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ABSTRACT

We here report the electronic structure calculation of GaInSe; and GaInTe; monolayers with the P3m1 (no. 156) space group. The electronic
structure and thermoelectric properties of the monolayers are calculated through the Vienna Ab initio Simulation Package and BoltzTraP2
codes. The dynamic and thermodynamic stabilities were verified by calculating their phonon spectra and simulating ab initio molecular
dynamics. The monolayers were found to have a direct bandgap, with both PBE + SOC and HSE06 + SOC potentials. The lattice thermal
conductivity of GaInTe; monolayer calculated using Phono3py code shows ultra-low values due to enhanced phonon-phonon scattering.
Combining electrical and thermal transport, the values have been evaluated. Importantly, the p-type GalnTe; has excellent thermoelectric
properties at 700 K, with a zT value of 2, indicating that the p-type GalnTe; has potential application in the field of thermoelectricity.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0207618

I. INTRODUCTION

To fulfill the demand of green energy, electricity can be repro-
duced from waste heat through thermoelectric effects. Thermoelectric
materials convert temperature gradients into electrical potentials
and are of widespread interest for their applications in solid-state
power generation or refrigeration.” The devices used for harvesting
the thermal energy and transform it to electrical are called thermo-
electric generators (TEGs). Materials with a high thermoelectric
figure of merit (2T) are of great importance to be employed in high
efficiency,

82
a="2T,
K

where T is the absolute temperature, o is the electrical conductivity, S
is the Seebeck coefficient, and x is the thermal conductivity com-
posed of two parts lattice thermal conductivity (k) and electronic
thermal conductivity (kg).

Interdependency among these parameters poses a challenge in
designing excellent thermoelectric materials with high zT. For real

device applications, several approaches have been applied to
achieve high zT; structural modification leading to an enhancement
of power factor by the band engineering, carrier doping, alloying,
as well as the reduction of the lattice thermal conductivity through
efficient phonon scattering materials. Critical considerations for
thermoelectric materials include the requirement of low thermal
conductivity, which typically means soft, anharmonic bonding or
unusual phonon behavior. Conversely, achieving high power factor
requires favorable electrical properties, such as high conductivity
and thermopower. This typically entails special band structure fea-
tures, such as multiple carrier pockets, carrier pocket anisotropy,
and non-parabolicity.”

Among many candidates, bulk type PbTe" and Bi,Te;” are the
most well-known TE materials because they display rather high
zT =1-2. However, this high performance is observed at high
temperatures (>600 K), and the high zT value is rapidly decreased
if the temperature or carrier concentration deviates from the
optimum condition. Thus, the high 2T is preserved only in limited
conditions. This limitation poses significant obstacle for practical
device applications.
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2D materials have properties that are distinct from three-
dimensional (3D) materials. Recently, it has been proposed that the
Seebeck coefficient in two-dimensional (2D) material can be signif-
icantly enhanced due to the quantum confinement effect.”” Hicks
and Dresselhaus proposed that reducing dimensionality and har-
nessing the effects of quantum confinement on electronic transport
could substantially improve the power factor of materials. Since the
discovery of graphene,”” increasing numbers of two-dimensional
(2D) materials have been investigated.

Numerous 2D layered structures beyond graphene have been
extensively studied.'’ Notable examples of successfully synthesized
2D materials include graphene,”” silicene,'’ germanene,'” phos-
phorene,13 transition metal dichalcogenides (TMDs)," ™" and
monochalcogenides.'”*’ These materials exhibit promising charac-
teristics for a wide array of applications spanning electronics,”’
optoelectronics,22 thermoelectri(:ity,23 gas sensing,z”1 water split-
ting,” ferroelectricity,” and piezoelectricity.”® The versatile proper-
ties of 2D materials suggest immense potential for advancements in
various technological domains.

Recent studies have unveiled the remarkably low lattice
thermal conductivity exhibited by 2D materials and have emerged
as promising candidates for thermoelectric applications. The pre-
diction of Janus monolayers such as InzSSe,27 MoSSe,”® WS-Se/
Te,”””" SnSSe’’”* has paved the way for exploration into these
newly envisaged materials. The Janus In,XY (X/Y=S, Se, Te)
monolayers are found to be potential candidates for thermoelectric,
optoelectronic, and photocatalytic applications.”” Recently, the
In,Se; monolayer has been successfully synthesized by Almeida
et al.”* Furthermore, the Janus Ga,XY (X, Y =S, Se, Te) monolayers
are promising candidates for ultraviolet piezoelectric, photodetec-
tor, and thermoelectric applicationsf”’“’ Additionally, GaX (X =S8,
Se, Te) monolayers have also emerged as suitable candidates for
low temperature thermoelectric applications.”” Vu et al.’® have
studied the GaInX; (X =S, Se, Te) monolayers using first principle
calculations for structural, electronic, and work functions relevant
to photocatalytic applications. They have utilized the DFT-D2
method without incorporating the effect of spin-orbit coupling.
However, to the best of our knowledge, no studies have been
done to investigate the temperature-dependent thermoelectric
properties and thermal transport of GalnSe; and GalnTe; mono-
layers. Therefore, to address this gap and identify a promising
candidate capable of converting waste heat into useful electrical
energy for thermoelectric applications, we have investigated the
thermoelectric properties and thermal transport of GalnSe; and
GalnTe; monolayers in detail by using the density functional
theory (DFT).

In this work, we conduct comprehensive investigation of elec-
trical and phonon transport properties of monolayer GalnSe; and
GalnTe; using first principle density functional theory (DFT) cal-
culations. Our analysis includes determination of band structures,
phonon dispersion curves, the Seebeck coefficient, electrical and
thermal conductivity, relaxation time, and thermoelectric figure of
merit. Through ab initio molecular dynamics (AIMD) and phonon
dispersion calculations, we confirm the thermal and dynamical
stability of the monolayers. Our research findings suggest that the
investigated monolayers hold significant potential for thermoelec-
tric applications.

ARTICLE pubs.aip.org/aip/jap

Il. COMPUTATIONAL METHOD
A.DFT

The Vienna Ab initio Simulation Package (VASP)**°
employed the projector augmented wave (PAW) method to
conduct geometry optimization. Energy convergence was achieved
through the GGA-PBE functional,"" incorporating van der Waals
interactions via the semi-empirical DFT-D3 correction.*
Monolayers were modeled with a 20 A vacuum spacing between
periodic layers along the z-direction to avoid interactions between
adjacent monolayers. Employing a plane wave basis set, a cutoff
energy of 400 eV was used with an 11 x11x1 Monkhorst-Pack
k-mesh.”’ During relaxation, the cell shape was permitted to
change while preserving a constant cell volume. To achieve conver-
gence in the electronic self-consistent field iterations, a threshold of
10°°eV was set. Atom positions were optimized until the
maximum Hellman-Feynman force on each atom dropped below
0.0001 eV AL, Because of the heavy atomic mass of atoms, the rel-
ativistic effects were taken into account by incorporating spin
—orbit coupling (SOC). To ensure a comprehensive sampling of
the Brillouin zone, a denser k-mesh of 41 x 41 x 1 was employed,
utilizing the tetrahedron method with Blochl corrections.

B. Ab initio molecular dynamics (AIMD)

The thermal stability of materials is a critical property to guar-
antee that they can be used in practical applications. Ab initio
molecular dynamics (AIMD) simulations were performed within a
canonical (NVT) ensemble, utilizing a Nosé-Hoover thermostat to
maintain temperatures set at 300 and 700 K. The simulation model
employed a supercell consisting of 4 x 4 x 1 unit cells. Throughout
the simulation, the system evolved with a time step of 2 femtosec-
onds over 10000 steps, leading to a cumulative simulation time of
20 ps.

C. Phonon and lattice thermal conductivity

The harmonic second-order force constants (2nd IFCs) and
phonon spectrum were computed utilizing Phonopy package,"
employing a 4x4x1 supercell, and a 3x3x1 k-mesh.
Subsequently, the phonon transport properties were assessed using
Phono3py,”” solving the phonon Boltzmann transport equation
within the framework of the Single-Mode Relaxation Time
Approximation (SMRTA). The anharmonic third-order interaction
force constants (3rd IFCs) were derived through the finite-
difference method, utilizing a 3 x3 x 1 supercell and a 3x3x1
k-mesh. Furthermore, a meticulous evaluation of the convergence
of the x; with respect to the g-mesh was conducted. A dense
41 x41 x 1 k-mesh was employed specifically for computing the
lattice thermal conductivity.

D. Transport property

The Seebeck coefficient (S) and electrical conductivity over
the relaxation time (o/t) are obtained through the BoltzTraP2"°
with the Constant Relaxation Time Approximation (CRTA). The
Bardeen—Shockley deformation potential (DP) theory/l7 was used
to calculate the relaxation time.
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Ill. RESULTS AND DISCUSSION TABLE |. The structure parameter and cohesive energy of the GalnSe; and
GalnTe; monolayers.

The studied 2D monolayers have a hexagonal structure with a
space group P3ml (no. 156). The structures of the relaxed mono- Properties GalnSe; GalnTe;,
layers are shown in Fig. 1. The structural information of the relaxed

monolayers is reported in Table 1. After optimization, the in-plane ~ Lattice a=b=3.955 A a=b= 4'264,,‘&

lattice constants of GalnSe; and GalnTe; monolayers were 3.955 parameter a=b= 3'9021,& a=b= 4'19;:‘

and 4.264 A, respectively, whereas the layer thicknesses along the z- ) (DFT-D2)™ (DFT-D2)

direction are 6.538 and 7.122 A, respectively. The obtained lattice Lattice angle o =f =90° y =120° a=pf=90° y=120°
Thickness 6.538 A 7.122A

parameters are in good agreement with the results in the available . .
literature.”® It was observed that the In-X and Ga—X bonds  Bond Ga-Sel =2.347 59 A Ga-Tel =2.568 18 A

increase as the X atom varies from Se to Te, which is strongly con- lengths Ga-5e2=2.52949 A Ga-Te2=2.73975 A
nected with the atomic radius of the X element. In-Sel =2.85882 A In-Tel =3.06557 A

The cohesive energy Ec of the monolayers can be evaluated by In-Se3 =2.668 71 A In-Te3 =2.89542 A

Cohesive
3.85eV 3.39eV
B — NoaBE + Nl + NxBY — Eoun, ey ° c
Nga + Nim + Nx

Here, Nga, N, and Ny are the number of Ga, In, and X = Se, Te C11 > |Cya|.*”” Then, the transverse and longitudinal sound veloc-
atoms in the simulated monolayers. While E5°, EX°, and E5° are ity can be analyzed by shear modulus (G) and bulk modulus (B)

the energy of the respective isolated atom, and finally, Eg,mnx, is the with the formula®”!

energy of the respective monolayer system.
The cohesive energy of GalnSe; and GalnTe; was found to be

3.85 and 3.39 eV, respectively, and both simulated structures are

turned out to be energetically favorable. yr = \/: and v, =
The thermal stability of materials is a crucial property to

ensure that they can be used in practical applications. In this work,

the thermal properties of GalnSe; and GalnTe; are investigated by where p is the density. We use density values of 4.47 x 10~ and

AIMD simulations at 300 and 700K for 20 ps (10 000 time steps). ~ 5.18 x 107> g/m® for layered GalnSe; and GalnTe;The average S
Snapshots of the atomic structure before and after heating and the ~ sound velocity v,, can be calculated by H
time-dependent temperature fluctuation of GalnSe; and GalnTe; S
by AIMD simulations are also shown in Fig. 2. Figure S1 in the 12 1117 E
supplementary material shows the variation of energy with time, Yin = [g LT? EH 8
where the energy fluctuates with the simulation time around the 8

average energy value. The obtained results confirm that the
GalnSe; and GalnTe; monolayers exhibit high thermal stability.
Furthermore, neither bond breakage nor structural reconstruction
occurs in the GalnSe; and GalnTe; monolayers. 5 AN V2
The elastic constants C;; give important information about the Op = AVm (”_) ,

stability and stiffness of materials. They were determined by com- kg \ A

puting the stress generated by applying a small strain to an opti-

mized unit cell. The elastic tensor coefficients are calculated and ~ Where f is the reduced Planck constant, kp is the Boltzmann cons-
are listed in Table I1. Tt was clear that the monolayer was mechani- ~ tant N is the number of atoms in the unit cell, and A is the area of

cally stable since they satisfy the stability criteria C;; > 0 and the unit cell
The Griineisen parameter y reflects the anharmonicity in

bonding, which is related to the strength of phonon scattering.
From the estimation of elastic mechanical properties above, such as
elastic constants, we can obtain the value of y by the Poisson ratio

v(z h) with the formula

The Debye temperature 6) can be obtained from average
sound velocity by the formula™’

Cll

_3(1+)
7_2(2—‘/)'

From the calculations, y values are 1.202 and 1.1281 for
GalnSe; and GalnTes, respectively. It is also noted that y are
smaller than the typical TE materials PbTe (1.96)’> and SnSe
(1.65).”

FIG. 1. Crystal structure of GalnSe; and GalnTe; monolayers. The atomic
structure is produced using VESTA software.*®
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FIG. 2. Time-dependent AIMD simulations of temperature fluctuation as a function of time at 300 and 700 K. The images represent snapshots of monolayer structures

before and after heating for 20 ps.

To study the dynamical stability of the monolayers, the
phonon dispersion curve was calculated. Figure 3 displays the
phonon dispersion along high-symmetry path. The long range
Coulomb interaction gives rise to longitudinal/transverse optical

TABLE II. The elastic constants, Young's modulus, bulk modulus, Poisson’s ratio,
transverse and longitudinal sound velocity, Debye temperature, and Griineisen
parameter for monolayer GalnSe; and GalnTes.

Properties GalnSe; GalnTes
C, (N/m) 79.55 62.89
Cy, (N/m) 26.61 24.04
Cgs/shear modulus (N/m) 26.470 19.43
Young’s modulus (N/m) 70.650 53.70
Bulk modulus (N/m) 53.08 43.47
Poisson’s ratio (v) 0.33 0.38
vy, (m/s) 4039.38 3347.28
vr (m/s) 243345 1936.59
V,, (M/s) 2690.91 2149.58
6p, (K) 411.83 305.14
y 1.20 1.28
Mechanical stability Stable Stable

splitting referred to as LO-TO splitting at the BZ center. The LO-
TO splitting is addressed by incorporating the non-analytical term
correction by calculating the Born effective charge (shown in
Table III). The absence of the imaginary frequency mode in
phonon spectra indicates that the simulated monolayers are
dynamically stable. As the investigated structures contained five
atoms in the primitive unit cell, the phonon dispersion curves
exhibit 15 phonon branches, of which three are acoustic and the
remaining are optical. The highest frequency of vibration in
GalnSe; and GalnTe; was around 9 and 7.5 THz, respectively.
Figure 3 also illustrates the vibrational density of states
(VDOSs) for both GalnSe; and GalnTe; monolayers. In the
GalnSe; monolayer, the low-frequency modes (<2 THz) primarily
stem from vibrations involving Ga and Se atoms, with Ga contrib-
uting more significantly. Conversely, higher frequency modes
(>7 THz) are dominated by vibrations of In and Se atoms. On the
other hand, in the GalnTe; monolayer, low-frequency modes
(<2 THz) are predominantly associated with Ga and Te atoms, with
Te exhibiting a higher contribution, while the high frequency modes
(>6 THz) involve vibrations of In and Te atoms. A notable observa-
tion from the VDOS of GalnTej is the higher dominance of Te atom
vibrations in the frequency band from 1-5 THz compared to the Se
atom in GalnSe; within the frequency band of 2-6 THz. This varia-
tion is attributed to the substantial mass difference between Se and
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FIG. 3. Phonon dispersions curve and phonon density of states of the GalnSe; and GalnTe; monolayers.

Te atoms. These low-lying optical modes notably scatter the acoustic
phonons, consequently resulting in a substantial reduction in lattice
thermal conductivity, even below room temperature.

Group velocities of phonons have a significant influence on
thermal transport, and they are obtained from the slope of the
phonon dispersion curve

vg = Via(k),

where v, is the group velocity, @ is the wave’s angular frequency, k
is the wave vector, and w(k) is the frequency. A lower frequency
and lower group velocity lead to lower lattice thermal conductivity.
The group velocities are shown in Fig. 4. The group velocity of the
optical branches is generally lower than the acoustic branches. The
maximum group velocity for acoustic branches in GalnSe; and
GalnTe; monolayers is around 4000 and 3500 m/s, respectively, in

TABLE Ill. Bader charge and Born effective charge tensor of the two monolayers.

good agreement with the speed of sound calculated from the
mechanical properties reported in Table II.

The lattice thermal conductivity (k1) is an important parame-
ter to calculate the thermoelectric performance of materials. Based
on the 2nd and 3rd IFCs, the x; of the monolayers can be calcu-
lated by solving the phonon Boltzmann transport equation.”” The
plot of lattice thermal conductivity with temperature is shown in
Fig. 5. The « is related to the velocity and lifetime of phonons
and specific heat contribution of phonon (x; = %vaérphzi. As
expected, k;, decreases with the increase of temperature, which can
be explained by the enhancement of intrinsic phonon-phonon
scattering with increasing temperature. The x; of GalnTe; is lower
than that of GalnSes. At 300K, the lattice thermal conductivity of
GalnSe; and GalnTe; is 2.25 and 0.65W m™' K™', respectively.
The «; decrease to 1 and 0.3 Wm™'K™! at 700 K for the two com-
pounds, respectively.

Born effective charge tensor (Z*)

Compound Atom Bader charge (e) Zxx Zyy Zyz
GalnSe; Ga 0.637 145 3.91556 3.91556 0.398 47
In 0.561 974 2.717 07 2.717 07 0.403 75
Sel -0.377971 —-1.59217 —-1.59217 —0.410 66
Se2 —0.4011 —-2.61361 —2.61361 —0.194 75
Se3 —0.420 048 —2.426 86 —2.426 86 —0.196 81
GalnTe; Ga 0.220 942 4.242 30 4.242 30 0.321 50
In 0.088 521 2.613 64 2.613 64 0.31093
Tel —0.165 370 —1.591 02 —1.59102 —0.31343
Te2 —0.016 095 —2.75223 —2.75223 —-0.156 71
Te3 —0.127 998 —-2.51270 —2.51270 —-0.162 29
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FIG. 4. Calculated phonon group velocities of the GalnSe; (left) and GalnTe; (right) monolayers. The blue, orange, and green colors represent the group velocity of the
two transverse acoustic branches and one longitudinal acoustic branch, respectively. The rest are the group velocity of optical branches. From the figure, it can be observed
that the violet color optical phonons in the case of GalnSes have a higher group velocity of 33 THz A, while in the case of GalnTes, it is around 24 THz A.

The decrease in thermal conductivity with rising temperature
is attributed to the softening of phonons. The lattice thermal con-
ductivity depends on the slope of the acoustic phonon branches
(i.e., the group velocity) and low-lying optical phonon branches in

2.5

GalnSe,
GalnTe,

2.0

1.5 1

KL(Wm'lK'l)

1.0 1

0.5

0.0 T T v T s 1 v
300 400 500 600
Temperature (K)

700

FIG. 5. Calculated lattice thermal conductivities of the GalnSe; and GalnTes
monolayers using SMRTA as implemented in the Phono3py code.

the phonon dispersion curve.”* When the low-lying optical modes
are present in a compound, the lattice thermal conductivity
decreases as temperature rises, owing to phonon-phonon interac-
tions, specifically Umklapp scattering. Typically, heat in a material
is primarily transported by the acoustic branch, given the lower
group velocity of optical phonon branches and their higher-
frequency vibrations. When low-lying optical modes with significant
group velocity occur, their contribution also becomes important at
higher temperatures. These low group velocity optical phonons
scatter the acoustic modes and the scattering rate increases, which
decreases the lifetime of the phonons and, thus, the lattice thermal
conductivity. As seen from the group velocity shown in Fig. 4, the
group velocity of optical phonons in GalnTe; is much lower as
compared to GalnSe;. From the plot of phonon lifetime [Fig. 6], it
is clearly visible that the lifetime of phonons in the GalnSe; mono-
layer (4 ps) is almost half that of GaInTe; (1.75 ps). The dramatic
decrease in the phonon lifetime of GalnTe; is a consequence of the
flatter low-lying optical modes.

The Bader charge calculations were conducted to understand
the essential bonding characteristics of the two structures. The
results are summarized in Table ITI. For GalnSe; and GalnTes, the
Bader charges for Ga and In are positive, indicating that these
atoms have gained a significant positive charge, due to electron
donation to Se atoms. Consequently, the Bader charges for Se/Te
atoms are negative as they have gained electrons. However, in
GalnTes, the Bader charges for Te atoms are slightly lower than
those for Se in GalnSe;. The presence of slightly lower Bader
charges on Te atoms suggests a lesser degree of electron donation
compared to the GalnSe; monolayer.

The results are confirmed by calculating the electron localiza-
tion function (ELF) plot shown in Fig. 7. Electrons are localized in
the case of GalnSe; for the central Ga-Se bond, while for Ga-Te,
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they are delocalized, causing significant variation in bonding. The
lower Bader charge on Te atoms in GalnTe; also shows that Te
atoms are loosely bonded, which leads to a significant variation in
bonding in the GalnTe; monolayer and causes domination of Te
atom vibrations in the frequency range of 1.5-4 THz.

In Fig. 8, the electronic band structures of monolayer GalnSe;
and GalnTe; with PBE and HSE06 are depicted, respectively. The
band structures show an indirect bandgap nature using PBE and
HSEO06 potentials. The conduction band minimum (CBM) lies at
the T point, and the valence band maximum (VBM) is on the
I'-M-path. The obtained bandgaps are in agreement with the
results of the available literature.”® The impact of Spin-Orbit

Coupling (SOC) on the band structure was explored, considering
the presence of heavy Se/Te atoms. Table IV summarizes the
bandgap values calculated for the two monolayers using different
potentials. The band edge shapes near the CBM and VBM changed
substantially with the introduction of SOC. With the incorporation
of SOC, both materials exhibit a direct bandgap semiconductor
nature, with the VBM and CBM occurring at the I point in the

Brillouin zone. A similar transition from indirect to direct bandgap :
by including SOC has been observed by Marfoua et al. for 2D ;

GaSe, sTey s monolayers.”” Furthermore, it was observed that the
introduction of SOC led to a reduction in the bandgap for both
GalnSe; and GalnTe; monolayers [shown in Fig. 9]. The calculated

FIG. 7. Electron localization function plot of GalnSes (left) and GalnTe; (right) for the (110) plain. The plots depict the variation in bonding for the central Te atom in
GalnTes.
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FIG. 8. Energy band diagrams of the GalnSe;(a) and GalnTes(b) monolayers with PBE and HSEQ6 potentials.

bandgaps, determined using PBE + SOC, are reported as 0.3494 and
0.0417eV for monolayers GalnSe; and GalnTe;, respectively.
However, it's noted that these values are underestimated compared
to the results obtained with the HSE06 potential. The calculated
bandgaps, determined using HSE + SOC, are reported as 1.0335 and
0.5318 eV for monolayers GalnSe; and GalnTe;, respectively. In
addition, spin-orbit coupling also splits the degenerate bands located
at the I'-point. The magnitude of the spin-orbit splitting of VBM at
I'-point is reported in Table V. It has been observed that the magni-
tude of spin-orbit splitting value increases as we go from Se to Te.
Understanding the electronic states near the Fermi level is
crucial for evaluating transport properties. To this end, atomic pro-
jected density of state (PDOS) calculations were conducted. In
GalnSes, the VBM primarily arises from Se-p orbitals, as well as
from In-p and Ga-p states, while the CBM is chiefly contributed by
the p-orbitals of Ga, In, and Se atoms [as depicted in Fig. 10(a)].
Similarly, in GalnTe;, the VBM is predominantly influenced by
Te-p orbitals, while the CBM is contributed by the p-orbitals of Ga,

TABLE IV. Bandgap calculated for the monolayers GalnSe; and GalnTe; using dif-
ferent potentials.

Potential GalnSe; (eV) GalnTe; (eV)
PBE 0.4429 0.1729
0.47° 0.25"
PBE + SOC 0.3494 0.0417
HSE06 1.1937 0.7449
1.20%° 0.75"
HSE06 + SOC 1.0335 0.5318

In, and Te atoms [as illustrated in Fig. 10(b)]. This observation sug-
gests a significant degree of covalency in the electronic structure of
both materials, despite the predominant presence of chalcogen
states in the valence bands.

The effective mass of charge carriers is considered a key
parameter in designing higher-efficiency TE materials as it plays a

decisive role in affecting the carrier mobilities. The effective mass ;
can be calculated using the parabolic band approximation with an ¢

energy dispersion relation

. O’E
2
m =h /(—ak2>.

Here, E and k are the energy and wave vector of the conduction
band minimum (CBM) and valence band maximum (VBM).
According to this definition, the effective mass of holes and elec-
trons within the material exhibits an inverse relationship with the
curvature of the bands in the electronic band structure. Specifically,
a flatband corresponds to a lower effective mass. Table VI reports
the effective mass values of charge carriers in the GalnSe; and
GalnTe; monolayers. It is observed that the GalnTe; monolayer
exhibits lower effective masses for both electrons and holes com-
pared to the GalnSe; monolayer, indicating potentially favorable
characteristics for higher carrier mobilities.

To calculate the electrical conductivity (o), the relaxation time
(7) is essential, as the output in the BoltzTraP2 code is given by
(9). A major challenge in predicting thermoelectric efficiency lies
in calculating the relaxation time (7). Various electron—phonon
scattering mechanisms play a significant role at different tempera-
tures in determining (7). Acoustic phonon scattering is considered
the primary scattering mechanism in thermoelectric materials. It is
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FIG. 9. Energy band diagrams of the GalnSe; and GalnTe; monolayers with PBE and HSE06 potentials including the effect of SOC.

evaluated by investigating carrier mobility based on the Bardeen-
Shockley deformation potential (DP) theory. Herein, 7 is deter-
mined by"’

Hapm
= 2D
e

>

where y,, is carrier mobility, e is the electron charge, and m" is the
effective mass. In the deformation potential theory, the carrier
mobility in 2D materials can be calculated by

_ eh’C
Hap = kgTm mgE}’

Here, C represents the elastic modulus and can be calculated by

_10%E
T ABS

where E, 8, and A are the total energy, the applied strain, and the
area at equilibrium for the 2D system, respectively. E; is

TABLE V. Spin-orbit splitting for the two monolayers at I"-point.

Spin-orbit splitting of bands at I"-point (eV)

Structure PBE + SOC (eV) HSE06 + SOC (eV)
GalnSe; 0.249 0.312
GalnTes 0.253 0318

deformation potential constant, defined as

AEedge

E =
'TTAS

>

where AE.qq. is the energy change of band edges. my is average
effective mass derived from

level with strain is plotted in Fig. S2 in the supplementary material.

It is important to note that in the deformation potential
approximation, the dominant scattering process arises from the
longitudinal acoustic phonon in the long-wavelength limit.
Figure 11 shows the variation of mobility with temperature for
GalnSe; and GalnTe;. The mobility for GaInTe; was higher than
GalnSe; for both types of charge carriers, i.e., holes and electrons.
The difference in the value of mobility for holes is larger due to
substantial difference in effective mass holes in the two com-
pounds, as reported in Table VI. The mobility for both holes and
electrons decreases with temperature, owing to an increased scatter-
ing of charge carriers.

Figure 12 shows the variation of relaxation time with tempera-
ture for the two compounds GalnSe; and GalnTe; for both holes
and electrons. The relaxation time for electrons is larger than for
holes in both materials. This is a consequence of the larger defor-
mation potential constant and smaller effective mass of electrons.

The thermoelectric transport parameters can be calculated
based on the relaxation time of charge carriers. The Seebeck coeffi-
cient and electrical conductivity show a strong dependence on the
carrier concentration. Therefore, the TE parameters were calculated
as a function of the charge carrier concentration at three tempera-
tures (300, 500, 700 K). The obtained results are shown in the sup-
plementary (Fig. S3 in the supplementary material). |S| decreases

mxm; The variation of band edge :
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with the carrier concentration, whereas o increases with carrier
concentration. The power factor (PF), given by PF = $*c, depends
on S and o. It quantifies the ability of a material to generate useful
electrical power. In Fig. S2 in the supplementary material, the PF
of both P-type and N-type increases with carrier concentration up
to a peak value and then decreases. Due to the inverse relationship
between S and o, the maximum PF was obtained at the intermedi-
ate carrier concentration. The carrier concentration at which the
PF was maximum was used to calculate the TE properties as a
function of temperature for each monolayer.

Figure 13 depicts the variation of the Seebeck coefficient as a
function of temperature for both GalnSe; and GalnTe; monolayers.
The |S| increased with increasing temperature. As expected, a posi-
tive Seebeck coefficient was observed for P-type doping, while a
negative Seebeck coefficient was observed for N-type doping. The
calculated Seebeck coefficient of GalnSe; and GalnTe; is 195 and
159uV K™ for P-type doping and —137, and —48uVK™' for
N-type doping at 300 K, respectively. The higher value of || coeffi-
cient for GalnSe; is due to the larger effective mass of the charge
carriers in GalnSes. Since the Seebeck coefficient is related to the
effective mass of the charge carriers, which is given by the formula

Pl *(1)2/3

oI Z)™"T,”° where n is the charge carrier concentration.

TABLE VI. The effective mass values for electrons and holes in GalnSe; and
GalnTe; monolayers.

Charge carrier GalnSe; GalnTes
Electron 0.151 m, 0.116 m,
Hole 1.994 m, 0.523 m,

Figure 14 shows the variation of the electrical conductivity of
the GalnSe; and GalnTe; monolayer with temperature for P- and
N-Type doping. The electrical conductivity decreases with increas-
ing temperature as the charge carrier scattering increases. The elec-
trical conductivity of GaInTe; was higher for both P- and N-type
doping, as the electrical conductivity is inversely related to the
effective mass of the charge carriers (o = neu).

The electronic thermal conductivity (kg) is expressed as
kg = LoT, according to Wiedmann—Franz’s law, where L is the
Lorenz factor. Generally, the constant L leads to higher value of
electronic thermal conductivity and, thus, is a conservative estima-
tion for the analysis of the zT value. As the Lorenz number is
subject to variation across diverse materials, distinct carrier concen-
trations, and varying temperatures, a more precise Lorenz number

S .
%}, where L is

in 107 W QK™ and § in uV/K. Figure 15. shows the variation of
the total thermal conductivity, which results from the sum of
lattice thermal conductivity and electronic thermal conductivity.
The value of the total thermal conductivity is higher with N-type
doping than with P-type doping, as the electrical conductivity was
higher with N-type doping.

The thermoelectric figure of merit for the monolayers GalnSe;
and GalnTe; was calculated over a wide range of temperature by
combining the Seebeck coefficient with the electrical and thermal
conductivities [Fig. 16]. The zT value increases with temperature,
which is attributed to the decrease in lattice thermal conductivity
and the rise in the Seebeck coefficient. The 2T value shows that
GalnTe; performs better than GalnSe; for P-type doping, while
GalnSe; performs better for N-type doping. This phenomenon was
observed due to the increased electrical conductivity in the
GalnTe; monolayer upon N-type doping, which increases the total

is obtained through the formula L = 1.5 4 exp [—
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thermal conductivity in N-type doping and thus decreases the
overall zT. The zT value in the case of GaInSe; P-type and N-type
doping spans from 0.11 to 0.42 and 0.16 to 0.73 in the temperature
range of 300 to 700 K, respectively, whereas in GalnTe; P-type and
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However, it is worth considering that the DP theory does not
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FIG. 13. The Seebeck coefficient for P- and N-type doping in GalnSe; and GalnTez monolayers calculated in a temperature range from 300 to 700 K.
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scattering between different phonons. As the temperature increases,
the anharmonicity of phonons becomes more pronounced.
Consequently, at high temperatures, scattering between phonons
and charge carriers is weakened due to the strong phonon-phonon
interactions. This can lead to an overestimation of the relaxation
time and zT value of single-layer GalnSe; and GalnTe;. In spite of
these limitations, The DP theory is still widely used to approximate
the relaxation time of 2D materials because the electron—phonon
coupling method developed in recent years to calculate the electron
relaxation time is extremely time-consuming.

IV. CONCLUSION

In summary, we have studied the thermal and thermoelectric
transport properties of monolayer GalnSe; and GalnTe; via first-
principles calculations combined with Boltzmann transport theory.
Band structures show that both monolayers GalnSe; and GaInTe;
are direct gap semiconductors with a bandgap of 1.0335 and
0.5318 eV using HSE06 + SOC potential, respectively. The lattice
thermal conductivity is low, especially for GalnTes;, which has a
softer bonding than GalnSe;. The calculated lattice thermal con-
ductivity is 2.25 and 0.65Wm ™K™' at room temperature for
GalnSe; and GalnTes, respectively. Hence, the peak zT values of
GalnSe; and GalnTe; at 700 K for the P-type doping reach to 0.5
and 2, respectively. While these values may be reduced due to other
scattering mechanisms, they indicate that GalnSe; and GalnTe;
monolayers have good potential for TE applications.

SUPPLEMENTARY MATERIAL

AIMD simulations showing the fluctuations of energy as a
function of time step, Strain dependent band edge level and varia-
tion of thermoelectric transport parameters with the carrier con-
centration for both P- and N-type doping in GalnSe; and GaInTe;
monolayers.
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