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1. Introduction

Emerging piezochromism in lead free alkaline
earth chalcogenide perovskite AZrS; (A = Mg,
Ca, Sr and Ba) under pressure

Arnab Majumdar, (2@ Adebayo A. Adeleke, (2 ° Sudip Chakraborty 2 *< and

Rajeev Ahuja () *@¢

Hydrostatic pressure is an effective tool that can give rise to novel crystal structures and physical
properties. It has proven to be an alternative to chemical pressure. Therefore new functional materials
with intriguing properties can be designed by exerting external pressure. Metal chalcogenide perovskites
are a class of perovskites that have several advantages, namely high stability against moisture and light
induced degradation along with nontoxic elemental composition. In this letter, we have used first
principles methods to study the structural, electronic and optical properties of AZrSs where A = Mg, Ca,
Sr and Ba upon compression. Upon being compressed, the direct band gaps decrease to desired values
which can enable this class of zirconium based chalcogenide perovskites to be used in tandem solar
cells. The mobility of the charge carriers increases with pressure as the effective masses decrease.
Piezochromism is seen to exist upon compression which can be verified from the modifications in the
optical absorption spectra. This work elucidates the effects of pressure on the sensitive tuning of
properties of zirconium based chalcogenide perovskites, which can have significant photovoltaic
applications.

were also studied for photovoltaic applications.'® But recently,
the attention has been diverted to chalcogenide perovskites.? >

Although discovered in 2009, in the last decade, organic-
inorganic lead halide hybrid perovskites have been one of the
most studied classes of materials."? Their potential with
respect to enhancing solar cell efficiency has led to the study
of a plethora of such materials*™"> with some of their power
conversion efficiency (PCE) values overshooting 20%."°"
Despite having high PCE, the hybrid lead halide perovskites
have two major caveats as well. Firstly, they are extremely
unstable against moisture and secondly, the presence of toxic
lead renders their large-scale usage to be questioned.'®'’
In perovskites of the type ABXj;, the BX; octahedron has been
found to be the main decisive factor leading to desirable
photovoltaic properties.’® Therefore, the quest for ABX; perovs-
kites with other non-toxic elements took off and oxide perovskites
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Chalcogenide perovskites do not contain lead and have been
known for many decades.”® But their electronic and optical
properties, although studied recently,”"*>**2® still need further
rigorous scrutiny under different conditions. Besides experiments,
several theoretical works have also been performed on these
materials.”®!

Up to now, a handful of chalcogenide perovskites of the
form ABX; have been realized experimentally.>***** Out of
these, only CaZrS;, BaZrS;, CaHfS;, and BaHfS;>* exist in the
distorted perovskite phase containing corner-shared BXy octa-
hedrons while the others are made of edge-shared®” or isolated
BX, octahedra.?® The corner-shared octahedrons in CaZrS;,
BaZrS;, CaHfS;, and BaHfS; give rise to less localized band
minima and carriers with higher mobility compared to the
other phases, thus proving to be more applicable for photo-
voltaic applications. However, the high electronic band gaps of
most of these materials (2.05 eV for SrZrS; and 1.83 eV for
BaZrS;>°) can prove to be a bottleneck. The applicability of
these distorted chalcogenide perovskites can be increased
by finding a workaround method to decrease the band gaps
that can be attained by applying external pressure. This is
what has been addressed in this work. The effect of exerting
external pressure on perovskites and studying its effect on

This journal is © The Royal Society of Chemistry 2020
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optoelectronic properties is a significant area of research.’>*™*
Generally, within the same phase, upon compression, insulators
and semiconductors show band gap decrement. This band
gap decrement along with electron-electron correlations and
electron-phonon coupling can also lead to metallization and
eventually superconductivity.*®

Besides the modification of the electronic properties under
external pressure, another phenomenon that these materials
exhibit on compression is piezochromism.**™* The external
pressure can bring about structural or electronic transitions
which can lead to changes in the optical properties as well.***”
In two-dimensional Cu-Cl perovskites*®*® piezochromism has
been attributed to bond compression and octahedral rotation.
Thus, from a fundamental perspective, it is interesting to
explore the possibility of finding piezochromism even in the
three-dimensional perovskites.

In this work, the pressure induced modifications in the
electronic and optical properties in the semiconducting alka-
line earth chalcogenide perovskite material, AZrS; (A = Mg, Ca,
Sr and Ba) have been studied. The objective is to study the effect
of pressure with respect to the changes it may bring about in
the structural, electronic and optical properties of the studied
materials. Pressure induces modifications of the lattice para-
meters and atomic arrangements. This in turn introduces
changes in the electronic properties. In this work, on compres-
sion, the band gaps decrease and possess values ideal for them
to be used in tandem solar cells. Along with the band gaps, the
effective masses of the carriers are also calculated to decrease
with compression. Finally, modification of the characteristics
of the optical absorption spectra along with slight red shifts
on compression have been reported thus establishing the
occurrence of piezochromism. Thus, the electronic properties
evolution with pressure seals the applicability of the studied
materials in tandem solar cells, but even the piezochromism
observed with applied pressure can have significant impact in
understanding the optical response of this class of materials
from a fundamental perspective.

2. Computational methodology

The geometrical optimizations of AZrS; (A = Mg, Ca, Sr and Ba)
and their total energy computations were performed using the
Vienna ab initio simulation package (VASP)*° by solving the
Kohn-Sham equations within the density functional theory
(DFT) framework.”** The projector augmented wave (PAW)
method®? was implemented along with the with Perdew-Burke-
Ernzerhof parameterization (PBE)** within the implemented
and the generalized gradient approximation (GGA) to describe
the electronic exchange-correlation effects. The PAW pseudo-
potentials of Mg, Ca, Sr, Ba, Zr, and S that have been considered
have valence states 2s°2p°®3s?, 3s°3p°®4s®, 4s%4p°5s®, 55%5p°6s,
4s”4p®ad®5s® and 3s%3p” respectively. The kinetic energy cut-off
values of the employed PAW pseudopotentials for Mg, Ca, Sr,
Ba, Zr and S are 495.223 €V, 266.62 eV, 229.35 eV, 187.18 eV,
229.89 eV and 402.43 eV respectively. Overall, a well converged
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kinetic energy cut-off of 600 eV was used for all the studied
systems. All the structures were compressed from 0 to 15 GPa
and at every studied pressure point, the structures were relaxed.
The initial existing structure was taken at ambient pressure
and the volume was reduced subsequently to achieve high
pressures. The unit cell of the four compounds consisted
of 20 atoms (4 Mg/Ca/St/Ba, 4 Zr and 12 S). HSE06 hybrid
functional® was also used for more accurate description of the
electronic properties. The Heyd-Scuseria-Ernzerhof (HSE06)
functional consisted of 75% of the PBE exchange and 25% of
the Fock exchange. For the case of BaZrS; spin-orbit coupling
(SOC) was also included. A gamma-centered k-point mesh
(7 x 6 x 7) was used for sampling the mesh. The energy
convergence criteria for the self-consistent electronic steps
was at 10 ® eV. The ionic forces were relaxed until a residual
force of 1072 eV A~* was reached. The optical properties have
been determined by considering the independent particle
approximation (IP) using the same gamma centered 7 x 6 X 7
k-point mesh.

3. Results and discussion

3.1 Crystal structure analysis and equation of state under
pressure

Experimentally synthesized CaZrS;, SrZrS; and BaZrS; have
been found to crystallize in the distorted orthorhombic GdFeO;
structure having space group Pnma at ambient pressure.**
Although, this prototypical structure has not been seen for
MgZrS;, previous theoretical works have considered a distorted
structure for MgZrS;.>® However, in this work for all the four
chalcogenide perovskites studied, AZrS; (A = Mg, Ca, Sr and Ba),
we have considered the distorted Pnma phase for further
compression and analysis. The Zr atoms are 6-fold (octahedral)

@ ) (b)

o Mg/Ca/Sr/Ba
O Ir

os

Fig. 1 Schematic of the Pnma AZrSz perovskites (A = Mg, Ca, Sr and Ba)
viewed (a) along the c-axis and (b) along the b-axis.

Table 1 Lattice constants (in A) of the studied systems at 0 and 15 GPa

0 GPa 15 GPa
System a b c a b c
MgZrS; 6.74 9.53 6.36 6.54 9.07 5.88
CaZzrS; 7.07 9.63 6.57 6.87 9.16 6.01
SrZrS; 7.16 9.82 6.77 6.96 9.41 6.15
BaZzZrS; 7.27 10.16 7.11 6.95 9.79 6.55
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coordinated to the S atoms in a distorted and tilted manner.
This gives rise to corner-sharing distorted octahedrons [ZrS¢]®~
(Fig. 1). The alkaline earth elements are 12-fold coordinated
with the S atoms, forming cuboctahedrons. The lattice para-
meters (a, b and c) of the unit cell (20 atoms) at 0 and 15 GPa
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can be found in Table 1. Agreeing with earlier results,?>** for all
the four variants of the alkaline earth zirconium chalcogenides
studied, the [ZrS¢]® ™ are tilted as can also be seen in Fig. 1. The
tilted systems have octahedra tilting around all three pseudo-
cubic directions with a tilting pattern of a — b + a-which agrees
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Fig. 2 Phonon dispersion curves for MgZrSs at (a) 8 and (b) 15 GPa, for CaZrSs at (c) 0 and (d) 15 GPa, for SrZrSs at (e) 0 and (f) 15 GPa and for BaZrSs at

(9) 0 and (h) 15 GPa.
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with the Pnma space group. This means that the tilt angles
reported in this work are out of phase along the a and c-axes but
in-plane along the b-axis. For MgZrS; the octahedrons are tilted
by an angle of 20.9° and 22.9° at 0 and 15 GPa respectively.
Similarly, the corresponding numbers for CaZrS; are 18.6° and
20.5° at 0 and 15 GPa respectively. For the case of SrZrS; at
0 and 15 GPa, the tilt angles are 15.0° and 16.0° respectively.
Thus, it is clear that for the systems containing Mg, Ca and Sr,
the tilt angle increases with pressure. This is in contrast to what
happens in BaZrS; as in this case, the tilt angle decreases
slightly from 11.43° to 10.90° when compressed from 0 to 15 GPa.

The phonon spectra of all the four chalcogenide perovskites
has been shown in Fig. 2. They are all dynamically stable.
While CaZrS;, SrZrS; and BaZrS; are dynamically stable at all
pressures between 0 and 15 GPa, however MgZrS; shows
positive phonons only after 8 GPa for the Pnma phase. There-
fore, with more tilting of the [ZrS¢]*~ octahedrons, the phonons
harden too for MgZrS;, CaZrS; and SrZrS;. As expected with
higher pressure, the frequencies of the phonon modes at the
gamma point are higher due to increased force constant with
pressure. For all the four chalcogenide perovskites studied, in
the Z — T direction, the four highest optical and three acoustic
modes are almost dispersionless. For MgZrS;, between 0 and
8 GPa, the phonon instability is seen in the ' - Xand I' —» Z
directions which eventually harden with pressure. In our
unit cell, I' - Z corresponds to the ‘c’ direction (direction
along which the octahedral tilting is prevalent). This has been
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explained later how the compressibility and tilting along the ‘¢’
direction are related to the stability. According to the combined
experimental and theoretical work of Gross et al,”” no first
order structural phase transition is seen until at least 8.9 GPa in
BaZrS;. Therefore, studying the high pressure electronic and
optical properties of the chalcogenide perovskites seems
imperative to unravel their potential applicability in the realm
of photovoltaics.

The evolution of the elastic constants with pressure has
been shown in Fig. 3. They all satisfy the Born-Huang criteria
for orthorhombic systems.>® For MgZrS; and CaZrS; the Cy; is
more than C,, between ambient pressure and 15 GPa. This is
different for SrZrS; and BaZrS;. While for SrZrS; C;; and C,,
cross over at 15 GPa, for BaZrS;, the difference between C,; and
C,, increases with pressure. The rest of the elastic constants
increase with pressure as expected due to the shortening of
bond lengths with increasing pressure.

Upon exerting hydrostatic pressure, by reducing the volume
of the unit cells, the lattice parameters of all the systems
decrease smoothly (Fig. 4). At ambient pressure, the average
Zr-S bond lengths are calculated to be 2.53-2.58 A, 2.55-2.57 A,
2.54-2.57 A and 2.59-2.61 A for MgZrS;, CaZrS;, SrZrS; and
BaZrS; respectively. The same at 15 GPa are determined to be
2.44-2.48 A, 2.45-2.48 A, 2.45-2.48 A and 2.48-2.49 A. The range
of the bond lengths are given here as the octahedrons are
slightly distorted. For both 0 and 15 GPa, from the trends of the
bond lengths it can be noted that the distortion decreases with
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Fig. 3 Elastic constants vs. pressure for (a) MgZrSs, (b) CaZrSs, (c) SrZrSs, and (d) BaZrSs.
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(a) Evolution of lattice parameters with pressure and (b) equation of state of MgZrSs. (c) Evolution of lattice parameters with pressure and

(d) equation of state of CaZrSs. (e) Evolution of lattice parameters with pressure and (f) equation of state of SrZrSs. (g) Evolution of lattice parameters with

pressure and (h) equation of state of BaZrSs.

increase in the atomic number of the alkaline earth metal.
Therefore, the alkaline earth metal is clearly responsible for

16396 | J. Mater. Chem. C, 2020, 8,16392-16403

determining the amount of distortion that this class of
perovskite will undergo. Furthermore, the octahedral distortion
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goes hand in hand with the octahedral tilting. While the
distortion is maximum for MgZrS;, even the tilting is maximum
for the same material. Similarly, both the octahedral distortion
and tilting are minimum for BaZrS;. This can be attributed to
the ionic radii of the Ba atoms which is largest amongst the
alkaline earth metals considered in this work. The Ba atoms
occupy the voids between the corner-sharing [ZrSg]®~ octa-
hedrons hindering the possibility of further tilting and distor-
tion under compression unlike for the cases of Mg, Ca and Sr
which having smaller radii provide the space thus enabling
further distortion and tilting. The lattice compression, octahedral
distortion and tilting all play significant roles in determining
the electronic structures. In Fig. 4a, ¢ and e, the trends in the
decrement of the lattice parameters (a, b and c) are quite similar
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thus hinting at similar compressibilities along the three perpendi-
cular directions. But, unprecedentedly, a contrasting trend is
noticed for BaZrS; (Fig. 4g), in which the ‘@’ decreases faster
compared to ‘b’ on compression, unlike the other chalcogenide
perovskites. Thus, for BaZrSs;, the compressibility is higher along
the g-axis than that along the b-axis. Possibly, this is one of the
reasons why the tilt angle decreases rather than increasing on
compression in BaZrS;. The corresponding equations of state
(EOS) is shown in Fig. 4b, d, f and h for all the structures. The
pressure-volume curves have been fit by employing a 3rd order
Birch-Murnaghan EOS fit, fixing the first derivative of the bulk
modulus (K’) at a standard value of 4.0. For all the four chalco-
genide perovskites, the same Pnma phase up to 15 GPa has been
considered. The absence of discontinuities, kinks or sudden
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E, (PBE) = 1.03 eV

Energy (eV)
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Fig. 5 Electronic band structure of MgZrSs at (a) 8 and (b) 15 GPa, for CaZrSs at (c) 0 and (d) 15 GPa and for SrZrSs at (e) 0 and (f) 15 GPa. The black solid
lines and red dashed lines denote the band structures obtained using HSEO6 and PBE approximation respectively.
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changes in trends in the lattice parameters eliminate the
chances of second order phase transition too. The ambient
pressure bulk modulus (compressibility) are very similar for
SrZrS; and BaZrS;. MgZrS; has the highest ambient pressure
bulk modulus amongst the four variants with a value of 70.12
GPa (Fig. 2b). This implies that the compressibility is the least
for this material. On closer inspection of the evolution of the ‘¢’
lattice parameter with pressure for the four structures, the
lowest compressibility along the c-axis is also seen for MgZrS;
(Fig. 4a) compared to the other three chalcogenide perovskites.
In the unit cell that we have considered, the c-axis is the
direction along which the octahedral tilting of the [ZrS¢]*~ is
seen. Due to the smaller the compressibility of MgZrS; along
the c-axis compared to the rest, this results in more distortion
and tilting. All the four studied systems throughout the pressure
range of 0 to 15 GPa, retain the ionic bonding.

3.2 Evolution of electronic properties under external pressure

All the four chalcogenide perovskites considered in this work
have direct electronic band gaps at the I" point throughout the
pressure range of 0 to 15 GPa. The electronic band structures of
MgZrS;, CaZrS; and SrZrS; are shown in Fig. 5. At ambient
pressure, the direct band gaps are 1.93 eV, 2.04 eV and 2.04
for MgZrS;, CaZrS; and SrZrS; respectively. Previously, experi-
mentally the direct band gap of B-SrZrS; (distorted perovskite)
has been reported to be 2.05 eV>> which matches excellently
with our obtained value of 2.04 eV. Our calculated value
corresponds to the value obtained by using HSE06 functional.
On using just PBE approximation, the direct band gap of SrZrS;
turns out to be 1.20 eV, thus significantly lower compared to the
experimental value and that obtained from the HSE06 hybrid
functional. Therefore, for the rest of the study, we have reported
band gaps and discussed the electronic properties as obtained
from the hybrid functionals and not PBE. Although, for compar-
ison between PBE and HSEO6, in Fig. 5 and 6 for 15 GPa, both the
PBE and HSE06 band structures are shown. Experimentally,
the direct band gap of Pnma CaZrS; at 0 GPa was found to be
1.90 eV?" which is slightly less than our calculated value of
2.04 eV. However, the PBE value for the same material at 0 GPa
was calculated to be 1.23 eV, thereby once again compelling us to
use hybrid functional. Since, MgZrS; is dynamically stable only
from 8 GPa onwards, therefore, we have shown its calculated
electronic band structures at 8 and 15 GPa in Fig. 5a and b
respectively, although we have still reported the band gaps for the
pressures below 8 GPa (see later). At 8 and 15 GPa, the direct band
gaps have values of 1.87 and 1.80 eV. The nature of the band
structure otherwise remains same at both the pressures. Similarly,
for CaZrS;, the direct band gaps at 0 and 15 GPa are 2.04 (Fig. 5¢)
and 1.84 eV (Fig. 5d) respectively. The same values for SrZrS; at
0 and 15 GPa are 2.04 (Fig. 5¢) and 1.59 eV (Fig. 5f) respectively.
Compared to CaZrS;, the electronic band gap of SrZrS; plummets
much more at 15 GPa. As discussed later, this can be attributed to
the sudden appearance of a van Hove singularity in the density of
states due to the Zr-4d orbitals in the conduction band minimum
at 15 GPa. This appearance of the van Hove singularity proves to
be beneficial as the band gap reduces to the value which is ideal
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for photovoltaic applications. This trait is not seen in MgZrS; and
CaZrS; and can therefore be concluded that it is dependent on the
alkaline earth metal.

The calculated direct band gap of BaZrS; (using SOC and
HSEO06) at 0 GPa has been shown to be 1.87 eV (Fig. 6a). This
is in very close agreement with that obtained experimentally
(1.83 eV).” Since barium is a heavy element, we considered
spin-orbit coupling in tandem with hybrid functional.
On compression to 15 GPa, the gap value decreases to 1.52 eV
(Fig. 6b), once again falling into the range of ideal photovoltaic
applications. For CaZrS; and SrZrS; an interesting feature can
be noted in the valence band maximum at 15 GPa. While for all
the four chalcogenide perovskites, the direct band gap occurs at
the I' point at all the pressures, but for CaZrS; and SrZrS;, the
original valence band corresponding to the maximum at 0 GPa
becomes noticeably anisotropic in the X - I''and I' —» Z
directions. The unprecedented occurrence of this feature which
shows significant anisotropy along difference directions of the
Brillouin zone will quite obviously also give rise to holes with
quite different effective masses.

In Fig. 7, the pressure dependence of the direct band gaps of
MgZrS;, CaZrS;, SrZrS; and BaZrS; have been shown. The rate

3.9 3

Energy (eV)

15GPa s P

E, (BSE06) - 152V B 7 .G
E, (PBE) = 0.72 ¢ 3

N -
X r Z'Y r U
Fig. 6 Electronic band structure of BaZrSs at (a) O and (b) 15 GPa using
HSEO6 hybrid functional along with SOC. The black solid lines and red
dashed lines denote the band structures obtained using HSEO6 and PBE
approximation respectively.
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Fig. 7 Evolution of the direct electronic band gap with pressure using
HSEQ6 functional.
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at which the band gap decreases for MgZrS; is ~0.009 eV GPa™ ',
which is quite sluggish. Between 0 to 12 GPa, for CaZrS;, the
band gap decreases at a rate of ~0.008 eV GPa ' while this rate
increases to ~0.025 between 12 and 15 GPa. The slope of the
band gap vs pressure plot for SrZrS; can be distinctly divided
into two parts. Up to 4 GPa and beyond it, the rates at which the
band gap decreases are ~0.01 and 0.03 eV GPa '. The faster
decrement at higher pressures can perhaps be attributed to the
prevalence of the van Hove singularity in the conduction band.
Similarly, for BaZrS;, up to 8 GPa the band gap decrement rate
is 0.013 eV GPa~' while it is 0.024 eV GPa™' between 10 and
15 GPa. The calculated value of 0.013 eV GPa ' that we
obtained between 0 and 8 GPa is in very satisfactory agreement
with that obtained from experiment.>” A usual trend is that
while lattice compression closes the band gap, octahedral
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Fig. 8 PDOS of MgZrSs at (a) 8 and (b) 15 GPa, for CaZrSs at (c) 0 and (d) 15 GPa and for SrZrSs at (e) 0 and (f) 15 GPa using HSEO6 hybrid functional.
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Fig. 9 PDOS of BaZrSs at (a) 0 and (b) 15 GPa using HSEO6 hybrid functional along with SOC.

tilting on the other hand opens it up.”>® In our case, overall, at
every pressure point, the band gap kept on decreasing. The
prediction of the band gap tuning of these chalcogenide
perovskite materials (~1.52-2.04 eV) with pressure can help
fabricate inexpensive tandem solar cells for large-scale production.
In these tandem solar cells, commercial silicon cells are the
bottom cells which can be augmented with these chalcogenide
perovskites as the top cells.

The electronic partial density of states (PDOS) have been
shown in Fig. 8 and 9. At 0 GPa, the valence band maximum is
contributed primarily by the 3p orbital of S for all the four
chalcogenide perovskites while there is a minor contribution
from Zr 4d. The opposite happens in the conduction band
minimum, i.e. the major contribution comes from Zr 4d while S
3p has a small presence. The exact same trend is noted even at
15 GPa. In the deep valence regions, the contributions of the S
3s and alkaline earth metal p orbitals is present. As indicated
earlier, a very interesting feature is noted for both SrZrS; and
BaZrS;, i.e. at high pressure (Fig. 8f and 9b), in the conduction
band minimum, a van Hove singularity due to Zr 4d can be
seen which is not there at 0 GPa. The sudden finite PDOS
brings the conduction band minimum closer to the Fermi level,
thus decreasing the band gap and increasing the applicability
of these materials in photovoltaics. The high PDOS on either
side of the Fermi level increases the probability of these
Zr-based chalcogenide perovskites to have high optical absorp-
tion coefficients.

To get a qualitative idea of the carrier mobility at the
different pressure points, we have reported the effective masses
of the electrons and holes in Table 2a-d. They have all been
calculated using the HSE06 functional approximation except
for BaZrS; for which the SOC was also taken into account. The
effective masses of the carriers were calculated around the
conduction band minimum and valence band maximum at
the I high symmetry point by fitting the refined energy band
structure to a parabolic function. The average effective masses
were calculated in the x and z-directions of the Brillouin
throughout the studied pressure range. For all the four chalco-
genide perovskites studied, the effective mass of the electrons
are isotropic and identical in the I' - Xand I' — Z directions.

16400 | J. Mater. Chem. C, 2020, 8,16392-16403

Table 2 (a) Evolution of effective mass of MgZrSs with pressure. (b)
Evolution of effective mass of CaZrSs; with pressure. (c) Evolution of
effective mass of SrZrSz with pressure. (d) Evolution of effective mass of
BaZrSz with pressure

(@)

m; my
Pressure (GPa) r->x r-z r-Xx r-z
0 0.33 0.33 0.45 0.47
2 0.33 0.33 0.43 0.43
5 0.32 0.32 0.42 0.42
8 0.32 0.32 0.47 0.36
10 0.31 0.31 0.47 0.34
15 0.31 0.31 0.45 0.30
(b)

m; my
Pressure (GPa) r-x r-z r -x r-z
0 0.32 0.32 0.83 0.49
2 0.32 0.32 0.78 0.47
5 0.32 0.32 0.71 0.45
8 0.33 0.33 0.66 0.43
10 0.34 0.34 0.63 0.41
15 0.36 0.36 0.36 0.20
©

m; my
Pressure (GPa) r - x r -z r - x r -2z
0 0.36 0.36 0.74 0.51
2 0.35 0.35 0.67 0.48
5 0.34 0.34 0.55 0.30
8 0.33 0.33 0.42 0.17
10 0.32 0.32 0.40 0.16
15 0.29 0.29 0.38 0.15
G

m; my
Pressure (GPa) I -Xx Ir -z I - X r -z
0 0.38 0.38 0.58 0.51
2 0.37 0.37 0.56 0.49
5 0.35 0.35 0.54 0.44
8 0.34 0.34 0.49 0.40
10 0.33 0.33 0.47 0.37
15 0.30 0.30 0.42 0.27
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In fact, irrespective of the alkaline earth metal, the electronic
effective masses are in the same range and also decrease at
similar rates with pressure. The decrement with pressure is not
very steep. However, the range ~ 0.30-0.38 for all the cases is
already quite low and ensures high electron mobility. Unlike
the electrons, the effective masses of the holes show anisotropy
in the x and z directions. This anisotropy is more visible for
CaZrS; (Table 2b) and SrZrS; (Table 2c). As expected for all the
cases the effective masses of the holes decrease with pressure
thus increasing the hole mobility. Significant drops in the hole
effective masses are seen in CaZrS; from 0.83 to 0.36 in the
I' - X, and 0.49 to 0.20 in the I' — Z directions while being
compressed from 0 to 15 GPa. Very similarly in SrZrS;, the hole
effective masses plummet from 0.74 to 0.38 in the I' - X
direction and 0.51 to 0.15 from I' — X on exerting hydrostatic
pressure between 0 and 15 GPa. Thus the band gaps in the
compressed chalcogenide perovskites along with the low effec-
tive masses of the holes and electrons can lead towards satis-
factory photovoltaic applications from an electronic perspective.

3.3 Optical absorption spectra under external pressure:
piezochromism

As chalcogenide perovskite materials are promising candidates
for photovoltaic applications, exploring the optical absorption
spectra under the influence of eternal pressure is an inevitable
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attempt from the corresponding optoelectronic application
perspective. Therefore, in order to have a profound under-
standing of the pressure induced optical property variation in
such materials, it is imperative to study the optical absorption
spectra systematically corresponding to each pressure range.
The pressure dependence of the absorption cross-section of the
chalcogenide perovskites have been depicted in Fig. 10 at
selected pressure points from 0 to 15 GPa. We can observe
the optical absorption spectra is becoming distinctively finite
corresponding to the photon energy value between 0.5 to
0.75 eV, whereas the first prominent absorption peak is
occurred at approximately 0.57, 3.05, 3.11 and 3.13 eV e for
MgZrS;, CaZrS;, SrZrS; and BaZrS; respectively. The absorption
spectra become finite between 0.5 and 0.75 eV although the
band gaps reported earlier are much higher because the optical
properties were determined using PBE approximation, whereas
the electronic band gaps were calculated using the HSE06
hybrid functional. In all the four chalcogenide perovskite
systems at 0 GPa, between the primary and secondary peaks,
intermediate hump like absorption cross sections are observed.
These additional absorption peaks insinuate the multivalley
characteristic of band structures, which primarily originated
due to the allowed optical transition between primary and
secondary valence band maxima and conduction band minima
of the studied systems. On compression, a slight red shift is
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Fig. 10 Absorption cross-section of (a) MgZrSs, (b) CaZrSs, (c) SrZrSs, and (d) BaZrSs.
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seen for all the four perovskite systems, which is attributed to
the decrement of bandgap in the optical absorption spectra.
Hence, we can certainly infer that in all the chalcogenide
perovskite systems considered in this work, the bandgap
narrowing can be concluded from the variation of optical
absorption spectra in addition to the analysis derived from
density of states and band structure calculations. The multi-
valley optical absorption behavior persists even under the
influence of external hydrostatic pressure, while this sensitive
tuning of optical absorption spectra manifest the bandgap
tuning in chalcogenide perovskite materials, which has been
emerged as the exciting field of piezochromism.

4. Conclusions

To summarize, we studied the evolution of the structural,
electronic and optical properties of AZrS; (A = Mg, Ca, Sr and
Ba) alkaline earth chalcogenide perovskites at selected pressure
points between 0 and 15 GPa. This class of Zr-based chalco-
genide perovskites were chosen due to some clear advantages
they have over halide and oxide based perovskites. Firstly, these
Zr-based chalcogenide perovskites are more stable against
moisture and light induced degradation compared to lead
halide perovskites. Secondly, the reduced electronegativity
difference between S and Zr atoms leads to comparatively
narrower band gaps and improved charge transport. Finally
the lack of toxic lead in this class of materials is huge advan-
tage. We have shown that upon compression, the studied
structures retain the distorted tetragonal structure up to at
least 15 GPa. Both dynamical and mechanical stability have
been established. While CaZrS;, SrZrS; and BaZrS; are all
dynamically stable at 0 GPa, MgZrS;, shows positive phonons
only from 8 GPa onwards. With compression, the octahedral
tilting increased in all the materials except for BaZrS; in which
the tilting angle decreased. This can be attributed to the ionic
radius of Ba which is much larger than that of the other
alkaline earth metals considered in this work. Under hydro-
static compression from 0 to 15 GPa, the electronic band gaps
of MgZrS;, CaZrS; and SrZrS; decreased from 1.94 to 1.8 eV,
2.04 to 1.84 eV, and 2.04 to 1.59 eV, respectively. Similarly, for
BaZrS; the band gap decreased from 1.87 to 1.52 eV under the
same pressure range. For all the structures, the direct nature of
the band gaps was retained. The significant narrowing of the
band gaps in SrZrS; and BaZrS; at 15 GPa compared to the
other two is due to the appearance of van Hove singularities.
The magnitudes of the band gaps are ideal for them to be used
as top cells in tandem solar cells with Si as the bottom
cell. Furthermore, on compression, we observed the sensitive
variation of optical absorption spectra nature. A slight red shift
of the primary absorption peak under the influence of piezo-
chromism has been reported in this work. Thus, the lead-free
non-toxicity, environmental stability, direct band gaps in the
desired range and low effective masses can render these
compressed Zr-based chalcogenide perovskites to be ideal for
photovoltaics.
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