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Pressure-dependent comparative study of the
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Inorganic metal-halide perovskite (MHP) materials are potential candidates for optoelectronic and
energy-storage device applications. In this work, a systematic hydrostatic pressure-dependent
investigation of the elastic, electronic, optical, and photocatalytic properties of CsPbXs (X = Cl, Br and |)
was performed based on ab initio simulations. This study revealed that the mechanical stability of Cl-
and Br-containing perovskites could be sustained up to 20 and 25 GPa, respectively, while CsPbls could
survive up to 75 GPa applied pressure. It was also found that the mechanical properties of CsPbXs
perovskites were ductile under ambient conditions and their ductility significantly improved (decreased)
with pressure. The electronic property calculations suggested that CsPbXs perovskites have a direct
energy band gap, which decreases with increasing pressure due to structural change and/or a shifting of
the conduction band minimum toward the Fermi level. The band gap became zero under pressures of
20.0, 15.0, and 10.0 GPa for Cl-, Br-, and I-based halides, indicating the transition of the crystal
structure. The absorption peak of CsPbXz perovskites radically shifted toward the low photon energy
region with applied pressure. The photoconductivity, reflectivity, and dielectric constant showed an
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suggest that pressure has significant effect on the physical properties of CsPbXs perovskites, which
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1. Introduction

With a growing global population and a worsening energy
problem, demands for more efficient PV cells, optoelectronics,
and electronic devices have become a major concern.'
Researchers are highly concerned about the health of eco-
systems because of the pressure from rising demands on
resources. The demand for innovative forms of efficient,
environmentally friendly, and renewable energy-harvesting
technology has attracted a lot of interest from the scientific
community.>™" To this end, photovoltaic technology has
attracted the most research interest for solving the aforemen-
tioned problems. Photovoltaic device can directly convert
renewable solar energy into electrical energy. It is well known
that Si-based solar cells currently dominate the photovoltaic
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might be a promising avenue for exploitation in optoelectronic and photonic applications.

market'>"® but due to their low efficiency and high mainte-
nance costs of the purification process, this may not last for
very long." These involve the use of an indirect band gap
semiconductor but reduced optical absorption and carrier
mobility have made it uncompetitive for use in more functional
devices. Though, amorphous Si technology is both affordable
and easy to manufacture, its poor stability and low photo-
conversion efficiency (PCE) are major causes of concern.'®'
However, the alternatives to Si, including some inorganic
photovoltaic materials, such as iron disulfide (FeS,), gallium
arsenide (GaAs), and cadmium telluride (CdTe), are promising
but their efficiency is not yet satisfactory. Multi-junction
AlGaInP-; AlGaAs-, GaAs-, and GalnAs-based solar cells are
another alternative, and being around 47.1% more efficient
have attracted a great deal of attention from the scientific
community.’® Although, current research is encouraging, all
these mixtures are expensive due to the inclusion of scarce
elements, such as In or Ga, and also hazardous due to the
prescence of As and P. As a result, scientists are keen to identify
new solar cell materials that are inexpensive, abundant on
earth, and easily processed. To this goal, organic-inorganic
halide perovskites are of tremendous interest as they fulfill
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these requirements. Extended research into the development of
perovskites began in the 1990s with an aim to replace Si and to
produce multipurpose solar cell technology. Miyasaka and
co-workers introduced a perovskites solar cell in 2006 for the
first time, with a PCE of 2.2%,"” which had reached 3.8% by
2009.'® Researchers reported a much increased PCE of 27.6% in
2018, while the US National Renewable Energy Laboratory
verified a perovskite solar cell with a maximum PCE of 25.5% in
2020." Thus, by carefully choosing the right atoms and placing
them in the right places, metal-halide perovskites solar cells
have a great chance of replacing the dominant Si-based solar
cells.”* Organic-inorganic halide perovskites with the for-
mula ABX; (where, A = monovalent organic-inorganic cation,
reported as Cs* or CH3;NH?', etc.; B = a divalent inorganic
cation: Pb>" or Sn** etc.; X = a halide: Cl-, Br-, I)" are highly
efficient®*™° due to their excellent absorption coefficient,**?
carrier mobility, long carrier life, and suitable band gaps.**°

Inorganic perovskites have received a lot of attention from
researchers despite the fact that organic-inorganic perovskites
are physically and chemically not very stable." For the next
generation of advanced electrical, optoelectronic, and other
devices, Cs-based inorganic perovskites CsPbX; (X = Cl, Br, I)
are considered the most promising materials.®”
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To improve the performance of optoelectronic devices, like
LEDs, photodetectors, and lasers, the characteristics of CsPbX;
need to be modified by adding metal halides or combining with
halides.®®*>® Due to its higher binding energy of 64 meV,
CsPbCl; (X = Cl, Br, I) has a larger band gap and superior
thermal stability, making it the preferred choice for many
optomagnetic and optoelectronic,® single,®* and multiphoton
pumping-based laser devices.®”> CsPbBr; has demonstrated a
band gap of 3.153 eV,*” and cubic bulk CsPbl; a band gap of
1.73 eV." It has been shown that direct band gap semiconduc-
tors with the formula of CsPbX; (X = Cl, Br, I) absorb visible and
ultraviolet light. As perovskites are a smart class of materials
with significant potential for photovoltaic and optoelectronic
applications, all-inorganic perovskites have a very flexible crystal
structure and are attracting great interest.

As pressure is a key factor in adjusting the physical char-
acteristics of any material,”>®® by adjusting the pressure, the
optical, electronic, and optoelectronic properties can be tuned
as well as the material phase transitions.®®*”° For example,
Zou et al. (2017) reported that at considerably greater pressures,
the Jahn-Teller effect might eventually result in a direct to
indirect band-gap electrical transition.”* This research estab-
lished high pressure as a reliable tool for controlling the
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Fig. 1 Pressure response for the structures of (a) CsPbCls (b) CsPbBrz, and (c) CsPbls depicted with their atomic orientations.
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structure along with the band gap of CsPbBr; NCs, revealing
the nano-scale physiochemical process of these squeezed MHP
nanosystems. So, the pressure-dependent properties are crucial
for optoelectronic quantum dot applications. In this way,
research conducted under high pressure frequently provides
insights into the optoelectronic characteristics of perovskite
materials for photoluminescence kinetics.

However, extensive theoretical research on the pressure-
dependent comparisons of the elastic, mechanical, electronic,
and optical characteristics of CsPbX; has not yet been pub-
lished. The compound is more beneficial for applications in
optoelectronic devices thanks to the tuning of the band gap,
which can improve electron movement from the valence band
to the conduction band, boosting the optical absorption and
conductivity.
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2. Method

The lattice constants of bulk perovskites of CsPbX; (X = Cl, Br, I)
are 5.734, 6.017, and 6.38 A, respectively, and they have a cubic
structure with the space group Pmm (221) (Table 5). DFT
calculations were carried out using the CASTEP code in the
Materials Studio simulation software to compare and analyze
the results of the structural, mechanical, electronic, and optical
properties.””””’ Electrostatic interactions between component
atoms’ valence shell and ion core were examined using the
Perdew-Burke-Ernzerhof (PBE) in the framework of the gen-
eralized gradient approximation (GGA) and ultrasoft pseudo-
potentials. Electronic band edge diagram calculations were also
used to calculate the photocatalytic property. To begin with, we
decided to perform numerical operations on a cubic structure.
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Fig. 2 2D representation of the Young's modulus (a) and (d), (g), linear compressibility (b) and (e), (h), and shear modulus (c), (f) and (i) plotted in the

xy-plane with ELATE code for CsPbXs at zero pressure.
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Fig. 3 Energy band diagram with k-points for (a) CsPbCls, (b) CsPbBrsz, and (c) CsPbls, and density of states (DOS) with the corresponding energies of the

constituent atoms of (d) CsPbCls, (e) CsPbBrs, and (f) CsPbls as calculated

A five-atom CsPbCl; primitive cell was thus developed, as
shown in Fig. 1. In this cell, one Cs atom is located at the
Wyckoff site (0, 0, 0), one Pb atom is located at the site of
(0.5, 0.5, 0.5), and three Cl atoms are located at (0, 0.5, 0.5)
fractional coordinates. The valence sets interact as follows:
Cs: 58 5p° 6s', Pb: 55 5p° 5d'° 6s® 6p?, Cl: 3s® 3p°, Br: 4s”
4p°, and I: 55 5p°. Identical software functional treatments
were used to optimize all the crystals. CsPbCl; was first
simulated with the lattice parameter set to a = 5.734 A.”®
The optimized structure with the lowest formation enthalpy
was then verified with the plane-wave basic set and k-points
of 6 x 6 x 6 and a 520 eV cutoff energy, SCF tolerance of
2 x 10°° eV per atom, convergence tolerance energy of 2 x
10~° eV per atom, and maximum force and stress of
0.05 eV A™' and 0 GPa, respectively. The largest atomic
displacement was limited to 0.002.

After substituting Br and I atoms (100%) for the Cl atoms
in CsPbBr; and CsPbl; under the same conditions, we deter-
mined the elastic, electrical, and optical properties of each
compound.

© 2023 The Author(s). Published by the Royal Society of Chemistry

by GGA-PBE treatment.

3. Results and discussion
3.1 Structural and mechanical properties

To do the numerical calculations, we mostly chose the cubic
structure of CsPbCl; among cubic, tetragonal, and orthorhom-
bic structures due to its high-temperature tolerance. In order to
achieve structural analysis, like to obtain the lattice constant, a
(A), bulk moduli, B (GPa), and its pressure responses, the
volume of the unit cell of each CsPbX; (X = Cl, Br, I) was tuned
by optimization of the parameters. After discovering the
CsPbCl; cell’s optimized structure, the Cl atom was substituted

Table 1 Calculated pressure-independent (at 0 GPa) elastic constants Cj;
(GPa), elastic moduli B, G, E (GPa), and Poisson’'s ratio ¢ for CsPbCls,
CsPbBr3z, and CsPbls

Materials Ci1 Cia Cus B G E o

CsPbCl; 48.35 7.88 4.92 21.37 9.05 23.79 0.31
CsPbBr; 51.94 16.47 4.18 28.30 7.81 21.47 0.37
CsPbl; 39.32 6.75 5.35 17.61 8.52 22.01 0.29

Mater. Adv., 2023, 4, 4494-4508 | 4497
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Table 2 Calculated elastic constants C; (GPa) for CsPbClz, CsPbBrz, and CsPblz in norm-conserving and ultrasoft pseudopotentials

Elastic constants Ci1 Cia Cya

Pseudopotential Norm-conserving Ultrasoft Norm-conserving Ultrasoft Norm-conserving Ultrasoft
CsPbCl; 20.3 39.32 —9.178 6.75 7.589 5.35
CsPbBr; 22.699 51.94 —6.928 16.47 5.487 4.18
CsPbl; 14.923 48.35 —5.519 7.88 4.511 4.92
Table 3 Calculated pressure-dependent lattice constant a (A) and elastic constants Cj; (GPa) for CsPblz, CsPbBrsz, and CsPbCls

Materials CsPbl; CsPbBr; CsPbCl;

P (GPa) a(A) Ci Cys Cas a (A) Cyy o Cas a(A) Cis Cis Cas

0 6.4 39.32 6.75 5.35 6.01 51.94 16.47 4.18 5.73 48.35 7.88 4.92
5 5.98 81.66 12.25 4.67 5.66 90.46 13.99 3.61 5.44 97.06 16.58 4.06
10 5.76 119.43 15.97 1.34 5.47 125.74 14.11 2.88 5.27 145.49 29.86 2.91
15 5.6 170.4 27.37 6.43 5.33 173.83 28.69 2.14 5.15 175.01 27.9 1.68
20 5.49 207.43 35.46 5.79 5.23 211.2 35.27 1.28 5.05 214.4 36.14 0.48
25 5.4 238.25 38.76 3.17 5.15 248.17 43.08 0.33 4.97 249.95 43.19 —0.71
30 5.32 288.88 50.85 7.06 5.07 283.31 49.76 —0.66 — — — —

35 5.25 323.53 58.81 6.71 — — — — — — — —

40 5.2 357.61 66.84 6.36 — — — — — — — —

45 5.15 388.58 72.78 5.46 — — — — — — — —

50 5.1 419.99 79.41 3.5 — — — — — — — —

55 5.06 449.5 84.78 1.32 — — — — — — — —

60 5.02 483.76 93.12 0.97 — — — — — — — —

65 4.98 523.28 103.91 3.34 — — — — — — — —

70 4.95 560.19 114.31 4.65 — — — — e — — —

75 4.92 588.96 119.87 2.62 — — — — — — — —

80 4.89 615 124.42 —0.96 — — — — — — — —

Table 4 Calculated band gap of CsPbXs in norm-conserving and ultrasoft
pseudopotentials

Table 5 Calculated optimized lattice parameters, volumes, and band gap
values of CsPbClz, CsPbBrs, and CsPbls with applied pressure

Materials  E, (eV) (ultrasoft) E, (eV) (norm) E, (eV) (experiment)
CsPbCl,  2.186 2.385% 2.98"
CsPbBr;  1.80 2.061% 2.36”
CsPbl, 1.479 1.784° 1.77°

@ Ref. 79. ” Ref. 84.

for the Br and I atoms, which made the cell optimized for
the CsPbBr; and CsPbl; perovskite structures. The optimized
crystal structures, normalized parameters, and volumetric
pressure responses of CsPbCl;, CsPbBr;, and CsPbl; are shown
in Fig. 1(a)-(d) and Table 5 shows the optimal cell parameters
for the matching perovskites. From Table 5, it can be seen that
CsPbCly’s optimum lattice parameter a was 5.734 A, which
was elongated by 4.8% and 11.6%, respectively, after the
replacement of the Cl atom by Br and I atoms. It was seen
that the optimized lattice parameter a decreased to 5.02%,
8.07%, 10.1%, and 11.8% for CsPbCl; as the pressure was
increased to 5, 10, 15, and 20 GPa, respectively. For CsPbBr;
and CsPbl;, the decrement was 5.8% and 6.5% at 5 GPa, 8.9%
and 10.0% at 10 GPa, and 13.3% and 12.4% at 15 GPa,
respectively, as result of the replacement of the halide Cl atom
by Br and I atoms. The resulting values were in good accor-
dance with other theoretical as well as experimental results
reported.”® From these results for CsPbX; (X = Cl, Br, 1), a
relation was established and can be expressed as: Vesppal, <

4498 | Mater. Adv., 2023, 4, 4494-4508

Lattice parameters

Band gap Bulk
Materials Method P (GPa) a (A) v (A% Eq (eV) type
CsPbCl;  Calc. 0 5.734 188 2.186 Cubic
5 5.446 161 1.463
10 5.271 146 0.836
15 5.151 136 0.311
20 5.052 128 0
CsPbBr; Calc. 0 6.014 217 1.80 Cubic
5 5.663 181 1.008
10 5.473 163 0.384
15 5.339 152 0
CsPbl; Calc. 0 6.403 262 1.479 Cubic
5 5.985 214 0.715
10 5.761 191 0.125
15 5.608 176 0

Vespbir, < Vesebr, (Table 5) with a volume increment of 15.4%
and 39.3% for CsPbBr; and CsPbl;, respectively, as a result of
lattice expansion due to the comparatively larger ionic radii of
Br and I atoms.

Three separate elastic tensors, C;4, Cy5, and C,,, were used
to independently calculate the explicit and implicit mechanical
properties of the cubic perovskites of CsPbX;. The computed
values for the isostructural forms of CsPbCl;, CsPbBr;, and
CsPbl; are displayed visually in Fig. 2(a) and recorded in
Table 1. From Fig. 2(a) and Table 1, it is obvious that they were

© 2023 The Author(s). Published by the Royal Society of Chemistry
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mechanically stable because all these crystals met the condi-
tions of C;; +2C;, > 0, Cyy > 0 and Cy; — Cyy > 0 as well as
the additional stability criterion of C;, < B < Cy;.%° The
mechanical stability was justified under Born’s criteria for
these crystals.®' The association of 2C,, = C;; — C1,*> and a
non-zero Zener’s anisotropy factor A both demonstrated that
each of these bulks was elastically anisotropic.?® The materials
exhibited greater resistance to longitudinal deformation than
to shape deformation under the circumstances of Cy; > Cyp >
C,4, with CsPbBr; having the highest value of C;,. The capacity
of materials scientists to create novel materials with specific
mechanical reactions is constrained by the absence of experi-
mental data. With anisotropic materials, it is much more
important to examine and depict the directional elastic
characteristics as opposed to their averages, such as Young’s
modulus, linear compressibility, shear modulus, and Pois-
son’s ratio. At the threshold value of Poisson’s ratio 0.26
(known as brittle/ductile borderline), the material can be
distinguished as a brittle or ductile crystalline material.
Table 1 makes it very obvious that the CsPbX; materials had
values larger than 0.26, proving their high degree of ductility.
Among them, CsPbI3 was more ductile because it could
withstand higher pressure.

ELATE Code is a reliable computational method to observe
elastic moduli in 2D as well as 3D views. To observe the elastic
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Fig. 4 Calculated band gap values of CsPbCls with applied pressure.
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properties in different crystallographic planes, the Young’s
modulus, linear compressibility, and shear modulus were
plotted with ELATE code only for the zero pressure condition
in 2D plane projections. For CsPbXj, all the above-mentioned
parameters showed similar responses along the xy, xz, and yz
planes. So only the xy-plane responses are shown in Fig. 2.
The Young’s modulus exhibited the highest values along the
horizontal and vertical axes, and at least at 45° between the
abscissa and ordinate.

The linear compressibility showed direction-independent
responses for CsPbX; (Fig. 2(b), (e) and (h)). According to
Fig. 2(c), (f) and (i), the shear modulus showed a direction-
based inverse response with Young’s modulus. The maximum
and minimum anisotropy in the shear modulus were obtained
at 45° and in the axial directions respectively.

The negative value of C;, presented in Table 2, calculated by
the norm-conserving pseudopotential, gave a negative value
of Poisson’s ratio ¢ (which is unacceptable) and did not satisfy
Born’s condition of mechanical stability. That is why this
research utilized ultrasoft pseudopotentials. According to
this study, iodine-containing perovskites could withstand pres-
sures of up to 75 GPa, whereas the Cl- and Br-containing
perovskites could withstand pressures of up to 20 and
25 GPa, respectively, as confirmed by the negative value of
C,4 presented in Table 3.

—5GPa

b3 R M G R
k points
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3.2 Electronic properties

Table 4 shows the values of E,, and Table 5 shows the pressure-
dependent lattice parameter, volume, and band gap values of
CsPbX;.

Though the norm-conserving data for the band gap were
closer to the reported experimental values (Table 4), the ultra-
soft pseudopotential method provided greater accuracy in the
case of the mechanical stability measurement. Material of
interest must follow Born’s criteria mentioned in Section 3.1
(Structural and mechanical properties), and ultrasoft pseudo-
potential enabled keeping to that standard (Table 2).

Pressure-dependent electronic properties. The pressure-
dependent lattice parameters, including lattice constants and
volume, and electronic band gaps till the end of reaching
metallic transition are tabulated in Table 5.

The crystal structure could be densified under high pressure
with structural renovation. The evolution of the band gap of
CsPbCl; under pressure is shown in Fig. 4. It could be found
that the band gap (E;) decreased with an increase in pressure
and finally decreased to zero at 20 GPa pressure.

For CsPbCl;, the direct band gap was 2.186 eV as calculated
with the ultrasoft pseudopotential, which was in good agree-
ment with the experimental value.?” This decreased to 1.463 eV
at 5 GPa which is still suitable for photovoltaic applications in

(a)

CstBr3
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T
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Fig. 5 Calculated band gap value of CsPbBrs with applied pressure.
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tandem solar cells, and is really ideal for high power conversion
efficiency single solar cells. In this study, the band gap was
reduced to 0 eV at hydrostatic pressures < 20 GPa.

To further understand the electronic properties of CsPbCls
under pressure, the partial density of states (PDOS) of CsPbCls
were also calculated. The states at the valence band and conduction
band near the Fermi level were mainly formed by the hybridization
of the Cl-3p and Pb-6p states, respectively. The band gap decreased
with the increase in pressure, due to delocalization of the bands
and the energy range broadened as the pressure increased.

The electronic structure of CsPbBr; under pressure was
investigated. Fig. 5 displays the variation of the band gap of
CsPbBr; as a function of pressure. The ground state band gap
of CsPbBr; at 0 GPa possessed a value of 1.80 eV, but the band
gap decreased with the increase in pressure, which was similar
to the experimental results. From Fig. 5, it could be clearly seen
that the band gap of the cubic CsPbBr; decreased with the
increasing pressure, and ultimately reached 0 eV at 15 GPa. The
lattice parameter a also reached a smaller value compared to at
0 GPa, and showed a similar variation to the band gap when the
pressure increased (Table 5).

The expansion and/or shrinkage of the lattice parameter a
may shift the bands and change the band gaps. The minimum
of the lattice parameter ‘@’ caused the band gap to reach the

(b) CsPbBr, ——5GPa
4 ~ T
24 /
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B /
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minimum value. The band gap could change to zero and CsPbBr;
could become metallic if the pressure was further increased.

Fig. 6 shows the band gap of cubic CsPbl;. The band gap was
1.479 eV at 0 GPa, which decreases to 0 eV at <15 GPa.
The deviation of the band gap was associated with the lattice
parameter ‘a’, which slightly decreased from 0 to 15 GPa, as
shown in Fig. 6(c).

The high-pressure structure had a greater electronic charge
density overlap between the Pb and X (= Cl, Br, I) atoms than the
ambient structure. The CBM mostly exhibited a nonbonding Pb
6p character, while the VBM could be classified as an antibonding
hybridized state, consisting of p orbitals of X (= Cl, Br, I) and a tiny
number of Pb 6s orbitals. It was amazing that the electronic levels
from the Cs" cations were positioned far from the VBM and CBM
(Fig. 3); as a result, they could only compensate for the charge
valence and did not directly contribute to the band edge states,
suggesting that PbXs octahedra primarily control the optoelectro-
nic properties of CsPbX;. Compression of the Pb-X bond strength-
ened the coupling between the X p and Pb 6s orbitals, which
raised the VBM and increased band dispersion. The CBM was not
responsive to pressure when it was mostly in a nonbonding
localized condition. By pushing the VBM higher, the enhanced
orbital coupling reduced the band gap.

(@)  cspor, ——0GPa

N
1

Energy (eV)
o
1

X R M G R
k points
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3.3 Optical properties

The potential use of a material in optoelectronic devices
depends on its pressure-dependent optical characteristics.
There have been several papers on the optical characteristics
of perovskites, but none have compared the optical properties
of CsPbXj;, which are highly relevant since they are used in
thin-film transistors and solar cells. For this reason, here we
studied the pressure-dependent optical properties (absorp-
tion, photoconductivity, reflectivity, refractive index, and the
real and imaginary parts of the dielectric function) of CsPbX;
for many application fields. Such applications of material
depend on its optical responses. The photonic interaction of
a material can provide light on the perspective, characteris-
tics, and application forecasts as a function of energy when
there are external electromagnetic waves present. Owing
to their optical spectra, these features were examined for
electrical shifts between filled and vacant states, band con-
structions, bond types, and the internal structure of the
materials. The Kramers-Kronig transformation was followed
by the frequency-dependent complex dielectric function,
which is connected to the demonstration of relative permit-
tivity and has the formula ¢(w) = &1(w) + iex(w). The imaginary

——10 GPa

o

2

7ol
7

R ' G
X lI<VIpoints

—— 15 GPa

Energy (eV)
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Fig. 6 Calculated band gap values of CsPbls with applied pressure.
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portion of this complex dielectric function is,

2e2n cla algy |2 c v
Q—&)Zkg’duﬂlpkﬂ O(Ep) — E; — (E)

ke

&(w) =

where @ = 2nv is the angular frequency of an incoming
photon; and e, 7 and @ are the electronic charge, radius vector,
and polarization vector of the incident field, respectively;
whereas, ¥; and ¥} represent the wave functions of the
conduction band and valence band at k, respectively. Optical
properties, such as absorption, conductivity, loss function.re-
flectivity, and refractive index can be calculated explicitly in
terms of ¢; and &,%’ as,
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The charge-carrier recombination rate of specific materials
used in solar cells is affected by a basic characteristic known
as the dielectric function.®®®” It provides a precise under-
standing of how optoelectronic devices function.®® Lower
recombination rates are revealed by perovskite solar cells with
higher dielectric constant values.

Pressure-dependent optical properties. The pressure-
dependent optical properties are crucial for their potential
applications in optoelectronic devices. There are various reports
on the optical properties of perovskite materials; however, so far
there is no such comparative analysis of the pressure-dependent
optical properties of CsPbX;, which would be quite significant
because of their applications in solar cells and thin films transis-

(@) = wey _ o, tor, etc. For this reason, here we studied the pressure-dependent
4r optical properties (absorption, photoconductivity, reflectivity,
& (o) refractive index, and dielectric function) of CsPbX; for many
L(w) = n (@) L (o) application fields.
Fig. 7(a) and (b) show the pressure-dependent real and
R(o) = Ve(w) — 1 2 imaginary parts of the dielectric function of CsPbX; perovs-
T Welw) +1 kites. The real part of the dielectric function (Fig. 7(a)) showed a
L higher value at low photon energy and then decreased rapidly
’81 (w) 1 ()2 + &2(0)2]? with the increase in photon energy. Whereas the pressure-
n(w) = ’ B + B induced perovskite exhibited a higher dielectric constant in
(@) (b)
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Fig. 7 Optical responses in terms of the dielectric function of CsPbXs.
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the visible range. It is well known that normally a perovskite
material with such a higher value of the real part of the
dielectric function would exhibit a lower band gap,®® which is
related to the Penn model. It could also be seen in the
electronic band structure (shown in Fig. 3 and 7(b)) that the
band gap decreased with increase in applied pressure, which
was consistent with the behavior of the imaginary part of the
dielectric function. It was evident that the imaginary part
dielectric function could be correlated with the optical absorp-
tion/transition and the material’s band gap. It could be found
that the values of the imaginary part of the dielectric function
were enhanced with applied pressure and the peaks were
shifted toward the lower incident photon energy, which was
similar to the optical absorption in Fig. 8(a). On the other hand,
the values of the imaginary part of the dielectric function
decreased to zero in the higher photon energy region.

It is well known that the performance of solar cells is
determined by various optical properties, among which the
absorption coefficient («) is the crucial property. The variation
of the optical absorption of CsPbX; perovskites with pressure
can be seen in Fig. 8(a). It could be clearly seen that the optical
absorption edge of cubic CsPbX; perovskites was shifted to the

(3
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low energy region, indicating a shifting of the band gap with
applied pressure within the visible range. Furthermore, the
value of « of the I-based perovskite demonstrated the maximum
intensity in the ultraviolet region, rather than the Br- and
Cl-based perovskites. The width of the absorption peak of
CsPbl; was higher than that of CsPbCl; and CsPbBr; in the
UV region. Fig. 8(b) shows the pressure-dependent real part of
the photoconductivity. From the figure, it is evident that when
the absorption of photons is enhanced, the rate of photocon-
ductivity tended to increase. Thereby the greater absorption
and photoconductivity that could be observed in the I-based
perovskite compound could be due to lower band gap relative
to the Br- and Cl-based perovskite compounds with applied
pressure.

Reflectivity is an important optical property that determines
the surface nature of materials for optoelectronic and solar
cell applications.”® Fig. 9(a) shows the pressure-dependent
reflectivity spectra of the CsPbX; perovskites. From these
graphs, it can be seen that at zero pressure the reflectivity
was very low for all the studied cubic perovskite compounds.
Then, when pressure was applied, the value of the reflectivity
and loss function increased significantly with the increase in

b
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Fig. 8 Optical responses in terms of the (a) absorption coefficients and (b) conductivity of CsPbXs.
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Fig. 9 Optical responses in terms of the (a) reflectivity and (b) loss function of CsPbXs.

applied pressure, which could be due to changes of the band
gap and/or structure (Fig. 9(a) and (b)).

Fig. 7(a) and (b) show the pressure-dependent real and
imaginary parts of the dielectric function of CsPbX; perovskites.
The real part of the dielectric function (Fig. 7a) showed a higher
value with low photon energy and then decreased rapidly with
the increase in photon energy. Whereas the pressure-induced
perovskite exhibited a higher dielectric constant in the visible
range. It is well known that normally a perovskite material with
such a higher value of the real part of the dielectric function
would exhibit a lower band gap.® This could also be seen in the
electronic band structure in Fig. 3. Fig. 7(b) shows the behavior
of the imaginary part of the dielectric function with the applied
pressure. The imaginary part of the dielectric function was
correlated with the optical absorption and the material’s band
gap. It could be found that the values of the imaginary part of
the dielectric function was enhanced with applied pressure and
the peaks were shifted toward lower incident photon energy,
which was similar to the optical absorption in Fig. 8(a). On the
other hand, the values of the imaginary part of the dielectric
function decreased to zero in the higher photon energy region.

4504 | Mater. Adv, 2023, 4, 4494-4508

It should be noted that a few peaks appeared at 3.9, 7.8, 11.0,
and 14.1 eV for CsPbClj; 3.5, 7.3, 10.3, and 13.9 eV for CsPbBr3;
and 3.0, 6.3, 8.5, and 13.9 eV for CsPbl;. The first peak was due
to the generation of electron-hole pairs for conduction. The
2nd and 3rd peaks were due to interband optical transitions
from the valence bands to the conduction bands. The fourth
peak around 14.0 eV was due to collecting excitons of the free
carriers, which is the so-called plasma frequency and the peak
is called the plasmon peak. These irregular photoresponses
of the materials caused the differences in the band gaps
among them.

It is well known that the performance of solar cells is
determined by various optical properties, among them absorp-
tion coefficient («) is the crucial property. The variation of
optical absorption of CsPbX; perovskites with pressure can be
seen in Fig. 8(a). It is clearly seen that the optical absorption
edge of cubic CsPbX; perovskites is shifted to the low
energy region with applied pressure within the visible ranges.
In Fig. 8(a) the absorption edges are remarkably enhanced
under pressure within the visible ranges. Furthermore, the
value of o of the I-based perovskite demonstrates maximum

© 2023 The Author(s). Published by the Royal Society of Chemistry
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intensity in the ultraviolet region rather than Br and Cl based
perovskites. The width of the absorption peak of CsPbl; is
higher than that of CsPbCl; and CsPbBr; in the UV region. The
first peak of o indicates the optical transition of electrons from
Cl-3p of the valence band to Pb-6p of the conduction band at
higher energy compared to that of the interband transitions
of electrons in the case of CsPbBr; and CsPbl;. The optical
band gaps can be seen from the absorption peaks of the
corresponding materials as E; (CsPbCl;) > E, (CsPbBr;) > E,
(CsPbl;), which was consistent with the calculated values of E,
of CsPbX; perovskites (Table 4). The highest absorption peaks
for all the materials occurred at the same energy of 14.6 eV
(Fig. 8(a)).

Fig. 8(b) shows the pressure-dependent real part of the
photoconductivity. From the figure, it was evident that when
the absorption of photons was enhanced, the rate of photo-
conductivity tended to increase. Thereby, greater absorption
and photoconductivity could be observed in the I-based per-
ovskite compound relative to the Br- and Cl-based perovskite
compounds with applied pressures. The photoconductivity
comparison of these materials showed some peaks over a wide
range of the energy spectrum. The conductivity initiatives and
the first peaks could be ordered in terms of the energy as ¢
(CsPbl;) > ¢ (CsPbBr;) > ¢ (CsPbCl;). The photoconductivity
increased at the energy edges 4.2, 7.8, 11.3, and 14.1 eV for
CsPbCl;; 3.8, 7.3, 10.2, and 14.1 eV for CsPbBr;; and 3.0, 6.4,
8.3, and 14.1 eV for CsPbl; as a result of the photonic energy
absorption, which is shown in Fig. 8(b).

Reflectivity is an important optical property that determines
the surface nature of materials for optoelectronic and solar cell
applications.®” Fig. 9(a) shows the pressure-dependent reflec-
tivity spectra of the CsPbX; perovskites. From these graphs, it
could be seen that at zero pressure the reflectivity was very low
for all the studied cubic perovskite compounds. However, the
reflectivity was the maximum for CsPbI; and the minimum for
CsPbCl; perovskites, respectively. There were also some peaks
that appeared in each spectrum that were the responses that
still held true for the infra-red and visible regions. In the visible
region, the first peaks were observed at 4.2, 3.8, and 3.3 eV for
CsPbCl;, CsPbBr;, and CsPbl;, respectively. Some other peaks
appeared at 7.8, 11.5, 15.6, and 20.4 eV for CsPbCls; at 7.3, 10.9,
15.4, for CsPbBr;; and at 6.3, 9.0, 11.3, 15.8 eV for CsPbl;. From
a comparison of the reflectivity, it could be clearly seen that
CsPbl; showed the most homogeneous responses over a wide
energy range in the ultraviolet region. When pressure was
applied, the values of the reflectivity and loss function
increased significantly with the increased applied pressure in
the UV region.

4. Conclusions

Hydrostatic pressure’s effects on the cubic perovskites CsPbX;
were studied by DFT. All the direct band gap materials men-
tioned here showed a red-shifted nature of the electronic and
optical band gap. The application of pressure resulted in strong

© 2023 The Author(s). Published by the Royal Society of Chemistry
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attractive interaction between the valence band and the conduc-
tion band. The increment of pressure caused more overlapping of
the CB and VB; whereby the semiconductor perovskites appeared
as conductor after a certain amount pressure was applied. The
electronic as well as optical responses were enhanced without
any deformation of the crystal structure. Our investigation can
expand the practical utilization of metal-halide perovskites in
optoelectronics, photovoltaics, and quantum dot applications.
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