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The rapid search for advanced functional materials is increasingly essential to meet the rising global energy
demands, secure long-term energy solutions, and achieve a sustainable future. In this work, we
systematically investigate the structural, thermoelectric, and photovoltaic properties of quasi-one-
dimensional selenohalides XSeHa (X = Sb, Bi; Ha = Cl, Br) using density functional theory. The unique
chemical environments, consisting of 1D layers stacked via weak van der Waals interactions, give rise to
pronounced anisotropic electron and phonon transport properties alongside nearly isotropic optical
behavior. The synergistic combination of favorable electronic features and lone-pair electrons yields
a high-power factor (1.74 mW m™ K=2) and a low lattice thermal conductivity (0.31 W m™ K™3), resulting
in a remarkable thermoelectric figure of merit of up to 0.81 at 600 K for BiSeBr. Additionally, strong

. 4 15t October 2025 optical absorption driven by the imaginary dielectric function and favorable excitonic properties achieves
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Accepted 23rd January 2026 a spectroscopic limited maximum efficiency of 31.13% for SbSeBr. Based on these results, BiSeBr and
SbSeBr are suggested as promising candidates for experimental exploration in thermoelectric and

DOI: 10.1039/d5ta08032k photovoltaic applications, respectively. This study not only demonstrates the potential of selenohalides

rsc.li/materials-a but also provides a thorough assessment of their stability and synthesizability to guide future investigations.

1. Introduction

Eco-friendly energy conversion and storage technologies are
being actively developed to address the ongoing energy crisis
and mitigate the environmental challenges associated with
global warming. In this context, thermoelectric (TE) and
photovoltaic (PV) technologies have witnessed remarkable
progress in recent years.”” For thermoelectric devices, the effi-

ciency is primarily governed by the dimensionless figure of
. aS* . . - .
merit, zT' = —— T, where ¢ is the electrical conductivity, S is the
K

Seebeck coefficient, « is the total thermal conductivity (the sum
of the electronic, k. and lattice part, ;) and T is the absolute
temperature.® Typically, z7> 1 is considered as a desirable
parameter for practical applications. Several Te-based chalco-
genides, such as PbTe (zT = 1.6 at 773 K), GeTe (2T = 2.0 at 700
K), and Bi,Te; (2T = 1.4 at 380 K)** already demonstrate high
performance. Despite these achievements, the scarcity and high
cost of Te hinder large-scale commercialization, motivating the
search for alternative TE materials composed of earth-abundant
elements.” In recent years, the discovery and optimization of
such materials have been propelled by both experimental and
computational approaches.®® To further enhance zT, two strat-
egies have been widely employed: (i) improving electronic
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transport through band structure engineering, resonant level
doping, and carrier concentration optimization; and (ii) sup-
pressing lattice thermal conductivity via nanostructuring,
defect engineering, and grain boundary manipulation.'**

In parallel, extensive efforts have been devoted to improving
the solar cell conversion efficiency and enabling effective solar
energy harvesting.”*® Lead-based halide perovskites have
emerged as outstanding photovoltaic absorbers due to their
high absorption coefficients and exceptional conversion effi-
ciencies, which now exceed 26%. However, their intrinsic
toxicity and limited long-term chemical and thermal stability
disturb their large-scale commercialization."* Other classes of
perovskites have also contributed significantly to photovoltaics;
for example, the overall efficiency of this family has improved by
nearly 47%, from 14.1% in 2013 to 26.95% in 2025. Current
research strategies primarily focus on enhancing the open-
circuit voltage, improving stability, and optimizing interfacial
engineering between the solar absorber and charge-transport
layers. Beyond these experimental approaches, first-principles
methods and high-throughput computational screening are
playing a central role in accelerating materials discovery and
deepening the understanding of structure-property relation-
ships, thereby advancing both TE and PV technologies.">'¢

Multi-anion chalcohalides represent an emerging class of
semiconductors with promising potential in energy-related
technologies, owing to their inherent properties such as struc-
tural tunability, phase stability, and unique electronic features.
These materials have been explored for diverse applications,
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including photodetectors, solar cells, and batteries.””** From
a structural aspect, they typically consist of one or more metals
combined with divalent chalcogens and monovalent halogens.
Among them, the orthorhombic SbSI and BiSI have gained
considerable attention in recent years.”*** Originally reported
by E. Donges in 1950, these compounds have been investigated
for nearly 75 years across various functional applications, with
a predominant focus on their electronic and optical proper-
ties.” More recently, Chauhan et al. examined Janus antimony
chalcohalide monolayers for piezoelectric, thermoelectric,
photovoltaic, and photocatalytic applications, while Bafekry
et al. studied the optical and thermoelectric properties of 2D
SbXY (X = Se, Te; Y = Br, 1).>*** However, most of the existing
studies emphasize the optical properties of low-dimensional
chalcohalides, whereas the thermoelectric and photovoltaic
characteristics of their parent bulk quasi-1D analogues, XSeHa
(X = Sb, Bi; Ha = Cl, Br), remain largely unexplored to the best
of our knowledge.

To address this research gap, we present a detailed investi-
gation on the thermoelectric and photovoltaic properties of
quasi-one-dimensional selenohalides within the framework of
density functional theory (DFT). This study not only explores the
structure-property relationships relevant to thermoelectric and
photovoltaic applications but also examines the structural
peculiarities, diverse stability aspects, and synthesizability that
are critical for guiding experimental realization. These factors
are comprehensively analyzed to establish a reliable foundation
for practical implementation. For clarity, the paper is organized
as follows: Section 2 outlines the computational methodology;
Section 3 presents the results and discussion, covering struc-
tural, stability, and electronic properties (Sections 3.1-3.3),
thermoelectric response (Section 3.4), and photovoltaic perfor-
mance (Section 3.5); and Section 4 concludes with the key
findings and outlook.

2. Computational methods

2.1. First-principles calculations

All the density functional theory (DFT) calculations were per-
formed using the Vienna A4b initio Simulation Package (VASP)
under the projector augmented wave (PAW) method.>**” To treat
the core and valence electrons, the Perdew, Burke, and Ern-
zerhof (PBE) functional under generalized gradient approxi-
mation was used.”® The van der Waals (vdW) dispersion term
(DFT-D3) with Becke-Johnson damping function was used to
treat the vdW interlayer interaction.”® Based on the performed
convergence test, a kinetic energy cutoff of 550 eV and a Mon-
khorst-Pack 5 x 3 x 7 k-mesh was applied.*® The tight energy
and force convergence criteria were set as 1 x 10™° eV and 1 x
1077 eV A7, respectively. All the crystal structures were pictur-
ized using the VESTA package.** The electronic structure was
plotted using the sumo plotting tool.** Furthermore, the
LOBSTER code was used for crystal orbital Hamiltonian pop-
ulation analysis.®® The convex hull and chemical potential
calculations were performed using the pydefect code.’*

This journal is © The Royal Society of Chemistry 2026
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2.2. Thermoelectric property calculations

The phonon dispersion spectra were calculated by the finite
difference method implemented in the phonopy code.***® The
single-point calculations on displaced structures were per-
formed using VASP to obtain second-order interatomic force
constants. A 3 x 1 x 2 supercell was utilized for phonon related
calculations. And a Monkhorst-Pack 3 x 3 x 3 mesh was
applied.*® The phonon frequencies and normalized eigenvec-
tors were computed. The eigenvectors were obtained from the
band.yaml output file generated with eigenvector printing
enabled (EIGENVECTORS = TRUE). These eigenvectors were
post-processed using custom Python scripts to evaluate atom-
resolved vibrational contributions based on the squared
norms of the eigenvector components, which were subse-
quently used to construct the projected phonon dispersion
plots. Furthermore, the lattice thermal conductivity was
computed by solving the full linearized Boltzmann transport
equation iteratively using the ShengBTE code.’” The thirdor-
der.py script was used to generate the displaced structures.®®
The g-mesh and cutoff radius convergence tests were employed
with Axiof 0.05 W m~* K™%, The electron transport properties
were calculated by adopting the highly efficient and reliable
AMSET code.* Here, the code solves the semiclassical Boltz-
mann transport equation using the BoltzTraP2 code.*
Furthermore, the relaxation times of carriers were computed by
considering multiple scattering mechanisms, such as acoustic
phonons, polar optical phonons and ionized impurities. These
calculations were performed by considering deformation
potentials, elastic constants and dielectric constants. A
converged interpolation factor of 110 was used. BiSeCl was
considered as a representative system for all the phonon and
electron-related convergence tests, which are given in Fig. S1
and S2 of the SI.

2.3. Photovoltaic property calculations

Considering the larger memory requirements for GW calcula-
tions, the frequency-dependent dielectric function and optical
absorption spectra were obtained through independent particle
approximation (IPA) on the top of PBE-D3. The VASPKIT tool
was used to post-process the optical properties of the mate-
rials.** The widely used Spectroscopic Limited Maximum Effi-
ciency (SLME) approach was utilized to access the maximum
radiative limit of energy conversion with respect to thickness.*

3. Results and discussion

3.1. Crystal structure and bonding analysis

In this work, four selenohalides with chemical formula XSeHa
(X = Bi, Sb; Ha = Cl, Br) are studied, as indicated in Fig. 1(a).
These selenohalides crystallize in an orthorhombic structure
with the Pnam space group (refer to Fig. 1(b)). Experimentally,
such selenohalides exhibit a needle-like morphology, which
originates from their one-dimensional structural peculiarities
i.e., an infinite chain extending along the z-direction.**** These
chains comprise repeating units of two distorted square pyra-
mids as depicted in Fig. 1(c). Each pyramid contains one Bi/Sb,
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two halide, and three chalcogen atoms. The bond lengths are
listed in Table S1 for better comparison. The chalcogen atoms
serve as bridging units between pyramids, linking them
together to form infinite chains as represented in Fig. 1(d). The
chains are held together by weak van der Waals interactions,
resulting in pronounced anisotropic behavior in the material's
physical properties. The atomic structures were optimized
using the DFT-D3 method, which includes dispersion correc-
tions to accurately capture the weak interchain interactions.
The relaxed lattice parameters show better agreement with
previous theoretical and experimental reports (see Table 1).

To investigate the bonding characteristics of XSeHa, Crystal
Orbital Hamiltonian Population (COHP) analysis was per-
formed along with the Electron Localization Function (ELF), as
illustrated in Fig. 1(e-h). The COHP method provides insights
into the bonding and antibonding interactions between atomic
pairs by projecting the Hamiltonian onto the selected orbitals.
The integrated COHP (ICOHP) values quantify the bonding
strength: higher ICOHP values indicate stronger bonding
interactions, while lower values correspond to weaker bonds.*
Here we have considered all the s, p, and d orbitals for cations
and anions. Across all the structures, the ICOHP values for Bi/
Sb-Se bonds were notably higher than those for Bi/Sb-Cl/Br
bonds, suggesting stronger bonding between the cations and
Se compared to the halogen atoms.

The insets of Fig. 1(e-h) show the ELF analysis which
complements the COHP results by visualizing regions of elec-
tron localization, thereby providing deeper insight into the
nature of bonding both within and between chains. The ELF
values range from 0 to 1, where values of 0, 0.5, and 1

View Article Online
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Table 1 Comparison of lattice parameters
Lattice parameters (A)
Materials a b c Methods Reference
SbSeCl 7.554 10.752 3.939 Theo. (PBE + D3) Present work
SbSeBr 8.275 10.217 3.996 Theo. (PBE + D3) Present work
8.300 9.750 3.950 Expt. 47
8.300 10.200 3.950 — 48
BiSeCl 7.086 11.611 4.005 Theo. (PBE + D3) Present work
7.700 9.870 4.000 Expt. 49
BiSeBr 8.220 10.365 4.105 Theo. (PBE + D3) Present work
8.180 10.470 4.110 Expt. 23

correspond to no localization, partial localization, and complete
localization, respectively. The partial electron localization
between Sb/Bi and the chalcogen atoms reveals the covalent
bonding character, which is consistent with the high ICOHP
values. In contrast, significantly lower electron localization was
found between Sb/Bi and the halogen atoms, supporting the
interpretation of weaker, possibly more ionic interactions.
Additionally, 3D ELF isosurfaces plotted along the (001) plane at
an isosurface value of 0.0005 reveal the presence of charge
density beneath the square pyramids, indicating the existence
of lone pair electrons on the cationic centers (refer to Fig. S3).
These lone pairs induce significant distortions in the square
pyramidal geometry, resulting in unequal bond lengths
between the cations and anions (see Table S1). Such structural
often associated with enhanced lattice

asymmetry is
anharmonicity.*®
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10696 | J Mater. Chem. A, 2026, 14, 10694-10707

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta08032k

Open Access Article. Published on 11 February 2026. Downloaded on 5/9/2026 8:28:58 PM.

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

(cc)

Paper

3.2. Phase stability

The combined analysis of the convex hull and chemical
potential diagram (CPD) will establish the compound's ther-
modynamic stability and the permissible synthesis window.
Hence, the convex hull and chemical potential diagram (CPD)
calculations are carried out, and the results are illustrated in
Fig. 2(a-h). The convex hull analysis, Fig. 2(a-d), depicts that the
compounds lying on the hull are predicted to be thermody-
namically stable. For example, SbCls;, SbCl;, SeCl,, SbSeCl,,
SbSeCl and Sb,Se; are found to be stable while constructing
convex hull for SbSeCl (refer to Fig. 2(a)). Also, the convex hull
illustrates the formation energy of the considered phases. The
dark and lighter shades within the different colored convex hull
indicate the lower (more favorable) and higher (less favorable)
formation energies, respectively. All the selenohalides are
observed in the darker shades, except BiSeCl. In the case of
BiSeCl, BiCl; is the most prone phase to be formed during the
synthesis process. However, all the interesting selenohalides
have negative formation energy from —0.60 to —0.97 eV/atom,
indicating their successful formation under experimental
conditions. Hence, suitable approaches should be adopted to
eradicate the formation of BiCl; as a secondary phase in BiSeCl
synthesis.
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Furthermore, the CPDs show the stability window of the
selenohalides in terms of the corresponding elemental chem-
ical potentials. The shaded polyhedral regions represent the
allowed combinations of chemical potentials where each phase
is stable. The targeted selenohalides occupy smaller regions,
especially in the case BiSeCl. This reflects their sensitivity to
growth conditions, implying that precise control of precursor
ratios and the growth environment is required to avoid
competing phases.

To facilitate the probability of synthesis, the cohesive energy
(Econ) is calculated using the relation E.on=(Epnseria — Epn — Ese
— Ena)/4, where Eppgena, Epny Ese, and Ey, represent the energies
of the selenohalide and constituent isolated atoms such as
pnictogen (Sb/Bi), selenium, and halogen (Cl/Br), respectively.*®
The calculated E.,, for SbSeCl, SbSeBr, BiSeCl and BiSeBr is
—3.82, —3.68, —3.85 and —3.71 eV/atom, respectively. These
values are comparatively higher than those of the experimen-
tally reported chalcohalides like BiSeI (—2.14 eV/atom) which is
synthesized by physical vapor deposition and ball milling
methods. Hence, it is inferred that these selenohalides can also
be synthesized.

To understand the dynamical stability of the selenohalides,
the projected phonon dispersion spectra were calculated and
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Fig. 2 (a—d) Convex hull diagrams with respect to competing phases. The color variation represents the formation energy, with the corre-
sponding color bar shown on the left side of the diagrams. (e—h) Chemical potential diagrams of the respective competing phases. (i—-1) Atom

projected phonon dispersion curves. The triangle in the inset shows the atoms corresponding to each color. Figures are arranged in the SbSeCl,

SbSeBr, BiSeCl, and BiSeBr sequence (left to right).
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Table 2 Calculated elastic constants (Cj, in GPa) of the selenohalides

Elastic constants SbSeCl SbSeBr BiSeCl BiSeBr
Ciq 24.08 30.16 23.59 32.35
Ciy 20.15 19.21 20.08 20.78
Ci3 13.67 12.87 13.31 14.50
Cry 20.15 19.21 20.08 20.78
Csyy 23.84 24.74 28.02 22.84
Cy3 15.64 13.29 22.69 16.59
C3q 13.67 12.87 13.31 14.50
Cs, 15.64 13.29 22.69 16.59
Css 68.22 58.71 72.08 56.36
Cus 16.87 15.25 18.91 13.95
Css 15.24 12.86 19.36 13.51
Ces 6.73 5.42 7.58 4.75

are depicted in Fig. 2(i-1). No imaginary/negative frequency is
observed in all the compounds, ensuring their dynamical
stability. The unit cell comprises 12 atoms, resulting in 36
phonon modes, including 3 acoustic and 33 optical modes. The
highest frequency tends to decrease linearly as the pnictogen/
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halogen varies from Cl to Br or Sb to Bi, ascribed to the
increasing atomic mass of the corresponding constituent
elements. The Sb/Bi, Cl/Br and Se atoms predominantly
contribute to the low, mid and high frequency modes respec-
tively. For a specific mode, the highest frequency along different
crystallographic directions follows the trend x <y < z for all the
selenohalides. For instance, in SbSeCl, the highest frequency of
the TA mode is 0.57, 0.69 and 1.38 THz along the x-, y-, and z-
directions, respectively. This directional variation in phonon
frequencies indicates pronounced anisotropy in phonon
transport. In crystalline solids, acoustic phonon modes are the
primary contributors to heat conduction due to their abrupt
variation in frequency. Notably, the frequencies also vary
significantly with respect to g-points, particularly near the I'-
point. Consequently, acoustic modes are expected to contribute
significantly to the phonon velocity, which generally correlates
with higher «;. Additionally, band crossing is avoided between
the highest acoustic and lowest optical modes in all the inves-
tigated compounds. This feature may reflect the weak bonding
characteristics of the crystal, but it could also signify the pres-
ence of strong anharmonicity and enhanced phonon-phonon
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scattering between these modes. A detailed discussion on the
implications of this feature in relation to phonon dispersion
will be presented in Section 3.4.2.

The mechanical stability of the selenohalides was evaluated
by computing their elastic constants, which were obtained
using the stress—strain approach and are summarized in Table
2.1n 2014, Mouhat et al. reformulated the Born stability criteria
for all the crystal systems. For an orthorhombic lattice, the
necessary and sufficient conditions are: Cy; > 0, C11Cyy >
Cl2, C11C22C33 + 2C12C15C25 — C11Cl — C2aCls — C33C12 > 0, Caa
>0, Css > 0, and Cg6 > 0.°* All these six conditions are satisfied by
the studied selenohalides, confirming their mechanical
stability. Additional mechanical properties are provided in
Section S1 and Table S2 of the SI. Notably, the Pugh's ratio (B/G)
for all compounds exceeds the critical value of 1.75, indicating
their ductile nature.”* Furthermore, their Poisson's ratios lie in
the range of 0.3-0.4, suggesting mixed bonding
characteristics.>

3.3. Electronic structure and effective mass

Based on the calculation results, no significant changes in the
band edges were observed while considering the hybrid
exchange correlational functional (HSEO06), except for an
increase in the band gap (refer to Fig. S4). Hence, the electronic
properties of the studied selenohalides are calculated using the
PBE functional with van der Waals correction. Fig. 3 displays
the calculated electronic band structures alongside the pro-
jected density of states (DOS) as well as the Fermi surfaces, to
assess the electronic transport and optical characteristics. The
VBM and CBM are located at I'-Z and I for SbSeCl, I'-Z and S for
SbSeBr, I' and I'-X for BiSeCl, and I'-Z and S-Y for BiSeBr,
confirming the presence of indirect band gaps in all the inves-
tigated selenohalides (see Fig. 3(a-d)). The calculated band gap
spans from 1.28 to 1.66 eV, which are well consistent with
earlier reports (refer to Table 3). The sharp band edges result in
smaller carrier effective masses rather than flat edges, resulting
in high carrier mobility and electrical conductivity. As inferred
from the projected DOS, shown in Fig. 3(e and h), the VBM of all
the selenohalides is primarily contributed by the Se p-orbital
while the CBM is dominated by the Sb/Bi p-orbital.

For further insights, the Fermi surface below and above
0.1 eV from the band edges is displayed in Fig. 3(i-1). The color
scale represents the carrier group velocities. In SbSeCl,
a complete hole pocket is observed, extending from I’ to Z, with

Table 3 Comparing the computed and reported band gaps of the
studied selenohalides

Material Band gap (eV) Remarks
SbSeCl 1.34 This work
SbSeBr 1.28 This work
1.18 Theo®?
BiSeCl 1.66 This work
1.69 Theo*
BiSeBr 1.63 This work
1.54 Expt**

This journal is © The Royal Society of Chemistry 2026
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Table 4 Calculated effective mass of the carriers (in terms of mg)
along different crystallographic directions

I-X Iy I-z
Material my, m,, my, m,, my, m,
SbSeCl 2.41 1.24 3.39 0.62 0.95 0.29
SbSeBr 3.92 1.81 1.79 1.18 1.21 0.23
BiSeCl 1.69 0.65 2.43 0.35 0.44 0.17
BiSeBr 0.27 0.57 0.87 0.81 0.66 0.36

a corresponding downward dispersion arising from the
symmetry of the Brillouin zone (BZ). Similarly, a pillow-shaped
electron pocket is noted from I' to X. In comparison, the Fermi
surface of BiSeBr is widely spread over the entire BZ. Holes have
the highest group velocity in antimony selenohalides, while in
bismuth selenohalides it is electrons. Furthermore, the carrier
effective masses along different crystallographic directions are
calculated using the AMSET code (refer to Table 4).*° The
calculated carrier effective masses reveal a clear asymmetry
between electrons (m.) and holes (m; ), which has direct rela-
tionship to charge transport. Across all selenohalides and
transport directions (I-X, I-Y, I'-Z), holes are consistently
heavier than electrons, except for BiSeBr (x-direction). For
instance, in BiSeCl, m;, ranges from 1.69 to 2.43 m,, whereas m,
varies only between 0.17 and 0.65 m,. Here m, is the rest mass of
the electron. This difference indicates that the mobility of
electrons will be much higher than holes, favoring n-type
conduction. In case of electrons, the favorable transport chan-
nels occur along I'-Z direction for all the four selenohalides:
0.29 m, (SbSeCl), 0.23 m, (SbSeBr), 0.17 m, (BiSeCl), and 0.36 m,
(BiSeBr). These values are significantly lower than those along
the other directions, highlighting z-axis as the most favorable
conduction pathway for electrons. In the case of holes, SbSeCl
has heavy holes along I'-X (2.41 m,) and I'-Y (3.39 m) than I-Z
(0.95 my). In SbSeBr, largest hole mass of 3.92 m, is observed
along I'-X, while the smallest value of 1.21 m, along I'-Z. These
results suggest that z-direction not only favors n-type transport
but also for p-type. Among the studied compounds, SbSeBr and
BiSeCl are particularly essential. SbSeBr exhibits heavy hole
effective mass (up to 3.92 my), indicating of limited hole
mobility, while retaining relatively light electrons along I'-Z
(0.23 my), favoring efficient n-type conduction. On the other
hand, BiSeCl displays the lowest electron effective mass within
series (0.17 m, along I'-Z) together with moderately heavy holes,
suggesting an intrinsic preference for electron-dominated
transport.

3.4. Thermoelectric properties

3.4.1. Electron transport properties. For all the selenoha-
lides, the transport properties are calculated using advanced
and efficient AMSET program for both carrier types at 300 K and
600 K.** One of the members in this family, BiSel, is found to
exhibit n-type transport, with electrons as the majority carriers.
With this note, n-type transport properties are presented in
Fig. 4, while the p-type properties are provided in Fig. S5 for
reference. The discussions of transport properties are based on
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Fig. 4 (a—d) Electrical conductivity, (e—h) Seebeck coefficient, (i—l) power factor and (m—p) electronic thermal conductivity of n-type SbSeCl,
SbSeBr, BiSeCl, and BiSeBr. The dotted and solid lines indicate 300 and 600 K, respectively, while the color variation represents different

crystallographic directions.

a fixed carrier concentration of n = 1 x 10*° cm™>. The n-type
and p-type electrical conductivity as a function of carrier
concentration is illustrated in Fig. 4(a-d) and S5(a-d). Irre-
spective of materials and carrier types, ¢ increases with respect
to n, satisfying the relation ¢ = neu. Here, u is the mobility of the
carrier and n is the corresponding charge. Apart from SbSeBr,
all the selenohalides exhibit almost similar magnitude of o
along x- and y-direction, while significant anisotropy is

10700 | J Mater. Chem. A, 2026, 14, 10694-10707

observed along z-direction. For all cases, ¢ is highest along z-
direction, owing to the larger structural spacing provided by
chemical bonding compared to the van der Waals interactions
governing other directions. For n-type systems, across all crys-
tallographic directions, ¢ is generally one to two orders higher
than their counterparts, which can be directly attributed to the
smaller effective masses of electron than holes (refer to Table 4).
For instance, in BiSeCl, mz varies between 0.17 and 0.65 m,,

This journal is © The Royal Society of Chemistry 2026
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while my, lies between 1.69 and 2.43 m,. The lighter electrons
can move faster, and thus higher n-type electrical conductivity is
observed. For example, along the z-direction, ¢ = 42244 Sm ™"
at 300 K for n-type, while p-type has only 4772 S m~". Further-
more, the anisotropy in ¢ mirrors the trend observed in direc-
tional effective mass. For example, in SbSeBr, the m: is lowest
along I'-Z (m, =0.23 m,), which corresponds to the highest
conductivity along the z-direction at 300 K (78757 S m ).
Similarly, SbSeCl exhibits moderate m,, values (0.29-1.24 my),
resulting in intermediate conductivity values ranging from 8826
to 57910 S m~'. Interestingly, temperature has a pronounced
effect on conductivity, with all compounds showing a substan-
tial decrease in ¢, when heated from 300 to 600 K. This reduc-
tion can be attributed to enhanced carrier scattering, which
restricts the mobility of the carrier. For instance, the n-type
conductivity of BiSeCl drops from 42244 S m™" (300 K, z-
direction) to 21 064 S m " (600 K, z-direction). A similar trend is
also evident in p-type materials, where the ¢ of SbSeCl decreases
from 11137 Sm™ " at 300 K to 4670 S m ™" at 600 K, along the z-
direction. Overall, SbSeBr and BiSeCl show high ¢, consistent
with their relatively small m, along specific transport directions.
The o values for all selenohalides are given in the table for
clarity (refer to Table S3 and S4). SbSeCl shows moderate
performance, while the conductivity of BiSeBr is affected by its
larger carrier effective masses. The correlation between direc-
tional effective mass and anisotropic conductivity highlights
the critical role of band structure engineering in optimizing the
thermoelectric performance.

The calculated Seebeck coefficient as a function of carrier
concentration is displayed in Fig. 4(e-h). For n-type BiSeBr,
along the x-direction, at 7= 300 Kand n =1 x 10*° cm >, the S
value ranges from —83 to —220 uV K ', while at 600 K, the
magnitude increases significantly, reaching as high as —308 pv
K™'. This trend confirms that the thermal excitation of the
carriers affects the S of the n-type system. Among the seleno-
halides, BiSeBr exhibits the largest negative S value, suggesting
superior thermoelectric potential upon n-type doping, while
SbSeCl and SbSeBr show relatively lower magnitudes (refer to
Table S5 and S6). For the p-type case, at 300 K, the S values lie
between 147 and 298 pV K ', while at 600 K, they increase
markedly to 227-386 uV K~ *. Notably, p-type BiSeCl exhibits the
highest S value at 300 K (~298 uvV K along the y-direction),
which exceeds 370 uv K (along the y- and z-directions) at 600
K. The observed temperature dependence of S aligns well with
the general behavior of semiconductors, where thermal excita-
tion broadens the carrier distribution and alters the conduc-
tivity. Anisotropy effects are considerable, suggesting direction-
dependent electron transport properties, which are common in
layered materials.

To examine the coupling effect of S and o, the power factor is
calculated as a function of carrier concentration and displayed
in Fig. 4(i-1). It reveals clear distinctions between n- and p-type
doping accompanied by strong anisotropy across crystallo-
graphic directions. In Bi-based systems, n-type systems consis-
tently exhibit higher PF than their counterparts, both at 300 and
600 K, highlighting the superior role of lighter electrons in
facilitating higher electrical transport. At 300 K, for n-type

This journal is © The Royal Society of Chemistry 2026
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doping, the highest PF occurs predominantly along the z-
direction, with SbSeCl, SbSeBr, BiSeCl, and BiSeBr reaching
1.30, 0.56, 0.79 and 1.64 mW m™ ' K 2, respectively. This
noticeable PF along the z-direction can be related to the inter-
play between the intermediate electron effective mass and
favorable transport along the chain direction. In contrast, PF
along the x- and y-directions remains below 0.42 mW m ™" K 2,
underscoring the highly anisotropic nature of charge transport.
At elevated temperature (600 K), the PF of n-type systems
increases, except for SbSeCl and BiSeBr (z-direction), but the
directional trends are retained. For example, the z-direction
remains the most favorable in SbSeCl (1.27 mW m™* K ?),
SbSeBr (0.78 mW m™ ' K ?), BiSeCl (1.01 mW m ' K ?), and
BiSeBr (1.35 mW m™' K ?). In contrast, the p-type systems
display significantly smaller PF values along all directions and
temperatures. At 300 K, the maximum p-type PF is observed for
SbSeBr along the y-direction (0.55 mW m ™" K ?), while other
compounds exhibit considerably lower values, typically below
0.38 mW m ' K. Increasing the temperature to 600 K, alters
the PF further, with most values falling in the range of 0.06 to
0.45 mW m ' K 2 The comparatively lower performance in p-
type systems can be directly linked to the heavier hole effective
mass, which suppresses the mobility and limits the electrical
conductivity. Refer to Tables S7 and S8 for better comparison.

The calculated . as a function of carrier concentration is
shown in Fig. 4(m-p). The obtained k. reveals significant
temperature dependence, carrier-type dependence, and notable
directional anisotropy. Across all selenohalides and directions,
ke decreases considerably as temperature increases. This
behavior is ascribed to the enhanced phonon-electron scat-
tering at higher temperatures, thereby reducing the contribu-
tion of charge carriers to thermal transport. In n-type SbSeBr (y-
direction), k. drops from 0.144 W m ' K" at 300 K to 0.108 W
m~ ' K" at 600 K (~25% reduction). Similarly, in p-type SbSeBr
(y-direction), «. decreases from 0.136 W m~" K to 0.066 W
m~' K (~51% reduction). A strong directional dependence of
ke is observed in most compounds, particularly for n-type
doping. For n-type BiSeCl at 300 K, «. along the z-direction is
0.298 W m~' K, which is ~2.8 times higher than that along
the x-direction ie., 0.105 W m~ ' K '. Similarly, for p-type
SbSeCl, at 300 K, k. is 0.069 W m~ " K~ ' along the y-direction,
while k. is 0.023 W m~" K" along the x-direction, showing
strong anisotropy. For the studied compounds, n-type systems
exhibit significantly higher . compared to their counterparts,
especially along the z-direction, associated with the behavior of
o. In n-type SbSeBr, at 300 K, along the z-direction, the observed
Ke is 0.473 W m™" K™, which is nearly seven times higher than
in p-type i.e., 0.066 Wm ™ K . This trend is consistent at 600 K,
although the absolute values tend to decrease. The higher
electronic thermal conductivity in n-type materials indicates
that electrons have better mobility than holes, likely originating
from conduction-band curvature differences and lower effective
masses of electrons. The k. values for all selenohalides are listed
in Table S9 and S10.

3.4.2. Phonon transport properties. The lattice thermal
conductivity is calculated using the ShengBTE program and is
illustrated in Fig. 5(a-d).>” The «, for the studied selenohalides
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Fig. 5 (a—d) Temperature dependent lattice thermal conductivity, (e—h) group velocity projected phonon dispersion, (i—-l) percentage of

acoustic mode contribution to . (m-p) k. as a function of mean free path at 600 K for SbSeCl, SbSeBr, BiSeCl, and BiSeBr along different
directions. The color spectrum in (e—h) indicates the magnitude of group velocity.

along the three directions decreases with temperature. For all
selenohalides, the direction trend of k; increases from the x- to
z-direction. For example, in SbSeCl, at 300 K, «;, along the x-, y-,
and z-directions is 0.66, 1.30 and 3.10 W m~ ' K™ ', respectively.
With an increase in temperature to 600 K, k;, decreases by
roughly half i.e., 0.33, 0.64 and 1.54 W m~ ' K, owing to the
inverse relationship with T and the enhanced phonon scat-
tering process. Similar to the trend in highest frequencies in

10702 | J Mater. Chem. A, 2026, 14, 10694-10707

phonon dispersion, «; decreases from SbSeCl to BiSeBr,
ascribed to the inherent relationship between phonon
frequency and «;. Compared to all the selenohalides, BiSeBr
results in low thermal conductivity due to presence of heavier Bi
and Br elements. To understand further, the group velocity and
Griineisen parameter were projected above the phonon
dispersion, as shown in Fig. 5(e-h) and S6(a-d). As expected, v,
of acoustic modes is higher than that of optical modes, and it

This journal is © The Royal Society of Chemistry 2026
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decreases with the change in halogen elements, ascribed to the
larger vibration of heavier atoms, which resists the phonon
transport. For example, the range of v, for SbSeCl is from 0.0 to
0.95 km s~ '. By introducing Br into the lattice, it decreases
nearly twofold i.e., 0.0-0.45 km s~ . In addition, lower (larger) v,
is observed along the x-direction (z-direction), visualized from
the acoustic modes. Generally, the crystal with strong anhar-
monicity exhibits lower phonon transport and the Griineisen
parameter is the metric to quantify it. Irrespective of seleno-
halides, the Griineisen parameter of the acoustic modes along
the x-direction is larger than along other directions, indicating
stronger anharmonicity. The combination of small group
velocity and large Griineisen parameter results in ultra-low
lattice thermal transport along the x-direction.

To uncover the origin of «;, further, the individual phonon
mode contribution to k;, is computed. For all the selenohalides,
along all the directions, the percentage of acoustic mode
contribution to y, is illustrated in Fig. 5(i-1) and that for optical
modes is shown in Fig. S7. As expected, irrespective of the
systems and directions, the acoustic modes show dominant
contribution to k1, ascribed to the higher phonon group veloc-
ities. For example, the three acoustic modes collectively
contribute almost 60% of k;, in the case of SbSeCl at 300 K along
the x-direction. It is worth noting that the influence of the TA1
mode to ki, along the y-direction is much higher than in the
considered cases. In addition, the TA1 mode exhibits the
strongest anisotropy, for example, in SbSeCl, significant differ-
ences are observed along each direction, i.e., 31% along x, 41%
along y and 21% along z, highlighting the crucial role of

ShSeCl |

View Article Online
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transverse vibrations. Low-frequency optical mode e.g., O1 show
appreciable contributions (=9-3% each), reflecting their
coupling with the acoustic modes and indicating their impor-
tance in the phonon-phonon scattering process. Mid-frequency
optical modes like 06 and O7 modes yield larger portion of «;,
along the z-direction. The contributions from other modes are
not appreciable, except for 010 (6.9%), O11 (6.5%) and O17
(5.4%) of BiSeCl along the x-direction. These results suggest
that the absolute magnitudes of mode contributions vary
slightly between the materials, but the overall vibrational
anisotropy and mode dependence remain remarkably similar.
In each case, acoustic modes dominate heat-carrying capacity,
whereas optical modes provide scattering channels that limit
phonon transport. This consistent trend indicates a common
underlying mechanism controlling their lattice dynamics,
implying that the difference in lattice thermal conductivity
among these compounds is primarily governed by secondary
factors like mass contrast, bonding strength, and
anharmonicity.

To demonstrate the effect of nanostructuring on kg, the
cumulative lattice thermal conductivity (k.um) as a function of
phonon mean free path (MFP) at 600 K was calculated. As
depicted in Fig. 5(m-p), phonon transport is dominated along
the z-direction, due to the presence of chains. For all the four
systems, the majority of xy, is accumulated below 50 nm MFPs,
indicating that the phonon transport is largely governed by
short- to intermediate-range phonons. Interestingly, «;, along
the z-axis reaches its maximum contribution within a short
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range, indicating the need for fine-nanostructuring to utilize
the systems at their maximum potential.

3.4.3. Figure of merit. The TE performance of the studied
selenohalides is evaluated through zT at different temperatures
(300 and 600 K) for both n- and p-type doping (refer to Fig. 6).
Due to the anisotropic nature of transport properties, the
calculated zT also reveals significant variations among the four
selenohalides along different crystallographic directions. Over-
all, zT increases with temperature, showing that these seleno-
halides exhibit better efficiency at high-temperature regimes.
For example, n-type SbSeCl along the z-direction shows an
increase from 0.11 at 300 K to 0.42 at 600 K, corresponding to an
almost fourfold improvement. Similarly, p-type SbSeBr exhibits
a rise from 0.11 to 0.38 over the same temperature range, along
the y-direction. This improvement can be attributed to the
increased Seebeck coefficient and the reduction of lattice
thermal conductivity at higher temperatures, owing to the
secondary band contribution and enhanced phonon scattering,
respectively. A comparative analysis of n-type and p-type doping
shows that, in most cases, n-type doping leads to higher zT
values (refer to Table S11). At 600 K, the overall highest
performance is obtained for n-type BiSeBr along x-direction,
where a zT value of 0.81 is attained at n = 3.0 x 10*° cm ™3,
which is nearly double the performance of its p-type counterpart
in the same direction (2T = 0.42). This superior n-type behavior
in these compounds is primarily due to higher electron mobility
and smaller effective masses. However, certain p-type systems
also exhibit competitive performance, such as p-type SbSeBr
along the y-direction, achieving a relatively high zT of ~0.38 at
600 K. These findings suggest that both carrier types can be
optimized, depending on the material and desired operating
temperature. The obtained zT is comparable with experimen-
tally reported chalcohalide family and halogen-doped candi-
dates such as Bi;3S:13Br, (1.0 at 748 K) and PbSnS; ¢6Br 4 (0.82
at 873 K).>>*® Overall, these results suggest that n-type BiSeBr
can be a potential candidate for high-temperature thermoelec-
tric devices, while SbSeBr may be suitable for p-type
applications.

3.5. Photovoltaic properties

3.5.1. Dielectric properties. As observed, the band gaps of
the investigated selenohalides fall within the range of 1.28 to
1.66 eV, making them promising candidates for photovoltaic
applications. The calculated optical properties are strongly
correlated with their dielectric properties. The real part of the
dielectric function, shown in Fig. 7(a), represents the degree of
polarizability of the selenohalides. At zero photon energy, the
static dielectric constants Re(¢) are found to be approximately
10.22 (SbSeCl), 11.63 (SbSeBr), 9.77 (BiSeCl), and 11.03 (BiSeBr),
indicating relatively strong dielectric screening. Such moder-
ately high Re(¢) values are desirable for photovoltaic absorbers
as they effectively reduce the coulombic binding between
photogenerated electron-hole pairs, thereby promoting effi-
cient charge separation. A sharp increase in Re(e) is observed
around 1.5-3.0 eV, which corresponds to the onset of significant
optical transitions from the valence band to the conduction
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Fig. 7 The calculated energy dependent (a) real and (b) imaginary part
of the dielectric function.

band. BiSeBr exhibits the highest peak value of 19.9, followed
closely by SbSeBr and SbSeCl, while BiSeCl shows a slightly
lower maximum. The dominance of Br-based compounds can
be attributed to their enhanced electronic polarizability, arising
from their larger ionic radius.

The imaginary part, shown in Fig. 7(b), is directly related to
the optical absorption coefficient and provides information
about the inter-band electronic transitions. All compounds
exhibit a sharp absorption onset near 1.5 eV, which aligns with
their semiconducting band gaps, confirming their effective
capability to absorb visible light. The highest peaks are
observed for SbSeBr (Im(¢) = 21.1) and BiSeBr (19.6) followed by
SbSeCl (19) and BiSeCl (18.7) suggesting the strong absorption
in Br-based compounds. The stronger optical transitions in Br-
containing compounds can be attributed to the reduced band
dispersion, leading to increased oscillator strength. Multiple
peaks between 3.0 and 5.0 eV indicate the presence of complex
inter-band transitions. The broader response around 8-9 eV
suggests the potential of these materials to harvest photons
across a wide spectral range, making them promising for both
visible-light photovoltaics and optoelectronic devices.

3.5.2. Excitonic properties. The exciton binding energy (Ep)
measures the stability of electron-hole pairs. For efficient solar
cells, a lower Ej, value is desirable, since electrons can easily
dissociate at room temperature. The Ej, is calculated using the
Wannier-Mott formula, E, = 1/2e,a,. Here, & is the static
dielectric constant and g, is the Wannier-Mott exciton radius
given by a, = &/u. Here, the reduced effective mass (u) is ob-
tained as u = memp/me + my.5”*® The effective mass of the
carriers is obtained from the band edges using the AMSET code.
The calculated excitonic properties are shown in Table 5. Irre-
spective of the materials, the electrons are lighter than holes.
These smaller effective masses can also lead to strong inter-
band transitions resulting in higher peaks in Im(¢), which are
directly related to high absorption. Furthermore, static dielec-
tric constants control the electrostatic screening and influence

Table 5 The calculated excitonic properties of the selenohalides

Material ma(mg) my, (mg) &s ao (A) Ep, (meV)
SbSeCl 0.89 1.49 32.14 30.43 7.34
SbSeBr 0.89 1.21 24.88 25.64 11.28
BiSeCl 0.65 2.43 20.77 21.45 16.15
BiSeBr 0.69 1.01 19.70 25.53 14.30

This journal is © The Royal Society of Chemistry 2026
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the exciton formation. The larger ¢; noted for SbSeCl reflects its
strong screening and weak exciton binding capacity. In
contrast, lower values are observed for BiSeCl and BiSeBr,
indicating the reduced screening potential. Among them,
SbSeBr exhibits an intermediate ¢, value indicating a balanced
trade-off between optical absorption and charge separation. The
nearly similar optimal exciton Bohr radius observed for BiSeBr
and SbSeBr results in efficient exciton separation. BiSeCl
exhibits the highest E;, among the studied systems, represent-
ing the higher stability of excitons that can lead to reduced
efficiency.” Thus far, SbSeBr is anticipated to exhibit favorable
absorption characteristics, arising from its strong optical tran-
sitions, moderate exciton binding, and well-balanced charge
transport. However, the calculated E}, values for the studied
selenohalides are significantly lower than those of the bench-
mark photovoltaic candidates such as MAPbI; (45 meV) and Si
(20 meV).* This indicates relatively weak exciton binding,
which is advantageous for efficient charge separation and
highlights the promise of these materials for photovoltaic
applications.

3.5.3. Optical properties and photovoltaic efficiency. To
explore their optical transition characteristics, the dipole-
dipole transition probability (P*) between the upper valence
band (VB) and lower conduction band (CB) for SbSeCl, SbSeBr,
BiSeCl, and BiSeBr is calculated (see Fig. 8(a-d)). A non-zero P
value indicates an allowed dipole transition between the VB and
CB states. The intensity and distribution of these transitions
depend on the symmetry and orbital character of the wave-
functions at each k-point. For example, SbSeCl exhibits strong
transitions near the X and U points, suggesting the higher
optical transition probability and enhanced light absorption at
these sites (see Fig. 8(a)). Similarly, enhanced transitions are

View Article Online
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observed at Y and U for SbSeBr; Z-X, X and U for BiSeCl; and U
and Y for BiSeBr. In contrast, regions with zero or near-zero P*
values along high-symmetry paths indicate dipole-forbidden or
weakly allowed transitions, which correspond to reduced
optical activity. Comparatively, the selenohalides with Br
halogen have lager P* values than the Cl-based systems.

The optical absorption coefficient is a critical parameter in
evaluating the light-harvesting potential of solar absorbers. To
this end, the optical absorption spectra are derived from the
frequency-dependent dielectric function for all the selenoha-
lides, as shown in Fig. 8(e). Generally, a sharp increase in
absorption is observed when the incident photon energy
approaches the E, of the material, a key feature of an efficient
photovoltaic material. A pronounced exponential rise in
absorption is evident near their respective band edges, consis-
tent with the calculated E, values. This behaviour is closely
linked with the joint density of states (JDOS), where flatter band
edges lead to a steeper rise in JDOS, near the band gap, thereby
enhancing the absorption (Fig. 8(f)). Hence, the absorption
trends are strongly correlated with the JDOS profile. Interest-
ingly, selenohalides with Br halogen have higher absorption
than Cl-based compounds, which can be associated with the
behaviour of .

To assess the photovoltaic potential of the selenohalides,
spectroscopic limited maximum efficiency (SLME) calculations
as a function of film thickness are performed and depicted in
Fig. 8(g). This SLME approach accounts for various energetic
sequences (dipole forbidden, dipole allowed and indirect Ey),
photon absorptivity, and dependence of radiative recombina-
tion losses. This also facilitates the understanding of photo-
voltaic efficiency as a function of absorption layer thickness.
However, a major limitation of this method is the exclusion of

(a) (b) (c) (d
100 100 100 100
o (o))
2 80 2 80 2 80 2 80
S 60 g 60 B 60 g 60
=) = 40 Z 40 =40
o o o
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Fig.8 The dipole—dipole transition probability along different k-points for (a) SbSeCl, (b) SbSeBr, (c) BiSeCland (d) BiSeBr. (e) Optical absorption,
(f) joint density of states and (g) spectroscopic limited maximum efficiency. The dotted line in (e) represents the fundamental gap.
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non-radiative recombination, which significantly limits the
efficiency of most of the indirect band gap absorbers. In these
calculations, the dielectric response computed using the PBE +
D3 functional. For all the compounds, SLME increases rapidly
with thickness and saturates thereafter. Notably, under 1-sun
illumination AM1.5 G, the Sb-based selenohalides achieve
higher SLME values up to ~31% at a thickness of 0.5 um, while
Bi-based compounds yield slightly lower efficiencies, around
27% at the same thickness, within the radiative limit. This
performance difference can be attributed to the stronger optical
transition intensities and absorption features observed in Sb-
based systems. However the calculated SLME values are larger
than those of the established candidates such as Si (26.1%) and
CulnSe, (~23%).6"*>

4. Conclusions

This work systematically explored the thermoelectric and
photovoltaic potential of quasi-1D selenohalides using first-
principles calculations. The weak van der Waals interlayer
interactions combined with heterogeneous intralayer bonding
give rise to distinct electron and phonon transport character-
istics. Stability was confirmed through formation energy,
convex hull analysis, phonon spectra, and elastic constants,
while chemical potential diagrams suggest their synthesiz-
ability. The calculated band gaps (1.28-1.66 eV) and favorable
carrier effective masses underscore their suitability for energy
applications. From a thermoelectric perspective, n-type trans-
port dominates, with attractive electron transport characteris-
tics along the z-direction, facilitated by extended bonding
pathways. Despite mixed bonding characteristics, lattice
thermal conductivity remains below 2 W m™" K" at 600 K.
Notably, n-type BiSeBr exhibits the best performance, achieving
a zT of 0.81 at 600 K along the z-direction, driven by its high-
power factor (1.36 W m~' K™ ') and moderate lattice thermal
conductivity (1.09 W m~" K™ ). On the photovoltaic side, SbSeBr
demonstrates small effective masses, moderate exciton binding
energies, and strong optical absorption, leading to a spectro-
scopic limited maximum efficiency of ~31% at a film thickness
of 0.5 um under 1-sun illumination AM1.5 G. Overall, quasi-1D
selenohalides emerge as promising candidates for thermoelec-
tric and photovoltaic applications, warranting further experi-
mental validation.
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