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The distinctive structural, optoelectronic, photocatalytic, and elastic properties of CsCdBrs make it
appropriate for cutting-edge technological applications. Important ground-state properties of the cubic
and hexagonal phases of CsCdBrs are investigated in this work using density functional theory (DFT).
Both phases are energetically and mechanically stable. Electronic band structure analysis revealed that
both CsCdBrz polymorphs exhibit semiconducting character. The cubic phase shows an indirect
bandgap (2.74 eV) while the hexagonal phase possesses a direct bandgap (4.26 eV). The density of states
(DOS), Mulliken bond, and charge density distribution provide orbital contributions to the band structure
and bonding nature of the polymorphs. The calculated redox potential suggested that both compounds
are capable of water splitting as well as breaking down biological contaminants under UV-vis radiation.
By analyzing the different elastic parameters, it can be concluded that both polymorphs are soft and
ductile in nature. The cubic phase exhibits better transport properties, while the hexagonal phase
showcases a degree of anisotropy in thermal properties. The optical characteristics correspond well with
the electronic band structure. The high absorptivity in the UV region, lower reflectivity, and optical
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DOI: 10.1039/d5ma00693g anisotropy of the hexagonal polymorph suggested that these could be a potential candidate for
applications in the photovoltaic solar industry as well as to design waveguides, dielectric condensers,
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1. Introduction

The rapid population growth and mismanagement of waste
materials due to this huge population have contaminated
our environment. Traditional purifiers cannot cope with this
increase in pollutants. In addition to this, population growth
has created a global energy crisis, driving urgent demand for
sustainable, efficient, and environmentally friendly energy
solutions. In this context, semiconductor-based photocatalysts
are widely utilized to degrade organic pollutants, decrease CO,,
and split water into hydrogen and oxygen using solar energy. As
a result, photocatalysis is regarded as a feasible method for
reducing pollution and alleviating the energy problem, and it
has received significant attention in recent years. The principal
drawbacks of photocatalytic CO, reduction are exacerbated by
low energy conversion efficiencies and a lack of suitable cata-
lysts. However, for water splitting for hydrogen production,
wastewater treatment, and pollutant degradation, some
requirements, such as the ideal bandgap, proper conduction
band minima (CBM), valence band maxima (VBM), and a lower
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electron-hole recombination rate, must be satisfied. Semicon-
ducting compounds such as WO;,"* Zn0,** Fe,0;,” Ta,05,°
BiVO,,”® RbSr,Nbs0,,,'® BaTiO;,'' BaTi,0s,'* and CsNbO;"*
are used widely as photocatalysts. However, the photocatalytic
performance of these compounds is still not up to the mark,
and as a result, researchers are trying to find new photocata-
lysts with higher efficiency. Thermoelectric (TE) materials are
solid-state semiconductors that can convert thermal energy
into electricity, and vice versa, exploiting the Seebeck (S) and
Thomson effects. They are good for the environment as well
as provide interesting benefits for a variety of scientific
applications.’®'® TE materials are extensively used to convert
waste heat from automobiles, boilers and furnaces, jet engines,
etc. into electricity, using cooling or heating processes. There
are a large number of materials including perovskites, double
perovskites, chalcogenides and oxy-chalcogenides that have
high potential for use in thermal applications.">**™*° However,
most of these materials have a very low value of S resulting in
limited applications. An alternative application of these mate-
rials has emerged in the cooling process if they possess a high
power density (S?¢) and have a compact form factor.

In recent decades, much effort has been devoted to the study
of oxide perovskites with the general chemical formula AMO;.
For halide equivalents, however, not much study has been
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done. Perovskites and double perovskites have inherent quali-
ties that are desirable. Due to their possible applications for use
in solar cells, photocatalysis, light-emitting diodes, and electro-
nic devices, they have become an important area of study for
the research communities.”*>® Due to their three-dimensional
corner sharing network of octahedra, perovskite structures
represent a highly tunable class of materials with impressive
carrier mobility and wide energy bandgaps.>**! Replacement
of halogens with various species may alter energy gaps and
electronic transport properties depending on their symmetry.
One member of this family, cesium cadmium tribromide
(CsCdBr3), has interesting structural polymorphism with dis-
tinct hexagonal (P6;/mmc) and cubic (Pm3m) phases that can be
controlled by synthesis conditions and have notably different
physical properties. The cubic phase is similar to typical
perovskites like CsPbBr;.>> The hexagonal phase, on the other
hand, has a distinct one-dimensional chain-like arrangement
of [CdBrg]*~ octahedra,® which results in exceptional electrical
and mechanical properties.

Cd-based thermoelectrics are promising for high-temperature,
controlled environments (e.g., aerospace, industrial waste heat
recovery) where toxicity risks are manageable, unlike consumer
electronics. Their high ZT justifies exploration in such contexts,
especially with mitigation strategies. In addition, Cd-based
compounds have remarkable photovoltaic and optoelectronic
applications. Though Cd toxicity is a concern (e.g., bioaccumu-
lation), in perovskites, it is less bioavailable than elemental Cd.
Applications like PV/TE require encapsulation to mitigate risks,
similar to CdTe solar cells. This highlights the need for careful
lifecycle management and recycling protocols if these materials
are to be developed further. It also motivates future computa-
tional studies to explore less toxic alternatives (e.g., substituting
Cd with Zn, Sn, or Ge) while aiming to retain the desirable
properties identified here. There are a few compounds, namely,
Cs,CdBr, and Cs;CdBrs, which have the same materials but
have different structures. Moreover, these compounds have less
favorable band alignments for photocatalytic and photovoltaic
applications, making them less promising than CsCdBrj;.

Although CsCdBr; is technologically relevant, the ground
state physical characteristics of cubic and hexagonal CsCdBr;
have not been systematically compared theoretically and experi-
mentally. Both CsCdBr; polymorphs have been synthesized and
characterized by several research groups since the 1970s,
although Natta et al.>* reported the existence of cubic CsCdBr;
back in 1928. Mgller et al.>® reported the hexagonal phase of
CsCdBr; in 1977. Later studies on cubic CsCdBr; often empha-
size its optical properties or doping,*®*° suggesting that earlier
synthesis methods were established.

Polymorphism is a common phenomenon in perovskite
materials and has an enormous effect on how they are applied.
From corner-sharing to face-sharing octahedral connectivity,
the cubic-to-hexagonal transition in perovskites demands signi-
ficant structural rearrangement. Hayashi et al.*' studied this
change in oxide perovskites, including SrFeOj;, and found that
maintaining the hexagonal structure depends critically on the
electronic configuration of the B-site cation. As reported by
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Rao and Rao,*” similar changes to halide systems have been
observed in CsCdCl; and CsCdl;, suggesting a general charac-
teristic of cesium cadmium halides. Wenzel et al.** experimen-
tally studied the band structure of CsCdBr;. They discovered
that the conduction band is divided into two parts: a lower,
isolated, and very narrow band and higher lying ones. The
presence of localized excitons at lattice defects further enhances
the material’s luminescence properties. Vtyurina et al.*® studied a
Bi-doped cubic CsCdBr; structure and found that it exhibits
photoluminescence in the near-IR range due to point defects,
making it a potential luminescent material. Perfect-blue emission
with higher photoluminescence results from Pb** doping in
CsCdBr; nanorods, which is applicable for light-emitting diode
(LED) uses, as reported by Guo et al.*’ S. Berri and N. Bouarissa®*
studied the electronic and optical properties of the cubic CsCdBr;.
They confirmed the existence of an indirect bandgap. Though
there exist some other phases like Cs,CdBr, and Cs;CdBrs, those
have different crystallographic structures (e.g., 2D layered or iso-
lated polyhedra) leading to fundamentally different electronic,
optical, and transport properties.

From the literature review on halide perovskites, several
knowledge gaps remain in our understanding of CsCdBr;.
The structural, electronic, optical, photocatalytic, thermal and
mechanical properties of cubic and hexagonal CsCdBr; have
not yet been systematically compared in any previous study.
The influence of structural differences on the electronic and
optical properties, particularly the nature of the bandgap and
optical absorption spectra, remains unclear. The elastic stabi-
lity of the two polymorphs, which is critical for their practical
applications, has not been comprehensively characterized.
Based on the aforementioned discussion, the present study
focuses on CsCdBr; polymorphs due to their unique structural
stability, optoelectronic properties, photocatalytic properties, ther-
moelectric properties, etc., using first principles calculations.
Moreover, CsCdBr; polymorphs are understudied compared to
other halide perovskites. This study will also help suggest suitable
areas of photovoltaic, photocatalytic and thermoelectric applica-
tions as well as act as a guide for future experimental studies.

2. Computational details

In this study, we used the CAmbridge Serial Total Energy
Package (CASTEP) code** based on density functional theory
(DFT) to investigate all the properties except the thermoelectric
properties. The Perdew-Burke-Ernzerhof (PBE) functional®® in
the generalized gradient approximation (GGA) was chosen for
exchange correlations. Properties like structural relaxation,
elastic properties, and optical properties were evaluated using
this functional. Moreover, for electronic property calculations,
the Heyd-Scuseria-Ernzerhof (HSE06) functional was used.*®
For the interactions of charges between the atomic core and
valence electrons, the ultrasoft pseudopotential of Vanderbilt-
type was employed.”” The plane-wave cut-off energy was set to
400 eV and 460 eV for the cubic and hexagonal phases,
respectively, whereas the k-point for the Brillouin zone (BZ)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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was sampled using 18 x 18 x 18 and 8 x 8 x 8 Monkhorst-Pack
grid schemes*® for the respective phases. The valence electron
configurations for Cs, Cd, and Br are [4d"°5p®6s'], [4p®4d'%55?],
and [4s*3d'°4p®], respectively. The Broyden-Fletcher-Goldfarb-
Shanno (BFGS) minimization algorithm*® was used to optimize
the equilibrium structure. During the geometry optimization
process, a total energy convergence tolerance of 1 x 10~ ° eV per
atom, a maximum interatomic force of 0.03 eV A%, a maximum
stress of 0.05 GPa, and a maximum ionic displacement of
1 x 10~ A were set. The independent elastic constants, bulk
modulus, and shear modulus were calculated using the stress—
strain method existing in the CASTEP code.

Optical properties were obtained by evaluating the complex
dielectric function within the independent-particle approxi-
mation (IPA), as implemented in CASTEP.”° The complex
dielectric function is written as g(w) = &(w) + iey(w), where
&1(w) and ¢,(w) are known as the real and imaginary parts of the
dielectric constants, respectively. The electrical band structure
is used to determine the imaginary portion, &(w), using the
following formula:>*>>

20’ la
:T%ZKK“”M o

kv,

v ['o(Ef - E — E)

& (w)

In this equation, Q is the volume of the unit cell, w is the
angular frequency of the electromagnetic wave, e is the electro-
nic charge, and ¥} and ¥ are the conduction and valence band
wave functions at a given wave vector k, respectively. The well-
known Kramers-Kronig relationships can be used to derive the
real part ¢;(w) of the dielectric function from the imaginary part
ex():>

o0 /
2 J waz(w)dw,
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where P signifies the principal value of the integral.

From the above equations of the real and imaginary dielec-
tric constants, the additional optical parameters such as the
absorption coefficient, refractive index, reflectivity, photo-
conductivity, and energy loss function can be calculated using
standard relations.”*”>

Furthermore, semiclassical Boltzmann theory in which scat-
tering time is taken as a constant, as implemented in the
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BoltzTraP2%° code interfaced with Vienna ab initio simulation
package (VASP)>”*® using constant relaxation time approxi-
mation (CRTA), was used to predict thermoelectric transport
properties based on input data obtained from CASTEP calculations.
Phonon dispersion spectra were calculated using phonopy®*®°
with the VASP interface, wherein the density functional pertur-
bation theory (DFPT) method was used. Moreover, ab initio
molecular dynamics (AIMD) simulations were performed using
the Forcite tools. The NPT thermodynamic ensemble was desig-
nated to assess the thermal stability of the polymorphs under
investigation at room temperature (298 K).

3. Results and discussion
3.1 Structural properties

CsCdBr; exhibits polymorphism, crystallizing in both cubic
(space group Pm3m) and hexagonal (space group P6s/mmc)
structures. The fundamental variations in these structures
provide distinct physical properties that necessitate careful
knowledge of their crystallography. The cubic polymorph of
CsCdBr; has the classic ABX; perovskite structure with perfect
corner-sharing octahedra, as shown in Fig. 1(a). Cd*" ions
occupy the center of the unit cell (B-site), surrounded by six
Br~ ions forming regular CdBr, octahedra. Cs' ions are posi-
tioned at the cube corners (A-site), with a 12-fold coordination
environment. Each Cs" ion is bonded to 12 equivalent adjacent
Br~ atoms, forming a CsBr;, cuboctahedron. The Cd-Br-Cd
bond angles are 180°, which is characteristic of ideal perov-
skites. The Cd-Br bond lengths are all equivalent and calcu-
lated to be 2.813 A (Table 4). The Goldschmidt tolerance factor
(6) can be used to predict the formability of metal halide
perovskites. It is calculated using the formula:

_ n+n

V2 +13)

where ry, r,, and r; are the ionic radii of A, B, and X ions,
respectively. It is approximately 0.87, which falls within
the range typically associated with stable cubic perovskites
(0.8 <t < 1.0).°"

The hexagonal polymorph of CsCdBr;, on the other hand,
deviates significantly from the cubic structure, adopting a

Fig. 1 Schematic 3D crystal structure of the (a) cubic and (b) hexagonal phases of CsCdBrs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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distinctive one-dimensional chain-like arrangement as shown in
Fig. 1(b). The structure is composed of face-sharing CdBrs octa-
hedra that form one-dimensional chains along the c-axis. Each
Cd*" ion is coordinated to six Br~ ions, but the octahedra are
slightly distorted. The distortion directions of all octahedra are
almost parallel, leading to a buildup of the nonlinear optical
coefficient.” The Cd-Br bond lengths within each octahedron are
equivalent, with bond lengths of 2.825 A (Table 4). Cs" ions are
located between the chains in a 9-fold coordination environment.

The optimized lattice parameters of both structures with
available experimental data are listed in Table 1. The optimized
lattice parameters were found to be larger than the corres-
ponding experimental ones. It is a well-known shortcoming of
the GGA-PBE functional, as it tends to overestimate the lattice
parameters. The structural stability of the two polymorphs was
ensured by calculating their cohesive energy (E.on) using the
following relations.®**

[Etot - (XECS + yECd + ZEBI')]
X+y+z

Ecoh =

where E. represents the total energy of the unit cell of
CsCdBrj;, and Ecs, Ecq, and Eg, represent the energy values of
Cs atoms, Cd atoms, and Br atoms, respectively. x, y, and z
represent the corresponding number of Cs, Cd, and Br atoms in
the unit cell. The cohesive energy of the cubic and the hexa-
gonal phases was found to be —2.588 and —2.622 eV per atom,
respectively. It suggests that both polymorphs are energetically
stable because of the negative value of their respective E.op.

Additionally, formation enthalpy is another indication of the
stability of a structure. To assess phase stability against decom-
position into competing binaries, the formation energy was
evaluated relative to CsBr and CdBr,:

AH; =~ AE; = Ecscapr, — (Ecser + Ecdsr,)

The formation enthalpy of the cubic and the hexagonal phases
was found to be —25.8 and —61.2 meV, respectively. Both poly-
morphs are thermodynamically stable against decomposition
into CsBr + CdBr,. The energy difference is 35.4 meV per atom,
which indicates that the hexagonal structure is more stable
than the cubic phase at 0 K. Therefore, this amount of thermal
energy is required for the phase transition. Similar energy
differences are also found for the cubic to hexagonal or
hexagonal to cubic phase transitions that occur in various
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halide perovskite materials reported by Ivan Ornelas-Cruz et al.®®
Similar energy differences are observed in CsPbBr; (between cubic
and orthorhombic).® Fadla et al®” found that CsPbl; is most
stable in the orthorhombic phase, while its cubic phase is thermo-
dynamically stable at 583 K.®® But according to our study, although
the cubic CsCdBr; is less stable than the hexagonal phase, this
phase could be stabilized or could exist as a metastable phase
under certain conditions (e.g;, strain, finite size effects, specific
substrates, and high temperatures).

Phonon dispersion spectra provide vital information about
the dynamical stability of a compound. The phonon dispersion
curves have been calculated along the high symmetry directions
of the Brillouin zone, as shown in Fig. 2(a) and (c). Typically,
stable phonon structures exhibit real frequencies, whereas
unstable structures are characterized by imaginary frequencies.
The computed phonon spectra revealed that both the cubic and
hexagonal CsCdBr; polymorphs display a negative phonon
frequency (~—0.45 THz), indicating localized instabilities or
particular vibrational modes impacting certain orientations or
regions inside the crystal lattice.”® Several halide perovskites
such as TIPbF;, CsPbBr;, TICdF;, RbSrF;, etc. show imaginary
phonon frequency, i.e., unstable at 0 K but found stable at high
temperatures.”"”* Yang et al.”> found that the imaginary pho-
non modes with a negative frequency originated from the
permanent displacement of the atoms due to deformation of
the crystal lattice.

To evaluate the thermal stability of CsCdBr; polymorphs, ab
initio molecular dynamics (AIMD) simulations were performed
at room temperature over a period of 10 ps, utilizing a time step
of 0.5 fs. Fig. 2(b) and (d) reveal that minimal energy fluctua-
tions occurred over the simulation time period. Both structures
retained their original configurations and had no visible struc-
tural abnormalities. The structures retained their integrity over
the 10 ps simulation, which suggests stability at room tempera-
ture on this timescale. This is consistent with the experimen-
tally observed data, because both the polymorphs of CsCdBr;
have been experimentally synthesized and reported in ref. 36,
37 and 62, which inherently confirms its stability.

3.2 Electronic properties

Electronic band structures of the cubic and hexagonal phases
of CsCdBr; are calculated along the high symmetry directions
(X-R-M-T-R) and (I'-A-H-K-I'-M-L-H), respectively, in the

Table 1 Calculated lattice parameters a, b, and ¢ (A), equilibrium cell volume Vo (A%), cohesive energy Econ (€V per atom), and formation enthalpy AH;

(eV per atom) of the CsCdBrs polymorphs

Compound Phase a, b, c 14 Econ AH¢ Ref.
CsCdBr; Cubic a=hb=c=5.628 178.244 —2.588 —0.0258 This work
a=b=c=553 — — — 344
a=b=c=565 180.51 — — 24?
a=b=c=5.617 177.25 —2.571 — 68°
Hexagonal a=b=7.899,c=6.922 374.091 —2.622 —0.0618 This work
a=h=7.7281,c=6.742 — — — 62°
CsPbBr; Cubic a=b=c=5.988 214.663 — —-1.26 69°
CsPbl, Cubic a=b=c=6.34 — — 3.2 x10°* 67

“ Experimental values. ? Theoretical values. ¢ Formation energy calculated from kJ mol™* to eV per atom.
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Fig. 2 Phonon dispersion of the (a) cubic and (c) hexagonal phases of CsCdBrs. AIMD simulation of the (b) cubic and (d) hexagonal structures of

CsCdBrs.

first Brillouin zone (BZ) at zero pressure and temperature. Both
GGA-PBE and HSEO06 functionals were used for calculating the
band structures, as can be seen in Fig. 3(a)-(d). The horizontal
red dashed line indicates the Fermi level, Er. As per our
calculations, the valence band maximum (VBM) for the cubic
structure lies on the high-symmetry point R, whereas the VBM
lies on the I'-point for the hexagonal phase. The conduction
band minimum (CBM), on the other hand, lies on the I'-line for
both phases. It simply indicates that the cubic phase possesses an
indirect bandgap while the hexagonal phase has a direct bandgap.
From Table 2, it can be seen that the estimated values of the
bandgap using GGA-PBE and HSE06 functionals are 0.637 eV and
2.740 eV, for the cubic phase, while 2.87 eV and 4.26 eV for the
hexagonal phase, respectively. The calculated bandgap values for
both structures are consistent with the available theoretical®*®”
and experimental® results. It is well known that the PBE func-
tional frequently underestimates the bandgap of a semiconductor
or an insulator.”® On the other hand, HSE06 values are expected
to provide a more accurate estimate.’® The cubic CsCdBr; has a
bandgap value within the visible range, while the hexagonal
structure has that in the lower-UV range. It makes them appro-
priate for use in different optoelectronic applications, in contrast
to other perovskites like BaTiO; and ZnSbF;. '

© 2025 The Author(s). Published by the Royal Society of Chemistry

It is also known that the highly dispersive band indicates
higher carrier mobility due to lower carrier effective mass and
vice versa. From Fig. 3(a)-(d), a considerable degree of band
dispersion is observed in both the CB and VB. The CBM of the
cubic phase is more parabolic, ie., significantly dispersive,
than the VBM. Therefore, for both cases of CsCdBr;, the

electron effective mass (m;) should be lower than the hole

effective mass (mj,). It results in higher electrical conductiv-
ities, which is itself a result of higher electron mobilities. In
contrast, the flat band of the VBM indicates a higher hole
effective mass. Hence, it is expected that the ratio of hole and
electron effective mass will be higher; therefore, the electron-
hole recombination rate will be lower, which is one of the key
factors for photocatalytic activity. The effective mass is lower
and mobility is greater for the cubic phase because the band
dispersion is larger than for the hexagonal phase. The heavy
hole (HH), light hole (LH), and split-off band are clearly
distinguished in the hexagonal band structure, hence intra-
band transition may occur and strongly contribute to the
thermoelectric performance of this phase. We also calculate
the effective masses of electrons and holes to support the above
explanation by the parabolic band approximation method,
which is discussed elsewhere.”® The calculated value of the

Mater. Adv., 2025, 6, 8615-8634 | 8619
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Fig. 3 Electronic band structure of the (a) and (c) cubic and (b) and (d) hexagonal phases of CsCdBr3 along the high symmetry directions using GGA and

HSEO6 functionals.

Table 2 The calculated bandgap values E4 (eV) of the CsCdBrz poly-
morphs found in this study compared with the other available values

Compound Phase GGA-PBE HSE06 Ref.
CsCdBr; Cubic 0.637 2.740 This work
0.656 — 68
Hexagonal 2.87 4.26 This work
4.19°P¢ 62
CsPbl; Cubic 1.88 — 67
Cubic 1.19 — 28
CsPbBr; Cubic — 2.42 69
BaTiO; Cubic 1.746 3.254 11
Hexagonal 1.787 3.388

electron effective mass (m) for the cubic structure at the
I'-symmetry point is 0.274m, and the hole effective mass ()
at the R-symmetry point is —0.603m,. For the hexagonal structure,
the values of m and m;j, are found to be 1.603m, and —3.541my,
respectively. The lower electron effective mass in the cubic phase
is related to higher electron mobility and, consequently, higher
electrical conductivity, if scattering rates are comparable. How-
ever, the actual mobility will depend on temperature-dependent
scattering processes specific to each phase.

8620 | Mater. Adv, 2025, 6, 8615-8634

The computed total and partial density of states (TDOS and
PDOS, respectively) of the cubic and hexagonal phases of
CsCdBr; are depicted in Fig. 4(a) and (b), as a function of
energy. The Fermi level, Er, is indicated by the vertical dashed
line. Several optoelectronic properties of crystals are tied to the
features of the density of states (DOS), including conductivity,
magnetic order, and atomic contribution to the bonding and
anti-bonding states. Hybridization among different states can
also be described by PDOS. For both cubic and hexagonal
phases, the valence band near Eg (~—5 to 0 eV) is mainly
dominated by the presence of the Br-4p state (~11.2 electrons
per eV for cubic and ~22.7 electrons per eV for hexagonal) with
minor antibonding contributions from Cd-4p/4d, while the
conduction band is dominated by Cd-5s (~0.29-0.70 electrons
per eV for cubic and ~2.68 electrons per eV for hexagonal),
with negligible Cs contributions (<0.2 electrons per eV for
cubic and <0.6 electrons per eV for the hexagonal phase), as
depicted in Fig. 4(a) and (b). Therefore, electron transitions are
chiefly controlled by the transition from the Br-4p state to the
Cd-5s and Cd-4p states.

While the peak positions in TDOS are similar, the hexagonal
phase shows higher DOS intensity due to a greater number of
atoms in the hexagonal cell arising from the existence of heavy

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Total and partial DOS of the (a) cubic and (b) hexagonal phases of CsCdBrs.

hole (HH), light hole (LH), and the split-off band. The density of
states varies based on dimensionality and crystallographic
orientation, impacting the electronic properties of different
compounds. The higher magnitude of the DOS in the hexago-
nal phase primarily originates from its larger unit cell (more
atoms) and the presence of flatter bands, indicating a higher
effective mass for carriers.

3.3 Redox potentials

In photocatalytic water splitting applications, accurate band
edge location is crucial. The CBM must be above the hydrogen
evolution reaction (HER) potential, and the VBM must be below
the oxygen evolution reaction (OER) potential. This proper
alignment means that the photocatalyst can efficiently drive
both redox reactions required for water splitting. The theore-
tical VBM and CBM locations are calculated using the following
formulae:”®

1
Ecy =X — Ee —3E,

Evg = Ecp + Eg

where Ecg and Eyg indicate the corresponding CBM and VBM
potential, X is the absolute electronegativity, E, is the bandgap
value, and E. is the energy of free electrons, which is 4.5 eV on
the hydrogen scale. The value of X can be calculated taking the

© 2025 The Author(s). Published by the Royal Society of Chemistry

geometric mean of the elements’ mean electron affinity and
electronegativity using the following formula:'"”®

X=VYX|xXyx...xX,

where X, X,, etc. are the average of the electron affinity and
electronegativity of an element.

The calculated absolute electronegativity, X, of CsCdBr; is
5.33 eV. The band edge potentials of the VB and CB of the cubic
and hexagonal phases of CsCdBr; are shown in Fig. 5. Here, the
CBM values are —0.54 eV and —1.30 eV for the cubic and the
hexagonal phases, respectively. So, H' to H, reduction is
possible since both phases have negative values of the CBM
potentials. On the other hand, the VBM values are 2.20 eV and
2.96 eV for the respective phases. They are higher than 1.23 eV
of 0,/H,0, which is required for the development of O, from
the water. These polymorphs have greater VBM potential than
regularly used semiconductors such as GaAs, BaTiOj, ZnSe,
CdSe, Cu,0, Ta;Ns, etc.'”” Thus, these two CsCdBr; poly-
morphs are possible candidates for photocatalysts that can be
used for the degradation of several carbon-based biological
contaminants into biodegradable compounds and for splitting
H,0 into H, and O,, utilizing photogenerated electron-hole
pairs under the solar radiation than similar perovskites like
CsPbI;.>® From Fig. 5, it is apparent that the cubic phase
possesses the highest photocatalytic performance than that of
the hexagonal phase. Although the band structure reveals that

Mater. Adv., 2025, 6, 8615-8634 | 8621
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Table 3 Charge spilling parameter (%), orbital charges (electron), atomic Mulliken charges (electron), effective valence (electron), and Hirshfeld charge

(electron)
Mulliken atomic populations

CsCdBr; Charge pop Mulliken ~ Formal ionic  Effective  Hirshfeld  Effective
polymorph  spilling  Species s ) d Total charge charge valence charge valence
Cubic 0.09 Cs 2.16 6.28 0.29 8.73 0.27 +1 0.73 0.17 0.83

Cd 0.87 1.04 9.99 11.90 0.10 +2 1.90 0.42 1.58

Br 1.68 5.44 — 7.12 —0.12 -1 — —0.20 —
Hexagonal 0.09 Cs 2.07 6.12 0.24 8.43 0.57 +1 0.43 0.21 0.79

Cd 0.95 1.00 10.00 11.94 0.06 +2 1.94 0.35 1.65

Br 1.79 5.42 — 7.21 —0.21 -1 — —-0.19 —

the hexagonal phase has a direct bandgap, the bandgap value
in the UV region restricts its uses. Doping is a common strategy
to enhance photocatalytic performance by modifying band
edges or reducing recombination rates, as demonstrated in
similar compounds.””

3.4 Bond population analysis and electronic charge density

The Mulliken population analysis (MPA),”® one of the most
commonly used techniques, was used to evaluate the bonding
characteristics of the two CsCdBr; polymorphs. The charge
spilling parameter of the cubic and hexagonal structures is
found to be 0.09 (Table 3), which implies excellent electronic
bonds. The Cd atom has a greater charge than that of the Cs
and Br atoms because of the main contribution from the 4d
state. The deviation from formal ionic charges (Cs: +1, Cd: +2,
and Br: —1) indicates a mixed ionic-covalent bonding charac-
ter. This is a hallmark of most halide perovskites. The charge
transfer from Cs/Cd to Br is not complete, which means the
bonds have a significant degree of electron sharing (covalency).
Pitriana et al.”® found the existence of partial ionic and covalent
bonding character in the CsPbBr; system. Table 3 also demon-
strates that the effective valences of Cs and Cd atoms in
CsCdBr; are non-zero, which is an indication of the presence
of both ionic and covalent bonds. It can be included that the
degree of covalency is higher in both polymorphs. We also
employed the Hirshfeld population analysis (HPA)*® technique

8622 | Mater. Adv,, 2025, 6, 8615-8634

to refine our calculation of bonding characteristics. Hirshfeld
charge analysis suggests that electrons are transported from Cs
and Cd to Br atoms. Both methods indicate that bonds are
predominantly covalent with moderate ionic character, which
is consistent with halide perovskites.

Table 4 shows both positive and negative values of popula-
tion in both polymorphs. So, both bonding and anti-bonding
type interactions are present.®' Cs-Br shows anti-bonding type
and Cd-Br shows bonding type interactions in both poly-
morphs. The Cd-Br bond length in the hexagonal structure is
longer compared to the cubic structure. The number of bonds
is also more for the hexagonal structure. These results revealed
that covalent bonds mainly contribute to the formation of the
crystal structures of the polymorphs, with a small amount of
ionic bonds also present in both structures.

The charge density and its distribution plot offer valuable
insights into the bonding characteristics of a compound. This

Table 4 Calculated total number of bonds n*, Mulliken overlap popula-
tion P*, and bond length d" (A) of the CsCdBrs polymorphs

CsCdBr; polymorphs  Bond n" P d

Cubic Cs-Br 3 —0.10 3.978
Cd-Br 3 0.32 2.813

Hexagonal Cs-Br 6, 6 —0.19, —0.07 4.170, 3.949
Cd-Br 12 0.10 2.825

© 2025 The Author(s). Published by the Royal Society of Chemistry
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plot provides a visual representation of the spatial distribution
of electrons within the compound, which is directly related to
the nature and strength of the chemical bonds. Fig. 6 depicts
the charge density distribution (in e A~®) for the cubic and
hexagonal phases of CsCdBr; in the (110) crystallographic
plane. The scale bar for the charge density ranges from 0.0 to
4.0 e A™® In the charge density distribution mapping,
the color scheme used provides a visual representation
of the charge accumulation and depletion within the
CsCdBr; polymorphs. Both under-investigation polymorphs
have shown an asymmetric charge distribution for different
atomic species.

For the cubic phase, the electronic charge around the Cd
atom is very high in the (110) plane, whereas a moderate
amount of charge is present at the corners around Cs atoms.
The degree of charge of the Br atoms is identical to that of the
Cs atoms. There is a share of charge between the Cd and Br
atoms, which indicates the covalent bonding nature. For the
hexagonal phase, the degree of charge of the atom species is
identical to that of the cubic phase. The Cd atoms have the
highest charge density, while the Cs and Br atoms have
moderate charge densities. Charge density around the Cd
atoms is slightly distorted in this structure. There is also charge
sharing between the Cd and Br atoms. So, the bonding in
CsCdBrj; should be mainly covalent, with a slight ionic bonding
present.

3.5 Optical properties

Knowing the optical properties of a material helps us to
determine whether it can be used for the synthesis of opto-
electronic and photovoltaic devices. Several optical properties,

(a) (b)

Cs

View Article Online
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such as dielectric function, absorption coefficient, reflectivity,
refractive index, optical conductivity, and electron energy loss
function, of the cubic and hexagonal phases of CsCdBr; have
been evaluated for photon energies of up to 30 eV using the
independent particle approximation. The cubic phase is found
to be optically isotropic in nature, whereas the hexagonal phase
shows anisotropy. For the hexagonal phase, all calculations are
performed for two polarization directions, (100) and (001) of
the electric field vector.

The complex dielectric function e(w) = &(w) + ig(w) is a
response function that describes how a material could respond
to EM radiation in the infrared (IR), visible, and ultraviolet (UV)
regions.®” Fig. 7(a) and (b) represent the real (¢;) and the
imaginary part of the dielectric functions (g;) for the cubic
and hexagonal structures of CsCdBrj, respectively.

The static dielectric constants, also known as zero-frequency
dielectric constants, can be found in Fig. 7(a). As can be seen
from the figure, the cubic structure has a higher static dielectric
constant (~4.4) as compared to the hexagonal structure (~ 3.5),
which shows very little anisotropy. From Fig. 7(a), it can also be
seen that the cubic phase has two highly intense peaks at 1.30
and 3.39 eV, respectively. In the case of the hexagonal phase, it
has two intense peaks of similar intensity for the (100) direc-
tion at 3.52 and 5.07 eV, whereas for the (001) direction, the
most intense peak is found at 3.90 eV. This confirms that the
hexagonal structure indeed possesses strong optical anisotropy.
The peaks are caused by the inter-band transition of electrons
mainly from the Br-4p states of the VB to the Cd-5s states of the
CB. The next peaks are due to the electronic states of Cs atoms.
&1(w) becomes negative two times for the cubic phase and
hexagonal phase’s (100) direction, whereas it goes negative

-4.0

-3.0

-2.0

-1.0

-0.0

Fig. 6 Charge density distribution in the (110) plane for the (a) cubic and (b) hexagonal phases of CsCdBrs. The charge density scale is shown on the

upper-right.
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hexagonal phases of CsCdBrsz as a function of photon energy.

only one time for the (001) direction of the hexagonal phase.
For the cubic phase, there are several ¢,(w) peaks found, and
the most prominent peak is found at 7.15 eV. The hexagonal
phase for the (100) direction shows two intense peaks at
6.10 and 7.97 eV. The hexagonal phase for the (001) direction
shows only one intense peak at 6.30 eV, and this peak is the
highest between the two phases. After the peaks, the value of
&,(w) decreases gradually.

Energy dependent absorption coefficient a(w) for the cubic
and hexagonal phases of CsCdBr; is depicted in Fig. 7(c).
It quantifies how much light at a specific wavelength can be
absorbed by the compound. As seen, the absorption spectra do not
begin at zero photon energy, which is an indicator of semiconduct-
ing compounds.™ The value of the absorption coefficient is high
(~10° em™") in the UV region, and it stays high (60% of the peak)
between ~7.05 eV and ~18.18 eV. This is comparable with the
likes of CsPbl; and BaTiO; (10°-10° ecm *),"™*” which are also
candidates for solar cell applications. The higher value of absor-
bance also suggests good solar energy conversion ability. So, this
compound can be a good solar energy absorber in the mid-UV
region. Moreover, optical anisotropy is less for this property.

Reflectivity, R(w), of any material represents the fraction of
incident light energy that is reflected back. Energy-dependent

8624 | Mater. Adv, 2025, 6, 8615-8634
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reflectivity, R(w), for the two phases of CsCdBr; is depicted in
Fig. 7(d). It is seen that there is moderate anisotropy present.
For the cubic phase, reflectivity at 0 eV energy is ~60% of the
peak. In the visible range, it starts decreasing at first and then
increases to 68%. It follows some peaks in the UV region, and
the peak value is found at ~15.45 eV. The hexagonal phase in
the (100) direction has a more or less similar pattern compared
with the cubic phase. For the (001) direction, the peak value is
found at ~6.47 eV. As a whole, the reflectivity spectra suggest
that both phases of this compound have the potential to be
used as a reflector material in the visible and near-IR to mid-UV
region. The value of R is very low (~20%) in the whole spectral
range, hence both phases can be a good candidate for anti-
reflection coating material. Since the absorbance and reflec-
tance are lower in the IR-visible region, both phases should
have higher transmittance, which is very common for wide
bandgap semiconductors,*%38*

The refractive index, N(w), is a complex quantity and it
comprises two parts. The real part of the refractive index,
n(w), governs the group velocity of light waves within a mate-
rial. On the other hand, the imaginary part, k(»), also known as
the extinction coefficient, determines the attenuation of light
waves when passing through a material. k(w) is also correlated

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to the dielectric function and absorption coefficient.*> The
calculated values of the real and imaginary parts of the refrac-
tive index are shown in Fig. 7(e) and (f), respectively. n(w)
actually has an inverse relation with the electronic bandgap,
and that is confirmed by the 7(0) values. n(0) is found to be 2.67
for the cubic phase, whereas it is found to be 1.87 and 1.89 for
the (100) and (001) directions of the hexagonal phase, respec-
tively. The refractive index of the cubic phase exhibits the
prime peaks in both the IR and visible regions, which gradually
diminish in the UV region, as seen in Fig. 7(e). For the
hexagonal phase, the prime peaks are found near the UV
region. At higher energies (> ~14 eV), anisotropy vanishes
because the effect of polarizabilities diminishes with higher
frequency. A moderate value of n(w) indicates that it could be
used to build light emitting devices. The peak values of k(w) are
found in the UV region for both polymorphs, which again
suggests they could be good UV absorbers. The strong optical
anisotropy in the hexagonal phase is highlighted as a unique
feature for designing polarization-sensitive optoelectronic
devices.

Optical conductivity, plotted in Fig. 7(g), does not start at
zero energy as expected since both polymorphs are semicon-
ductors. The cubic phase exhibits two comparable high peaks
at ~7.43 and ~10.35 eV. In the case of the hexagonal phase,
conductivity is higher for the (001) direction, and the highest
peaks are found at ~6.45 and ~8.10 eV for the (001) and (100)
directions, respectively. After that, a dip in conductivity is
observed. The anisotropy found in the hexagonal phase dis-
appears after ~18.40 eV.

The calculated loss function for the two phases of CsCdBr; is
shown in Fig. 7(h). We see that the peaks of L(w) occur at
21.81 eV, 17.55 eV, and 18.42 eV, respectively, for the cubic,
hexagonal (100), and hexagonal (001) phase. The peaks of L(w)
are found at the trailing edge of the reflectivity spectra. Both
phases have similar patterns for the loss function, though they
have anomalies in the region of peaks. For the hexagonal
phase, anisotropy vanishes after the peak is reached. In sum-
mary, the high absorption coefficients (>10> cm™") in the UV
region with a combination of low reflectivity (<20%) make the
polymorphs, particularly the anisotropic hexagonal phase,
excellent candidates for UV-selective photodetectors and anti-
reflection coatings.

3.6 Elastic properties

Table 5 presents the elastic properties of the cubic and hex-
agonal structures of CsCdBr;. From the calculated elastic
stiffness constants Cj;, the mechanical stability of the materials
under study can be estimated using the stability requirements
of the Born-Huang criteria,*® which are given below:

For a cubic system,

Ci1 >0, Cy > 0; Ci1 > B> Cup;

(C11 +2Cy5) > 0;

(Ci1 — Cia) > 0;
and for a hexagonal system,

Ci1 > [Cial; 2C13> < C33(Ciq + Cr2); Caa > 0; Ces > 0.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 The calculated stiffness constants C; (GPa) and Cauchy pressure
Cp (GPa) of the cubic and hexagonal phases of CsCdBrs, respectively

CsCdBr; polymorph  Cyy Cia Cis Cis Cy Cp
Cubic 42.81 14.53 14.53 42.81 9.82 4.71
Hexagonal 17.45 7.23 5.10 29.14 211 5.12,2.99

The mechanical stability of polymorphs shows how they with-
stand diverse mechanical changes. Along with the chemical
stability criterion, Table 5 demonstrates that these conditions
are met, and so all polymorphs are mechanically stable.

The estimated values of Cauchy pressure, Cp, for the cubic
and hexagonal phases using their corresponding equation®” are
presented in Table 5. It is a stress property of materials that
quantifies the ductility or brittleness of a material. The ductility
and presence of an ionic bond in a compound are probable
when the Cauchy pressure is positive, and vice versa. The
positive nature of Cp results in the ductility and predominance
of ionic bonding in both cubic and hexagonal phases of
CsCdBr;. The ductile behavior of the investigated polymorphs
is practically important since it can be exploited to produce
high-quality thin films.%®

The bulk modulus (B) reflects a material’s resistance to
pressure from the environment. From Table 6, it is seen that
cubic and hexagonal structures have low values (23.96 and
10.83 GPa) of bulk modulus. So, the polymorphs are prone to
volume strain. The cubic phase has a slightly higher shear
modulus (11.37 GPa) than the hexagonal phase (4.22 GPa), and
hence it has stronger shear resistance. Young’s moduli describe
the stiffness of the studied polymorphs, which is a vital elastic
property. The higher the value of Young’s modulus, the stiffer
the material. As a result, the cubic phase is stiffer (29.45 GPa)
than the hexagonal phase (11.20 GPa).

One of the key parameters of the materials that is important
is their ductility or brittleness, which may be determined using
their Poisson ratio (v). If a material’s Poisson ratio exceeds 0.26,
it is ductile, and a value less than 0.26 indicates brittleness.
Both phases of CsCdBr; had a Poisson ratio greater than 0.26,
indicating that they are ductile. The assessment of Pugh’s
ratio (B/G)*® confirms the ductility of the examined structures
because it is more than the threshold value, 1.75. Since the
value of vis in the range 0.25-0.50, the force is central. Ductility
and a dominating central force are observed in the hexagonal
structure rather than the cubic structure.

Table 6 Bulk modulus B (GPa), shear modulus G (GPa), Young's modulus
E (GPa), Poisson's ratio v, and Pugh's ratio B/G of the cubic and hexagonal
phases of CsCdBrs, respectively, found in this study, compared with the
other available values

Compound Phase B G E v B/G  Ref.
CsCdBr; Cubic 23.96 11.37 29.45 0.295 2.11 This
work

Hexagonal 10.83 4.22  11.20 0.327 2.56

CsPbl; Orthorhombic 17.852 9.218 23.593 0.279 1.936 28

Cubic 14.80 7.06 18.26 0.294 — 67

CsPbBr; Cubic 19.43 8.31 21.69 — 2.34 69
Mater. Adv., 2025, 6, 8615-8634 | 8625
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Table 7 Density p (g cm™)
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, machinability index um, Debye temperature 0p (K), melting temperature T,, (K), minimum thermal conductivity Kmin

(W m~t K™, the Gruneisen parameter 7, hardness values Hmacro and Hmicro (GPa), and fracture toughness Kic (MPa m©) of the cubic and hexagonal

phases of CsCdBrs, respectively

Phase P Hm HD Tm kmin Y Hmacro Hpiero Kic
Cubic 4.52 2.440 210.89 546.66 0.226 1.743 0.466 1.552 0.261
Hexagonal 4.30 5.138 98.86 450.05 0.218 1.956 —1.456 0.486 0.124

Between the two phases, the cubic phase is denser with a
density of 4.52 g cm >, It is also confirmed by the average
acoustic velocity, which is also higher in the cubic structure,
and acoustic velocity is directly proportional to the density of a
compound. The machinability index, i, of a material is a
dependable measure of its competence. Moreover, it is bene-
ficial for measuring the plasticity”® and lubricating character-
istics of a substance. The calculation of y, is conducted using
the following equation: uy = B/C44, where B is the bulk
modulus. Table 7 reports the py of the cubic and hexagonal
phases of CsCdBr;, and based on our findings, the hexagonal
phase is two times more appropriate for use in manufactured
machines.

Table 7 illustrates that the calculated Debye temperature, 0p,
of the cubic phase is 210.89 K, which is two times higher than
that of the hexagonal phase (98.86 K). The Debye temperature
can also be used to determine the rigidity of covalent bonds
throughout materials.”® Therefore, it is reasonable to expect
that the cubic phase has stronger covalent bonds than the
hexagonal phase. The Debye temperature is directly interre-
lated to the melting temperature (Table 7), which is usually the
case for these polymorphs t0o.°> The melting temperature Ty,
of solids can be determined with the help of the following
equation:*®

2C11 + C33

Tn=354K+ (45K GPa")< 3

):I:300K

The melting temperature of the cubic phase is higher than that
of the hexagonal phase. The Debye temperature is related to the
lattice thermal conductivity. Since the value of 0y is low for
both compounds, they should exhibit low thermal conductivity.

The minimum thermal conductivity k., of the cubic and
hexagonal phases of CsCdBr; can be determined using Clarke’s
formula.”* It is important to remember that not all materials
need to have a high value of thermal conductivity, as they can
be used in thermoelectric devices or insulation. Both CsCdBr;
polymorphs can be utilized as thermal barrier coating materials
(TBC), as the kmin of these polymorphs is much less than the
limitation value of 1.25 W m ™' K 1%

The Griineisen parameter (y) is a function of both volume
and temperature and is directly associated with the strength of
phonon-phonon interaction. This parameter displays several
key characteristics of a material, such as thermal conductivity
and expansion due to thermal energy, the temperature depen-
dence of elastic properties, attenuation of acoustic waves, and
the measurement of the anharmonicity of the bonds in a
crystal. The calculated values of y for the cubic and hexagonal
forms of CsCdBr; are 1.74 and 1.95, respectively. The presence

8626 | Mater. Adv., 2025, 6, 8615-8634

of strong anharmonicity in the lattice vibration was indicated
by the predicted high values of y (Table 7), which suggests that
both compounds will have low thermal conductivity. Further-
more, high values of y show that the compound’s thermal
properties, such as thermal conductivity, specific heat, and
thermal expansion, are highly sensitive to changes in pressure
and temperature.

The hardness of CsCdBr; polymorphs was determined by
the application of the presented formulae:

G ) 0.585
Hiacro = 2 (E) G -3
(I =2v)F
Hyicro = 17—+
O 6(1 +v)

Their resistance to notching pressures is directly impacted by
the highly interdependent connection between hardness and
crystalline elastic modulus. From Table 7, it is anticipated that
both polymorphs are soft materials as seen by their respective
hardness values. Between the two polymorphs, the cubic phase
is slightly harder, considering the stated value (Hmjcro =
1.55 GPa), whereas the hexagonal phase has a low hardness
value (Hmicro = 0.49 GPa). So, the polymorphs show a soft nature,
and the hexagonal phase possesses extreme softness.”®

Fracture toughness, Kic, which measures a material’s ability
to resist an external force causing cracks and fractures to spread,
can be calculated using the formula published by Niu et al:*’

1 B 0.5
Kic = V06G(E)

The constant Vj is the final volume per atom of the optimized unit
cell, and the estimated value of Kjc of CsCdBr; polymorphs is
shown in Table 7. Although the fracture toughness value is low for
both polymorphs, the superior fracture toughness of the cubic
phase compared to the hexagonal phase allows it to tolerate
greater pressures without undergoing crack propagation.

As a whole, the low values of the bulk and shear moduli,
high Pugh’s ratio (>1.75), and high Poisson’s ratio (>0.26)
give clear indications that both polymorphs are soft and
ductile. This mechanical profile is highly advantageous
for processing and fabricating flexible thin-film devices, as
it reduces the risk of cracking under stress.

3.7 Thermoelectric properties

The physical phenomena that occur within a thermoelectric
device contribute to the thermoelectric influence. It can produce an
electric voltage from the temperature gradient. The thermoelectric

© 2025 The Author(s). Published by the Royal Society of Chemistry
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influence is a generic operation based on three well-known princi-
ples: the Seebeck, Peltier, and Thomson effects. The Seebeck
coefficient, electrical conductivity, and thermal conductivity of a
thermoelectric material are the main parameters controlling
its performance in thermoelectric (TE) devices. We used the
Boltzmann semiclassical transport theory, implemented in the
BoltzTrap2 scheme, to calculate the thermoelectric properties of
CsCdBr; polymorphs with a constant relaxation time approxi-
mation. Fig. 8 illustrates how the thermoelectric characteristics
of the cubic and hexagonal polymorphs of CsCdBr; vary with
chemical potential (¢) at different temperatures.

Fig. 8(a) and (b) illustrate the Seebeck coefficient (S) as a
function of chemical potential (x) ranging from —1.45 to
1.45 eV for the cubic phase, and —2.15 to 2.15 eV for the
hexagonal polymorph of CsCdBr;, respectively, at temperatures
of 300, 450, 600, 750, and 900 K. In the cubic phase, S peaks are
concentrated near ~0 eV, while the hexagonal phase exhibits
five distinct peaks within the —0.95 to 1.05 eV region. At 300 K, the
cubic phase demonstrates maximum S values of 1330 uv K * for

Cubic

o/t (x10" @ 'm's )

S%/t (x10" Wm'K %)

(8

Kk /T (Wm'K's™)

-1.0

-0.5 0.0 0.5 1.0
p (eV)
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p-type and —1140 pV K~ for n-type behavior. There is a notable
asymmetry and offset between the positive and negative peaks,
suggesting anisotropic transport properties characteristic of hex-
agonal structures. The hexagonal phase displays peaks at different
energy levels for p-type and n-type behaviors, with maximum S
values reaching 1575 v K~ and —1575 pv K%, respectively. The
wider separation between positive and negative peaks indicates a
larger bandgap compared to the cubic structure. At higher tem-
peratures, the peak value of S decreases with increasing tempera-
ture for the cubic phase. The values of S (Fig. 8a) at 450, 600,
750, and 900 K are 950 pV K ' (=650 uv K '), 760 puv K *
(=670 uv K1), 630 pv K ' (=360 pv K1), and 550 pv K *
(=290 wv K ') in the p- (n-)region, respectively. On the other
hand, for the hexagonal structure, the value of S shifted its
maximum position equally toward the Fermi level with increasing
temperature. The above results concluded that both p-type and n-
type doping can be effective, and the optimal doping type depends
on the temperature and the specific phase. Besides, the preferred
type of doping also depends on the electrical and thermal
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Fig. 8 Variation of the (a) and (b) Seebeck coefficient, S, (c) and (d) electrical conductivity, 6/7, () and (f) power factor, $%6/7, and (g) and (h) electronic
thermal conductivity, ke/z, of the cubic and hexagonal phases of CsCdBrs respectively, as a function of chemical potential, u.
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conductivity. Aliovalent doping (e.g., partial substitution of Cd**
with In** or Na* for n-type or p-type conduction, respectively) could
be employed to tune the carrier concentration without drastically
altering the band edges. This is crucial for optimizing the thermo-
electric performance beyond intrinsic thermal excitation.

The analysis of electrical conductivity (/1) across different
temperature ranges provides insights into the thermoelectric
performance of CsCdBr;. Fig. 8(c) and (d) illustrate how elec-
trical conductivity varies with chemical potential at multiple
temperatures. Electrical conductivity shows temperature
dependence at the studied temperatures (300, 450, 600, 750,
and 900 K). Chemical potential variations primarily shape the
conductivity profile, but temperature also significantly influ-
ences its magnitude, due to increased carrier excitation. Since
the electrical conductivity is linearly related to the carrier
concentrations and carrier concentrations are exponentially
related to temperature, a significant change in temperature
causes a considerable change in electrical conductivity. The
electrical conductivity profiles of the CsCdBr; polymorphs
differ, showing minimal conductivity in the bandgap region.
In an intrinsic semiconductor, electrical conductivity is very low
within the bandgap because the density of states is minimal. It
results in a few thermally excited electron-hole pairs as car-
riers. However, conductivity increases with increasing chemical
potential or temperature. A higher chemical potential shifts the
Fermi level toward the conduction band (as in n-type doping). It
increases the electron concentration and thus the number of
available carriers. Similarly, higher temperatures provide
greater thermal energy (kgT), which promotes more electrons
into the conduction band and thereby boosts overall conductiv-
ity. Maximum conductivity values are 21.16 x 10 Q 'm 's™*
at —0.85 eV and 8.92 x 10"° Q' m ' s at —2.15 eV for p-type
cubic and hexagonal structures, respectively, which suggests the
cubic phase has a potential advantage for thermoelectric
applications.

The power factor (PF), defined as PF = S°g, represents a
critical parameter for thermoelectric materials, incorporating
both the Seebeck coefficient (S) and electrical conductivity (o).
Fig. 8(e) and (f) present the power factor behavior of CsCdBr;
polymorphs as a function of chemical potential () across
various temperatures. A consistent trend emerges across both
CsCdBr; polymorphs - the power factor increases with increas-
ing temperature. The maximum values of PFs occur for 900 K,
which are 13.27 x 10" and 3.93 x 10" Wm™ 'K ?s™ ' at —0.42
and —1.41 eV for the cubic and hexagonal structures, respec-
tively. Thus, in contrast to n-type zones, maximum PF is
reached in p-type regions. This indicates that a higher doping
density is required to obtain maximum PF for the hexagonal
structure because of its wide bandgap as compared to the cubic
structure.

Thermal conductivity (k) is a measurement of the flow of
carriers. There are two types of conductivity: electronic (x.) and
phonon (x,,) thermal conductivity, which combine to form .
TE materials are characterized by low thermal conductivity.
In Fig. 8(g) and (h), the chemical potential dependent electronic
thermal conductivity at various temperatures is shown. As the

8628 | Mater. Adv., 2025, 6, 8615-8634

View Article Online

Materials Advances

temperature and chemical potential increase, so does k.. With
temperature, k. rises because of an increase in the energy of
free electrons. As a result, vibrational energy increases too.
Larger chemical potentials lead to larger electron concentra-
tions and hence higher .. The maximum values of «. are found
to be 37.10 x 10" Wm ' K ' s™! at —1.05 eV and 14.27 x
10" Wm ' K ' s " at —2.15 eV for the cubic and hexagonal
CsCdBr; structures, respectively. The low electronic thermal
conductivity is a positive indicator; however, the total thermal
conductivity will be dominated by the lattice component (xp).
Generally, wide bandgap materials usually have higher lattice
thermal conductivity and lower electronic contribution to total
thermal conductivity.”®*® Due to this reason, xe of the hexago-
nal structure is significantly lower than the cubic structure. It is
also mentioned that the thermal conductivity of both poly-
morphs has a maximum value in the p-region.

Thermoelectric properties are also plotted as a function of
temperature at the valence band maximum (E — Eg) and
conduction band minimum (E + Egp), as can be seen in
Fig. 9(a)-(h). At the VBM, the value of S is 80 and 224 pvV K *
for the cubic and hexagonal polymorph of CsCdBr;, respec-
tively, whereas at the CBM, the value of S is —55 uV K~ and
—444 pv K, for the respective phases at 300 K. It is also
observed that for both cases (n- and p-type), the value of S
increases for cubic phases but it decreases for the hexagonal
phase with increasing temperature. The value of S is compar-
able with the value obtained for the cubic and hexagonal
phases of the CsCdCl; perovskite."”® Our calculated value is
also consistent with the value of CsSnl, structures.'® The
CsCdCl; compound also shows a similar temperature trend of
Seebeck coefficient to our studied compounds.'®® The Seebeck
coefficient and thermoelectric power are mostly determined by
the values of (Ecgm — Er) Or (Er — Eygpm), Where Eg, Ecpym and
Eypm represent the energy of the Fermi level, conduction band
minimum and valence band maximum, respectively; therefore,
a larger difference yields a larger S and thermoelectric power.
Due to lower crystal symmetry and greater ionic interactions,
the lower temperature hexagonal phase of CsCdBr; exhibits a
higher bandgap than the cubic phase. Therefore, it is expected
that the hexagonal structure should have a higher value of S as
compared to the cubic structure. Besides the flat valence band
of the hexagonal structure which corresponds to a higher
effective mass as compared to the cubic structure is another
reason for its higher value of S. The hexagonal phase, with a
wider effective bandgap and anisotropic bands, behaves as a
non-degenerate semiconductor. As temperature increases, ther-
mal excitation of minority carriers enhances the bipolar effect,
reducing S. Besides, as the temperature rises, thermal scatter-
ing by phonons may affect the electronic transition and hence
reduce the value of S. Anisotropy was observed in the hexagonal
phase (Fig. S2(a)-(d)), which exhibits varying characteristics in
various orientations throughout the crystal lattice. On the other
hand, the cubic phase has a lower bandgap and more uniform
electrical characteristics due to its greater symmetry leading to
a more isotropic band structure with potentially higher carrier
density and degeneracy near the Fermi level. In this regime, the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and at the bottom of the conduction band (CBM).

material behaves closer to a degenerate semiconductor, where
the Seebeck coefficient follows the Mott relation.'®* Since the
carrier concentration n is weakly temperature dependent but
dominated by doping or intrinsic band degeneracy rather than
thermal activation, S is linearly related to T. Due to this, S
increases with increasing 7T in the cubic structure, which is a
common feature in cubic halide perovskites. In cubic CsCdBr3,
the high symmetry and flatter bands amplify electron-phonon
coupling and increase the scattering effect, which can enhance
the value of S. This contrasts with the hexagonal phase, where
stronger anisotropy may lead to more localized states and
reduce the value of S. However, the hexagonal structure shows
a higher value of S for the whole temperature range. Electrical
conductivity, o/, follows the same trend for both polymorphs,
and it rises slightly with temperature, which confirms the
semiconducting nature. The cubic structure shows significantly
higher electrical conductivity than the hexagonal structure at

© 2025 The Author(s). Published by the Royal Society of Chemistry

the VBM and CBM, respectively, and the lower thermal con-
ductivity of the hexagonal phase is mainly responsible for the
wider bandgap value compared to the cubic phase. It is also
mentioned that hole-generated thermal conductivity is higher
than the electron generated thermal conductivity for both
phases. The power factor (PF), S°c/t, and the electronic thermal
conductivity, x./t, follow the same pattern for both phases at
the VBM and CBM. They increase with temperature, and the
cubic phase has superior values at each temperature. The value
of PF is higher for p-type character in both cases, although
the value of PF is significantly higher for the cubic phase. The
observed higher electronic thermal conductivity, x./t, of the
cubic phase as compared to the hexagonal structure is because
wide bandgap materials typically exhibit higher lattice thermal
conductivity and lower electronic contribution to total thermal
conductivity.’®®® In conclusion, while the hexagonal phase
has a higher S, the cubic phase is the more promising
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thermoelectric material due to its significantly higher electro-
nic conductivity, a/t, and power factor, PF/t, which is the key
metric for performance. It is also mentioned that the p-type
nature is dominating as compared to the n-type character in
both phases.

4. Conclusion

The ground-state characteristics of the cubic and hexagonal
polymorphs of CsCdBr; are meticulously studied in this work
using DFT. In accordance with experimental findings, our
structural analysis revealed that both polymorphs are stable,
and the lattice constants and unit cell volumes closely mirror
previously reported experimental data. Both phases have a
semiconducting nature, which can be confirmed from their
respective band structures, as there is a finite value of bandgap.
The cubic phase has an indirect bandgap, while the hexagonal
phase has a direct bandgap. The main contribution to the
valence band comes from the Br-4p state, while the lower
conduction band is composed of a hybridization of Cd-5s/4p
and Br-4p states. The strong redox potential of CsCdBr; poly-
morphs makes them quite intriguing for water splitting as well
as for degrading organic contaminants and color molecules.
Both polymorphs show a mixed bonding nature, confirmed by
their charge density distribution as well as Mulliken charge and
bond analyses. The hexagonal phase is found to be optically
anisotropic, whereas the cubic phase shows isotropy. Optical
parameters also support the semiconducting nature of CsCdBr;
polymorphs. Additionally, the optical findings indicated that
the CsCdBr; polymorphs are a promising option for applica-
tions involving UV-based optical devices. Both polymorphs are
found to be soft materials, and the hexagonal phase is softer.
Even though both polymorphs are ductile, Poisson’s and
Pugh’s ratios support slightly higher ductility of the hexagonal
phase. Higher values of elastic moduli reveal that the cubic
phase exhibits superior stiffness and resilience to the hexago-
nal phase. Thermoelectric properties suggest that the cubic
structure is better for TE applications due to its higher PF
values. Anisotropic thermoelectric properties are also found in
the hexagonal phase. These findings open the door for addi-
tional experimental research and technical developments in the
fields of photocatalysis, optoelectronics, and thermoelectricity
by offering insightful information on the functional potential
of CsCdBr; polymorphs.
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