to their ferroelectric,
piezoelectric, electrolytic, and optoelectronic properties enabling many advances in applications,
chalcogenide perovskites have attracted significant attention’. Chalcogenide perovskites
containing group-VI anions including S and Se are emerging as a novel class of semiconductors
with potential photovoltaic and optoelectronic applications™®. Thus, it timely to predict the
behavior of this material under different pressures by use of theoretical research and analysis.

Moreover, high pressure processed chalcogenide perovskite materials have obtained many
exhilarating results such as photoresponse enhancement, structural stability enhancement, bandgap
optimization”™. Recent investigation shows that the properties of BaZrS; is stable under exposure
to air and moisture by measuring the X-ray diffraction and ultra-violet/visible absorption
spectrum’. Kuhar ef al. predicted a series of chalcogenide perovskites such as SrSnSes, CaSnS;
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and SrSnS; with tunable direct bandgaps within the optimal range of 0.9-1.6 eV for single junction
solar cell applications'®. To tune the band gap of chalcogenide perovskites, cation or anion
alloying and dimensional reduction can be employed'®"". Nelson ef al have reported experimental
and theoretical studies of the Raman active phonons and the band-gap absorption edge in BaZrS;,
focusing on the effects of high pressure, and for the phonons also low temperature'?. With the
continuous emergence of various research methods for exploring photovoltaic materials in recent
decades, high pressure technology has stood out as a clean and effective means. Such knowledge is
key to evaluate the applicability of BaZrS; for thermoelectric and optoelectronic devices. To best
of our knowledge, no theoretical and experimental studies were conducted to investigate the
elastic, and electronic properties of BaZrS; under pressure. So, in this work, we have performed a
comprehensive study on the structural, elastic, and electronic properties of the BaZrS; perovskite
as a function of pressure using first-principles calculations based on density functional theory
(DFT).

2. Calculation method

First-principles calculations on the BaZrS; system are carried out based on density
functional theory using the generalized gradient approximation (GGA) with Perdew-Burke-
Ernzerhof (PBE) functions, as implemented in the Vienna ab initio simulation package (VASP),
and projector-augmented-wave (PAW) potentials are used together with a plane-wave basis set'” .
The self-consistent calculations were carried out with a 7x15x5 k-point mesh'®. The Broyden-
Fletcher-Groldfarb-Shanno (BFGS) scheme is used to perform the cell optimization. To balance
accuracy and speed, the plane-wave basis set cutoff was set to 450 eV. The convergence criteria for
total energy, max force, max tress, and SCF iterations were 5 X 10~%eV/atom, 0.01eV/A, 0.02

GPa, and 5 X 10~7eV/atom, respectively.

3. Results and discussion

3.1. Structural properties

By performing first-principles calculation of GGA+PBE functional systematically, we
adequately relaxed the equilibrium crystal structure up to generate the satisfactory equilibrium
lattice parameters a, b, ¢, as well as cell volumes ¥, and the present optimized equilibrium lattice
parameters and cell volumes of BaZrS; along with the corresponding experimental and other
theoretical data are together summarized in Table 1, and compared to experimental and other
theoretical results'”". The predicted lattice constants of BaZrS; are a=8.966 A, b=14.949 A, and ¢
= 4.454 A, respectively, consistent with experimental findings'®: ¢=8.962 A, h=14.873 A, and ¢ =
3.971 A, (Table 1), as well as previous other theoretical results'’, implying that the theoretical level
we used in the calculations are accurate for predicting the structure properties of BaZrS,.
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Table 1. The calculated equilibrium structural parameters of Pnam BaZrS; at ambient pressure. The
previous experimental results are also listed.

Method a, (A) bo (&) co(A)
V(A?)

This work  8.966 14.949 4.454 534.3
*(Cal. 8.812 14.474 3911
“Expt. 8.962 14.873 3.971 528.9

Furthermore, the pressure dependences of the lattice constants as functions of pressure for
the orthorhombic BaZrS; up to 20 GPa are exhibited in Fig. 1. Obviously, the lattice constants
decrease with the increasing applied pressures. By fitting these lattice parameters under different
pressure with linear equations, the following expressions were obtained: a = 8.327 — 0.0486P;
b = 14.425 - 0.0672P; c = 4.587 — 0.008P; The slopes of fitting linear equations for the lattice
parameters a, b and ¢ as a function of pressure were -0.0486 A /GPa, - 0.0672 A /GPa, and -0.008
A /GPa, for a, b and c, respectively. Besides, it was found that when the pressure increased, the
lattice parameter b decreased the most quickly, followed by a and c, respectively, indicating that
the b axis was the most easily compressed while the ¢ axis was the most difficult. The sensitivity
of axis to compression can be ordered by follow the order of » >a > ¢ axis. This is because, when
we increased the pressure then the interaction of Ba, Zr and S atoms becomes stronger and
therefore the bond length among these atoms becomes shorter as a result the lattice parameters
become smaller with pressure. This similar behavior was often observed in chalcopyrite compound
such as BaMS; (M=Ti and Nb), and SrZrS;2!,
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Fig. 1. The lattice constants of the orthorhombic BaZrS; as a function of pressure.
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3.2. Elastic and mechanical properties

To quantify the basic mechanical properties, theoretical elastic constants of BaZrS; at
different pressure are calculated based on strain-stress method. It is well-known that the elastic
properties of solid are important to understand its mechanical properties and describe the response
when external forces are applied to materials. According to Born’s structural stability criteria,
elastic constants in the orthorhombic structure must comply with?*: C;+C-2C1,>0; Cy1+Cas-
2C15>0; C33+Cp-2C3>0 and (Cqq + Cyy + C33 +2C45 + 2C43 +2C51) >0 and C;; >0. We
calculated the elastic constants of the orthorhombic BaZrS; in hydrostatic pressures of 0, 5, 10,
and 20 GPa. The calculated elastic constants are listed in Table 2. Except for the higher value of
Cy; and Css, the calculated results at zero pressure were very close to the Zhang’s calculation
values'?, which shows that the elastic constants calculated by GGA+PBE are reliable in this paper.
From Table 2, it clearly shows that the calculated elastic constants of BaZrS; with Pnam symmetry
satisfy the criteria, which indicates that they are mechanically stable over the pressure range of 0 to
20 GPa. Moreover, we investigated the pressure effect of elastic constants of the orthorhombic
BaZrS;, as illustrated in Fig. 2. To the best of our knowledge, no experimental and theoretical are
available. It can be seen that the elastic constant C;3, Cis, Ci, Cis, Ciy, and Cs; increase
monotonically with the increasing pressure. The elastic constant C,4 increase firstly and then
decrease as pressure increases. However, the elastic constants Cg and Css have little change with
the increasing pressure. It shows that Cs;; and C,, both increase monotonically with pressure
increasing. But Ci3 increases slowly at first, then it begins to gradually reduce when the pressure
reaches 20 GPa.

Table 2. The calculated elastic constants of the orthorhombic BaZrS; under zero pressure together with

other theoretical values™.

Pressure Cy; Cyp Cs3 Cu Cs;s Ces Cpa Cis
(():2(3}Pa 79.5 944 169.1 30.7 269 214 485 241
2233(“;21. 585 1141 864 316 276 405 327 426
?(?Pa 936 1281 226.1 428 376 389 575 355
?(7).1(}Pa 1304 1438 2639 50.1 525 4087 81.8 509
ggéPa 174.8 1823 3476 583 78.7 45.6 1093 753 78.8
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Fig. 2. The elastic constants of the orthorhombic BaZrS; as functions of pressures.

Furthermore, according to the study of sin’ko et al. the elastic constants of a crystal under
pressure are known as: Cyoq = Cqq — P, C&B = Caﬁ +P(a=1,2,..,6; =1,2,..,6). Hence,
for orthorhombic crystals under pressure, the mechanical stability requires that the elastic
constants satisfy the following stability criteria”: C;; — P > 0, (Cy; + Cyp + C33 4+ 2C;5 + 2Cy3 +
2Cy3+3P) >0, and C;; +Cy, —2C4, —4P>0; Cy; +C33—2C;3—4P>0; Cyp +C35 —
2C,3 — 4P > 0. Fig. 3 shows the mechanical stabilities of the orthorhombic BaZrS; as a function
of pressure. Clearly, the values of C;; + C,, — 2C;, — 4P decreases slowly with the increase of
pressures, while the value of C,; + C33 —2Cy3 —4 and Cq; + C33 — 2C;3 —4 increases
comparatively rapidly. And the calculated results for all satisfy the above stability criteria over the
hole pressure range investigated, implying that the structure is mechanically stable within 20 GPa.
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Fig. 3. The mechanical stabilities of the orthorhombic BaZrS; as a function of pressure.
To further estimate its elastic properties, the multiple elastic modulus of the orthorhombic

BaZrS;, bulk modulus (B), shear modulus (G), Young’s modulus (E) and Poisson’s ratio (&), are
calculated using the WVoigt-Reuss-Hill approximation. Based on the elastic constants, the
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polycrystalline elastic moduli can be calculated using the Voigt-Reuss-Hill (VRH) method***°. For
a  orthorhombic  structure, the relevant equations are given as  follows:

15

Gp =
R 4(S11+S22+S33)—4(S12+S23+523) +3(S44+Ss55+Se6) ’

1
Gy = = (€1 + G2 + (33— C1p — Cy3 —

1
(S11+S22+S33)+2(S12+S13+523)

1 1
623)+§(C44+C55+Cee) , G=§(GR+GV) , Bgr By =

1
(S11+S22+S33)+2(S12+S13+523)’

1 1 1
5 (Ci1 + Gz + C33) +5(Ci2 + G5+ Cp3), Br = B =-(Br +By),

_ 9BG
T G+3B

. where S; are the inverse matrix of the elastic constants matrix C;. The calculated results

of orthorhombic BaZrS; under pressure up to 20 GPa are shown in Fig. 4. It is shown that B and E
of orthorhombic BaZrS; increase rapidly with the increasing pressure. As can be seen, the value of
bulk modulus B and shear modulus G at 20 GPa is 2.29 and 2.08 times greater than that at 0 GPa,
respectively. Additionally, B is larger than G, indicating the parameter limiting stability of the
compound is shear modulus®’. For the sake of exploring the ductile and brittle manner, we checked
the pressure dependences of the ratio of bulk modulus to shear modulus (B/G). The value of B/G
is associated with ductility or brittleness of a material. If B/G > 1.75, the material behaves in a
ductile manner. Otherwise, the material exhibits in a brittle manner”™. In our calculations, the value
of B/G for orthorhombic BaZrS; at 0 GPa is about 1.85, showing that the compound is ductile.
And with the increasing pressure, the value of B/G becomes more and more greater. When the
pressure up to 20 GPa, the value of B/G is about 2.08, implying pressure can improve the ductility
of the orthorhombic BaZrS;. Also, the calculated results have also demonstrated the ductility of
this compounds is more and more prominent with increasing applied pressure, it exhibits good
mechanical toughness under high pressure.
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Fig. 4. The elastic moduli B, G, and E of the orthorhombic BaZrS; as a function of pressure.

3.3. Electronic properties

The effects of pressure on energy bands of the orthorhombic BaZrS; based on the
GGA+PBE are calculated and are depicted in Fig. 5. In the band structure, the dot-line presents the
Fermi level. The band structure calculations have been carried out following a path along the
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highest symmetry points G, Z, T, Y, S, X, U, and R. The internal coordinates of these points are (0,
0, 0), (0, 0, 0.5), (-0.5, 0, 0.5), (-0.5, 0, 0), (-0.5, 0.5, 0), (0, 0.5, 0), (0, 0.5, 0.5), and (-0.5, 0.5, 0.5)
in the first Brillouin zone, respectively. It can be noted that the band structure curves do not pass
through the Fermi level and the band gap is 1.75 eV, which indicates that the orthorhombic BaZrS;
is a semiconductor under the pressure of 0 GPa. Both the valence band maximum (VBM) and the
conduction band minimum (CBM) are located at the high symmetry G point. It means that BaZrS;
is a direct band gap material. The obtained band gap of 1.75 eV is in consistence with the
experimental data of the 1.78 eV reported by Nelson'?.
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Fig. 5. The band structures of the orthorhombic BaZrS; at 0 GPa, 10 GPa, and 20 GPa, respectively. The
red dashed line is marked the Fermi level.

In order to obtain the pressure effect on the electronic properties of BaZrS;, we have
calculated the total density of states and the partial density of states at specific pressures presented
in Fig. 6. It can be seen from Fig. 6 that the curve shape of PDOS with the increasing pressure
shows no apparent change, meaning a stable BaZrS; structure and no structural phase
transformation in the considered pressures. However, as the pressure increases, the conduction and
valence band shift to lower and higher energies, respectively. The shifts of the conduction and
valence band result in a decreasing band gap. The reason for this is likely to be that the distance
between the atoms decreases under the effect of high pressure, which leads to a change in the
atomic orbitals occupied by electrons, which results in the appearance of new hybridizations
between different elements. From figure 6, we can observe that above the Fermi level, the total
electronic density of states in the conduction band is mainly contributed from the 3p orbital
electrons of S atom. In the valence band from -4 to 0 eV, the total electronic density of states is
mainly contributed with hybrid characteristics and mainly consisted of S 3S orbital and a small
amount of Zr 5s and 4d orbitals. The contribution of the Ba atomic orbital to VBM and CBM is
very weak and even negligible. The Zr 4d orbital and S 3p orbital anti-bonding interactions were
very strong, indicating that the change of CBM played a leading role in the narrowing of the band
gap. This change in the density of states is a concrete manifestation of changes in the band
structure and band gap of the BaZrS; system. That is to say, due to the decrease of lattice constants
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under high pressure, the atoms become closer to each other, which leads to the decreased free orbit
spacing between the outer valence electrons of each atom, the enhanced interaction between them,
and thus the decreased band gap. Moreover, the pressure response of the band gap and electrical
conductivity is vitally significant for practical applications and may guide in photoelectric device
design®.
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Fig. 6. The density of state (DOS) and partial density of state (PDOS) of the orthorhombic BaZrS; at
0 GPa, 10 GPa, and 20 GPa, respectively. The red dashed line is marked the Fermi level.

4. Conclusions

In this work, DFT calculations have been performed to study the structural, and electronic
properties of the chalcopyrite semiconductor BaZrS; in the pressure range of 0-20 GPa. Structural
parameters are found to compare well with the available data in the previous reports. Elastic
constants and their dependence on pressure and related mechanical properties have been reported.
From the quotient of bulk to shear modulus of B/G, it is found that ductility becomes stronger with
the increasing pressure, indicating pressure can effectively improve the ductility of the
orthorhombic BaZrS;. We believe that the consistency between the mechanical and electronic
quantities encourages us to further experimental investigations to verify the theoretical findings,
and importantly to look for a possible optoelectronic device in this material.
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