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In response to the growing interest in multifunctional materials for energy conversion devices,
CuBiSeCl, is systematically investigated as a quaternary halide chalcogenide with significant potential
for both optoelectronic and thermoelectric applications. Utilizing density functional theory (DFT) and
the semiclassical Boltzmann transport theory-based full-potential linearized augmented plane wave
(FP-LAPW) technique, this study investigates the electronic, thermoelectric, optical and mechanical
properties of CuBiSeCl,. Structural optimization shows that the material crystallizes in an orthorhombic
phase and the calculated elastic constants meet the Born stability criterion. Electronic calculations show
that there is a direct band gap of about 0.737 eV at the high-symmetry I" point. In contrast, anisotropy
in the optical response shows that the crystal has a layered structure. The optical response also
demonstrates strong absorption in the visible and UV range with a high refractive index, and a dielectric
response, where the absorption spectrum is initiated near ~0.8 eV and exceeds 1.5 x 10°> cm™! above
2 eV, highlighting its potential as an efficient light-harvesting material. Thermoelectric investigations
indicate that CuBiSeCl, exhibits promising performance, where the Seebeck coefficient and electrical
conductivity go up from 300 K to 600 K, which brings zT up to about 0.52. In contrast, zT reaches
around 0.88 for temperatures ranging from 600 K to 900 K. However, calculated mechanical properties,
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such as bulk and shear moduli, show that CuBiSeClyis moderately stiff, while the Poisson ratio (0.304)
and Pugh ratio (2.215) indicate its mechanical stability with moderate ductility. The average speed of
sound is 2449.28 m s, and the elastic Debye temperature is ~257 K. Overall, these results show that
CuBiSeCl, is a material with high potential for sustainable energy harvesting and conversion
technologies.
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1. Introduction

Recently, the urgent search for renewable energy has become a
global priority due to the depletion of fossil fuels and rising
environmental concerns. In this context, the conversion of
ambient waste heat and sunlight into electricity represents an
eco-friendly and straightforward approach to addressing global
energy challenges. Worldwide efforts are focused on developing
high-performance thermoelectric (TE) and semiconductor
materials for use in photovoltaic, optoelectronic, and thermo-
electric technologies. With the advantages of green energy
conversion, zero emissions, no mechanical parts, adaptability
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to varying temperatures, long service life, and compactness, TE
generators have received significant attention." Seebeck first
discovered the thermoelectric effect in 1821, and it was later
termed the Peltier effect when used to generate a temperature
gradient via an electric current.” The performance of thermo-
electric materials is commonly evaluated using the dimension-
less figure of merit, 27 = $>6T/k = S>cT/(k./k.), where T, 7, S, and
S%¢ are the absolute temperature, electrical conductivity,
Seebeck coefficient, and power factor (PF), respectively. Also,
k. represents the thermal conductivity contributed by electrons
and holes, while &;, denotes the thermal conductivity arising
from phonons propagating through the crystal lattice.?
Although increasing ¢ and S or reducing k can improve zT,
the inherent interdependence among these parameters
requires careful, synergistic adjustment.” Since lattice thermal
conductivity is an intrinsic property, materials with naturally
low values are ideal for enhancing the thermoelectric figure of

© 2026 The Author(s). Published by the Royal Society of Chemistry


https://orcid.org/0009-0003-2679-0629
https://orcid.org/0000-0001-9101-0869
https://orcid.org/0000-0001-5750-9412
http://crossmark.crossref.org/dialog/?doi=10.1039/d5ma01386k&domain=pdf&date_stamp=2026-01-13
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma01386k
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA007003

Open Access Article. Published on 14 January 2026. Downloaded on 6/14/2026 8:48:56 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

merit, zT. For a material to be considered an excellent thermo-
electric (TE) candidate, its z7 value should exceed unity.>®

Numerous attempts have been made to enhance the thermo-
electric figure of merit (27) through innovative strategies. Multi-
ple classes of materials, including inorganic and polymeric
compounds, have been investigated for thermoelectric applica-
tions across diverse temperature ranges. Among them, inor-
ganic semiconductors have proven to be the most effective,””®
with chalcogenide compounds receiving particular attention
due to their promising properties. Building on this, recent
research has turned toward mixed-anion systems, especially
quaternary halide chalcogenides, which offer the dual advan-
tages of intrinsically low thermal conductivity and favorable
electronic characteristics.” ! Generally, quaternary halide chal-
cogenides are composed of four distinct elements: a mono-
valent cation (A), a p-block metal (M), a chalcogen (Ch, e.g., S,
Se, or Te), and a halogen (X, e.g., Cl, Br, or I). This structural and
compositional versatility of chalcogenides sets them apart from
other material classes, enabling greater tunability of their
physical properties through increased chemical and structural
freedom."?

Recent experimental and theoretical research efforts have
focused on improving the thermoelectric efficiency and increas-
ing the zT of chalcogenide crystals. Several materials with
intrinsically low thermal conductivity have been reported,
including Yb;,MnSby; (2" ~ 1.0) by S. R Brown et al,”
single-crystal SnSe (z2Tmax ~ 2.6) by L. D. Zhao et al.,** and
quaternary chalcogenides (zTmax ~ 0.6).°""7 In a recent study,
C. Wang et al'® reported a notable increase in z7T for
Cu,_,Ag,InTe, rising from 0.6 at x = 0 to 1.4 at x = 0.25.
However, according to Wang et al.,'® various copper-based
chalcogenides like Cu,_,,Ag,Se; ,S, exhibit high thermoelec-
tric performance, with a sample of Cu, gAgo 2S€.0S0.1 reaching a
zT of 1.7 at temperatures exceeding 900 K.>° Also, in a recent
investigation,> the thermoelectric figure of merit (z7) for
AgSbTe, ,Se, reached 1.35 at 600 K at a doping level of x =
0.02. In 2022, Sujith et al.>* employed first-principles calcula-
tions with spin-orbit coupling to investigate CrSbSe; and
revealed optical anisotropy, suggesting its suitability for photo-
voltaic and optoelectronic applications.

To the best of our knowledge, the quaternary halide chalco-
genide, CuBiSeCl,, has received limited attention in the context
of thermoelectric and optoelectronic applications. Motivated by
this gap and the unique characteristics of the compound, we
explore its thermoelectric and optoelectronic properties, and
mechanical properties along with anisotropy using density
functional theory (DFT) combined with semiclassical Boltz-
mann transport theory. The electronic structure reveals a direct
band gap (~0.737 eV at the I' point) suitable for photovoltaic
applications, while the optical spectra confirm strong aniso-
tropic absorption in the visible and ultraviolet regions (exceeding
1.5 x 10° em ' after 2 €V). Thermoelectric analysis across a
broad temperature range yields a figure of merit (27) approaching
0.88 at 900 K, showing excellent energy conversion potential.
Collectively, our comprehensive DFT-based study highlights CuBi-
SeCl, as a stable, optically active, and thermoelectrically efficient
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multifunctional material for next-generation energy harvesting and
optoelectronic device integration.

2. Methodology: computational and
theoretical framework

2.1. Density functional theory

This study employed first-principles calculations utilizing the
full-potential linearized augmented plane wave (FP-LAPW)
method®® within the WIEN2K simulation package.** The elec-
tronic exchange—-correlation effects were addressed through the
Generalized Gradient Approximation (GGA) as established by
Perdew, Burke, and Ernzerhof for exchange in solids and
surfaces (PBESol).>® Structural optimization was performed
using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) minimi-
zation scheme, with the total energy convergence and charge
convergence criteria set to 10 > Ry and 10~ * e, respectively. The
g-limit was set to 0.05 for SCF calculation. The wave function
cutoff parameter RMT*Kmax was established at 8.0, accompanied
by a cutoff energy of —6.0 Ry to avoid overlapping muffin-tin
spheres. RMT represents the minimum muffin-tin radius across
all atomic spheres. To ensure the reliability of our calculations, we
carefully performed a basis set convergence test with respect to
the RK,,x parameter (RMT X Ry, as shown in Fig. S1 in SI. In
LAPW-based electronic structure computations, Gy,.x Was set to
12 Bohr ! to establish the cutoffs for Fourier expansion. The
chosen specific RMT values for the Cu, Bi, Se and Cl atoms were
2.17, 2.5, 2.07, and 2.0, respectively. The Monkhorst-Pack®®
k-point method was employed for integration of the Brillouin
zone. The core and valence electronic configurations utilized in
the calculations included Cu (4s' 3d'°), Bi (4f'* 5d'° 6s® 6p°), Se
(3d"° 4s? 4p*), and Cl (3s” 3p°). A 1000 k-point (8 x 19 x 5) mesh
grid was used for the configurations. For calculations of density of
states (DOS) and optical properties, a denser mesh of 2000 -
points (11 x 24 x 7) was used to ensure higher accuracy. Optical
properties were analysed with the OPTIC module.*” Calculation of
thermoelectric transport properties was conducted using the
semiclassical BoltzTraP2 code,”® which was applied after SCF
calculation. zT values were obtained under the constant relaxation
time approximation (CRTA) using BoltzTraP2 code,® where the
full phonon-scattering or electron relaxation-time calculations
were not considered. The optical properties along the xx- and
zz-axes are illustrated in the figure to demonstrate the anisotropic
response resulting from the layered octahedral framework. Elastic
calculations employed the same parameters as the SCF calcula-
tions, with a 5 x 13 x 3 k-point mesh. Structural visualization and
analysis were performed using the XCrySDen package® and
actual crystal drawings were made by utilizing VESTA.*

3. Results and discussion

3.1. Structural stability analysis with ground-state properties

CuBiSeCl,, a quaternary halide chalcogenide material (Fig. 1),
crystallizes in orthorhombic symmetry with space group Pnma
(No. 62) and contains a total of 20 atoms per unit cell. Based on
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Fig. 1 The 2D and 3D crystal structures of CuBiSeCls.

Table 1 Atomic positions, isotropic displacement parameters and site
occupancy factors

Atom Oxidation state Wyck. x y z Oce. U, (A)

Bi-1 Bi* 4c 0.265(2) 1/4 0.4495(9) 1.0 0.00595(4)
Se-1 Se*~ 4c 0.255(6) 1/4 0.4495(9) 1.0 0.00456(8)
Cul Cu' 4c 0.0324(6) 1/4 0.4495(9) 1.0 0.0443(3)
Cl1 Cu~ ¢ 0.059(1) 1/4 0.4495(9) 1.0 0.0038(4)
Ccl2 Cu” 4c 0.44(1) 1/4 0.4495(9) 1.0 0.0139(4)

powder X-ray diffraction analysis conducted by C. ]J. Hawkins
et al.,*" all atoms are found to occupy the 4c Wyckoff position,
with corresponding fractional coordinates and equivalent iso-
tropic displacement parameters Uiy, while their oxidation
states were identified via XPS (Table 1).

In order to estimate the equilibrium structural parameters
of CuBiSeCl,, we minimized the total energy of the crystal
with respect to both atomic positions and cell parameters.
By performing volume-dependent total energy calculations
and fitting the results with Murnaghan’s equation of state,*>
we found that CuBiSeCl, reaches its lowest energy configu-
ration of —212638.72847 Ry at a volume of 457.382 a.u.?, as
illustrated in Fig. 2(b) and summarized in Table S3. This
corresponds to its equilibrium state.

The geometrically optimized lattice parameters are shown in
Fig. 2(a) and summarized in Table S4 and compared with
previously reported results. It is noteworthy that our calculated
values, obtained using the GGA approximation with the PBEsol
functional, show good agreement with both experimental and
theoretical data. The relative errors with respect to the experi-
mental values are approximately 0.38%), 0.34% and 0.36% for
the lattice parameters a, b, and c, respectively.

Formation enthalpy AH¢(CuBiSeCl,) and cohesive energy
E.on(CuBiSeCl,), were employed as essential thermodynamic
descriptors to assess the structural and energetic stability of the
quaternary chalcogenide halide CuBiSeCl,, and are defined as
follows:*

AH; (CuBiseCl,) — Loi(CuBiSeCly))

The calculated formation enthalpy of CuBiSeCl, is —2.751 eV
per atom, evidence of its thermodynamic stability against
elemental decomposition. In addition, the highly negative
cohesive energy of —15.613 eV per atom reflects the presence
of strong interatomic interactions that stabilize the crystal
framework. These energetic parameters collectively demon-
strate the structural robustness of CuBiSeCl,. Thus, the com-
pound exhibits intrinsic thermodynamic stability and potential
for practical application. The detailed values of formation
enthalpy and cohesive energy are listed in Table S2.

3.2. Electronic properties

A comprehensive understanding of the electronic structure of
CuBiSeCl, is essential for assessing its suitability in photovol-
taic, optoelectronic and thermoelectric applications. These
calculations were performed using density functional theory
(DFT). Analysis of the band structure determines the nature of
the band gap and offers critical information regarding the
energy dispersion near the Fermi level, which is directly linked
to charge carrier mobility and electronic transitions.>* Further-
more, the total and partial density of states (PDOS) clarify the
atomic orbital contributions to the conduction bands and
valence bands, highlighting the roles of specific orbitals in
bonding, electronic transitions, charge transport, and optical
absorption. Fig. 3(a) displays the calculated band structure
along high-symmetry directions in the first Brillouin zone, with
k-points labeled I', X, S, Y, I', Z, U, R, T, and Z exhibiting a direct
band gap of 0.737 eV at the I'" point, where both the valence
band maximum (VBM) and conduction band minimum (CBM)
are aligned, confirming the direct nature of the band gap.
While DFT calculations employing standard exchange-correla-
tion functionals GGA typically underestimate band gaps, the
experimentally observed value of approximately 1.33 eV>' falls
within the desirable range for photovoltaic and optoelectronic
devices. The curved bands near the top of the valence band and
bottom of the conduction band suggest that the charge carriers

— Econ(Cu) — Econ(Bi) — Econ(Se) — xEqon(Cl)

Eeon(CuBiSeCl,) =

5
| Eu(CuBiSeCl,)) — Eion(Cu) — Eios (Bi) — Eios(Se) — xEion(Cl) (1)
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Fig. 2 (a) Optimized lattice constants and (b) the energy vs. volume relationship for CuBiSeCl,.
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Fig. 3 First-principles results for CuBiSeCl,: (a) electronic band structure and (b) total and partial density of states (TDOS and PDOS).

have low effective mass, which helps improve conductivity and
mobility. Flatter bands further away from the Fermi level
represent localized electrons, whereas the more spread-out
bands near the Fermi level indicate that electrons can move
freely, aiding transport. Analysis of the electronic structure
indicates that Cu 3d, Se 4p, and Cl 3p states dominate below
the Fermi level, whereas Bi 6p orbitals are the primary
contributors to the conduction band.

The relationship between orbital interactions and the elec-
tronic structure of CuBiSeCl, can be effectively understood
through DOS analysis, which also reflects the optical responses
of the material.>> However, Fig. 3(b) provides a detailed visua-
lization of the total and partial DOS, delineating the orbital-
specific contributions of each element. The electronic stability
of a compound is often correlated with the TDOS at the Fermi
level, where a lower value typically signifies greater thermo-
dynamic stability.>**” The electronic states below the Fermi
level are largely influenced by the Cu 3d, Se 4p, and CI 3p
orbitals, indicating significant hybridization among these ele-
ments in the valence band region. In contrast, the conduction

© 2026 The Author(s). Published by the Royal Society of Chemistry

band, located above the Fermi level, is derived primarily from
the Bi 6p orbitals, with minor contributions from Se and Cl
states. This distribution of electronic states suggests that
Cu, Se, and Cl play a dominant role in hole transport, while
Bi states are chiefly responsible for electron conduction in
CuBiSeCl,. However, a detailed element- and orbital-resolved
(s, p, d) PDOS analysis and charge density analysis for Cu, Bi,
Se, and Cl are provided in the SI (Fig. S1 and S2), highlighting
their individual contributions to the electronic structure.

3.3. Optical properties

The optical characteristics of materials have garnered signifi-
cant interest in recent years, primarily because of their pivotal
role in integrated photonic systems, including optical computing,
modulation, optoelectronic devices like photovoltaics, photode-
tectors, LEDs, and sensors, and high-speed communication.*®?°
These characteristics arise from the interaction between incoming
light and the electronic structure of the material, particularly
through processes like absorption, reflection, and refraction.
In this study, comprehensive optical analysis has been carried

Mater. Adv., 2026, 7,1704-1720 | 1707


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma01386k

Open Access Article. Published on 14 January 2026. Downloaded on 6/14/2026 8:48:56 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

View Article Online

Paper

(a) Real

s..

Dielectric Function, (¢,)

(b) imaginary €
16 xx

72

Dielectric Function (g,)

-4 T T T T T

0 2 4 6 8 10 12
Energy (eV)

0 T T T T T
0 2 4 6 8 10 12

Energy (eV)

Fig. 4 The calculated (a) real and (b) imaginary components of the dielectric function of CuBiSeCl, in terms of energy.

out to explore the interaction of CuBiSeCl, with electromagnetic
radiation in the 0-12 eV range, through key parameters including
absorption coefficient, reflectivity, refractive index, dielectric con-
stant, optical conductivity, and loss function.

The optical and electronic characteristics of CuBiSeCl, can
be elucidated through the real (¢;) and imaginary (¢,) parts of its
frequency-dependent dielectric function.*® Fig. 4 presents the
frequency-dependent dielectric function of CuBiSeCl,, high-
lighting its two independent tensor elements, &,,(®) and &,,(w).
It is evident that CuBiSeCl, exhibits static dielectric constants
of g;_(0)=9.0and ¢;_(0) = 8.5 (Fig. 4(a)). At low photon energies,
the real part of the dielectric function, ¢,(w), rises sharply and
attains distinct maximum peaks: ¢; () peaks at approximately
2.0 eV, while ¢, _(w) displays two notable peaks around 1.8 eV
and 4.0 eV. Notably, within the visible energy range, both
components show elevated values, reaching 11.0 and 11.9,
respectively. Subsequently, the dielectric function values drop
steeply, turning negative at around 5.0 eV and 5.5 eV for ¢; (o)
and &,;_(w), respectively. However, these peaks indicate signifi-
cant interaction between the incident light and the electronic
cloud of the material, enabling energy storage through electric
field coupling. The negative values observed in specific energy
ranges suggest metallic-like behavior, characterized by high
reflectivity, as commonly reported for similar semiconductor

systems.*' The imaginary part of the dielectric function &,(w),
illustrated in Fig. 4(b), characterizes the optical absorption
behavior of CuBiSeCl,, with its onset at around 0.73 eV and
0.74 eV for ¢, (o) and ¢, (), corresponding to the band gap
energy and indicating the beginning of photon-induced transi-
tions. The distinct peaks in ¢ (w), are the result of optical
transitions between the valence and conduction bands, con-
sistent with the electronic states near the Fermi level.*>

The absorption coefficient (x) is a wavelength-dependent
parameter that indicates how rapidly light intensity diminishes
as it propagates through a material. Fig. 5(a) illustrates the
absorption coefficient «(w) as a function of photon energy,
revealing anisotropy between the xx and zz directions. The
absorption spectrum is initiated near ~0.8 €V, indicating a
direct correlation with its electronic band gap. Here, the initial
absorption trend below 2 eV with a moderate slope supports a
direct band gap nature, as typically expected in chalcohalide
systems.*>** Across the 1-12 eV range, a,, remains higher than
0z, indicating strong optical anisotropy, which is a hallmark of
non-cubic, layered, or low-symmetry materials.*> However, the
absorption coefficient of CuBiSeCl, exceeds 1.5 x 10° cm™*
after 2 eV, highlighting its potential as an efficient light-
harvesting material for solar cell devices. Some major absorp-
tion peaks are observed throughout the spectrum. Notably, a
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Fig. 5 The calculated (a) absorption and (b) electron energy loss of CuBiSeCl, as a function of energy up to 12 eV.
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strong peak in the range ~3.5-4.5 eV (o, >1.4 x 10° ecm™ ") is
likely attributable to inter-band transitions from deeper valence
states to the conduction band. A second prominent absorption
region appears in the range ~5.0-8.5 eV, which is likely to be
associated with electronic transitions from Cl/Se hybridized
valence states to higher-lying conduction band states.*® These
peaks suggest that CuBiSeCl, can be efficient for UV and near-
UV optoelectronic applications, beyond standard visible-range
photovoltaics.

The loss function provides insight into how energetic elec-
trons lose energy through interactions with the electronic
structure of a material, with prominent peaks highlighting
plasmonic resonances and collective oscillatory modes.*® The
gradual increase in the energy loss function L(w) from 0 to
~2 eV suggests Drude-like free-electron behavior or residual
low-energy plasmon tailing (Fig. 5(b)). A sharp, dominant peak
occurs at ~8.5 eV for L(w),y, and slightly lower one for L(®),,.
This corresponds to the bulk plasmon resonance of the
material, arising predominantly from collective oscillations of
valence electrons, mainly Se and Cl p-states. After the main
peak, L(w) shows damped oscillations, reflecting energy loss
due to inter-band transitions. These indicate high-energy tran-
sition channels, which contribute to dielectric screening and
affect optical constants. The optical reflectivity spectrum of
CuBiSeCl, provides critical insight into its ability to interact
with and reflect incident electromagnetic radiation across
different photon energy ranges. Fig. 6 illustrates the computed
reflectivity R(w) as a function of photon energy, evaluated along
both the in-plane R(w),, and out-of-plane R(w),, directions.
At low photon energies, both reflectivity components start
around ~0.25 and exhibit modest increases, with the R(w),,
component slightly higher than R(w),, up to 3.5 eV, corres-
ponding to a regime where the material exhibits transparency
or weak absorption due to photon energies being near or below
the band gap. Also, a sharp increase in R(w),, is observed
starting at ~3.8 eV, peaking near 5.3 eV with a reflectivity
value close to 0.47. This peak corresponds to resonant optical
transitions, most likely from Se 4p and Cl 3p valence states to Bi

0.50
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0.30 4
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Fig. 6 The calculated reflectivity of CuBiSeCl, as a function of energy up
to 12 eV.
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6p-dominated conduction bands. The higher amplitude of
R(w)y relative to R(w),, indicates enhanced in-plane polariz-
ability, likely arising from strong orbital hybridization between
Cu-Se and Bi-Cl within the basal plane.*”"*® At photon energies
beyond 10 eV, the reflectivity again shows oscillations and
secondary peaks around 10.5 eV in both directions, which are
possibly induced by deep-level electronic transitions. The dis-
tinct reflectivity spectrum of CuBiSeCl,, particularly its strong
UV reflectance and spectral valleys, make it a compelling
material for UV-sensitive applications and anti-reflection coat-
ings in photovoltaic and optoelectronic interfaces.

The optical conductivity o(w), comprising both real and
imaginary parts, provides critical information about the elec-
tronic transition dynamics and light-matter interaction
strength in a material. Fig. 6(a) highlights the real part of the
optical conductivity, which quantifies photon absorption aris-
ing from inter-band electronic transitions. At photon energies
below ~2.0 eV, both in-plane (¢(w),,) and out-of-plane (a(w),)
optical conductivity of real components remain close to zero,
reflecting minimal absorption and confirming the semicon-
ducting nature of CuBiSeCl,. A sharp increase begins around
2.5 eV, with o(w),, peaking at ~4.8 eV (~9.5 x 10" s ), driven
by direct inter-band transitions. The higher o(w),, suggests in-
plane electronic delocalization and strong orbital hybridiza-
tion. The o(w),, component also rises in this region, peaking at
a lower magnitude (~7.5 x 10" s7') at ~5.5 eV, indicating a
weaker out-of-plane dipole transition, probability due to the
reduced orbital overlap in the layered direction. Above 6 eV,
both components flatten and gradually decline, with minor
oscillations pointing to transitions involving deeper states. This
drop reflects reduced optical activity and lower absorption
efficiency at high photon energies.

Fig. 7(b) shows the imaginary part of the optical conduc-
tivity, which reflects dispersive behavior and phase-shifted
current responses. At photon energies below 5.0-5.5 eV, the
imaginary part of the optical conductivity, o(w) remains nega-
tive in both the in-plane (o(w).) and out-of-plane (o(w),,)
directions, with a distinct dip around 4.2 eV for ¢(w).,. This
negative region reflects capacitive behavior, where the material
tends to store rather than dissipate energy. As the photon
energy increases into the 5.0-5.5 eV range, both components
rise sharply, cross into positive values, and enter the resonant
dispersion regime. This shift aligns with the onset of signifi-
cant real conductivity, marking the transition to a more absorp-
tive and optically active state. Beyond 8 eV, the a(w) curves
gradually level off toward zero in both directions, suggesting
a weakening polarization response. The flattening of the
response beyond 8 eV indicates that the material becomes less
responsive to external fields, consistent with the reduced
dielectric contrast and limited excitability of deeper valence
electrons.

The optical behavior of a material can be fully described by
its complex refractive index, 7Ai(w) = n(w) + ik(w), where n(w)
is the real part (refractive index) describing phase velocity, and
k(w) is the imaginary part (extinction coefficient), represen-
ting attenuation due to absorption. As shown in Fig. 8(a),
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Fig. 7 The computed (a) real and (b) imaginary components of the conductivity of CuBiSeCl, in terms of energy up to 30 eV.
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Fig. 8 The computed (a) refractive index and (b) extinction coefficient of

the refractive index exhibits strong energy dependence and
pronounced anisotropy between n,, and n,,. In the infrared to
visible range (0-3 eV), both n,, and n,, display high values:
~3.45 and ~25, respectively. Such behavior reflects strong
optical coupling and reduced light velocity, driven by electronic
polarizability. This is common in materials with small band
gaps and heavy atomic masses. These properties make them
suitable for high-refractive-index applications like waveguides,
optical coatings, and transparent electronics. Around 3-6 eV,
N, rises sharply, reaching a maximum of ~ 3.8 near 4.25 eV,
reflecting resonant dispersion effects from inter-band absorp-
tion. This observed dispersion behavior aligns well with the
strong peaks seen in the optical conductivity and extinction
coefficient spectra. Beyond 6 eV, both n,, and n,, decrease
gradually and approach ~1.25 at around 11 eV. This reduction
indicates a transition to a transparent or weakly absorbing
state, where dielectric contributions diminish and light propa-
gation becomes less dispersive.

The extinction coefficient k(w), shown in Fig. 8(b), reveals
key insights into the optical absorption behavior of the mate-
rial. Below 2 eV, both k., and k,, remain near zero, indicating
negligible absorption and supporting the presence of a semi-
conducting nature. A sharp increase in absorption begins

1710 | Mater. Adv.,, 2026, 7,1704-1720
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around 2.0 eV, with prominent peaks at ~5.2 eV for k,, and
~5.8 eV for k,,, corresponding closely with features observed in
the optical conductivity and reflectivity spectra. These peaks
arise from strong direct inter-band transitions, mainly invol-
ving p/d orbital contributions from the valence band to empty
conduction states. The higher intensity in k,, compared to k.,
reflects anisotropic absorption, where in-plane light propaga-
tion leads to more efficient electronic transitions. Beyond 6 eV,
the extinction coefficient gradually declines, indicating reduced
absorption due to fewer available states or forbidden transi-
tions an observation that aligns with the drop in the real part of
the optical conductivity o(w).

3.4. Thermoelectric characteristics

We present a comprehensive evaluation of the thermoelectric
transport properties of our target material at a fixed chemical
potential u = 0.204, across a wide temperature range (100-900 K).
The calculated quantities, such as electronic thermal conductivity
(ke/to), specific heat (Cy), Seebeck coefficient (S), electrical con-
ductivity (o/z), power factor (S°c/t), and figure of merit (z7),
are depicted in Fig. 9(a—f). Thermal conductivity (k) measures
the ability of a material to conduct heat. The overall thermal
conductivity in thermoelectrics comes from two terms:

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Calculated (a) electronic thermal conductivity (ke/70), (b) specific heat (Cy), (c) Seebeck coefficient (S), (d) electrical conductivity (a/7), (e) power
factor (S%a/1), and (f) figure of merit (zT) of CuBiSeCl, in terms of temperature from 100 K to 900 K.

(i) electronic thermal conductivity (k.) and (ii) lattice thermal
conductivity (k) stemming from phonon transport and overall
thermal conductivity, which depends largely on electronic
conductivity, carrier concentration, and mobility. WIEN2Kk itself
does not compute the lattice thermal conductivity (k). Hence,
effectively, the lattice channel is not evaluated in our calcula-
tions (often shown as k;, = 0 by default in the transport module
output). This is because the Wiedemann-Franz law connects
the electronic part of the thermal conductivity (k.) to the
electronic conductivity (o). The ¢ also correlates with carrier
concentration (n) and carrier mobility (u). According to
the Wiedemann-Franz law, overall thermal conductivity can

© 2026 The Author(s). Published by the Royal Society of Chemistry

be calculated with the following equation:*’

k=ke+ky

kp =0

ke =0LT (2)
0 = nep

k = ke = neullT

where k is the overall thermal conductivity (ie., electronic
thermal conductivityy, W m™' K™ '), L is the Lorenz factor
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(2.4 x 107% J> K™ C2 for free electrons), ¢ is the electrical
conductivity (S m™"), n is the majority carrier concentration
(m™?), e is the elementary charge (1.6 x 10~ '° C), and u is the
carrier mobility (m* v~ s71).

Fig. 9(a) illustrates a steady and nonlinear increase in k./t,
from approximately 0.6 x 10"* Wm ™" K" s~ at 100 K to about
3.6 x 10 Wm 'K ' s at 900 K. At low temperatures (T <
200 K), the electronic thermal conductivity is relatively low.
This is due to the limited thermal excitation of carriers across
the band structure. In this regime, the electronic contribution
to thermal transport is typically minor compared to that of
lattice thermal conductivity. As temperature increases, a larger
number of carriers are thermally excited. These carriers can
carry both charge and heat, leading to an enhanced electronic
thermal conductivity. The behavior of k./t, observed here aligns
well with known semiconductors and thermoelectric materials,
such as Cs,BiAgX, (X = Cl, Br)>® or BiSbSeTe,,”" where the
electronic contribution to thermal conductivity increases with
temperature due to carrier excitation and band convergence.
The heat capacity is a fundamental thermodynamic property
that plays a key role in determining its energy storage ability,
thermal conductivity, and behavior under thermal gradients. A
high Cy at the operating temperature is desirable in some
thermoelectrics because it helps buffer against large thermal
fluctuations and can moderate local overheating.

Fig. 9(b) shows the calculated variation in the heat capacity
at constant volume, Cy, which reveals a smooth, monotonically
increasing trend, starting from approximately 0.3 J mol " K"
at low temperatures and rising to approximately 4.1 J mol " K"
at 900 K. In the low-temperature regime (100-300 K), the
curve shows a gentle initial rise, with values increasing from
~0.3]mol 'K 'to ~1.0J mol ' K ', which is typical for non-
degenerate semiconductors, where only a small number of
charge carriers near the Fermi level are thermally active. This slow
rise confirms the lack of metallic behavior and suggests a relatively
low DOS near the Fermi level. However, the heat capacity increases
more rapidly, climbing from ~1.0 to ~3.0 ] mol™* K" in the
intermediate temperature regime (300-700 K). This behavior
reflects that the material is transitioning into a regime where
entropy per carrier becomes significant, which is favorable for
thermoelectric performance. In the high-temperature regime (700-
900 K), Cy continues to rise steeply, reaching ~4.2 J mol™ " K" at
900 K, suggesting strong carrier delocalization and dispersion.
Although phonon contributions are not included, the electronic Cy
is critical for modeling energy-dependent transport properties and
optimizing performance.

The Seebeck coefficient S, quantifies the voltage generated
per unit temperature difference in a material and arises due to
the entropy carried by charge carriers. Fig. 9(c) presents the
temperature dependence of the Seebeck coefficient S, high-
lighting a steady and nonlinear increase from ~24 pv K ' at
100 K to ~118 pv K™ * at 900 K, indicating favorable thermo-
electric potential and a clear signature of the underlying carrier
type and band structure. At low temperatures (100-300 K),
S increases moderately from ~24 to ~60 uV K *. The small
value of S at 100 K indicates a high carrier concentration
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or narrow band offset between p and the VBM. However, the
linear growth in this region is governed by Mott’s formula:**

5 kg’ T (dIno(E)
T 3e dE J;_,

This shows that S oc T if o(E) is slowly varying, which aligns
with the observed trend.

From 300 K to 700 K, S increases more rapidly, reaching
~100 pv K. The nonlinear increase in this region implies the
presence of complex band features (e.g., secondary valleys)
contributing to transport, which is desirable for thermoelectric
performance. In the high-temperature regime, the Seebeck
coefficient reaches its maximum value of ~128 pv K ' at
900 K. This behavior highlights the thermoelectric suitability
of the material at elevated temperatures. In many semiconduc-
tors, S tends to saturate or even decrease at high T due to
bipolar diffusion effects.>>* The absence of this downturn
suggests that the chemical potential shifts with T (as BoltzTraP
allows), keeping minority carrier effects minimal.>® Fig. 9(d)
depicts the calculated temperature-dependent electrical con-
ductivity, where it initially exhibits a weak decline, reaching a
minimum around 200 K, followed by a systematic and non-
linear increase up to 900 K. In the 100-200 K range, g/t slightly
decreases, reaching a local minimum at ~200 K. This weak dip
can be attributed to reduced thermal excitation, as at the low
temperature, fewer states near the Fermi level contribute to
conduction.’® Also, if the Fermi level lies close to the band
edge, the density of thermally excited carriers is limited. After
reaching the minimum, ¢/t increases gradually, indicating the
activation of additional carriers with temperature in the range
of 200-600 K. This trend suggests that the system transitions
from weakly conducting to strongly conducting, a hallmark of
semiconductors with thermally activated transport. Beyond
600 K, the conductivity increases more sharply, reaching
approximately 25 x 10'® (Q m s)~" at 900 K. This suggests that
the carrier concentration increases significantly due to thermal
excitation deeper into the valence band. However, these find-
ings support a strong power factor and a high figure of merit, as
analyzed in the next sections.

The power factor is a critical metric in thermoelectric
research because it determines the electrical contribution to
the thermoelectric efficiency, independent of thermal conduc-
tivity. Fig. 9(e) illustrates the temperature dependence of the
power factor and reveals a steady and nearly exponential
increase in PF from ~0.1 x 10" to ~3.4 x 10" over
the temperature range 100-900 K. In the range from 100 K
to 500 K, the PF increases moderately from ~0.1 to ~1.3
(x10™ W m™" K2 s7"). This growth is driven by gradual
increases in both S and ¢. This region represents the transition
from low-mobility behavior to a more active transport regime,
indicative of semiconducting transport mechanisms. Beyond
500 K, the PF grows more rapidly, reaching ~ 3.3 by 900 K. This
nonlinear increase suggests that the material benefits from
favorable band structure characteristics, such as heavy and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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light band mixing. A rising power factor with temperature is
highly desirable for high-temperature thermoelectric applications,
such as waste heat recovery. An ideal thermoelectric material
maintains high PF at elevated temperatures without incurring
severe losses in conductivity or saturation in the Seebeck coeffi-
cient. Moreover, the absence of PF degradation at 900 K confirms
the stability of electronic structure and resistance to bipolar
conduction, both of which are vital for practical high-
temperature applications. The figure of merit is a comprehensive
descriptor that quantifies the overall efficiency of a thermoelectric
material in converting heat into electricity, or vice versa. Fig. 9(f)
illustrates the temperature-dependent behavior of the thermo-
electric figure of merit, zT, which shows a steadily increasing trend
with temperature. In the lower temperature range (100-300 K), 2T
remains modest, ranging from ~0.03 to ~0.18, as both the
Seebeck coefficient and electrical conductivity are relatively low
at these temperatures due to limited thermal excitation of carriers.
From 300 K to 600 K, zT increases more noticeably, rising from
~0.18 to ~0.52. This improvement arises from the enhanced
carrier activation, which increases both S and o, as discussed
earlier. However, the most significant improvement in perfor-
mance occurs in the 600-900 K range, where zT increases from
~0.52 to ~0.88. All these zT values are estimated under the
constant relaxation time approximation (CRTA) and do not include
full phonon scattering or electron relaxation-time calculations.
They should be considered as qualitative trends indicative of the
thermoelectric potential of the material. However, this high-
temperature behavior is critical, as many thermoelectric generators
operate under large thermal gradients and require materials that
can maintain stability and efficiency under thermal stress. These
results position our studied material (CuBiSeCl,) as a strong
candidate for high-performance thermoelectric applications, par-
ticularly in waste heat recovery, concentrated solar thermoelectrics,
and industrial power generation systems.

3.5. Elastic characteristics, and mechanical stability of
CuBiSeCl,

The mechanical strength and elastic behavior of a crystalline
material under various stress conditions are governed by its

View Article Online
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elastic constants C;;, which form the stiffness tensor. These

i
constants are pivotal for understanding how a material deforms
under applied stress and provide insight into its structural
integrity and interatomic bonding. In orthorhombic crystalline
systems, nine independent elastic constants: C;4, Cy5, Cy3, Cas,
Ca3y C33, Cus, Css, and Cee, describe the mechanical response
along different crystallographic directions. These parameters
are not only critical for evaluating thermal expansion and
structural stability, but also offer deeper understanding of
interatomic force strengths, bonding anisotropy, mechanical
anisotropy, and other physical properties. Moreover, they serve
as the basis for calculating key thermomechanical quantities.
Such as the Debye temperature, specific heat capacity, thermal
conductivity, phonon dispersion, and interatomic potentials.””

The elastic constants of CuBiSeCl, at equilibrium were
computed using density functional theory (DFT) and are pre-
sented in Fig. 10(a) and Table 2. The principal stiffness coeffi-
cient C;; measures the resistance to stress along the x-
direction.>® C;; reflects the response to stress along the z-axis,
while C,, corresponds to resistance against shear in the yz-
plane. The off-diagonal constants, such as C;3, Cp3 and Cj,,
illustrate inter-plane coupling and the degree of anisotropy. To
assess the mechanical stability of CuBiSeCl, under ambient
pressure, the Born stability criteria for orthorhombic systems
are applied:>*°

Cii > 0;Cy > 0;C33 > 0;
Cy4 > 0; Cs5 > 0; Cg > 0;

[Cii+ C + C33 +2(Cra + Ci3 + C3)] > 0;
(Ci1 + C33 = 2C12) > 0;

(Cii + C33 —2C13) > 05

(Cii + C33—2Cy) >0

All these conditions are satisfied by our computed values,
confirming the mechanical stability of CuBiSeCl, in its ground-
state configuration. A high C;; value reflected by the investigated
material suggests strong resistance to uniaxial compression along
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Fig. 10 Calculated (a) elastic constants and (b) elastic moduli of CuBiSeCl,.
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Table 2 Nine independent elastic constants of CuBiSeCl,

Nine independent elastic constants

Material Cyy Ci2 Ciz Cr Cas Cs3 Cua Css Ces

CsGelBr, 149.70 25.17 48.82 76.18 63.49 123.91 47.83 26.45 19.30

the principal crystallographic axis, indicating the stiffness of the
material in that direction. Likewise, an elevated C,, denotes
greater resistance to shear stress, suggesting good rigidity against
angular deformation. Conversely, a relatively low C;, implies
increased lateral flexibility, making the material more compliant
under transverse loads, an advantageous property for applications
demanding elastic adaptability.

The summarized elastic stiffness parameters of CuBiSeCl,
are presented in Table 3 and Fig. 10(b). The bulk modulus (B),
shear modulus (G), and Young’s modulus (E) were calculated
using the Voigt-Reuss-Hill (VRH) averaging scheme,®’"®* which
provides a reliable estimate for polycrystalline materials. The
bulk modulus represents the resistance of the material to
uniform compression. Higher B values correspond to lower
compressibility, indicating stronger atomic cohesion and bond-
ing strength.®>®® Additionally, the elastic modulus helps to
determine atomic cohesion and binding energy, which are
key factors in understanding the stability of a material. The
shear modulus (G), which quantifies the resistance to shape
deformation at constant volume, has a relatively low value
compared to the other two moduli, as indicated in Table 3
and Fig. 10(b). Again, the G value is notably smaller than B,
implying that shear deformation is more favorable than volu-
metric compression. This predisposition to shear facilitates
dislocation motion within the crystal lattice, increasing the
likelihood of plastic deformation under mechanical stress.®®
Young’s modulus (E), which measures the stiffness of the
material along its length under uniaxial compression, is higher
among the three. Nonetheless, the positive values of all three
moduli (B, G, and E) indicate that CuBiSeCl, is mechanically
and dynamically stable under ambient conditions.

The Poisson ratio (v) for CuBiSeCl, was calculated to be
0.304, which is slightly above the commonly accepted brittle-to-
ductile threshold of 0.26 (Fig. 11(a)). Values below 0.26 typically
indicate brittle behavior, while values above suggest ductility.®”

Table 3 Mechanical characteristics of absorber CuBiSeCl,

Mechanical characteristics Voigt Reuss Hill
Young’s modulus (E) 85.163 68.640 76.925
Bulk modulus (B) 69.419 61.290 65.354
Shear modulus (G) 32.868 26.132 29.500
Poisson ratio 0.295 0.313 0.304
Pugh ratio 2.215

Frantsevich ratio (G/B) 0.451

Transverse elastic wave velocity 2191.71 m s~ "

Longitudinal elastic wave velocity 4128.75ms !

Averaged wave velocity 2449.28 m s~ "

Machinability index (upm) 1.37

Kleinmann parameter ({) 0.320

Lamé coefficient (4) 45.75

Debye temperature 257.001 K
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Since v is above the threshold, CuBiSeCl, may exhibit ductility,
meaning it has the capacity for plastic deformation, but
remains relatively stiff under stress. The Pugh ratio (B/G),
calculated to be 2.215, exceeds the critical value of 1.75,®
classifying CuBiSeCl, as a ductile material according to Pugh’s
criterion. The Frantsevich ratio (G/B)*° further supports this
classification, as its value is below the critical threshold of 0.57,
reinforcing the conclusion that CuBiSeCl, behaves as a ductile
material.

The Kleinman parameter ({) provides critical understanding
of the internal response of the crystal lattice under volume-
conserving deformation. It reflects the competition between
bond bending and bond stretching within the crystal. Theore-
tically, { ranges between 0 and 1, where values closer to
0 indicate that bond stretching dominates, while values near
1 suggest that bond bending is more prevalent.”® In this study,
the calculated { value for CuBiSeCl, is 0.320, implying a
predominant bond-stretching character under applied strain,
which contributes to the mechanical stability of the material
against bending distortions. The machinability index (1) is an
important industrial metric indicating how easily a material
can be cut or shaped without extensive wear or energy con-
sumption. For reference, aluminum, known for its softness and
ease of machining, has a high machinability index of around
2.6, while diamond, the hardest known material, has a much
lower index of approximately 0.8.”" For CuBiSeCl,, the calcu-
lated value of 1.37 falls in a moderate range, suggesting that the
material possesses reasonable plastic deformability and cutting
efficiency. This makes it a promising candidate for applications
requiring mechanical processing or shaping, particularly in
optoelectronic devices and thin-film technologies.

The Lamé coefficient (1) is another elastic parameter that
helps describe how a material resists volume changes when sub-
jected to hydrostatic stress. It combines both bulk and shear
moduli contributions to capture the overall stiffness. The obtained
A value of 45.75 GPa for CuBiSeCl, reflects resistance to volumetric
deformation, aligning with the observed values of bulk and
shear moduli discussed earlier. Furthermore, the elastic Debye
temperature was calculated to be 257.001 K. This parameter
relates to the lattice vibration and heat capacity and is use-
ful for evaluating thermal transport and dynamic stability.
Wave velocity analysis, including the transverse elastic wave
velocity, longitudinal wave velocity, and average wave velocity
(2449.28 m s "), presented in Table 3 and Fig. 11(b), further
supports the intermediate stiffness and sound propagation
characteristics of CuBiSeCl,.

3.6. Hardness and anisotropy of CuBiSeCl,

To further evaluate the resistance of the material to localized
plastic deformation, the Vickers hardness of CuBiSeCl, was
estimated using Chen’s empirical model,”* which relates hard-
ness to the bulk modulus (B) and shear modulus (G). The
calculated hardness values are summarized in Table 4. This
value suggests that the material is soft and easily machinable,
making it potentially suitable for applications requiring mod-
erate wear resistance and mechanical workability, such as in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Hardness of absorber CuBiSeCl,

Vickers hardness

Material H, H, H; H, H; Hg H, Hg

CsGelBr, 6.29 4.67 4.35 4.88 232 328 3.8 271

optoelectronic devices or layered device architectures where
mechanical processing is necessary.

The universal anisotropy index (A”) was found to be 1.421.
Generally, AY = 0 represents a perfectly isotropic material, while
any non-zero value indicates elastic anisotropy.”® Thus, CuBi-
SeCl, exhibits a noticeable degree of anisotropic mechanical
behavior, meaning its elastic response varies with direction. In
addition to the universal anisotropy index, several other aniso-
tropy indicators were also evaluated for CuBiSeCl,, including
the shear anisotropy factor (4%), bulk anisotropy factor (4%),
equivalent Zener anisotropy factor (4°Y), and the log-Euclidean
anisotropy index (4") and these are listed in Table 5.

The values of A® and A® range from 0 to 1, where 0 indicates
perfect isotropy and 1 indicates complete anisotropy.”® In our
study, CuBiSeCl, showed A° = 0.114 and A® = 0.062, suggesting
anisotropy but very near to isotropy in shear and bulk responses.
The directional shear anisotropy factors, 4, A, and 43, repre-
senting the anisotropy of shear in the (100), (010), and (001)
crystallographic planes, respectively, were also computed.
These parameters help identify the directional dependence of
shear stiffness in different planes. For CuBiSeCl,, the calcu-
lated values were A; = 1.087, A, = 1.447, and A; = 0.440,
indicating that shear deformation is not uniform across all
planes, with slightly higher resistance in the (010) plane
compared to the (100) and (001) planes. This further supports

Table 5 The Reuss and Voigt values of C34 and CY, in GPa and various
anisotropy indicators (AY, AZ A®9, AS, AB, and AY) of CuBiSeCl,

Anisotropy Indicators

Material CY, Cya AY A% A% A, A, A; AS AP A"

CsGelBr, 17.57 0.89 1.42 0.77 2.83 1.09 1.45 0.44 0.12 0.06 6.68

© 2026 The Author(s). Published by the Royal Society of Chemistry

the presence of anisotropic mechanical behavior in the crystal.
The log-Euclidean anisotropy index (4") varies between 0 and
10.27, where a value of 0 denotes isotropic behavior and larger
values imply higher anisotropy. For CuBiSeCl,, the calculated
value A" = 6.682 reflects moderate anisotropy. Moreover, the
equivalent Zener anisotropy factor (4°9) provides a generalized
measure of anisotropy across crystal systems, with A°4 = 2.831
for the current material, reinforcing the directional depen-
dence of its mechanical response. When the anisotropy index
A” = 1, the material is considered elastically isotropic. Any
deviation from unity denotes anisotropic nature, which is
evident in CuBiSeCl,, based on the calculated indices.

To better understand the mechanical anisotropy and spatial
dependence of elastic properties of CuBiSeCl,, five key elastic
parameters such as Young’s modulus (E), shear modulus (G),
Poisson ratio (v), Vickers hardness (H), and bulk modulus (B)
are illustrated in Fig. 10 using MATLAB code.”* These spatial
distributions of elastic parameters exhibit deviations from
spherical symmetry, indicative of anisotropic behavior and
show elongation or flattening in specific directions, confirming
that CuBiSeCl, does not behave uniformly under mechanical
loading. From Fig. 12(a), the surface for the Young’s modulus
(E) exhibits significant anisotropy, with maximum stiffness
observed (~130 GPa) along intermediate directions between
[001] and [010], while minimum stiffness (~60 GPa) appears
near the [100] direction. This anisotropy implies that CuBiSeCl,
exhibits direction-dependent resistance to mechanical defor-
mation. The anisotropic nature of G (Fig. 12(b)) reflects the
ability of the material to resist shear deformation in various
directions and the lowest values (~20 GPa) are found along off-
axis orientations, indicating relatively easier shear deformation
in these directions. Fig. 12(c) illustrates the directional beha-
vior of the Poisson ratio v, ranging from ~0.20 to ~0.45, with a
maximum value ~0.45 along directions near [001], while the
minimum value ~0.20 appears along off-axis directions. This
moderate anisotropy implies that CuBiSeCl, shows a non-uniform
volume change response when strained along different directions.
Fig. 12(d) presents strong anisotropy of Vickers hardness H,
meaning that the resistance of the material to indentation or
scratching changes greatly with direction. Harder orientations

Mater. Adv,, 2026, 7,1704-1720 | 1715
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Fig. 12 3D representations of the spatial dependence of anisotropic properties (a)-(e) of CuBiSeCl,.

(around 11 GPa) appear along certain diagonal planes, while much
softer responses (~ 1 GPa) are observed in other orientations. This
sharp contrast suggests that the resistance of the material to
plastic deformation is highly orientation-dependent. Interestingly,
the bulk modulus B shown in Fig. 12(e) exhibits an elongated
shape, with extreme values reaching ~600 GPa along the [001]
direction and negative or nearzero values in perpendicular
directions. This unusual directional variation suggests a highly

1716 | Mater. Adv,, 2026, 7,1704-1720

anisotropic compressibility response, possibly linked to layered
bonding and crystallographic symmetry effects.

3. Future plans

The primary aim of this study is to conduct a first-principles
investigation of the electronic structure, optoelectronic

© 2026 The Author(s). Published by the Royal Society of Chemistry
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potential, and overall thermoelectric trends of CuBiSeCl, under
different carrier concentrations, and our studies will focus on
full phonon transport calculations using BTE to obtain precise
lattice thermal conductivity and refined zT values, as well as
electron relaxation-time modeling for more accurate thermo-
electric predictions.

4. Conclusions

This comprehensive investigation identifies CuBiSeCl, as a
mechanically stable, optically active and thermoelectrically
efficient quaternary halide chalcogenide, integrating advanta-
geous characteristics for thermoelectric and photovoltaic
energy applications. The material has a direct band gap of
about 0.737 eV (exp. 1.33 eV) and strong orbital hybridization,
revealing its potential for efficient electronic transition and
high carrier mobility. Optical property analysis shows strong
anisotropic absorption in the visible to ultraviolet range (1.5 x
10° cm™ " above 2 eV) with a high refractive index at around 3.8
at 4.25 eV. These show that it can be used in waveguides,
optical coatings, and transport engineering. The analysis of
thermoelectric transport shows that the Seebeck coefficient,
electrical conductivity, and power factor all go up with tem-
perature. At 900 K, the figure of merit is about 0.88, making it a
good candidate for high-temperature waste heat recovery and
concentrated solar thermoelectric generators. From our inves-
tigation, the VRH-averaged elastic characteristics, together with
a Poisson ratio that is above the brittle-ductile threshold and a
Pugh ratio that is above the critical limit, show that it is
moderately ductile and can handle mechanical failure under
stress. Significant elastic anisotropy and a Debye temperature
of 257 K indicate a modifiable phonon spectrum favorable for
thermal transport engineering. Taken together, these findings
position CuBiSeCl,. As a promising, environmentally benign
material for integration into advanced energy conversion and
harvesting systems, such as thermoelectric generators, solar
cells, photodetectors, and other optoelectronic devices.
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