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Density functional theory (DFT) serves as a first-principles method to thoroughly investigate the stability of the structure and analyse
the electronic, optical, and thermal characteristics of two-dimensional bismuth tribromide (2D BiBr3). Ab-initio molecular dynamic
(AIMD) simulations reveal that the structure is thermally stable at 300 K. The BiBr3 behaves as a semiconductor with a 2.84 eV band
gap according to its electronic band structure and partial density of state (PDOS) analysis. Optical characterisation reveals that BiBr3
has strong interactions in visible and ultraviolet wavelength domains, which shows its potential in the next-generation of optical and
optoelectronic devices. A remarkable Seebeck value estimated via Boltzmann transport calculations, highlights the promise of BiBr3
in low-temperature thermoelectric management. This investigation implies temperature-driven power factor improvement, peaking at
3.25 x10'2 W/K?-cm-s at 300K. The BiBr3 exhibits moderate heat capacity at intermediate to high temperatures while keeping very
low thermal conductivity. This highlights its ability to effectively manage heat and serve as an insulator in various applications. The
detailed results show that 2D BiBr3 is a potentially favorable material with diverse possibilities in most technological applications.
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1. INTRODUCTION

Andre Geim and Konstantin Novoselov made an extraordinary discovery of graphene through their conventional
mechanical exfoliation process known as the ”Scotch tape method” in 2004. This discovery started the exploration of
two-dimensional (2D) materials. A breakthrough in materials research is sparked by graphene, just one sheet of atoms of
carbon organized in a hexagonal lattice, which demonstrated remarkable hardness, thermal characteristics, and electrical
conductivity. After discovering graphene, scientists look for more 2D substances with special features. Molybdenum
disulfide (MoS,) is one example of a transitional metals dichalcogenide (TMD), a family of semiconducting materials
having adjustable optical and electronic characteristics. Additional types of 2D materials follow these [1, 2].

In the past few years, the interest in 2D compounds is increasing because of their distinctive characteristics and
prospective uses. Black phosphorus, Hexagonal Nitride of Boron (h-BN), and other metallic halides are among the 2D
materials, their outstanding electronic characteristics and their use in future technology have made them an intriguing group
of materials. The lower dimension of 2D structures results in enhanced carriers mobility, adjustable band structures, and
quantum-confined effects, which in turn cause the spacial electronic behavior. Following an analysis of the electronic band
structures of the crystals by electronic band structure, estimated band gap, and DOS revealed that Mg3;BiBr; exhibits
semiconductor behavior [3, 4, 5].

An instance of the halide family, bismuth tribromide BiBr3 is developed into a centre of scrutiny over the last decades.
Achieving plenty of recognition due to its exceptional properties than its potential applications, setting up such a hybrid
framework will enable the efficient calculation of a wide range of materials features, including thermal conductivity,
electronic behavior, and optical properties, making it an appealing candidate for photovoltaics and light-emitting diodes,
particularly in the fields of materials science and optoelectronics. Moreover, BiBrs shows potential for eco-friendly
solutions in next generation energy devices as a lead-free substitute for conventional perovskites. Triple bromine Br atoms
coordinated the bismuth Bi atom in BiBr; to produce a deformed octahedral shape in a (+3) oxidized state. Because
the Bi*? ion has just one pair of electrons, the deformation is caused by unequal bond lengths and angles, because it
introduces hybridization effects that affect the position of the valence and conduction bands, this stereochemical activity
has a substantial impact on the electronic characteristics [6, 7, 8].

BiBrj3 requires thermal stability to be employed in a variety of circumstances. According to DFT calculations, BiBr3
has a sufficiently stable structure under ambient circumstances, which is important for device sustainability and stability in
real-world situations as well as efficiency of the device. Theoretical research implies that Bil3 in a crystalline-monolayer
form would have less stability when compared to BiBrz. BiBr3 has been studied for its electronic characteristics, such as
band structure and density of state, to better understand material characteristics. The indirect band gap of BiBr3 is around
2.84 eV, positioning it in the visible to ultraviolet wavelengths. BiBr3 has strong optical characteristics, such as UV-visible
absorption of light and its high refractive index, they can lead to an enhancement of solar cell performance. Its optical
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band gap and absorption coefficients make it a promising option for use in solar energy harvesting devices, BiBr; has a
large dielectric constant, indicating the ability to storage electrical energy in an electrostatic field [9, 10, 11].

In terms of thermoelectric properties, DFT has emerged as a popular computational approach for studying 2D materials
on an atomic scale, which gives information on numerous thermoelectric parameters such as the seebeck coeffcient, S,
elecrical conductivity, o, electronic thermal conductivity, «, and the power factor, PF, of the system. They are chemical
potential-dependent and temperature-dependent behaviors that indicate the components leading to their thermal resilience.
In solar cell device, BiBr3 being a lead-free material has been investigated as a safer alternative[12, 13].

Limitations such as incomplete characterisation and insufficient examination of the properties have plagued studies
of BiBr3. This work attempts to fill these gaps by conducting a comprehensive and in-depth assessment of BiBr3, which
can provide a deeper understanding of its characteristics and its uses. This study uses DFT to analyse the stability,
thermal, electronic, and optical characteristics of the BiBr3; structure. DFT provides an excellent basis for studying the
electronic structure of BiBrj at the atomic level, allowing precise predictions of its behaviour in many applications. We
utilize AIMD to examine BiBr3’s thermal stability and potential tolerance for heat by simulating its thermal properties.
While optical feature computation suggests great potential for usage in a range of several areas, also, understanding the
light-matter interaction is critical because it allows us to optimise materials for specific uses. Applying BoltzTraP to the
Boltzmann transport framework, the thermoelectric performance at low temperatures and the heat capacity, phonon group
velocity and lattice thermal conductivity at high temperatures are investigated [5, 14, 15, 16, 17].

2. METHODS AND COMPUTATIONAL TOOLS

We examine a two-dimensional unit cell of BiBrs with space group P2/c consisting of 16 atoms. Quantum espresso
utilizes the projector augmented wave (PAW) framework for conducting first-principles calculations. Furthermore, the
GGA (generalized gradient approximation) is employed as a method to compute exchange and correlation terms when
using PBE conceptual framework. A convergence test establishes the suitable kinetic energy cutoff for Brillouin zone
sampling through testing. A combination of a 7 X 7 X 3 Monkhorst-Pack k-point grid and a 45 Ry plane-wave cutoff is used
as the computational parameters. The nscf calculations require a denser k-point grid of 50 x 50 x 5 for their execution. Unit
cell and atomic arrangements undergo structural relaxation through the relax and vc-relax modes to determine optimal
structures suitable for detailed analysis. The relaxation energy reaches convergence at 4 x 1077 eV [17, 18].

The AIMD simulation run tests thermal stability on a unit cell maintained at 300 K for 5 ps. Structure undergo analysis
of their electronic and optical characteristics when they reach full relaxation, where stress are less than 6x10~* eV/A. The
analysis of electronic transport characteristics employs BoltzTraP, which applies Boltzmann transport equations to constant
relaxation time condition, important characteristics including the seebeck,S, electrical conductivity, thermal conductivity
of electron, and power factor are calculated. Phonopy program calculates entropy and heat capacity by appling the
small displacement approach [19]. The Phono3py software is used to calculate the conductivity of lattice vibration and
group velocity, employing a g-point mesh of 10x10x7. XCRYSDEN and BURI 1.3. are used to visualize and design
structures, as well as to improve our understanding of material characteristics by assuring correct modeling and guiding
investigations [12, 20, 21].

3. RESULTS
This part discusses the results of the stability, electronic, optical, and thermal properties of the 2D BiBrj3 structure.

3.1. Geometric properties

The BiBr; crystallizes as a structure that is monoclinic in the P21/c space group, arranged in a two-dimensional form.
In this arrangement, every bismuth (Bi*) ion is linked to by triple bromine (Br~) ions, giving rise to edge-sharing BiBr;3
octahedra. Modeling simulations to determine the electronic, thermal, and optical characteristics of BiBr; needs accurate
descriptions of geometric aspects, including unit cell, lattice constants, and lengths of bond. Geometric variation factors
significantly influence the electronic band structure, phonon dispersion, and optical response, emphasizing the need for
computational studies that include an accurate assessment of the atomic configuration [22, 23].

After fully relaxed structure, the lattice constants are a = 7.40A, b = 12.79A, the z vacuum distance is assumed to be
¢ =7.69 A, and the Bi-Br bond length is found to be 2.90 A. They are decsribing the arrangement of atoms in a unit cell.
The Fig. 1(a),(b) depicts the top and side perspectives of the structure. The study analyzes the characteristics of BiBr3 by
utilizing a relaxation structure-optimized lattice parameter. The findings are consistent with reported data [24].

3.2. Stability

We evaluate formation energy to ensure that the structure becomes energetically stable. The formation energy of
a BiBr; material refers to the overall energy required to develop it based on its separate components in their normal
states. Negative formation energy means that the material energetically is great stable, whereas positive formation energy
demonstrates the fact that the material is unstable and might degradation, the BiBr; becomes energiticaly excellent stable
at lattice distance of 7.40 A due to its minimum negative formation energy of -2.45 eV [25].
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(a)Top view

(b) Side view

HALLALE,

Figure 1. Structure of 2D BiBr3; from top view (a), and side view (b).

To evaluate the thermal stability of BiBr3, we are applied AIMD to compute temperature and total energy versus
time (5 ps) in a unit cell at 300 K. The temperature variation increases somewhat at the start of the simulation due to the
structure requires only a brief amount of time for reaching equilibrium. Then the fluctuation becomes roughly constant
throughout time, indicating that the structure has achieved stability and it is in an equilibrium phase. Additionally, the
temperature profile varies little during the simulation, indicating that heat transport is restricted by a BiBr3 structure as
seen in Fig. 2(a) . We are noticed no substantial structural disturbances or bond breaks, this corresponding to the system
remain stable.

The energy fluctuations of roughly 0.22 Ry, which is inside the range reported in earlier. The BiBr3 structure showed
no substantial energetic changes throughout the simulation period, thus avoiding any structural deformation. It is apparent
that there is no structural change in terms of energy as illustrates in Fig. 2(b). BiBr; may have an extremely rigid lattice
structure or strong bonds due to its low (temperature and energy) fluctuations. These little fluctuations demonstrate that
phase transitions or breakdowns do not take place with time. BiBr3 is stable and crucial for structural integrity. AIMD
simulations provide a useful foundation for testing structural stability [26, 27].
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Figure 2. The flactuation of temperature (a), and energy (b) versus time during the AIMD simulation.

3.3. Electronic properties

We first calculated BiBr3’s thermal stability through analysis, then, the electronic properties of BiBr3 are computed.
It mostly depends on band structure and partial DOS, which are computed along the path '-Y—-M—K—H—X. Both
are referenced to the same energy level where Fermi energy is taken to be zero, these are shown in Fig. 3 and Fig. 4.
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The BiBr; material exhibits indirect bandgap characteristics because its electronic states are unevenly distributed across
the band structure. The valence band’s maximum (VBM) is located at the X point and the conduction band minimum
(CBM) at the Y point, giving an indirect band gap. In these situations, the transition between the VBM and CBM requires
a change in energy as well as momentum. This condition decreases the propensity of direct photon-induced transitions,
since phonons are required to achieve momentum conservation. As a consequence, the optoelectronic transition of the
material is inherently dictated by the indirect nature of the gap. Fig. 3 shows that the GGA-PBE functional may potentially
underestimate the calculated indirect band gap of 2.84 eV. This underestimation is due to the fact that standard DFT
that is based on semi-local exchange-correlation functionals is incomplete when it comes to the discontinuity in the
exchange-correlation potential and tends to delocalize the electron densities [28].

The obtained band structure of BiBrj is not flat, which points to the high dispersion, delocalized electronic states, and
to the strong variations of energy levels with momentum. The degree of band dispersion is proportional to the effective

-1
> ‘Z%) . In such a way, the dispersive character of the band structure of BiBr3, implies

quite delocalized electrons and holes, resulting in a higher efficiency of the charge transport. The electronic band structure
is determined by the arrangement of the atoms, which is significant in establishing its characteristics. Lower symmetry in
BiBr3; causes energy bands to spread widely due to fewer degenerate energy levels and generates substantial band gap, from
this perception, this arrangement is not fully symmetrical in a high-symmetry sense, because there are some imperfections.
Its depends on the specific observation or crystal phase [29].

mass of charged carrier, m* =

E-Eg (eV)

Figure 3. The electronic band structure of 2D BiBr3, with the Fermi level referenced at zero energy.
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Figure 4. Project density of states (PDOS) and total density of state of 2D BiBr; material as obtained with DFT
calculations.

A PDOS calculation is conducted for the constituent elements in the energy range of (-3 to 4.5) eV, highlighting their
orbital contributions to the band structure, which is essential for a comprehensive understanding of bonding properties,
as illustrated in Fig. 4. The predominance of Br-p orbitals in the valence band (VB) indicates a strong ionic character,
stemming from the robust interaction between the bismuth and bromine atoms. Conversely, in the conduction band (CB),
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Bi-p orbitals significantly influence both the electronic and optical characteristics of BiBr;. The considerable electronic
character separation between the Br and Bi atoms suggests the ionic nature of bonding in BiBrs. Additionally, the band
gap varies from O to 2.83 €V, indicating that the PDOS is zero due to the absence of allowed electronic states [30].

We are noticed that the two atomic orbitals involved in the reaction (Bi-p and Br-p) remained distinct due to the
orbitals do not normally hybridize. The orbitals work independently without mixed and retain their original features,
resulting in a localized disposition in states. The projected density of states (PDOS) calculations show a weak contribution
from Bi-s and Br-s orbitals, as these states are at lower energies compared to the p orbitals, which limits their involvement
in bonding. In heavy-element compounds, relativistic effects and the larger principal quantum number make s orbitals
more contracted and lower in energy, further decreasing their overlap with nearby orbitals. As a result, these s orbitals
play a minor role in the bonding framework. Conversely, the Bi-p and Br-p orbitals, which are higher in energy and
more spatially extended, primarily drive the bonding interactions, forming the main electronic coupling in the system. In
conclusion, BiBr3; has an indirect band gap of about 2.84 eV that is smaller compared to that obtained in Bi4Og, reported
as 3.12 eV [31].

3.4. Optical properties

This section analyzes optical characteristics (dielectric (&), absorption coefficient (@), and optical conductivity of
2D BiBr3 shape based on Random Phase Approximation (RPA) across the Brillouin zone with dense mesh grid points at
span of energy (0-10 )eV. These characteristics describe how a material responds to incoming electromagnetic spectrum.
BiBr3’s optical properties can be helpful for a variety of applications. The Fig. 5 shows how dielectric behavior changes
with photon energy under both perpendicular (E,) and parallel (E,) electric field conditions [32].

Re (€)

Imag(e)

0 2 4 6 8 10
Energy (eV)

Figure 5. Real part, Re(e), and Imaginary part, Imag(e), of the dielectric function of 2D BiBrj3 in parallel, E, (red) and
perpendicular, E, (blue) applied electric field.

It is noteworthy that the results in the x- and y-polarized electric field are comparable showing symmetric optical
response of BiBr;. However, the interactions varies in the electric field x-polarization and z-polarization, owing to weak
anisotropic structure. The real part Re(g) refers to the active aspect of structures that respond to electrical energy storage.
The stationary dielectric function is 4.9 and 4.7 at zero photon energy for E,, E, respectively. This suggests that BiBr3
exhibits strong polarization behavior or is easily polarizable, because of the their atoms are less sensitive to electric fields.
The material displays its strongest response at around 3 eV. This occurs at particular photon energies where the electrons
in the valence band can be polarized most efficiently by the incident electromagnetic field, typically around the point of
interband transitions, the substance exhibits a robust electrical energy storage capacity when observed from this standpoint.
At frequencies higher than this, the electrons are no longer able to respond in a meaningful way to the rapidly varying
electromagnetic field, and Re(e) will begin to drop. Around 4 €V, the material attains plasmonic behavior because the
Re(e) becomes negative due to the collective electron oscillation, making the material useful for plasmonic applications,
at this point the material does not support propagating wave [33].

The imaginary part of dielectric reacte to a various frequncies, seen in Fig. 5(b). The Imag(e) of the dielectric
function corresponding to how much energy material absorbs. At low frequencies the static value of Imag(e) is almost
equal to zero since there is insufficient energy in the photons at low frequencies to excite electrons across the band gap.
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As the energy of photons is successively increased and passes beyond the band gap threshold, Imag(e) rises sharply
because allowed electronic transitions between the valence band and the conduction band can then occur. Peaks at certain
energies can be seen, each one being due to a strong optical transition at a critical point in the electronic band structure
where the joint density of states is large. Their peaks represent the energy bands at which photon energy absorption is
maximum. At higher photon energies Imag(e) is gradually decreased due to lowering probability of additional elctronic
excitations, and the electrons cannot react to the fast oscillations of the external field anymore. The Imag(e) shares a
connection with shielding capabilities through electromagnetic screening mechanisms present in materials. Shielding
strength increases while Imag(e) value increases and vice versa. Therefore the general tendency of Imag(e) , which
begins at nearly zero, increases with energy, reaches maxima associated with characteristic transitions, and decays at high
frequencies, characterizes the primary absorption response of the substance [34].

Optical conductivity, descibes a material’s capacity to transmit electric current under an oscillating an electric field.
The optical conductivity varies significantly with respect to photon energy as it is illustrated in Fig. 6. The key point is,
the optical conductivity in the range energy (0-2.82) eV dis effectively zero, because there aren’t many electronic states
accessible for optical transitions. Also, it is denoted as the optical band gap. The transition from the valence to the
conduction band appears clearly with the maximum optical conductivity of BiBr; happening at 4.1 eV, the material shows
strong light-absorbing properties and transition abilities that function at multiple photon frequencies. The photon energy
surpassing the band gap plays a vital role in determining the total transition strength and involvement of most interband
transitions. Multiple allowable transitions contribute to the observed peak. This information allows us to comprehend
charge transfer patterns, which are required by developers for the production of storage device applications. Although
photons with more energy can potentially cause promotion across larger energy gaps, the number of available and strongly
coupled transitions is reduced. Optical coupling becomes weaker as the reduced joint density of states, which leads directly
to a reduced optical conductivity at high energy photons [35].

The refractive index, n, of a substance is a dimensionless number that defines the way light travels through material
as displays in Fig. 6, and its govens phase velocity and dispersion. BiBr3 refractive index varies with wavelengths due to
frequency-dependent refractive index. The static n is 2.24 at zero photon energy, indicating the material strongly respond
to electric field. At low photon energies (below the band gap), no interband transitions happen, so Imag(e)= 0, and Re (¢)
remains fairly constant. As a result, the refractive index stays nearly the same. Beyond this point the refractive index grows
smoothly because the light phase velocity decreases and normal dispersion. Then at 4 €V, the refractive index gradually
reduces because the energy of the photon is more than the band gap of the material, leading to the saturation absorption
of the material, As photon energy rises, the oscillation becomes too rapid for bound electrons to react effectively. Then,
the Polarisation weakens and declines, resulting in a reduction of n is occur [36].

Refractive index

Optical conductivity

0 2 4 6 8 10
Energy (eV)

Figure 6. Optical conductivity (red), and refractive index (blue) of 2D BiBr3 in external electric field.

The absorption coeflicient @ governs a material’s ability to absorb photons at various of energy as illustrated Fig. 7.
The « value starts at zero during the initial part of the curve since the photon energy lacks sufficient power to promote
carriers from VB to CB. A steep rise in @ occurs when photon energy matches the band gap energy, which is roughly 2.83
eV, corresponding to the Imag(e) curve. Analysis indicates the structure demonstrates a distinct absorption peak at around
4.5 eV that belongs to the UV spectrum. The detection of VIS and UV light through this curve is essential for solar enegy
applications. BiBr3 has the capacity to absorb in the VIS to extreme-UV spectrum. At extremely high photon energies,
the absorption coefficient decrease, mostly because the material no longer has accessible states for electronic transitions
at that range of wavelength and he available electronic states become less responsive to photons carrying higher amounts
of energy and result in decreased absorption capability [37].

The reflectivity of BiBrj is displayed in Fig. 7. From 0.0 eV to 2.74 €V, the reflectivity has a value of nearly 0.15%.
At low photon energies (below the band gap), the free-electron dielectric response is weak. This means the material
doesn’t effectively reflect light, leading to very low reflectivity in that range. As photon energy increases above the band
gap, reflectivity rises-potentially reaching values as high as 57% on average. This is because electrons can oscillate more
strongly in response to the light. The reflectivity can be reduced to levels almost reaching zero at hight frequency. At
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this photon energy, the incident light is extremely transparent through it, as reflection is suppressed and absorption is
negligible. Provided that this happens at around 7 eV, the material would effectively look transparent in that very limited
ultraviolet wavelength. From this analysis, this material can be used as shielding in the UV range.
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Figure 7. The absorption coefficient,a, (red) and reflectivity (blue) of BiBr3; as a function of the energy of the photon in
the presence of external electric field.

3.5. Thermal properties

The thermal properties will be analyzed through two unique temperature ranges known as low temperature and
intermediate of high temperature. The analysis of electronic thermal response in materials under low-temperature
conditions serves to determine fundamental thermoelectric parameters consisting of S, o, «, and PF as a function of
chemical potential with energy of Fermi set to zero. BiBr; supports exceptional thermoelectric stability through Seebeck
coefficient calculation across the studied temperature conditions, as shown in Fig. 8(a). The directional aspect of the
Seebeck coeflicient constitutes a crucial property for understanding material behavior. The sign of S reveals which charge
carriers predominate in a material since positive S values indicate holes whereas negative S values indicate electrons. A
thermal gradient operating near the Er with § > 0 indicates holes act as dominant charge carriers through which heat
transfer occurs by hot holes diffusing toward the cold region. Electron transport between the hot and cold sides results in
negative S, indicating the presence of CB [38].
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Figure 8. The Seebeck coeflicient (a), electrical conductivity,the y-axis is scaled in a logarithms form (b),electronic
thermal conductivity « (c), power factor (d) of BiBr3 versus u-Ep for the different values of temperature. u refers to the
chemical potential.

The S value shows minimal change when the temperature rises from 100 to 200 K to 300 K since carrier density
changes little due to gradients density of states (GDS) and weak scattering. Under a range of chemical potentials from
-0.27 to 1.88 eV the S exhibits a plateaus region at 100 K where S equals zero because of unavailable band structure.
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Rising temperature causes plateaus to become smaller because carrier excitation becomes more straightforward, resulting
in increased sample smearing. The significant S value of BiBrs shows that it acts as a semiconductor material, and also
raises PF while aligning with its application potential for energy conversion [39].

The electrical conductivity, o, which is shown in Fig. 8(b) is plotted on a log scale because this will help to visualize
better and discover a trend where it would be difficult to achieve with a realistic scale. The o represents the flow of
charge carriers within a material. The o~ shows a strong correlation with chemical potential and temperature because these
factors affect carrier concentration and distribution. The Values of o that surround the VBM and CBM match the DOS
peaks observed in the VB and CB. The o occurs more efficiently in the CB compared to the VB because of differences
in charge carrier behavior and DOS. There exists no density of the state between CB and VB resulting in zero electrical
conductivity (null electrical). This state of affairs seems to favor the Seebeck effect. Electricity conductivity responds to
temperature variations that modify the number of active charge carriers in the material. When the temperature surpasses
zero the number of thermally excited electrons rises leading to increased smearing around the Fermi level that enhances
the value of o, which are roughly 10?! and 10?2 1/Q.cm.s for VB and CB respectively. An increase in o value tends to
increase power factor, which corresponds to photovoltaic increase efficiency, especially hybrid solar cell device.

The electronic thermal conductivity,k, which resembles the power factor pattern, is depicted in Fig. 8(c) in various
low temperatures. The « of BiBr3 through electrons depends on multiple variables like o~ behavior, carrier mobility and
temperature variations. The thermal transport behavior of this material heavily depends on electron-mediated thermal
conductivity. The value of « increases as temperature rises due to thermal excitation of electrons that creates additional
electron involvement in thermal transportation. The percentage values of « increase by 114% and 150% for VB and CB,
respectively, in the temperature range from 100 to 300 K based on Wiedemann—Franz law [40, 41]. The achievement of
full x may have been prevented by the occurrence of electron-electron collisions. Electron mobility changes because of
scattering, which affects the value of «, this interactions result in lower thermal conductivity levels . From this perspective,
the excellent thermal conductivity of BiBrs enhances heat dissipation, which preserves the temperature of solar cells while
increasing photovoltaic system efficiency and a long life [42, 43].

From the Fig. 8(d), the power factor of BiBr; depends on both chemical potential and temperature parameters for
evaluating the material’s charge carrier transport properties. A temperature increase shifts the chemical potential toward
band edge positions, so it changes carrier densities and affects transportation properties. Low power factor values occur
at low temperatures since carrier activation remains restricted. Still, as temperature increases leads to improved carrier
excitation, which boosts o and enhances S and that makes PF is high, the power factor shows its maximum value at
the band edges VBM or CBM because these areas maintain an ideal balance between Seebeck coefficient and electrical
conductivity and optimal carrier concentration. BiBrs demonstrates a better hole transport efficiency through the fact that
its valence band maintains higher power factor values than its conduction band. The high PF value serves excellently for
thermoelectric applications and it can be used as a hole transport layer in solar device energy [18].

After verifying thermal stability. At intermediate high temperature ranges, we analyze BiBr3’s thermal properties
through temperature-dependent measurements of heat capacity Cy and entropy, which appear in Fig. 9.
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Figure 9. Heat capacity (red) and entropy (blue) as a function of temperature of BiBr3.

BiBr3’s heat capacity increases with temperature because of the continual activation of phonon modes, which is
consistent with Debye’s T law (T < 300 K), where only low energy phonons contribute to heat capacity. Above 200 K,
many of the phonon modes in the low- and mid-frequency spectrum are already excited. Only high-frequency modes are
left to participate. Because these high-frequency modes must be excited with much greater energy, the heat capacity of the
system grows more slowly with temperature. Consequently, the specific heat becomes nearly constant at high temperatures,
this is referred to as the plateau region. The Cy of BiBrj3 exhibits moderate heat capacity, making it a potential candidate
for energy storage, which is (12.35 J/K.mol at 300 K per atom). Despite this trend, the heat capacity of BiBr; does not
attain the classical Dulong-Petit limit, even at elevated temperatures of 1000 K. This phenomenon can be attributed to an
inadequate phonon population that fails to saturate Cy to the classical limit. Additionally, it is possible that the vibrational
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modes in BiBr3; do not fully contribute to the heat capacity at high temperatures, a factor that may be influenced by the
presence of the heavy Bi atom [44, 45].

When temperatures reach a moderately high level the system entropy achieves an approximate value of 620 J/K-mol,
which demonstrates notable lattice disorder. The material performance under extreme conditions would be affected by the
elevated disorder since it impacts both structural quality and thermal characteristics. Complete randomness throughout the
crystal lattice corresponds to high entropy values. An increase in temperature triggers the combined effects of intensified
atomic vibrations and lattice defects and anharmonic interactions which create a disordered state in the lattice.

Lattice thermal conductivity is a measure of the efficiency of the heat conduction through a substance owing to lattice
vibration, specifically phonons. Phonons are the main carriers of thermal energy in semiconductors and insulators, as
shown in Fig. 10(a) [46]. The lattice thermal conductivity of BiBrj is temperature dependent. At a temperature of 200K,
the lattice usually reaches a maximum of 4.4 W/m.K, this is because the phonon population rises due to normal phonon
scattering (N-process) and does not disrupt heat flow much, as well as because of the high group velocity. At higher
temperatures, many of the high-frequency phonons transport the majority of the thermal energy and become active, and the
Umklapp scattering (U-process) dominates, phonons interact strongly and lose momentum, which reduces their capacity
in conducting heat. As a result, conductivity of heat is reduced [47]. Studies indicate that phonons significantly affect the
transfer of heat in various 2D monolayers, as demonstrated by research on other 2D materials [48, 49]. The BiBr3 exhibits
weak lattice thermal conductivity, which is attributed to the material properties that limit the phonon transport. Due to
the presence of the heavy Bi element, atom vibrations occur at very slow rates, ensuring that group phonon velocities are
reduced. This leads to reduced efficiency in the transport of heat. In short, BiBr3 has a moderate heat capacity as well as
low lattice thermal conductivity, rendering it a good thermal insulator.
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Figure 10. Lattice thermal conductivity (a), and group velocity (b) of BiBr3.

Thermal transport is governed by the group velocity because the lattice thermal conductivity is proportional to the
product of the phonon group velocity and the heat capacity. When the temperature rises, the lattice becomes softer,
and as a result, the group velocity of phonons reduces, leading to lower lattice thermal conductivity, the trend of this
behavior is reflected well based on the trends observed in BiBr; material, as can be seen in Fig. 10(a) and Fig. 10(b)
[50, 51]. Phonon group velocities are large in the low-frequency regime (acoustic), indicating a fast propagation of the
respective vibrational modes inside the BiBr3 structure, which corresponds well to the speed of sound in the material.
Conversely, at frequencies between (1-2) THz, the phonon group velocity remains mostly constant. This indicates that
vibrational speeds stay relatively steady or increase gradually in this high-frequency range, the atoms participate in highly
localized ’rattling” motions. The energy remains trapped there temporarily, which reduces thermal conductivity. Overall,
the thermal properties of BiBr; make it an interesting candidate in many thermal management applications, especially
when heat absorption and insulation play the most crucial role.

4. CONCLUSIONS

This study offers a comprehensive first-principles investigation of BiBr3, uncovering its diverse properties through the
DFT framework. The material exhibits exceptional thermal stability, maintaining structural integrity at high temperatures
with minimal energy fluctuations. The BiBrs material acts as a semiconductor with an indirect band gap of 2.84 eV.
Simultaneously, its optical interactions in the Vis-UV regions shows strong light absorption, making it a promising
candidate for energy harvesting and lead-free photovoltaic applications. However, it is highly reflected in the UV range,
which is roughly (59%). The large peak in the power factor and Seebeck indicates maximum transport efficiency at
room temperature, reflecting an optimal balance between electrical and thermal properties suitable for energy conversion
and thermal management. Its moderate heat capacity, remaining below the Dulong—Petit limit, combined with low
lattice thermal conductivity, further supports its potential as an insulating material. BiBr3’s unique electronic, optical,
and thermoelectric properties position it as an ideal material for next-generation optoelectronics, energy harvesting, and
thermal management applications.
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JOCIIAAKEHHA CTABUIBHOCTI, EJIEKTPOHHHUX, OIITUYHUX TA TEILJIOBUX BJIACTUBOCTEMN
JABOBUMIPHOI'O HAIIIBITPOBI/THUKA BiBr; 3A JIOIIOMOI'OIO DFT
Anrap Xycceiin [IIBan, Mampxkunaga Axi Amin, Apac Caim Maxmyn
Dizuunuii paxyavmem, Koneoowc oceimu, Yuisepcumem Cyneiimani, Cyneiimanis 46001, Kypoucman, Ipax

Teopis ¢pyskuionany ryctuau (DFT) citykuTh METOJOM MEPIINX MPUHIHIIIB 1JIs PETEIBHOTO JOCIiAKEHHS CTaOUTBHOCTI CTPYKTYPH Ta
aHAITI3y eJIeKTPOHHUX, ONTUYHKX Ta TEIJIOBUX XapaKTePHUCTUK ABOBUMIPHOro TpuOpomiay BicMyTy (2D BiBr3). MogemoBaHHs MOJIEKY-
JsipHOi AMHaMiKH ab-initio (AIMD) nokasye, 1o cTpykTypa € Tepmiuno cradinbHoio mpu 300 K. BiBr; moBoguThest SIK HariBIPOBiJHUK
i3 3a60poHEHO0I0 30HOI0 2,84 B 3rifgHO 3 HOro eNeKTPOHHOI 30HHOI0 CTPYKTYPOIO Ta aHali30M 4acTKoBoi ryctunu ctasiB (PDOS).
OnTryHa XapakTepUCTHKa Nokasye, 1o BiBr; Mae cuiibHi B3aeMopii y BUAUMOMY Ta yabTpadioleToBOMY Jiala30HaxX JOBXKHUH XBHIb,
IIO JIEMOHCTpPY€E HOro MOTEHIial y HACTYITHOMY IOKOJIHHI ONTHYHUX Ta ONTOETEKTPOHHUX NMpUcTpoiB. Uynose 3HaueHHs TepMoEPC,
OLIiHEHe 3a JOIOMOrOI0 PO3PaxyHKiB mepeHocy BosnblMana, migKpecioe nepcrekTuBHiCTh BiBrs y HU3bKOTEMIEpaTypHOMY TepMo-
eJleKTpu4IHOMY yripaBiinti. Lle mociipkeHHs mependadae MoKpaieHHs Koe(illieHTa MOTYKHOCTI, 3yMOBJICHOrO TEMIIEPATypoIo, sIKe
pocsrae miky B 3,25 x10'2 Br/K?-cm-c niput 300K. BiBr3 ieMOHCTpYE MOMipHY TEIIOEMHICTh NPH CEPE/IHIX Ta BUCOKHMX TEMIEPATypax,
30epiraloun 1pu bOMY Jy’ke HU3bKY TEIUIONpOoBigHiCTh. Lle miakpecioe ioro 31aTHicTh epeKTUBHO KepyBaTH TEIUIOM Ta CIIYXKUTH
130JIITOPOM Yy PI3HUX 3aCTOCYBaHHsX. JleTanbHi pe3yibTaTd MoKasyloTh, 10 2D BiBr3 € moTeHuiiHO CrpUsTAMBUM MaTepiajioM 3
Pi3HOMAaHI THUMH MOXJIMBOCTSIMU B O1JIBIIIOCTI TEXHOJIOTTYHUX 3aCTOCYBaHb.

KuarouoBi caoBa: cmpyxkmypa BiBrs; DFT: cmabinvhicmb; eaekmpoHHi Xapakmepucmuky, menaogi 6Aacmueocmi; OnmuuHi xapa-
KIepucmuxu


https://doi.org/10.1063/1.4824750
https://doi.org/10.1038/s41524-017-0046-7
https://doi.org/10.1039/d1cp01383a
https://doi.org/10.1021/acsomega.2c00785
https://doi.org/10.1038/s41467-020-16371-w
https://doi.org/10.7566/jpsj.92.012001

	Introduction
	Methods and Computational Tools
	Results
	Geometric properties
	Stability
	Electronic properties
	Optical properties 
	Thermal properties 

	Conclusions

