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Recent advances in photovoltaic technologies have established lead halide perovskites as benchmark
materials for optoelectronic applications, but serious concerns persist regarding the toxicity of lead, their
principal constituent element. In this context, bismuth-based perovskite-inspired materials have emerged as
a promising lead-free alternative, offering comparable electronic characteristics. Here, we explore the
structural, electronic and transport properties of CszBizlg and CszBi>Brs, two perovskite-inspired materials
with significant potential for photovoltaic and photocatalytic applications. With state-of-the-art first-
principles calculations, we investigate the subtle effects of iodine/bromine (I/Br) mixing on the materials’
physico—chemical properties. We predict a change in phase stabilities around 40% Br content: below 30%
Br, the iodine-dominant P6s/mmc phase is stable, while beyond 40% Br, the bromine-dominant P-3m1
phase becomes energetically favorable, consistent with experimental observations. The electronic bandgap

Received 27th March 2026, increases with Br content, and effective mass calculations indicate that electrons exhibit lower effective

Accepted 19th May 2026 masses and higher mobility compared to holes, with hole localization intensifying as the Br content
DOI: 10.1039/d6cp01132b increases. Overall, our findings underscore the critical role of halogen composition in modulating the

structural, electronic, and transport properties of these materials, providing valuable insights for optimizing
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Introduction

In recent years, the need for a sustainable energy transition
toward renewable sources like sunlight has motivated growing
interest in innovative photovoltaic devices. Metal halide perovs-
kites (MHPs) have been extensively evaluated as promising
candidates for different optoelectronic technologies."® This
interest is largely driven by their remarkable properties, includ-
ing high absorption coefficients, efficient charge transport, long
carrier lifetimes, and a tunable bandgap.”'® Among MHPs,
lead-based systems are the most exploited for a wide range of
applications.”*™* Notably, they currently achieve the highest
power conversion efficiencies (PCEs), rivaling those of commer-
cial silicon-based solar cells," and they also demonstrate very
promising performance in photocatalytic processes.'®'” How-
ever, the commercialization and large-scale applications of lead-
based perovskites are hindered by their limited stability under
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halide contents in perovskite-inspired systems for next-generation optoelectronic applications.

environmental conditions and the high toxicity of lead, which
poses significant environmental and health concerns.*®

To address these challenges, the search for lead-free alter-
natives has become a primary focus in the field of photoconversion
devices. Specifically, in the field of photocatalysis, new devices
must have a strong response to visible light, a highly active surface
for redox reactions and efficient charge separation.'*° One pro-
mising direction is the substitution of lead with bismuth.**
Bismuth-based systems offer an attractive pathway to develop
lead-free perovskites, as bismuth’s trivalent nature enables the
formation of defect-tolerant perovskite structures known as
defect-ordered perovskites.>*2* While these bismuth-based materi-
als maintain a structural resemblance to MHPs through shared-
corner octahedra (MXs), they adopt unique configurations due to
cation deficiencies inherent in their design. Specifically, bismuth
forms structures of the type A;M,X,, where vacancies in the cation
lattice result in the occupation of only two-thirds of the M sites.>®
This structure has been shown to promote both stability and defect
tolerance in ways distinct from lead-based perovskites, making
these bismuth-based halides a promising avenue for further
investigation.>”*

Perovskite-inspired materials**~" like Cs;Bi,lo and Cs;Bi,Br,
have recently been successfully applied in photovoltaic devices.
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The iodine-based compound Cs;Bixl has been extensively
utilized in photocatalysis, particularly in applications such as dye
degradation,®* the hydrogen evolution reaction (HER),**** and
CO, reduction.***” Beyond their intrinsic photocatalytic activity,
these materials are also attractive as light-harvesting antenna
systems due to their strong solar absorption capabilities,
enabling efficient photoinduced charge transfer toward the cat-
alytically active material, as previously reported in related photo-
catalytic systems.*®>° In this context, we propose the use of these
compounds primarily as antenna materials to enhance solar light
harvesting and promote charge separation and transfer toward
the catalytic sites.

However, the inherent low dimensionality of the Cs;Bi,l, system
significantly limits its efficiency across these applications.*®*! The
bromine-based compound Cs;Bi,Bry has also demonstrated con-
siderable potential in photocatalytic applications.*>™*> However, its
large band gap and high exciton binding energy impose constraints
on its performance, particularly under visible light irradiation.>®
Despite these challenges, its structural and optoelectronic proper-
ties suggest that it could be optimized for improved performance in
targeted applications.

Given these limitations, it is critical to explore strategies to
enhance the efficiency of these materials: one promising strat-
egy involves tuning the halide composition of these systems,
which has been shown to effectively modify their electronic
properties and optimize their functionality.*® For example, it
has been demonstrated that the mixing of similar halides (I-Br,
Cl-Br) in these compounds increases the system’s dimension-
ality, leading to a substantial improvement in optoelectronic
properties and photocatalytic activity.*”™*°

From a theoretical perspective, research efforts have primarily
focused on characterizing the structural and electronic properties
of these systems. These studies have emphasized analyses of band
structure, density of states, and, in certain cases, charge transport
properties through effective mass calculations.’®**> However, most
of these investigations have been restricted to pure systems,
specifically Cs;Bi,ls and Cs;Bi,Br, leaving a break in understand-
ing the impact of halogen mixing on these properties across
varying compositions. Moreover, the influence of halogen substi-
tution on the structural properties of these materials has not been
systematically analyzed.

Previous experimental studies have reported a compositional
phase stability crossover in mixed halide systems occurring at
intermediate bromine concentrations (~30-40%), where a
transition between competing structural motifs is observed.
While these findings establish the existence of the crossover,
the underlying microscopic origin driving this behavior remains
insufficiently understood. In particular, a quantitative structural
description linking local lattice distortions to phase stability
across composition is still lacking. In this work, we go beyond
the reproduction of this experimentally observed crossover by
identifying the structural parameters that govern it. Using first-
principles calculations, we systematically analyze the evolution
of octahedral distortion metrics, specifically {, 2~ and 0, as a
function of composition. These descriptors provide a quantita-
tive framework to capture subtle local structural changes and
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enable a direct correlation between local octahedral geometry
and the observed phase stability crossover. Our results reveal that
the transition is strongly governed by the progressive accumulation
and reorganization of octahedral distortions, especially in the X
and 0 parameters, offering a microscopic structural explanation for
the experimentally reported phase boundary. To this end, we
propose a theoretical study of Cs;Biyls, Cs3BiyBry, and mixed-
halide systems Cs;Bi,ls_,Br, (With 0 < x < 9). Our investigation
focuses on understanding the effect of relative halogen content on
the structure, the electronic profile and the charge transport
features. Additionally, we aim to analyze the phase transition
between iodine-rich and bromine-rich phases, as well as the degree
of distortion induced by varying halide compositions. Our study
lays the ground for future work on the application of these
materials in both photovoltaic technologies and photocatalysis.

Structural models and computational
details

We report all-electron density functional theory calculations
with periodic boundary conditions (PBC), employing the light-
tierl basis set of numerical atom-centered orbitals (NAO)™ for
each atom and the zero-order regular approximation (atomic
ZORA)* as implemented in the Fritz Haber Institute ab initio
molecular simulations (FHI-aims) code.”> A self-consistency
threshold of 1 x 107° eV is set for the total energy. We use the
Perdew-Burke-Erzenhof (PBE) exchange correlation functional®®>”
for all geometry optimizations plus the Tkatchenko-Scheffler (TS)
correction®® to take into account the van der Waals forces. Our
relaxed structures present maximum forces acting on each atom
below 0.02 eV A", For the unit cell optimizations, we employ a 4 x
4 x 2 and 4 x 4 x 4 k-point grid for Cs;Bi,ly and Cs;Bi,Bry,
respectively. Based on the optimized geometry, we have calculated
the system’s energy using the HSE06 hybrid functional and the TS
correction.

We compute the band structure and density of states (DOS)
by increasing the basis set to an intermediate-tier2 basis set and
using finer k-point grids for Brillouin zone sampling (12 x 12 X
6 and 12 x 12 x 12 for the I-based and Br-based compounds,
respectively). The hybrid functional HSE06°**° and spin orbit
coupling (SOC) relativistic correction are employed to achieve a
more accurate description of the electronic properties.

To simulate the mixed halide compositions, we adopt a
supercell approach considering a 2 x 1 x 1 supercell for
Cs;Biylg and a 2 x 1 x 2 supercell for Cs;Bi,Brs. Both supercells
contain a total of 56 atoms. Mixed composition supercells are
generated by systematically increasing the bromine content in
the iodine-based supercell through substitutions. Similarly,
iodine is introduced incrementally into the bromine-based super-
cell. We consider for both phases the 0, 11, 19, 31, 39, 50, 61, 69,
81, 89 and 100 doping percentages corresponding to substitu-
tions of 0, 4, 7, 11, 14, 18, 22, 25, 29, 32, and 36 halogen atoms. In
this work, the SQSs were generated using the sgsgen code.®>*
The configurational space was explored using the systematic
iteration mode, in which atomic permutations are generated in
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lexicographical order. Unlike the random mode, this approach
ensures a deterministic and exhaustive scan of the configura-
tional space; consequently, the number of iterations is not user-
defined but fixed by the total number of possible configurations,
given by:

N!
Niterations = M

1 Na!

m=1

M
, with > "N, =N,

m=1

where N is the total number of atoms, M the number of species,
and N,, the number of atoms of each species. To ensure conver-
gence of the correlation functions toward those of an ideal random
alloy, we included pair correlations up to the ninth coordination
shell (first core shell = 9) and the sixth shell for higher-order
correlations (second core shell = 6). Additionally, a shell-weighting
scheme was employed to account for the decreasing importance of
more distant coordination shells in the objective function.

The mixed-composition systems are optimized at the same
level of theory as the unit cells, and the k-point grids are
adjusted accordingly to the larger supercells. For the optimized
structures with mixed compositions, the electronic properties
have been investigated through DOS, band structures calcu-
lated at the HSEO06 level of theory. In this work, the effective
masses were computed using the effmass package®® by fitting
the band dispersion in the vicinity of the band extrema (VBM and
CBM). The software evaluates the curvature of the bands and
provides effective mass values based on these fits. The effective
masses were extracted using a parabolic fit within a k-range of
+0.5 eV around the band extrema. This range was chosen to
ensure that the fitting is restricted to the near-edge region where
the band dispersion can be reasonably approximated as
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parabolic, while avoiding numerical noise from an excessively
narrow window. Since the band dispersion near the extrema is
relatively isotropic in our systems, we report averaged effective
mass values as obtained directly from the code. These values
correspond to an effective representation of the carrier mass and
are suitable for capturing the overall transport trends discussed
in this study.

Results and discussion

Structural properties of Cs;Bi,X, compounds and phase
stability

Regarding the unit cells of pristine Cs;Bi,l and Cs;Bi,Bry, for
the first compound, we consider the hexagonal phase (space
group P6;/mmc (194)),°* while for Cs;Bi,Br,, the trigonal phase
(space group P-3m1 (164)),°® which are the most stable at room
temperature. Fig. 1a and b depict the main structural para-
meters of the PBE-TS optimized structures, with the corres-
ponding experimental values reported for comparison.

In both cases, the lattice parameters and bond distances
reproduce quite well the experimental values, with just small
discrepancies. We investigate the phase stability between the
P6;/mmc phase of the Cs;Bi,ly and the P-3m1 phase of Cs;Bi,Bry
upon bromine doping and the local distortions of Bi-halogen
octahedra. To this end, we consider for each phase a 56 atom
supercell (Fig. 1a and b) and we simulate different percentages
of I/Br doping ranging from 0% to 100%. The results of these
analyses are shown in Fig. 1c-e. The phase stability is evaluated
through calculations of relative electronic energy differences
between the two phases at different I/Br ratios. Fig. 1c depicts a
plot of energy differences between Cs;Bi,l in the P6;/mmc
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Fig. 1 Lattice constants calculated at PBE-TS level of theory for: (a) CszBixlg and (b) Cs3Bi,Brg. The corresponding experimental values are reported in
parenthesis. (c) Total energy differences between Cs3Bixlg in the P63/mmc phase at various Br doping percentages and the corresponding CszBi,Brg P-
3m1 phase with the same I/Br ratio (AE = E(P6s/mmc) — E(P-3m1)). Energies are calculated at HSEO6-TS on top of PBE-TS optimized structures, (d) cell
volume and (e) average distance Bi—halogen with error bars calculated through standard deviation.
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phase (at various Br doping percentages) and the corresponding
Cs;3Bi,Brg P-3m1 phase (with the same I/Br ratio), calculated using
minimume-energy structures, which are shown in Fig. S1 in the SI.
These results show that systems with low bromine concentration
(range 0%-30%) exhibit negative energy difference values, indicat-
ing the P6;/mmc phase as the most stable phase at these composi-
tions. Beyond this range we obtain positive values, indicating that
the starting iodine phase is no longer the most stable configu-
ration. The change point predicted by our calculations is very close
to the available experimental values.*>®”

Moreover, we observe a decrease in the cell volume (Fig. 1d)
as the percentage of bromine in the cell increases. This is
attributed to the difference in Bi-halide bond distances between
I and Br. The bond distance of 3.07 A in the pure iodine-based
system decreases to 2.83 A in the pure bromine-based system
(Fig. 1e), this expected behaviour can be attributed to iodine’s
larger ionic radius compared to bromine.

Once the phase stability at each point has been identified, we
aim at identifying the structural parameters acting as key descrip-
tors for the phase transition. We first considered the structural
changes in the Cs;Bi,I, in the P6;/mmc phase at varying bromine
content: the selected parameters for our study are (1) the Bi-X
distances, (2) the cell volume variations upon doping, and (3)
three specific parameters describing the local octahedral distor-
tions (evaluated with the Octadist software).®® These three para-
meters are the stretching (), the angular (X) and the torsional ()
distortions, calculated according to eqn (1)—(3).

6
(=" ldi — dimean] )
i=1

The { parameter is the addition of the average of the total
differences between six distinct metal-ligand bond lengths (d;)
and their mean bond length around the central metal atom
(dmean)'

6
=3I~ 90| (2)
i=1
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where ¢; is the individual cis angle. The parameter 2 represents
the total deviation of 12 distinct cis ligand-metal-ligand angles
(¢;) from 90°.

6
0 =">"10;— 60| (3)
i=1

where 0; is the individual angle between two vectors of two
twisting faces. The parameter @ is defined as the degree of
trigonal distortion of the coordination geometry from an octa-
hedron towards a trigonal prism. This parameter is the sum of
the deviation of 24 unique torsional angles between the ligand
atoms on opposite triangular faces of the octahedron viewed
along the pseudo-threefold axis (6;) from 60°. The corres-
ponding equations and graphical representation of these para-
meters are all shown in Fig. 2a—-c.

Analysis of the distortion metrics {, 2, and 0 (Fig. 2a—c)
reveals a general increase in octahedral distortion as the
bromine content rises, with ¥ and 6 showing the most pro-
nounced compositional sensitivity. In contrast, { displays only
minor variation across the full composition range, spanning
approximately 0.45 to 0.80 A, suggesting that this parameter
cannot be the primary descriptor of halide-dependent deforma-
tion in this system.

For X and 0, a slight reduction in distortion is observed at
10% Br incorporation. Although modest, this composition coin-
cides with the Br content at which Li and co-workers®® reported a
maximum in charge-carrier mobility, which they attributed to a
phase transition. In contrast, our structural analysis indicates
that the phase change occurs at higher Br contents (x30%). In
this context, the reduced distortion at 10% Br could be compa-
tible with an enhancement of charge-carrier mobility, potentially
preceding the phase transition. Beyond this point, distortion
increases steadily up to ~40% Br, coinciding with the shift in
thermodynamic preference from the P6;/mmc phase to the P-3m1
phase. Once the P-3m1 phase dominates, the distortion plateaus
between 40% and 70% Br and ultimately reaches its maximum
between 80% and 100% Br.
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Fig. 2 Variation of the structural parameters evaluated on Cs3Bilg in the P63/mmc phase at different Br contents with error bars calculated through
standard deviation for the (a) stretching ({), (b) the angular (¥) and (c) the torsional (0) distortions.
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The stronger distortion in Br-rich compositions likely arises
from their predominant 2D octahedral connectivity, which
imposes cooperative tilting and bond-angle adjustments across
extended layers. This contrasts with the 0D dimeric arrangement
that is characteristic of the I-rich end of the series, where geometric
relaxation is more localized and distortion is correspondingly
reduced. The observed trend in octahedral distortion appears to
facilitate the mechanisms necessary for understanding the phase
stability, thereby influencing the overall physical and chemical
propertties of the system. These findings show a strong correlation
between structural distortion and phase stability trends.

Electronic and transport properties of Cs;Bi,X, compounds

We characterize the electronic structure of the investigated
compounds with band structure calculations and projected
density of states (pDOS). We have tested different combinations
of basis sets and functionals to find the best performing level of
theory for accurately predicting the electronic features of these
compounds. We also performed some tests accounting for the
relativistic spin orbit coupling (SOC) correction, which can be
important when dealing with heavy atoms like Bi and late
halides. Bandgaps obtained for the two pristine single phases
with different basis set/functional choices are reported in Table 1.

Results suggest an underestimation of the experimental
values when using the PBE functional with the light basis set.
On the other hand, increasing the basis set size while keeping the
same functional leads to an overestimation of the bandgaps for

Table 1 Band gap values calculated with different basis sets/functional
choices for the pure phases of the single halogen compounds. In all
calculations, 12 x 12 x 6 and 12 x 12 x 12 k-point grids are used for |-
and Br-based compounds, respectively. Experimental values are reported
in the last row for comparison

Bandgaps (eV)

Basis set/Functional Cs;Bi,lg Cs;Bi,Bry
Light/PBE 1.80 2.30
Intermediate/PBE 2.31 2.95
Light/HSE06 2.32 2.95
Intermediate/HSE06 + SOC 2.15 2.48
Experimental 2.00%¢7 2.64°%72
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both compounds. The best results are obtained with the hybrid
HSEO06 functional with intermediate basis set and by accounting
SOC. The use of SOC probably decreases the energy of the CB
populated by the Bi state, the most affected by SOC, together with
halogen states. For these reasons, the electronic structure is
investigated at this level of theory, considering denser k-point
grids for the two compounds, namely 12 x 12 x 12 and 12 x
12 x 6 for Br- and I-based compounds, respectively. This approach
strikes a good balance between accuracy and computational cost
without resorting to more sophisticated methods like GoW,.”°

Fig. 3a displays the band structure calculated for the
Cs;Biyly system along the high-symmetry k-point path: I' (0,
0, 0), M (0.5, 0, 0), K (0.333, 0.333, 0), I" (0, 0, 0), A (0, 0, 0.5), L
(0.5, 0, 0.5), H (0.333, 0.333, 0.5), A (0, 0, 0.5), M (0.5, 0, 0), H
(0.333, 0.333, 0.5). The results indicate that the system exhibits
an indirect bandgap with a value of 2.14 eV, occurring between
the I' — K points. These findings are consistent with previously
reported results for the same material.>*”*7*

For the Cs;Bi,Bry system, the k-path includes the same high-
symmetry points as the previous system. As shown in Fig. 3b,
this system also exhibits an indirect bandgap (2.48 eV), occur-
ring between a point in the K-I' segment and the A point,
aligning with previously reported findings.”>”®

The analysis of the projected density of states (pDOS), also
reported in Fig. 3, indicates the significant participation of the
halogen orbitals (Br and I) in the region of the occupied bands.
In the region of the unoccupied bands, there is evidence of a
notable contribution of both bismuth and halogen atoms, with
bismuth having a greater participation in the bands close to the
Fermi level. This behavior suggests a strong hybridization
between the orbitals of these atoms. This interaction contri-
butes to the stability of the bond and affects the optical and
electronic properties of the material, making it relevant for
various technological applications.

We calculate the band gap and effective masses for holes
and electrons at varying bromine content using the same level
of theory. The results for these properties are presented in
Fig. 4: the band-gap data exhibit an almost linear increase with
bromine incorporation. At the atomistic level, the band gap
increases when Br substitutes I mainly because of the different

b)

— Bi
Cs
— Br

E'EF (eV)

20 30 40 50
pDOS (a.u)

Fig. 3 Band structure calculated at HSE06 + SOC level of theory for (a) Cs3Bizlg and (b) Cs3Bi,Brg. Green circles connect points in which the VBM to

CBM transition is observed.
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Fig. 4 (a) Bandgap values calculated at HSEQ6 level of theory in all the mixed halide compositions investigated. Electron (b) and hole (c) effective masses

calculated from band structures of the mixed I/Br systems, within the parabolic band approximation. Masses are referred to the rest mass of the electron.

electronic character of the halogen p orbitals. In Cs;Bi,lg, the
valence band maximum (VBM) is largely dominated by I-5p
orbitals, which are relatively high in energy due to iodine’s lower
electronegativity and larger size. When I is replaced by Br, these are
substituted with Br-4p orbitals, which are lower in energy because
bromine is more electronegative and its orbitals are more tightly
bound. As a result, the VBM shifts downward (to lower energy).
The conduction band minimum (CBM), mainly derived from Bi-6p
states, is much less affected. This asymmetric shift leads to an
overall widening of the band gap. In short, replacing I with Br
stabilizes (lowers) the valence band due to deeper Br-p orbitals. We
also found a marked decrease near 40% Br that cannot be
explained by a simple compositional trend. This deviation origi-
nates from the fact that the Cs;Bi,Xy system does not maintain a
single crystallographic framework across the full halide range. At
intermediate compositions, the material lies at the boundary
between the 0D dimer-based structure and the layered 2D struc-
ture, and the optimized geometries at these ratios inevitably relax
toward different structural minima. Because these configurations
possess intrinsically distinct electronic structures, particularly in
terms of dimensionality, orbital overlap, and Bi-X connectivity, the
band gaps extracted in this regime effectively represent two
different phases rather than a continuous solid solution. The
apparent reduction in band gap is therefore not an intrinsic
bowing effect but a consequence of sampling mixed-phase config-
urations, reflecting a change in the dominant structural motif
rather than any anomalous electronic behavior. We note that the
stronger band gap bowing reported for nanocrystals by Ghosh for
is likely enhanced by quantum confinement effects, whereas our
calculations correspond to the bulk limit.*’

Effective mass of the electrons and holes

Effective masses are very useful quantities to assess the charge
carrier transport in a system. Hole and electron’s effective
masses can be estimated, within a parabolic band approxi-
mation, through the following expression:

b {azsuc)} B

=1 (@)

where 71 is the reduced Planck constant, k is the wavevector in
different directions, and ¢(k) represents the energy of the valence
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and conduction bands for holes and electrons, respectively. The

(k)

values of e

are estimated from the band structure plots (Fig.

S2) using the finite differences fit technique, as implemented in
the effinass software package.®® The analysis of the band structure
reveals that both systems exhibit much flatter valence band
maxima (VBM) compared to their conduction band minima
(CBM). This observation suggests that holes are likely to have
higher effective masses and be more localized than electrons.

The average effective masses along the different k-directions
of the holes are 0.831m; and 1.017m;j; y for the I and Br systems,
respectively, while the corresponding values for electrons are
0.424m? and 0.385m} for I and Br systems, respectively. These
findings indicate that both materials exhibit a higher mobility
for electrons compared to hole mobility. Our results align well
with previously reported values in the literature, 7778

We calculate the hole and electron effective masses for each
composition, ie. we start from the pure Iodine phase and
calculate the effective masses at varying Br percentage. The
values for the electron effective masses (Fig. 4b) are similar for
all evaluated compositions ranging from 0.29 to 0.47. This
behavior aligns with expectations, given that the conduction
band is not significantly influenced by the halogen species.

Conversely, the hole effective masses (Fig. 4c) exhibit a
pronounced increase beyond 40% Br content. This behavior is
intrinsically linked to the electronic structure of the material:
for Br contents below 40%, the valence band is predominantly
composed of iodine-derived orbitals, whereas at higher Br
concentrations, bromine orbitals become dominant (Fig. S2).
The observed increase in hole effective mass can be attributed to
the strong self-trapping of photogenerated holes by Br atoms, an
effect that has been previously documented in the literature.”
This phenomenon underscores the impact of halogen substitu-
tion on the electronic transport properties, particularly in the
context of charge localization and mobility, which are critical
factors for the performance of optoelectronic applications.

In recent studies, two specific compositions have been
predominantly highlighted as optimal for charge transport in
Cs-based bismuth halide perovskites. Sun et al.*’ identified
Cs;3Bi,IBr; as the most effective structure for charge transport,
while more recently, Li et al.®® reported that Cs;Bi,IgBr; exhibits
superior electron mobility among the studied compositions.
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Here, we identify two compositions with the lowest and closely
matched effective masses for charge carriers (Fig. 4c), occurring at
10% and 30% Br content, respectively. These values are consistent
with the aforementioned experimental findings. Li et al. attributed
the increase in effective mass to a phase transition, which we also
predict indirectly; however, in our case, this occurs at approxi-
mately 30% Br content, as mentioned earlier. The improvement in
mobility could be related to a slight decrease in distortion para-
meters. Our observation of a change in phase stability order aligns
more closely with the composition reported by Sun et al., as well as
with other experimental studies that have documented a phase
transition near 30% Br content. These results demonstrate the
importance not only of the phase but also of the system’s
composition, and the structural changes that occur within the
system at each composition, which broadly determine the electro-
nic and optical properties of this material.

Conclusions

Here we report a first-principles investigation on the structural and
electronic properties of the endpoint compounds Cs;Bi,ls and
Cs;Bi,Bry, promising materials for photovoltaic and photocatalytic
applications, and of their iodine-bromine solid solution. In parti-
cular, we address the role of halogen mixing as a strategy for
tuning their electronic features for potential optoelectronic appli-
cations. We focus specifically on the phase equilibria upon halo-
gen mixing and our calculations predict a change in phase stability
order at about 30% bromine doping, with the iodine phase (P65/
mmc) being most stable below 30% Br, while the bromine phase (P-
3m1) dominating beyond 40% Br, in agreement with recent
experimental findings.®*®” A thorough structural analysis allows
assessing the octahedral distortion as the main structural para-
meter acting as driving force for the phase transition. We observe a
decrease of the Bi-X bond length with increasing Br content,
leading to a decrease of the unit cell volume.

While our results are consistent with experimentally reported
phase stability crossover at intermediate Br concentrations (~ 30-
40%), the primary contribution of this work lies in providing a
microscopic structural interpretation of this behavior. In particular,
we demonstrate that octahedral distortion descriptors ({, 2, and 6)
serve as robust quantitative indicators of structural instability and
play a central role in driving the phase transition. The systematic
evolution of these parameters with composition reveals a clear
structural mechanism underlying the crossover, rather than a
purely compositional effect. This establishes a direct link between
local geometric distortions and macroscopic phase behavior.

More broadly, our findings highlight octahedral distortion
metrics as general predictive descriptors for phase stability in
halide-based materials, providing a framework that may be
extended to related systems where subtle structural effects
govern phase competition.

The electronic structures of both the pure Cs;Bi,l; and
Cs;Bi,Bry exhibit indirect band gaps, with values of 2.14 eV and
2.48 eV, respectively, obtained using the HSE06 hybrid functional
including spin-orbit coupling (SOC). These results align closely
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with experimental values and highlight the importance of incor-
porating SOC for systems containing heavy elements like bismuth.
The significant contribution of SOC to the electronic structure,
especially in the conduction band, emphasizes its necessity for
accurately describing relativistic effects in such materials. The
projected density of states (pDOS) analysis reveals strong hybri-
dization between the orbitals of bismuth and halogen atoms,
which significantly influences the materials’ stability as well as
their physico-chemical properties. The valence band is domi-
nated by halogen orbitals, while the conduction band shows
contributions from both bismuth and halogens, with bismuth
playing a prominent role near the Fermi level. This hybridiza-
tion not only stabilizes the crystal structure but also enhances
its potential for optoelectronic applications.

The bandgap is also affected by changes in the bromine
content, and we find a correlation of the bandgap trend with the
experimental data, with the band gap increasing with Br con-
tent, except during the transitional phase (40-50%Br).

Regarding charge transport in the two materials and the
effect of halogen mixing on the effective masses of charge carriers,
our band structure calculations reveal that both systems exhibit
flatter valence band maxima (VBM) compared to their conduction
band minima (CBM), suggesting that holes are more localized and
exhibit higher effective masses than electrons, which indicates
significantly greater electron mobility than hole mobility in both
materials. In other words, the low effective masses of electrons
imply that they are less localized and can contribute more
effectively to charge transport, which is a key feature for various
applications. Effective mass analysis shows nearly constant elec-
tron masses across compositions, while hole masses increase
beyond 50% Br due to self-trapping by Br atoms.”*°

Overall, our findings highlight the impact of halogen com-
position on structural, electronic, and transport properties,
offering valuable insights for tuning material properties in
halide perovskite-inspired materials for different potential
optoelectronic applications.
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