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This work systematically investigates the stability and electronic and thermoelectric characteristics of newly
discovered 2D Janus monolayers BiYZ (Y # Z = Te, Se and S) according to the first-principles theory. Janus
BiYZ monolayers are stable based on the AIMD simulations, positive phonon spectra plots and the evaluation
of elastic strain tensor. These monolayers show a high carrier mobility (~10° cm? V=* s7%) and an indirect
bandgap nature. The Janus monolayers BiTeSe, BiTeS and BiSeS show an ultralow lattice thermal
conductivity of 0.04 W m™t K™% 020 W m™* K™ and 0.02 W m~! K2, respectively, at room temperature.
Low lattice thermal conductivity is obtained due to a small phonon group velocity, high Gruneisen
parameter, small phonon relaxation time and significantly reduced phonon transport. The maximum ZT
values at 500 K reach up to 0.97, 0.60 and 1.78 for BiTeSe, BiSeS, and BiTeS monolayers, respectively. Our
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results suggest Janus BiYZ monolayers to be promising thermoelectric candidates due to their superior
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1. Introduction

Currently, there is a severe energy shortage issue in our
society." Resources like coal and gas are running low, and they
might be completely used up by 2050. Thus, there is a demand
for alternate, sustainable and green energy sources.” In
response to the higher demand for energy, researchers are
attempting to explore new energy resources for sustainable
and green energy to alleviate energy-related issues and avoid
environmental contamination.®* Renewable energy sources
such as sun, wind, heat, etc. are good for the environment
and alternatives to fossil fuels.

Thermoelectric (TE) materials can change the heat/thermal
energy of the sun or waste heat directly into electricity. These
materials are suitable for making efficient thermoelectric
devices for developing sustainable and green energy from waste
heat.® Thermoelectric devices offer several benefits such as
noiselessness, zero-emission, long service life,”® no moving parts,
accurate temperature control and the ability to function under
challenging circumstances.” Now the efficiency of TE materials is
figured out using a special formula: ZT = S*¢T/(i + K.), where ZT is
the figure of merit, T is the temperature, S depicts the Seebeck
coefficient, o represents the electrical conductivity, S°c denotes the
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thermal and electrical transport characteristics and subsequent strong thermoelectric performance.

power factor (PF), k; is the lattice thermal conductivity, and . is
the electron thermal conductivity. The x; should be low and ¢ and
S should be high for good thermoelectric materials.'® In the ideal
situation, reducing the x; would result in outstanding TE perfor-
mance without decreasing the PF values of TE materials.

After the synthesis of Janus MoSSe'! and Janus WSSe'> mono-
layers, other Janus 2D compounds have been the subject of
considerable investigation and attention toward thermal transport
characteristics."* In crystal formations, their mirror asymmetry
can reduce x; by increasing phonon anharmonicity."*™*° For
example, gallium chalcogenide-based Janus monolayers have been
demonstrated with x; ~ 11.95-26.16 W m~ " K~ ,'* significantly
lower than those of conventional monolayers such as GaS (1] ~
100 Wm 'K ') and GaSe (i; * 74 Wm ™" K ) at 300 K."” The ZT
value at 300 K of the Janus Al,STe monolayer is reported to be 1.38
(n-type), comparatively greater than those for conventional Al-
chalcogenide monolayers (ZT' ~ 0.52-0.59)."” Furthermore, the
Janus WSTe monolayer has a smaller «; than 2D WS,, leading to a
higher ZT at 1200 K of 2.56.'

Furthermore, several novel Janus monolayers like AsTeX (X =
Cl, Br and I),"® AsSBr,"® NiSX (X = O, Se and Te),*° In,XO (X = S,
Se and Te),>' HfX, (X =S, Se),”*> PdSX (X = Se and Te),** BiOCI**
and SbYZ (Y = S, Se; Z = Cl, Br and I)* with excellent thermo-
electric properties (ZT ~ 0.06-2.54 at ~300-900 K) have been
reported. Hence, the Janus materials with excellent thermal
and electron transport properties are suitable for advanced
thermoelectric applications.

Advancing past their binary counterparts, 2D ternary metal
chalcogenides® are becoming the next generation of 2D
semiconductors.*”*® In particular, ternary compounds based on
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bismuth, like bismuth oxychalcogenides (Bi,O,X where X = S, Se,
and Te), have been recently realized, and their extraordinary qualities
such as high carrier mobility and stability under ambient conditions
have drawn a lot of attention.?**° Additionally, recent experimental
research shows that bismuth oxyhalides (BiOX, where X = Cl, Br,
and 1) exhibit superior performance in energy harvesting applica-
tions because of their distinct electronic characteristics.*! Also, in
theoretical studies, BiOX (X = Cl, Br) has shown good thermoche-
mical stability.>* Another significant class of ternary frameworks
composed of bismuth is Janus bismuth chalcogenides Bi,X,Y (X =
Te, Se; Y = Te, Se, S), which have been shown to possess good energy
harvesting potential.*

This work is inspired by the previous explorations of pnictogen-
based dichalcogenide monolayers in a novel structure®* for opto-
electronic applications. We extensively studied the novel Janus
monolayers BiYZ (Y # Z = Te, Se and S) employing density
functional theory (DFT). The dynamical stability and thermal
stability of Janus BiYZ are confirmed by performing phonon
dispersion and ab initio molecular dynamics (AIMD) simulations.
We investigated the mechanical response for material stability. We
examined that 2D BiYZ exhibits high thermoelectric performance
having very low lattice thermal conductivity including electron-
phonon interaction mechanisms. In accordance with the deforma-
tion potential theory, these monolayers exhibit high carrier mobility.

2. Computational details

The current study uses the quantum espresso (QE) software® to
perform first-principles computations on Janus BiYZ monolayers
using density functional theory (DFT). To compute the exchange—
correlation energy, the GGA-PBE functional®® was utilized. The
valence electrons were described using potentials created by the
projected-augmented-wave (PAW) approach.®” The structures were
optimized with gamma (I') centered 12 x 12 x 1 k-meshes. The
electron convergence for energy and force was set at 10 % eV and
107 eV A™* respectively, for structure relaxation within a plane-
wave kinetic energy cutoff of 80 Ry. The z-direction was main-
tained at 20 A vacuum to avoid interactions between neighboring
images of supercell. Density functional perturbation theory
(DFPT) computations were performed using dynamical matrices
on 16 x 16 x 1 k-point mesh and 6 x 6 x 1 I'-centered g-point
grid to simulate the phonon dispersion spectra.*® AIMD calcula-
tions using a Nosé-Hoover thermostat®**® were performed with a
time step of 1 fs for 5000 fs. The thermoelectric transport
coefficients such as electron thermal conductivity (x.) and elec-
trical RTA (relaxation time approximation)*® were determined
using the BoltzTrap code! via semi-classical Boltzmann transport
equations (BTE). According to RTA, electronic thermal conductiv-
ity (ke/t) and (o/7) are estimated using BoltzTraP within the BTE
framework. The EPW software,*>** which makes use of maximally
localized Wannier functions (MLWEFs) for effective interpolation
of electron-phonon interaction (EPI) matrix components onto a
fine k- and g-mesh®***™*8 of 80 x 80 x 1, was used to calculate the
relaxation time. Phono3py*® which is interfaced with the QE
package was adopted to calculate the lattice thermal conductivity
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(x))- A 3 x 3 x 1 supercell was used to obtain interatomic force
constants of 2nd and 3rd order, with 4 x 4 x 1 k-point sampling.

3. Results and discussion
3.1 Geometrical structure and stability analysis

The optimized structures of Janus BiYZ monolayers with a cm11
space group (no. 13) are shown in Fig. 1. There are six atoms in the
unit cell with a rhombus structure and 12 atoms in a rectangular
unit cell. Table 1 lists the structural parameters of Janus mono-
layers. In this work, we adopted a rhombus unit cell for all the
material properties except for the mechanical response where a
rectangular unit cell is used. With an increase in the radius of
constituent atoms, the lattice constant (@ = b) of Janus BiYZ
monolayers increases (Table 1). Moreover, the reduced attractive
forces among the atoms with bigger radii lead to a rise in total
thickness (%) and bond lengths (dg; v, and dg; ), while bond angles
decreased with larger atoms of Janus BiYZ monolayers, as shown
in Table 1. The Janus BiYZ monolayers’ estimated structural
properties fall between those of their parent monolayers. Our
calculated values of parent monolayers BiY, (Y = S, Se, Te) are
consistent with the prior literature.**

We computed the cohesive energies to determine the ener-
getic stability of monolayers as:

Egiy,/Biyz — mEgi — nEy or (nEy — 0Ez)
Econ (Epiv,/Bivz) = — 2/B . 3

1)

~
=2
-’

RS0

Q 049 .
O’M)’Oi xg, . Bi
d od o) O Te/Se/S

)

3

.
L.

.
SRy

o

=
=
S

Fig. 1 The top (a) and side (b) views of BiY5 (Y = Te, Se and S) monolayers and
top (c) and side (d) views of Janus BiYZ (Y # Z = Te, Se and S) monolayers. The
rhombus (with black color) and rectangular (with red color) unit cells utilized in
the computations are displayed. The related lattice vectors (@ and b), bond
angles (x and ), bond lengths (dg;_y, and dg;_z) and thickness (h) of the Janus
BiYZ (Y # Z =S, Se, Te) monolayers are also shown.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Tablel The optimized lattice parameters (a and b), atomic bond lengths (dg;_y, and dg;_z), bond angles between Y-Bi-Y and Z-Bi—Z (« and f), thickness
(h), work functions (@, ®z,) for different surfaces Y and Z, and their differences A® and cohesive energy (Econ) for Janus BiYZ (Y # Z = S, Se, Te) and BiY,

(Y = Te, Se, S) monolayers

2D monolayers  (a,b) (A)  dpiy, d(A)  dizd(A) () B h(A) @y (eV) Dx(eV) AP (eV)  Econ (€V per atom)
BiTe, 8.53 2.89 — 87.76 92.23 4.39 4.33 4.33 0 4.68
BiSe, 7.86 2.70 — 89.85 90.14 4.01 4.85 4.85 0 4.55
BiS, 7.59 2.57 — 92.25 87.74 3.75 5.06 5.06 0 4.34
BiTeSe 8.22 2.89 2.70 87.63 90.38 4.21 3.20 3.26 0.06 3.57
BiTeS 8.13 2.88 2.56 85.58 90.94 4.09 2.98 2.93 0.05 3.74
BiSeS 7.74 2.96 2.57 87.27 89.98 3.88 3.20 3.18 0.02 3.95

where Egp;yy is the total energy of BiYZ, and Eg;, Ey, Ey and E are
single atom energies of Bi, Y and Z elements, respectively. m, n
and o represent the atom counts in the respective unit cells.

The cohesive energies of Janus BiTeSe, BiTeS, and BiSeS
monolayers are in between the cohesive energies of their
constituent parent monolayer counterparts (Table 1). The com-
puted E.,n of Janus BiYZ monolayers is comparable to those of
Janus SbXY (3.21-3.84 eV per atom),”® BiXY (2.46-3.58 eV per
atom)** and Ge,XX' (3.14-3.68 eV per atom)*> monolayers,
indicating the energetic stability of Janus BiYZ monolayers
and their possibility of experimental synthesis.

In addition, we compute the work function @, which is an
important electron property. Fig. S1(a)—(e), ESIT demonstrates the
average electrostatic potential energy curves of BiY, and Janus
BiYZ along the thickness of the monolayers where the dipole
correction is included. Table 1 shows the work function of two
different surfaces ®x and ®y along with their difference A®. As
effective electron emission is desired in electronic and optoelec-
tronic devices, the observed alterations in the work function may
have important significance for future applications.*®

3.1.1 Dynamical and thermal stability. We then investigate
Janus BiYZ monolayers’ dynamical and thermal stability. By
computing phonon dispersion spectra, Janus BiYZ monolayers’

dynamical stability is verified. The absence of imaginary fre-
quencies in the phonon dispersion spectra of Janus BiYZ mono-
layers suggests that these monolayers are dynamically stable, as
seen in Fig. 2(a)-(c). The dispersion spectra of BiYZ monolayers
show eighteen vibrational modes, ie., three acoustic phonon
(AP) modes (flexural acoustic (ZA) branch, the transverse acous-
tic (TA) branch, and the longitudinal acoustic (LA)) and 15
optical phonon (OP) modes. Similar to other 2D monolayers
predicted by the continuum elasticity theory, the ZA branch
displays quadratic dispersion while the TA and LA branches
exhibit linear dispersion around the I'-point. As the atomic mass
of constituent atoms became larger, the phonon modes of BiYZ
monolayers changed to lower frequencies as shown in Fig. 2(a)-
(). Because of the weak bond between the atoms in BiSeS, a gap
appears between the AP and OP modes. Next, AIMD simulations
are used to assess the thermal stability of the Janus BiTeSe,
BiTeS, and BiSeS monolayers at room temperature (300 K) using
a comparatively bigger 4 x 4 x 1 supercell. Fig. 2(d)—(f) depicts
the small thermal fluctuation in temperature and energy as a
function of the simulated time steps at room temperature. The
significantly less distortion of monolayer structures without
bond-breaking suggests that the Janus BiTeSe, BiTeS, and BiSeS
monolayers are thermally stable.

(b)400
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(c) 400,
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200f
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Fig. 2
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(a)—(c) Phonon dispersion spectrum with flexural acoustical (ZA), transverse acoustical (TA) and longitudinal acoustical (LA) phonon modes and

(d)—(f) the AIMD energy and temperature fluctuations at 300 K of Janus BiYZ (Y # Z = S, Se, Te) monolayers. The snapshots of Janus monolayers after

5000 fs AIMD simulations are also shown.
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3.1.2 Mechanical stability. Following the unveiling of the
structural stability, the mechanical stability of the suggested
structures as determined by the Born and Huang criteria?’ is
examined by computing the elastic strain tensor. The non-zero
elastic constants C; such as Cy;, Cy,, and Ce are obtained as
shown in Table 2. 2D Janus BiYZ monolayers’ mechanical
stability satisfies C;; > |Cyz| and Cge (C11 — Cip)/i2 > 0
indicating their mechanical stability.

The elastic characteristics of BiYZ monolayers are analyzed
using two constants: the Young’s modulus (Y,p) and the
Poisson ratio (v):

(Ci2 = Ci?)
Ypp=-———"7~ 2
g o 2)
Ciy
v=—= 3
C[[ ( )

The computed values of Poisson’s ratio (v) for Janus BiTeSe,
BiTeS and BiSeS monolayers are listed in Table 2. The value of
Poisson’s ratio for monolayers BiTeSe and BiSeS is the same as
0.32 which is less than one-third, implying that these monolayers
are fragile according to the Frantsevich rule*® whereas Janus BiTeS
monolayers show a ductile nature. The Y, values of Janus BiYZ
monolayers are listed in Table 2, which are higher than those of the
Janus SbYZ (Y =S and Se and Z = Cl, Br, and I)** (0.28-0.38 N m ™)
and Ga,SX, (X =0, S, Se, Te)*° (20.8-116.08 N m™ ') monolayers and
XBi,Se, (X = Sn Pb)>" (79.32 N m ") and comparable to that of the
MoS, (130 N m~")**> monolayer.

3.2 Electronic structure

The band structures of Janus BiYZ monolayers are obtained using
the PBE and PBE + SOC level of theory along high-symmetry paths
of the Brillouin zone (Fig. 3(a)-(c)). The calculated band gaps with
PBE (PBE + SOC) of Janus BiTeSe, BiTeS and BiSeS monolayers are
1.02 eV (0.50 eV), 1.07 eV (0.57 eV) and 1.44 eV (0.96 eV),
respectively, which underscore the importance of including SOC
effects in the studied monolayers. As an indirect bandgap semi-
conductor, the Janus monolayers are found to have the valence-
band maximum (VBM) and conduction-band minimum (CBM) on
the I point along the I'-K direction. Considering SOC effects, the
bandgap decreases in these monolayers due to heavy Bi and Te
atoms. The band gaps of the corresponding parent BiTe,, BiSe,,
and BiS, monolayers using PBE (PBE + SOC) are calculated to be
0.92 eV (0.32 eV), 1.29 eV (0.80 eV) and 1.59 eV (0.93 eV) as depicted
in Fig. S2(a)—(c), ESLt These values are consistent with previously
reported bandgaps of these monolayers.>* We also calculated the
partial density of states (PDOS) to further analyze the electronic

Table 2 Elastic coefficients (Cy1, Ci2), Young's modulus (Y,p) and Pois-
son’s ratio () of Janus BiYZ (Y # Z = S, Se, Te) monolayers

2D

monolayers  C;; (Nm™) C;, (Nm™?) Y, (N m ™) Poisson’s ratio (v)
BiTeSe 160.46 52.50 143.28 0.32

BiTeS 180.76 86.20 148.63 0.42

BiSeS 260.42 94.08 226.43 0.32
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structure. The PDOS analysis (Fig. S3(a)—(c), ESIt) reveals that the
p-orbitals are involved in the states near the Fermi energy of BiYZ
monolayers.

Furthermore, we investigated the Janus BiYZ monolayer’s
optical characteristics in a broad range of 0-10 eV of photon
energy hw, with the incoming photon being parallel polarized.
The optical absorbance that has been used to analyze is given as:

A() = ZLe(0) (4)

where L denotes the cell’s length in the Z-direction. Fig. S4, ESI{
clearly shows in-plane light absorption maxima in the notably
visible range (1.75-8 eV), suggesting potential uses of these
materials in optoelectronic devices.

3.2.1 Carrier mobility. The materials’ suitability for use in
electronic devices is largely determined by their electronic
transport characteristics, particularly carrier mobility (u,p)-
Deformation potential approximation (DPA) is a widely used
technique for determining the carrier mobility,>® u,p of 2D
materials, which was first proposed by Bardeen and Shockley
and can be written as:>*™°

o 6h3 C2D (5)
Fap = kg Tm*my Ef

where 7 is the Planck constant, e is the electron charge, T is the
temperature, which is fixed at 300 K, kg is the Boltzmann
constant, C,p indicates elastic constants, m* represents effective
masses of electron and holes, mgq = \/W is the average
effective mass and E, is the deformation potential (DP) constant.
The DP constant is obtained by calculating the band edges and
concerning the uniaxial strain (Fig. S5, ESIt). The effective mass
and deformation potential of Janus BiYZ monolayers are compar-
able with those of TIAgX (X = S, Se) monolayers®® and HG
monolayers.”” It is determined that the carrier mobility of Janus
BiYZ monolayers is highly anisotropic, indicating directional
dependence of the effective masses and deformation potentials
of holes and electrons. The values of u,y, of Janus BiYZ mono-
layers for both electrons and holes are listed in Table 3. Note that
the electron (hole) mobility of the Janus SMoSiN, monolayer is
298.7 (1377.9) em* V' s71.°% Also the electronic mobility of
layered PbBi,Se, is estimated to be 153 cm® V' s~ .°° The Janus
BiYZ monolayers also possess mobilities higher than those of
other Janus monolayers such as MoSSe (250 cm® V' s~ (ref. 60)),
HG (14.18 x 10°> em® V™' s7") and MogSeSeg (104 cm®> V' s71),%*
suggesting that these Janus monolayers would be promising
materials for electronic and thermoelectric applications.

3.3 Thermoelectric properties

3.3.1 Lattice thermal transport properties. The lattice ther-
mal conductivity (k) calculation relies heavily on the phonon
transport parameters. Gruneisen parameter (y) and phonon
group velocity (v;) are phonon transport characteristics that
characterise the x; of Janus BiYZ monolayers. By aggregating
the contributions of all phonon modes represented by the wave
vector g and the dispersion branch 4, one may evaluate the x,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The calculated band structure of Janus (a) BiTeSe, (b) BiTeS and (c) BiSeS monolayers with PBE (violet color) and PBE + SOC (red color) level of

theory.

Table 3 The effective mass (m*), average effective mass (mg), deformation potential £4 (eV), elastic modulus Cyp (J m~2) and charge carrier mobilities
sop (cm? V™1 571 along the x- and y-directions of the Janus BiYZ (Y/Z = Te, Se, S) monolayers

*

Materials Carrier s, my, mq Cypx Copy Eqx Egqy LoD-x Lop-y
BiTeSe Electron 0.44 0.27 0.14 30.25 43.03 2.74 2.55 538 4000

Hole 0.43 0.30 1.05 1.14 4.35 5903 1411
BiTeS Electron 0.29 0.28 0.13 16.29 28.81 3.38 0.74 816 2353

Hole 0.17 0.24 0.11 1.19 2.85 12573 33099
BiSeS Electron 1.09 0.27 0.28 17.09 30.29 1.11 1.03 16367 15126

Hole 0.53 0.20 0.56 0.27 0.53 4280 12920
as the following equation:®

0.24 -
K = ZWJ Vig CigTigdq (6) :g;ggge
2 q 44 BiSeS
. s . . 0.18
where C,, is the mode-specific heat capacity, 7,4 is the phonon
relaxation time of phonon mode with A and g and V), is the o)
group velocity of phonon mode. § 0.12
Phonon-phonon anharmonic interactions affect the i F

expected for 2D materials because of the Umklapp process 0.06k
and it decreases with temperature as «; o 1/7T (ref. 63) as shown N
in Fig. 4. The calculated values of k; at room temperature are |
0.02Wm 'K % 020Wm 'K *'and 0.04 Wm ' K ! for Janus S50 200 500 300 1000

BiTeSe, BiTeS and BiSeS monolayers, respectively, indicating
good thermoelectric performance of these materials. The Janus
BiYZ monolayers show ultralow values of «; similar to those of
the well-known 2D Janus WSTe (x; ~ 0.08 W m~* K ')'® and
TIPo monolayers (1, ~ 0.17 Wm™ " K ').%*

Next, we obtain Debye temperature (@p) which can be
computed as:**

L_l(l_'_l_‘_l) )
Op' 3\01a’  O1a  Oza°
where ©; is defined as @ = w,,/kg for each mode, i = ZA, TA, and
LA. kg, h and v, represent the Boltzmann constant, the Planck
constant and the maximum frequency of normal mode vibra-
tion (Fig. S6(a)—(c), ESIt).

The Debye temperatures (@p) of Janus BiYZ (Y # Z = Te, Se,
S) monolayers are comparable to those of other monolayers as
listed in Table 4. Low @y signifies that phonon modes are
activated at low temperatures, which makes phonon scattering
channels available at low temperatures. Consequently, the
lattice thermal conductivity shows a decrease in the values.®®

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

Temperature (K)

Fig. 4 Lattice thermal conductivity as a function of temperature for Janus
BiYZ (Y # Z = Te, Se, S) monolayers.

Also, the specific heat capacity (Cy) of Janus BiYZ (Y # Z = Te,
Se, S) monolayers is obtained in Fig. 5. The Cy of the Janus BiSeS
monolayer (10.98 ] mol™' K™ ') is higher than that of the
other two Janus BiTeSe (9.53 ] mol~ " K ') and BiTeS (and 8.27
10.98 J mol ' K™ ') monolayers. The Cy exhibits the anticipated
T° law behaviour in the low-temperature limit.”* After saturation,
the Cy curve of these Janus monolayers remains constant with
temperature. This type of behavior of the Cy curve is similar to
that of other monolayers such as WXY (X, Y = S, Se, and Te),”?
PAXY (Y = Se, Te)’* and M,XY (M = Ga; X, Y =S, Se, Te).™*

The most significant parameter for evaluating thermal
transportation is the phonon group velocities which are
expressed as:

owy,
Vo= k(q) (8)
dq
Mater. Adv., 2025, 6, 849-859 | 853
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Table 4 The Debye temperature (Op) for Janus BiYZ (Y # Z = Te, Se, S)
monolayers

Materials (@p) (K)
BiTeSe 74.22 This work
BiTeS 77.39 This work
BiSeS 79.95 This work
PdSeTe 60 67
SbTel 86.4 68
BiTel 82.1
Pbl, 69 69
PdSe, 63 70
PdTe, 45
SnSe 52 71
18 -
I — BiTeSe
15} — BiTeS
I — BiSeS
7, 12}
V<R
-
= 6]
g 1
© 3
0

0200 400 600 800 1000
Temperature (K)

Fig. 5 Temperature dependence of specific heat capacity (Cy) of Janus
BiYZ (Y # Z = Te, Se, S) monolayers.

where k, w and g represent the frequency of wave vector,
phonon modes and vibrational mode index, respectively. In
monolayer systems, the acoustic modes typically dominate the
k1.”> The high-frequency modes show relatively small group
velocities, while the low-frequency zone displays larger values
of group velocities. The calculated low group velocities 6.2, 4.9,
and 3.6 km s™' of BiTeSe, BiTeS and BiSeS from ZA mode
(Fig. S6(a)-(c), ESIT) is the reason for the ultralow lattice thermal
conductivity. Also, as seen in Fig. S7 (ESIt), Janus BiYZ mono-
layer’s phonon lifetime mostly lies between 0.1 and 2.9 ps. The x,
is also decreased by the small phonon relaxation time.

To further get deeper insight into the low lattice thermal
conductivity, for every phonon mode, the Griineisen parameter
is computed to measure the anharmonicity of monolayers.

View Article Online
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The Griineisen parameter (y) is evaluated as:”®

do 8wk(q)
wr(q) Oa

7(q) = — ©)
where g, is the equilibrium lattice constant. From eqn (8), we
notice that a larger Griineisen parameter is observable in the
low-frequency domain as shown in Fig. S6(d)—(f), ESL.1 Usually,
a larger Griineisen parameter indicates strong anharmonicity,
which is also responsible for the ultralow value of .

3.3.2 Electronic transport properties. The carriers’ semi-
classical Boltzmann transport equations (BTE) are solved to
derive the thermoelectric transport properties under relaxation
time approximation (RTA) theories. Proper handling of the
carrier relaxation time through intricate scattering processes
is crucial in this case. Previous works have employed the
deformation potential theory, in which the computed value is
typically exaggerated and the relaxation time is represented as a
constant.”” In the current study, we use complete electron-
phonon interactions to obtain the relaxation time from
the imaginary component of the electron self-energy. The
k-resolved relaxation time can be estimated as:

EP )
Z = Z wq |gl‘;m (k’ q) ’
nk

qv.m

ngy + 1 _fn1k+q
Enk — Emk+q — hqu —i0

(10)

« |: Ngy +.fmk+q
Enk — Emk+q + hqu —i0

where w, is the BZ weight associated with wave vector g of

h

2mywy,

)2<'P,,1k+q|8qvV}'Pnk> is the electron-

phonons, g, = (

phonon coupling strength, and ¥,; represents the electronic
wave function for eigenvalue ¢,;, wave-vector k and band index
m. gy, is derivative of the self-consistent potential 04,V with
branch index v and wave vector g- fy+4 represent the electronic
state occupation. The relaxation time as a function of carrier’s
energy is shown in Fig. 6(a)-(c). The estimated value of relaxa-
tion time is of the order of ~10~*° s at different temperatures
for Janus BiYZ monolayers.

The Wiedemann-Franz law’® states that the electronic ther-
mal conductivity k. can be calculated as follows:

Ke = LoT

(11)
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Fig. 6 The relaxation time as a function of carrier's energy of Janus BiYZ (Y # Z = Te, Se, S) monolayers. Zero represents the Fermi energy.
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where L represents the Lorenz constant; based on the Seebeck
coefficient (S), we can calculate the Lorenz numbers using the

78

S
formula L = 1.5+ exp [— — } ;7% T is the temperature and o is

116
the electrical conductivity. The k. with variation of chemical
potential ranges from ~0.4 to ~1.5 W m~ ' K* at 500 K of
Janus BiYZ monolayers (Fig. 7(a)). The variations of k. with
chemical potential at temperatures 300 K and 700 K are also
shown in Fig. S8(a), ESL}

Moreover, the electrical conductivity and Seebeck coefficient
of BiYZ monolayers are computed within the context of Boltz-
mann transport theory utilizing the equations:

o
{ > (Euk — EF)vultuk Jgk
&
Z . sz " nk
i i
nk E
o 202 5 Ofuk
Z == ‘ 13
| NV LTS (13)

where T is the electronic temperature, V is the cell volume, f,; is
the Fermi-Dirac distribution function, Er is the Fermi energy,
V. is an aspect of group velocity in a specific direction at each k
point and N depicts the k point number.

In addition, the electrical conductivity, Seebeck coefficient, and
power factor (P = $%¢) concerning chemical potential at 500 K are
presented in Fig. 7(b)-(d) and also in Fig. S8(b)-(d) (ESIt) at 300 K
and 700 K. The increase in temperature decreases the value of S.
The highest values of power factor obtained at 500 K temperature
for p(n)-type carriers are 0.14 x 10> W m ™" K > (0.05 x 10> W
m 'K ?),0.02 x 10 Wm K ?(0.03 x 10°Wm ' K ?),and
0.08 x 10 *Wm ' K 2(0.05 x 10* W m ' K ?) of Janus BiTeSe,
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BiTeS and BiSeS monolayers, respectively. The maximum value of
power factor indicates that BiTeSe and BiSSe are p-type while BiTeS
is an n-type semiconductor due to the high Seebeck coefficient as
displayed in Fig. 7(c) at 500 K and Fig. S8(c), ESI{ at 300-700 K. The
power factor of these monolayers is comparable to that of the
Janus 2D B,P; monolayer.”

3.3.3 Thermoelectric figure of merit. A high thermoelectric
figure-of-merit (Z7) value requires large values of ¢ and S
and considerably small values of k. and x; as shown by the
expression:

ZT = $>0T/(1) + 1) (14)

The assumption of constant relaxation time does not consider
electron-phonon interactions. We computed accurate relaxa-
tion time by considering electron-phonon interactions using
the EPI method. Fig. 8(a)-(c) demonstrates the figure-of-merit
(ZT) for a p-(n)-type of Janus BiYZ monolayers with respect to
chemical potential. The maximum Z7T values of Janus BiTeSe,
BiTeS, and BiSeS monolayers obtained at 500 K are 0.97 (0.76),
0.46 (0.60), and 1.78 (1.35) for p-(n)-type carriers. Table S1, ESIT
shows that ZT values for monolayers BiTeSe, BiTeS, and BiSeS
are high enough at 700 K. Table 5 displays the thermoelectric
performance of previously reported thermoelectric materials
comparable with BiYZ monolayers. A weighted average of the
thermoelectric figure-of-merit (z7) is used to obtain the thermo-
electric efficiency fmay (%) as:3%"

7TH—TC V1+zT -1
B — T
Tu \/l-l-zT-I-T—C

H

(15)

max

where T, and Ty represent the cold and hot temperatures. Our
calculations revealed that the thermoelectric unit’s output
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Fig. 7 The calculated (a) electronic thermal conductivity (k). (b) electrical conductivity (o), (c) Seebeck coefficient (S) and (d) power factor (S%s) of Janus

BiYZ (Y # Z = Te, Se, S) monolayers at 500 K.
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Fig. 8 The calculated figure-of-merit (ZT) concerning the chemical potential (x) of Janus BiYZ (Y # Z = Te, Se, S) monolayers at 300-700 K.

Table 5 The comparison of ZT of 2D Janus BiYZ monolayers with other similar monolayers at temperature 300-700 K

2D monolayers Figure-of-merit (Z7) Temperature (K) Ref.
BiTeSe 0.18-2.11 300-700 This work
BiTeS 0.10-2.85 300-700 This work
BiSeS 0.58-2.38 300-700 This work
Janus BiSbTeSeS, BiSbTeSeTe, and BiSbTeSTe 035, 0.55, 0.70 300 84
Bi,TeSe, 0.87-3.45 300-900 13
Bi,Te,Se 1.4-2.0 (p) 300-500 85
Bi,SSe, 0.50-0.28 (p) 300-700 86
Bi,S,Se 1.39-0.93 (p)

WSTe 0.742 300 16

TIPo 1.88 300 64

NiSO and NiSSe ~1 300 20
ScYCBr, ~0.28-0.70 300-700 87
BaAgBi 0.42 300-600 88

v-GeSe 0.84-2.04 300-600 89

power and efficiency could be increased up to 63.14% (57.90%),
53.76% (78.67%) and 64.14% (63.53%) of Janus BiTeSe, BiTeS
and BiSeS monolayers for p-(n) type charge carriers, respec-
tively. The reported TE efficiency of other 2D monolayers such
as Bi,Te;*” and X,YH, (X = Si, Ge; Y = P, As, Sb, Bi)®* is 5-18%.
Also the TE efficiencies of Janus BiSbTeSeS, BiSbTeSeTe, and
BiSbTeSTe monolayers are 34%, 30%, and 33%,%* respectively.
On comparison of the TE efficiency with other Janus mono-
layers, the reported efficiency is comparatively higher; hence,
the Janus BiTeSe, BiTeS, and BiSeS monolayers are candidate
materials for thermoelectric devices to convert waste heat
directly into electricity.

Conclusions

In summary, the work reports a combined density functional
theory and semi-classical Boltzmann transport calculations of
Janus BiYZ (Y # Z = Te, Se, S) monolayers. The dynamical
stability for Janus BiYZ monolayers was verified from the
phonon dispersion relations, which are free from imaginary
frequencies. The elastic tensors and AIMD simulation repre-
sented that these Janus monolayers are thermally and mechani-
cally stable. Poisson ratio (v) and Young’s modulus (Y,p) are
computed to investigate the mechanical response of suggested
monolayers. The obtained band gaps of monolayers are indirect
in nature with superior carrier mobility. The thermoelectric
efficiency of these monolayers is calculated in the range of

856 | Mater. Adv,, 2025, 6, 849-859

~53-78%. The ultralow lattice thermal conductivity and high
thermoelectric figure-of-merit make Janus BiYZ monolayers a
promising candidate for thermoelectric devices.
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