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ABSTRACT: Due to their intrinsic stability and reduced toxicity, lead-
free halide double perovskite semiconductors have become potential
alternatives to lead-based perovskites. In the present study, we used
density functional theory simulations to investigate the mechanical
stability and band gap evolution of double perovskites Cs,AgBiXy (X =
Cl and Br) under an applied pressure. To investigate the pressure-
dependent properties, the hydrostatic pressure induced was in the
range of 0—100 GPa. The mechanical behaviors indicated that the \ .
materials under study are both ductile and mechanically stable and that \_,X/
the induced pressure enhances the ductility. As a result of the induced £ ]
pressure, the covalent bonds transformed into metallic bonds with a g f:::r?):sszfemwmg
BiX, and AgX, octahedra n

reduction in bond lengths. Electronic properties, energy bands, and under induced pressure

electronic density of states were obtained with the hybrid HSE06

functional, including spin—orbit coupling (HSE06 + SOC) calcu-

lations. The electronic structure study revealed that Cs,AgBiX4 samples behave as X—I" indirect gap semiconductors, and the gap
reduces with the applied pressure. The pressure-driven samples ultimately transform from the semiconductor to a metallic phase at
the given pressure range. Also, the calculations demonstrated that the applied pressure and spin—orbit coupling of the states pushed
VBM and CBM toward the Fermi level which caused the evolution of the band gap. The relationship between the structure and
band gap demonstrates the potential for designing lead-free inorganic perovskites for optoelectronic applications, including solar
cells as well as X-ray detectors.

1. INTRODUCTION challenge has been partially resolved via the use of cesium ions
in place of the organic component to create pure inorganic
perovskites with increased stability.'” Second, to reduce or
eliminate the toxicity, there has been a desperate hunt for new
and nontoxic alternatives to Pb in the CH;NH,;PbXj,
perovskite."" This replacement by other divalent cations at
the B-site either led to a higher energy band gap (due to
alkaline earths), which is not suitable as a photo-absorber, or
turned out to be more unstable (as in the case of Sn** and Ge*
introduction).'” The divalent atom Pb has a central role in
band gap formation and hence the optoelectronic properties of
the chemical compound CH,;NH,PbX;. Lead (Pb) is essential
to perovskite for achieving an outstanding photovoltaic
performance; hence, substitutes for lead must meet strict
requirements to maintain efficiency and stability in a perovskite

In the recent past, hybrid organic—inorganic lead halide
perovskites have garnered tremendous attention from the clean
energy sector for future photovoltaic and optoelectronic
applications due to their unique intrinsic properties.’~” In a
remarkably short period, the power conversion efliciency
(PCE) of perovskite solar cells (PSCs) has increased from
3.8% in a dye-sensitized solar cell architecture to 25.2% NREL-
certified in planar heterojunction photovoltaic devices.”” The
widely studied perovskite for PSCs by far is the CH;NH;PbX;
(X = Cl, Br, and I) perovskite. The allure of halide perovskite
materials for application in photovoltaics and LEDs arises due
to their composition of inexpensive, earth-abundant elements,
and they are synthesized by various methods including
solution-processed deposition techniques.” Yet, the intrinsic
instability due to the organic methylammonium cation and
toxicity of Pb continue to be two fundamental concerns related
to the development of stable perovskite photovoltaic devices.
Such concerns have prevented this technology from becoming
mainstream solar cell technology. Therefore, the requirement
of alternate materials to obtain the desired stability and to
contain the environmental effect is indispensable. The first
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structure.”” Recently, it has been possible to create quaternary
halides with a double perovskite structure by using the cation
transmutation method, which transforms two divalent Pb**
ions into one trivalent and one monovalent cation.'* In the
main group elements, only the trivalent bismuth (Bi*")
possesses the same electronic configuration as lead. Bi-based
Cs,AgBiX, halide double perovskites have been successfully
synthesized and displayed attractive features, including long
carrier recombination lifetime and excellent stability, making
them promising for photovoltaic and photon detection
applications."> The high Cs,AgBiXs band gap, however,
significantly reduces the device’s performance.'® Therefore, it
would be ideal to develop a reliable approach for precisely
engineering the band gaps of Cs,AgBiXs compounds and then
gain a thorough understanding of how their structure and
properties interact."”

In the recent past, researchers started investigating the
pressure-dependent crystal structure and characteristics of
halide perovskites.'"® The use of pressure to develop novel
materials with enhanced characteristics has been reported by
several groups.'” Under an induced pressure, halide perovskites
show constant changes in their crystal structure and band
alignment, revealing their fundamental transformation mech-
anism.”’ Separate groups also systematically investigated the
pressure response of hybrid and all-inorganic halide perov-
skites, and it is observed that the optical energy gaps of
semiconducting lead halide perovskites vary.”' This study
aimed to search those halide perovskite semiconductors whose
characteristics approximate the widely researched
CH;NH;PbX; materials without integrating any toxic metals
such as Pb, Cd, Tl, or Hg. The Cs,AgBiXys (Br and Cl) Bi-
based double perovskite semiconductors have been proposed
and synthesized with three-dimensional cubic structures having
great versatility for compositional variants.”>”*° These
compounds displayed great potential for a variety of other
applications besides solar photovoltaics, such as photo-
detectors, X-ray detectors, photocatalysts, light-emitting diodes
(LEDs), and so forth.”” Also, halide double perovskites were
found to exhibit enhanced stability against moisture and
temperature and have optical band gaps (in the range 1.83—
2.80 eV) which are comparable to their hybrid CH;NH,;PbX;
perovskite analogues.”””>*® Mild pressure can increase the
carrier lifetime and tune the band gap to a desired value,
leading to the emergence of interesting material characteristics
including optical absorption, conductivity, photoresponsivity,
and enhanced structural stability. Thus, the next-generation
photovoltaics and semiconductor systems can benefit from
materials-by-design for tunable, improved, and retainable
performance. Therefore, it is essential to comprehend the
interplay between pressure-induced electronic and structural
changes. In the literature, we come across very few reports on
the pressure-dependent photovoltaic properties of halide
perovskites that emphasize their structural aspects, and the
applied pressure is limited.”” One of the reports describes the
first attempt to use hydrostatic pressure up to 38 GPa to
control the band gap and photocurrent characteristics of the
organometal bromide perovskite, CH;NH;PbBr;
(MAPbBr;).>°

In the present study, we report comprehensive theoretical
investigations of the structural, elastic, and electronic proper-
ties of the halide double perovskites Cs,AgBiX; (X = Br and
Cl) from DFT calculations under high-pressure conditions.
Our results indicate that there has been a significant impact on

the optical energy gap due to the induced pressure and
disorder in the (Ag, Bi) atoms. The halide double perovskite
materials under study exhibit some deformation during
decompression (release of the hydrostatic pressure) which
causes the energy gap to be quenched by a mixture of cubic
and tetragonal phases. Our findings show a connection
between structural alterations and the photophysical character-
istics of Cs,AgBiX, perovskites at a high pressure. During the
experiment, the required pressure can be applied externally,
resulting in the disordering of the crystal lattice, or it can be
induced by carefully doping metal cations.

2. COMPUTATIONAL METHOD

The first-principles calculations on Cs,AgBiX, (X = Cl & Br)
perovskites were done using Vienna ab initio Simulation
Package (VASP)*' with the projector-augmented wave (PAW)
method.” Exchange and correlation energy as an electron—
electron interaction was considered by the generalized gradient
approximation (GGA) parameterized by the Perdew, Burke,
and Ernzerhof (PBE) functional.”> The VESTA tool was used
to visualize the crystal structure formation.”* The electronic
band gap is usually underestimated by PBE calculations, and
the hybrid function that combines the Hartree—Fock and DFT
exchange terms is considered to be a practical solution to
calculate the energy band gap of the compounds more
precisely.”” In order to accurately assess the band gap of
Cs,AgBiXg (X = Br and Cl) perovskites, we adopted the
Heyd—Scuseria—Ernzerhof (HSE06) hybrid functional.’® The
band structure and density of states were calculated while
taking into consideration the spin—orbit coupling (SOC)
interaction. HSE06 has been demonstrated to create band gaps
that are more precise than those produced by conventional
LDA/GGA functionals.”” Interaction between the valence
electrons and ions was defined via suitable pseudopotentials in
the PAW method.*® The conjugate gradient approach was used
to optimize the geometry of the cell and the positions of the
atoms, with the iterative relaxation of atomic positions being
truncated when the forces acting on the atoms were less than
0.01 eV/A.

Self-consistent calculations were used to optimize the kinetic
energy cutoff value. The number of plane waves was limited by
the kinetic energy cutoff value, with the total energy adjusted
to E, = 500 eV for Cs,AgBiX, in the Fm3m structure. After
the energy cutoff values were selected, self-consistent
calculations for various k-points were implemented using the
Monkhorst—Pack method.” For this phase, the total energy-
optimized meshes of k-points were determined to be
12x12x12. The total energies of the crystal structure were
determined by increasing and decreasing the equilibrium
volume from 1 to 5%, and in these intervals, the kinetic energy
cutoff values were optimized for the meshes of k-points. The
total energy—volume data obtained from these calculations
were fitted to the third-order Birch—Murnaghan equation of
state (EoS) to derive the crystal structure properties in terms
of bulk modulus, its pressure derivative, and the equilibrium
lattice constant.

The cubic phase of the lead-free metal double halide
perovskites, Cs,AgBiX,, belongs to the space group Fm3m (no.
225). The Cs atoms are located at the face center of the unit
cell structure with a Wyckoff position 8c and coordinates of
(1/4 1/4 1/4); at (1/2 1/2 1/2) coordinates, Bi atoms are
positioned in the body center with a 4b Wyckoft site; the Ag
atoms are positioned at corners (0 0 0) with a Wyckoff site 4a;
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Table 1. Lattice Parameter a(A), Bulk Modulus B (GPa), Its Pressure Derivative B’, Elastic Constants C; (GPa), and Elastic

Compliances S (GPa™) of Cs,AgBiCl; and Cs,AgBiBr,

Cs,AgBiClg Cs,AgBiBry
phase this work experiments other calculations this work experiments other calculations
Fm3m a 10.783 10.777¢ 10.655%, 10.696°, 10.99%, 10.67° 11.472 11.271¢ 11.169%, 11.201¢, 11.530%, 11.190°
23.07 23.437, 32.64° 20.65 20499, 28.58°

B 6.00 3.79¢ 5.93 5.827

Cy 47.13 66.70° 3234 59.02¢

Cp, 20.66 15.61° 15.28 13.37°

Cu 8.16 8.85° 6.82 8.15¢

S 0.02895 0.04438

Sy, —0.00882 —0.01424

Se 0.12257 0.14652

9Ref 23. URef 40. “Ref 28b. “Ref 41. °Ref 42

and halide atoms occupy the face centers with a 24e Wyckoff
site.

The elastic stiffness constants C; were determined by
linearly deforming the crystal structures in the current study
under a modest strain. To calculate the stiffness constants and
total energy of the system, the deformation parameter (5) was
set to change in steps of 0.01 within the —0.03 to 0.03 range.
The total energy determined was fit to the third-order
polynomial, and the second-order coeficient of this poly-
nomial was equated to the associated energy density equations.
A series of equations were obtained which were solved for the
elastic constants C;. For the band gap calculations, two steps
are performed. In the first step, a self-consistent computation
was done to obtain charge distributions, and using of these
charge distributions was required in the next step to simulate
the band structure. Energy gap variation with the induced
pressure was also simulated and represented in terms of band
diagrams. According to calculations, the semiconductor
Cs,AgBiBry enters the metallic phase at a pressure of 50
GPa, while its chlorine equivalent behaves as a metal at a
pressure of 100 GPa.

3. RESULTS AND DISCUSSION

3.1. Crystal Structure Optimization. In the AMX,
perovskite structure, the A cation is surrounded by 12 halide
(X) anions forming a cuboctahedral geometry, while the metal
cation is coordinated to 6 halide anions, making an octahedral
cage MXg. The structure for the double perovskites A,MM'X
remains the same except for alternate MXg and M'Xg
octahedra. In the halide double perovskite matrix, A,MM'X,,
A and M are monovalent cations, with the charge state +1, M’
are the elements of oxidation +3, and X belongs to halides (Cl,
Br, and I) bearing charge state —1. The equilibrium lattice
parameter (a,), bulk modulus By, and its pressure derivative B’
were obtained from the Birch—Murnaghan EoS when total
energies as a function of unit cell volume are fit into the
equation. The Birch—Murnaghan equation 1 is given by

E(V) = E, +
V) =E+— |7

2
V. 2/3 V. 2/3
-4
v %4

2/3 2
unlfig Ly
0

1

Structural parameters such as lattice constants, bulk moduli
at zero pressure B, and its pressure derivative B’ are given in
Table 1. As mentioned earlier, the Cs,AgBi (Cl/Br)g
compounds form a perovskite cubic crystal structure with a
Cs atom in the middle of the cubic framework, while Ag and Bi
are linked with halogen atoms (Cl and Br) to make a rock salt
structure, as indicated in Figure la. The values of these
parameters at different pressures ranging from 0 to 100 GPa,
both for bromine and chlorine-based perovskite structures, are
summarized in Tables S1 and S2, respectively, in Supporting
Information. The results of the total energy—volume
optimization calculations are also plotted in Figure 1b,c
which include the information relating to the static EoS.

The equilibrium lattice constants calculated in our study for
the Cs,AgBiCl; (10.783 A) and Cs,AgBiBry (11.472 A)
perovskites were consistent with the earlier reported
experimental data (10.777 and 11.271 A)> A small
discrepancy in the lattice constant of Cs,AgBiBrs could be
the result of the overestimation of the lattice constant by the
GGA exchange—correlation functional, which is well under-
stood and expected while using different structure models.
Figure 2 represents the variation of lattice constants under an
induced hydrostatic pressure up to 100 GPa.

The structural parameters calculated in the present study
were found in fair agreement with the other theoretical studies
and experimentally observed results reported elsewher-
.2%%7%2 Under the hydrostatic pressure effect in the range
of 0—100 GPa, the lattice constant decreases monotonically for
both Cs,AgBiCls and Cs,AgBiBry perovskites, as indicated in
Figure 2. Since Cs,AgBiBrs has a bigger ionic radius than
Cs,AgBiCly, it also has a larger lattice constant. In comparison
to Cs,AgBiCly, Cs,AgBiBrg has a smaller bulk modulus and
pressure derivative, which suggests that it is less stiff and more
compressible.

3.2. Elastic Properties. Understanding the mechanical
behavior of crystalline materials requires knowledge of the
elastic tensor properties. The three independent elastic moduli
C; of cubic structure crystals, such as pressure-induced
Cs,AgBiXy, are C;, Cp,, and C,. The simulated elastic
constants (C;), bulk moduli (B), and their pressure derivatives
(B’) for the double perovskites studied are provided in Table
1. The Born criterion was used to determine whether a crystal’s
elastic constants satisfy its mechanical stability. To determine
the elastic constants Cj, a strain was applied to the primitive
vectors a; (i = 1,2,3) of the system. The primitive vectors a; (i
= 1,2,3) of the deformed system were calculated by the
following equation:

https://doi.org/10.1021/acsomega.3c03469
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Figure 1. (a) Crystal structure of the Cs,AgBiXs (X = Cl and Br)

double perovskite unit cells generated using Vesta tool. (b) Energy—

volume plot for Cs,AgBiCly and (c) energy—volume plot for
Cs,AgBiBrg.

a a0
a)| =1%0]|. (T + &)
a3 430 2)

where I is the unit matrix, and € is the deformation matrix. The
total energy of this forced system can be extended to the
Taylor series as follows:

6 6
Y,
E(V, &) = Ey(Vy, 0) + V, ), o, + 7" D Cg + 0(8°)
i=1

ij=1

(3)

Here, o and ¢ are the stress and strain tensors, respectively. V'
and V|, are the volumes of the post-deformation and pre-
deformation systems, respectively. E(V, ¢) and Ey(V,,0) are
related to total energies. C; refers to the second-order elastic

10.6 -
10.4 . —=— Cs,AgBICI,
102 L —e— Cs,AgBiBr,

9.4

lattice const. (angs.)
©
[}
T

92

9.0

8.8

0 20 40 60 80 100
Pressure (GPa)

Figure 2. Variation of lattice constants with the induced pressure.

constants, and O(5°) refers to the neglected terms in the series
expansion. The second term of the series expansion in eq 3 is
zero since in the new equilibrium stress is zero on all atoms. In
this case, eq 3 becomes

AE _ E(V, ¢) = Ey(V, 0) _ 126:

— C.ee
4 Ve 2 ’

l} 1
ij=1 4

Elastic constants of the deformed system can be found by
using eq 4, which is expressed as energy density. Table 2
summarizes the strain matrix components applied to the cubic
Fm3m structure and the energy densities corresponding to
these strains.

Single-crystal elastic constants were calculated to understand
the mechanical stability of the Cs,AgBiCls and Cs,AgBiBrg
materials. For this, three different strains were applied to the
unit cell of the cubic structure, and these structures were
deformed. The energy density expressions for each strain are
also listed in Table 2. The change of the total energy of
Cs,AgBiClg and Cs,AgBiBry materials in the deformed Fm3m
structure according to the deformation parameter (§ = +0.03,
+0.02, and +0.01) is shown in Figures 3 and 4, respectively.

To determine the elastic constants of the cubic Fm3m
structures of each material, after volume-conserved strains V7,
V,, and V; were applied to the crystal systems, bulk modulus B
and shear moduli C, and C,, were calculated, respectively. Bulk
modulus B = (Cy; + 2Cy,)/3 and tetragonal shear modulus C,
= (C;; — Cy,)/2 equations were solved together to obtain
elastic constants C;; and C;,. The results obtained for the bulk
modulus B, tetragonal shear modulus C,, and elastic constants
C;; of the Fm3m structures of the Cs,AgBiCl; and Cs,AgBiBrg
materials are given in Table 1. The values of C,;, C,, and C,,,
respectively, are 47.13, 20.66, and 8.16 GPa for Cs,AgBiCl,
and 32.34, 15.28, and 6.82 GPa for Cs,AgBiBr,. These values
were comparable to those found in the DFT study elsewhere
from the CASTEP code.”” The fact that the elastic constant
values of the Cs,AgBiBrg material are lower than that of the
Cs,AgBiCls material reveals that the double perovskite
Cs,AgBiBrg has less resistance to deformations. The elastic
constants calculated for the Fm3m structures of these two
materials provide the generalized elastic stability conditions
given as C;; — C, > 0, C;; +2C, > 0, and Cyy > 0.

The bulk modulus B and the shear modulus G were used
instead of the elastic constants C; to define the elastic

https://doi.org/10.1021/acsomega.3c03469
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Table 2. Applied Strains

structure

Fm3m

strain
Vi

V2
Vi

parameters

£ =& =&

€ =0, 6=

=0

5, 6y = /(1 = &)
e3=08"/(1— 8%, 65=6

AE/V,

g (Cii+2Cy) &

(V;) and the Corresponding Strain Energy Densities (AE/V,) for the Cubic Fm3m Structure’

(Ciy = Cp) 8+ 0(8)

2C,0% + 0(8%)

Total Energy (eV/f.u.)

-35.85

(@)
-35.90

-35.95
-36.00
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® Calculation ()
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L
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(©
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>
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2
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o
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s
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8

Figure 3. Total energy of Cs,AgBiClg in Fm3m phase as a function of the strain parameter 8. (a) Bulk modulus, (b) pure shear elastic constant, C,y,

and (c) tetragonal shear constant, C;; — Cy,.
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Figure 4. Display of the total energy of Cs,AgBiBry in Fm3m phase as a function of strain parameter 6. (a) Bulk modulus, (b) pure shear elastic
constant, C,,, and (c) tetragonal shear constant, C;;—Cj,.

behaviors. The shear modulus refers to the resistance to
reversible deformations brought on by shear stress, whereas the

bulk modulus assesses the material’s reaction to the volume
change brought on by the applied pressure. Therefore, this

26581
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Table 3. Isotropic Bulk Modulus B (GPa), Shear Modulus G (GPa), Young’s Modulus E (GPa), the Poisson’s Ratio v,
Longitudinal v;, (m/s), Transverse vy (m/s), Average Sound Velocity vy, (m/s), and Debye Temperature 0y, (K) for

Cs,AgBiClg and Cs,AgBiBrs Polymorphs

Cs,AgBiClg Cs,AgBiBrg
phase this work experiments other calculations this work experiments other calculations
Fm3m By 29.48 2.30° 20.97 2.41¢
By 29.48 2097
B 29.48 20.97
Gy 10.19 7.51
G 9.64 7.42
G 9.91 7.46
B/G 2.97 2.81
E 26.75 20.01
v 0.349 0.341
129 3183 2572
vr 1534 1264
Unm 1724 1419
O 163 126
“Ref 43.

study also aimed to calculate the polycrystalline elastic
modulus from the obtained single-crystal properties of
Cs,AgBiCly and Cs,AgBiBrs materials. For this, the elastic
compliances S;; were calculated by using the single-crystal C;
elastic constants by the following equations:™

1
Sy = ——
Caa )
1
Su=Sn= 77"
Chp—Cp (6)
Cu
S+ S, =
(€, —CQCy+Cyy) (7)

Isotropic elastic modules such as bulk modulus B, shear
modulus G, Young’s modulus E, and Poisson’s ratio v for a
single-phase polycrystalline material can be obtained using the
Voigt—Reuss—Hill (VRH) approach, which includes the
average of anisotropic single-crystal elastic properties in all
possible directions of the crystal.

According to the Voigt and Reuss approaches in the cubic
crystal system, the shear modules Gy, Gy and the bulk modulus
By, By (for cubic systems B = By = By) are given as follows:"’

C11 - CIZ + 3C44

G. =
M S (8)
Gy = >
4(S;; = Spp) + 38, (9)
B =By, =By =(C; +2C,)/3 (10)

Using the VRH Voigt—Reuss—Hill (VRH) isotropic elastic
modulus approach, the shear and bulk moduli, respectively, are
given as follows: G = 1/2(Gy + Gg) and B = 1/2(By + By). By
using the isotropic bulk and shear modules calculated
according to the VRH approach, Young’s modulus, and
Poisson’s ratio, the other polycrystalline elastic properties
were calculated, and results are given in Table 3. For the
Cs,AgBiCly and Cs,AgBiBrs materials, the results from the
Voigt technique and the Reuss approach were comparable,
with the difference between the values derived from these two
methods being 0.55 and 0.09 GPa, respectively. Pugh** has

suggested that the resistance rate to elastic deformation can be
used to describe the brittle or ductile nature of covalent
crystals. The critical value for distinguishing a ductile material
from a brittle material is 1.75. The B/G values of the Fm3m
phases of Cs,AgBiCls and Cs,AgBiBrs were calculated to be
2.97 and 2.81, respectively. Therefore, the Cs,AgBiCls and
Cs,AgBiBrg compounds in the Fm3m phase can be classified as
ductile materials. The calculated B/G values were comparable
to the values found in the first-principles study.”' Young’s
modulus is representative of the resistance of the isotropic
material to linear strain and is expressed as E = 9GB/(3B + G).
According to the results obtained (Table 3), Cs,AgBiClg and
Cs,AgBiBry perovskites showed less hardness compared to
steel (200 GPa) and graphene (1000 GPa). On the other hand,
Poisson’s ratio demonstrates the stability of the crystal under
shear strain and is expressed as

v= (3B - 2G)/[2(3B + G)] (11)

The bulk modulus B and the pressure dependence of the
elastic constants (C;;, C;5, and C,,) for the double perovskites
Cs,AgBiXg (X = Br and Cl) are shown in Figure S. Although
the increase in C,, was less significant, all elastic moduli grow
practically linearly with respect to pressure. The value of the
bulk modulus obtained from elastic constants was similar to
that determined by using the EoS. This implied that our results
are considered significantly accurate and precise.

Frantsevich et al.** earlier reported that it is possible to
examine the mechanical behavior of the crystals by considering
their Poisson ratio. According to the Frantsevich rule, the
borderline v ~ 0.33 separates a ductile material from a brittle
material. If the Poisson ratio is greater than 0.33, the material
will be ductile; otherwise, the material is brittle. According to
this rule, Fm3m structures of Cs,AgBiCl; and Cs,AgBiBr,
perovskite materials showing a value greater than 0.33 exhibit a
ductile character. Also, our results concerning ductility with the
Frantsevich rule are quite consistent with those obtained with
the Pugh rule.

After calculating Young’s modulus and Poisson’s ratio, the
average sound velocity was calculated from the knowledge of
longitudinal and transverse sound velocities. The longitudinal
sound velocity 9; and the transverse sound velocity J, were
obtained from the material’s isotropic shear module G and

https://doi.org/10.1021/acsomega.3c03469
ACS Omega 2023, 8, 26577—-26589


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03469?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
(a) ° 6
500 | Cs_AgBiCl
2 s /. 4_(3) i 4—(b)
— - B
——C — 2k -
400 |- 1 S S 2
—aC 3 3
= 12 30 3 0
) v C., 5 g
= 300 | & _p (T
C
S /'/ <
17}
o ~ 4 —
8 200 |- N —/\
(8] —
2 0 T r X w w1 r X w
i 100 | A/A/_‘/A/‘/‘/A/HA X 6
- — 4l€) 1 4
o ¥ B S A
1 1 1 1 1 1 1 1 1 1

Pressure (GPa)

500 L @ Cs,AgBiBr,

400 |-

w

o

o
T

Elastic Constant (GPa)
g
T

-

o

o
T

Vv
0 M

TV ¥V ——v
Il " 1 " 1 " 1 n 1 L 1 I 1 2 1 L 1 L 1

0 10 20 30 40 50 60 70 80 90 100 110

Pressure (GPa)

Figure S. Effect of induced pressure on the elastic moduli of (a)
Cs,AgBiCl; and (b) Cs,AgBiBr,.

bulk module B. The formulas used to obtain sound velocities
and Debye temperature are taken from ref 43. The longitudinal
vy, (m/s), transverse vy (m/s), average sound velocity vy (m/
s), and Debye temperature 6, (K) for Cs,AgBiClg and
Cs,AgBiBrg materials in the Fm3m phase were calculated as
3183 m/s, 1534 m/s, 1724 m/s, 163 K and 2572 m/s, 1264
m/s, 1419 m/s, 126 K, respectively (Table 3).

3.3. Electronic Properties. The electronic properties of
the two perovskite compounds were studied by simulating the
band structure and electronic density of states using HSE06 +
SOC. The band structures for each compound predicted at
equilibrium as well as at different pressures are displayed in
Figures 6 and 7. The energy gap obtained for Cs,AgBiBry
perovskite at equilibrium was 1.45 eV, whereas for Cs,AgBiCly,
it was 2.48 eV. The valence band maximum (VBM) exhibited
at X and the conduction band minimum (CBM) at the high-
symmetry [-point in the Brillouin zone of the reciprocal lattice
for both perovskite compounds. Thus, the k-points corre-
sponding to the CBM and VBM showed different momenta in
the E—K plot, implying that the Cs,AgBiX, (X = Cl and Br)
perovskites are indirect band gap semiconductors. The band
gap, VBM, and CBM k-points in the band structure concurred
with the previously published research listed in Table 4. The
band gaps were observed to get reduced subsequently with an
applied pressure, and the corresponding values are summarized
in Table S. From the predicted band structures, it was observed
that the bottom of the conduction band has two minima within
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Figure 6. Band structure of Cs,AgBiBr, at (a) 0 GPa, (b) 10 GPa, (c)
20 GPa, and (d) 30 GPa pressure. Spin—orbit coupling (SOC) was
taken into account when calculating the band structure and density of
states of the perovskites. The evolution of the small direct bands
compared to indirect ones was observed as a result of the applied
pressure. However, the fundamental band gap is still indirect.
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Figure 7. Band structure of the Cs,AgBiCl4 halide double perovskite
calculated at (a) 0 GPa, (b) 20 GPa, (c) 40 GPa, and (d) 60 GPa
pressure. The low-energy direct band transitions and narrowing of the
energy gap with the applied induced pressure can be visualized clearly
from the plots.

the energy difference of ~0.2 eV. The minimum of the
conduction band can be found at the high-symmetry point I'
or L in the reciprocal space, depending on whether the
structure calculations are performed on optimized or
experimental structures. >

In the present study, however, the predicted band
calculations were performed on optimized structures, and
CBM occurred at the I'-point of the Brillouin zone. Pressure-
dependent band structures, Figures 6 and 7, showed that the
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Table 4. Comparison of Band Gap Energy (eV) of the Compounds Investigated with Other Theoretical and Experimental

Studies
Cs,AgBiBrg Cs,AgBiClg
present study simulation experiment present study simulation experiment
2.13 X-X 2.40% 1.95% 2.48 X-X 2.75% 1.90'%
2.85% 2.77% 240"
145 X 1.80"° 220" 1.96 I'-X 1.83% 2.77%
1.36% 2.19%
Table 5. Pressure-Dependent Direct and Indirect Energy T — TowlDOS  — Br(d)
Gaps Obtained for the Two Halide Double Perovskite ae e — Ag(d) Cs (p)
. o A . . < — Bi Cs(d
Structures Using the Hybrid HSE06 Functional with Spin— 2 ‘ 3 | B[,((z)) @
Orbit Coupling (HSE06 + SOC) g ‘ - g ( |
@ 2 10 GPa
[%] %] [
Cs,AgBiBry Cs,AgBiClg Q ‘ | \ 8 “ '
pressure  direct E,  indirect E,  pressure  direct E, indirect E I | I W U A&‘ |
GPa @) ° (V) ° GPa @ ° (ev) ° vl U A g Mx My pdph
L — 2
10 1.897 1.047 20 2.048 1.224 Energy (eV) Energy (eV)
20 1.736 0788 40 1.762 0.748  mbos  — e — mipos — Br@
30 1.571 0.556 50 1.623 0.544 — Ag(d) Cs (p) — Ag(d) Cs (n)
— Bi Cs(d — Bi Cs(d
40 1424 0361 60 1486 0.355 oo =@ T N
S50 1.294 0.181 80 1.220 0.011

band gap energy of the two perovskite systems reduced with
the applied pressure, and ultimately the semiconductor phase
transformed into a metallic phase, as shown in Figure 8. The
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Figure 8. Band structure displaying the metallic character of the
perovskites (a) Cs,AgBiBrs and (b) Cs,AgBiClg at 50 and 100 GPa,
respectively.

computed total density of states (TDOS) for the Cs,AgBiXj
(X = Cl and Br) perovskites are shown in Figures 9 and 10,
and the partial density of states (pDOS) graphics are indicated
in Figures 11 and 12. The pDOS manifested that the VBM of
both perovskites, Cs,AgBiX; (X = Cl and Br), were mainly
contributed from the interactions of Ag-d, Br-p, and Bi-s states
(Clp in the Cs,AgBiCly case). The VBM is localized only on
Ag and halide anions; however, the strong directional
interaction between Ag-d and halide-p orbitals invites some
Bi-s characteristics in the valence band as well, resulting in a
high valence band at X-point. This phenomenon is replicated
in all members of the Cs,AgBiX4 family, and it seems that the
electronic mismatch between Ag and Bi was the reason for the
indirect, wide energy gap. Also, it was noted from the DOS
study that the frontier orbitals that contributed to CBM
contain mostly Ag-s, Bi-p, and halide-p states.

Throughout the VBM, the antibonding-hybridized Ag-d and
halide-p states predominated, with antibonding Bi-s and
halide-p states contributing just marginally. For CBM, it
consisted of a mixture of Bi-p orbital, Bi-p and halide-p
antibonding, and Ag-s, halide-p bonding states.">**” As could

DOS (states/eV)
DOS (states/eV)

Energy (eV) Energy (eV)

Figure 9. Graph showing the total density of states simulated with
SOC along with the contribution from the most dominant orbitals in
the band formation of the Cs,AgBiBrg halide double perovskite at the
given applied pressures.
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Figure 10. Graph showing the total density of states simulated with
SOC along with the contribution from the most dominant orbitals in
the band formation of the Cs,AgBiClg halide double perovskite at the
given applied pressures.

be seen from Figure 8, the semiconducting perovskites
ultimately achieved a metallic character with the increase in
applied pressure. From the pressure-dependent band structure,
it was observed that the energy was shifted toward the lower
region which was attributed to Bi and Ag ions creating defect
energies of halide-p and Bi-s orbitals. Also, with the applied
pressure, the contraction and distortion of [AgX¢]*~ and
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Figure 12. pDOS) of Cs,AgBiCl; perovskite in the Fm3m phase at 0 GPa. (a) Cs-atom, (b) Ag-atom, (c) Bi-atom, and (d) Cl-atom.

[BiX4]*~ octahedra dominate the energy gap evolution. The
molecular orbital diagram was built using the atom-projected
density of states to explain some distinctive aspects of the band
structures. In the literature, it has been reported from
experimental measurements that the deformation occurred
due to the applied pressure retained in the structure upon
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releasing the pressure, resulting in the transformation of the
perovskite to a desired band gap compound.*

The halide double perovskite structure Cs,B*B*X, (X = Cl,
Br, and I) was found to be more stable compared to the hybrid
organic—inorganic halide perovskites except that it exhibited a
higher band gap which is also indirect. It has been proposed
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Figure 14. Band gap evolution in Cs,AgBiBrs and Cs,AgBiCly perovskite structures with pressure.

that a small amount of Pb**-doping, both at B* and B** sites,
would bring the optical energy gap down to a spectrally
important region, and the nature of the band gap would be
direct.””

The molecular orbital band diagrams of the investigated
halide double perovskites are given in Figure 13. This diagram
served as a schematic representation of bonding and
antibonding states in valence and conduction bands. As
mentioned, due to the spin—orbit splitting of the Bi-p,,, and
Bi-p;/, states in both compounds, the conduction band arises
and has a predominantly antibonding character. Additionally, a
minor contribution from the Bi-s/X-p antibonding state may
be found at the VBM. In both compounds, mixed Ag-d/X-p
states predominate throughout the VBM, pushing Ag-s states
into the conduction band, which is consistent with the noble
metal’s + 1 oxidation nature in this chemical environment.

The DOS study further revealed that the Cs-cation does not
affect the development of frontier band edges, while the halide
ions (Cl and Br) control the size of the energy gap but have no
bearing on the orbital characteristics or the direct/indirect
nature of the energy gap. Thus, the efficiency of halide
perovskite photovoltaics and LEDs can be tuned by smart
choices of B* and B** cations. In the present case, Ag* and Bi**
have been chosen to be at B" and B*" sites, respectively, to
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form the two halide double perovskites Cs,AgBiBrs, and
Cs,AgBiCly. Figures 11 and 12 display the p-DOS of this
sequence of structures as determined using the hybrid HSE06
functional with spin—orbit coupling (HSE06 + SOC). The
pressure-dependent charge density plots (Figures SS and S6)
are incorporated in the Supporting Information. Bond lengths
are shown to decrease monotonically with an increasing stress
(Figures SS and S6 of the Supporting Information), as opposed
to the sudden change with the evident phase transition under
pressure.’’ It implies that under the specified pressure range,
lead halide double perovskites do not undergo a structural
phase change.

The predicted direct and indirect energy gaps as a function
of pressure for Cs,AgBiCls and Cs,AgBiBr perovskites have
been displayed in Figure 14. From the band gap versus
pressure graph, one could find that both the direct and indirect
gaps vary nonlinearly with the pressure. However, the
fundamental gap at equilibrium is indirect (X-I') for both
perovskite compounds. Also, it was one of the objectives to
figure out the value of applied pressure where the compounds
exhibit metallic character; as a result, it was noted that the
Cs,AgBiBr4 perovskite transformed from the semiconductor to
the metal phase at S0 Gpa, while Cs,AgBiCls perovskite
displayed the same character beyond 80 GPa. To reduce the
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computational effort while calculating the bands and electronic
density of states, different pressure intervals (10 and 20 GPa)
were chosen for the two compounds. Since the Cl-based
perovskite indicated metallic behavior at 80 GPa, its pressure
interval was chosen as 20 GPa.

4. CONCLUSIONS

In the present study, pressure-induced mechanical, electronic,
and structural properties of Cs-based Ag and Bi halide
perovskites were investigated using DFT calculations. The
computed values for the lattice parameters, elastic constants,
and band gap were in tune with the available theoretical and
experimental studies. Under equilibrium, the obtained band
gap values of 145 eV for Cs,AgBiBrg and 1.96 eV for
Cs,AgBiClg were indirect (X—I"). Our calculations show that
the band gaps were significantly affected by the disordered Ag
and Bi atoms; as a result, the energy gap was reduced, and few
direct transitions were seen from the pressure-dependent band
structures of the two perovskites. The pressure-driven
semiconductor perovskites Cs,AgBiBrs and Cs,AgBiClg
ultimately transformed into the metallic phases at 50 and 80
GPa, respectively. The covalent bond changes into a metallic
bond, and the bond lengths are shortened under the influence
of the generated hydrostatic pressure. Meanwhile, the
enhanced symmetry breaking in [AgXe]™® and [BiX,]™
octahedra under high pressure caused a reduction in DOS
on the Fermi surface that resulted in the lowering of the total
energy. Our elastic calculations demonstrated that the
materials under study were ductile and mechanically stable
and that the induced pressure enhanced their ductility.
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