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The tunable properties of Janus monolayers, along with advances in their synthesis, make these low-symmetry materials

excellent candidates for thermoelectric power generation. In this study, we systematically investigate the electronic and

thermal properties of the Janus silicon oxy-sulfide monolayer. The results based on density functional theory reveal that the

monolayer is stable. It exhibits a tunable direct band gap and strong covalent bonding. Its ultralow lattice thermal

conductivity (<0.38 W/mK at 300 K), attributed to the broken phonon selection rule for phonon-phonon scattering and a

high level of anharmonicity, as reflected in the large Griineisen parameter. Furthermore, the inclusion of four-phonon

scattering introduces additional anharmonic phonon-phonon interactions, leading to a 50 % reduction in lattice thermal

conductivity results in a significant enhancement of the thermoelectric figure of merit of 3.62 and power conversion

efficiency of 30.89 % for the n-type Janus SiOS monolayer. highlighting its potential for efficient waste heat recovery

applications.

Introduction

The rapid global population growth is driving the focus toward
sustainable and low-cost energy sources to meet global needs
without further dependence on oil, natural gas, or coal.! Despite
progress in renewables, a large portion of primary energy, ap-
proximately 63% is lost as waste heat during generation and
transfer processes in the transportation, industrial, and residen-
tial sectors.? 3 Therefore, improving energy efficiency through
waste heat recovery technologies such as thermoelectricity
would be highly beneficial for both environmental protection
and economic development.* The formula derived by Altenkirch
evaluates the thermoelectric (TE) conversion efficiency of a de-
vice, and was later optimized by Abram loffe in 1957 >:

LA2T-1

Thot - Tcold
' — \
1+ ZT + Teora/ Thot

0/ =
n(%) Tror

Where Tpor and Tg1q are hot- and cold-side temperatures, re-
spectively. At the material level, TE efficiency is characterized
by the Figure of Merit, ZT = S20T/k, where S, g, and k are the
Seebeck coefficient, electrical conductivity, and the overall
thermal conductivity, respectively.

The advent of low-dimensional materials following the discov-
ery of graphene in 2004 has redirected attention toward Janus
materials, whose asymmetric structures give rise to unique
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properties.® 7 The Janus monolayers have been proposed for
various applications such as toxic gas detection,.® optoelectron-
ics,? 10 thermoelectric,'1* and photocatalysis.’®> Furthermore,
Janus monolayers have recently attracted increasing interest
for thermoelectric energy conversion; their inherent asym-
metry reduces phonon lifetimes, increases phonon scattering,
and diminishes contributions from flexural (ZA) modes to heat
transport. Consequently, suppresses the lattice thermal con-
ductivity while preserving electronic transport. Similar effects
have been found for systematically reported Janus monolay-
ers.16-19

Along with the intrinsic benefits of Janus features, our material
focus is based on the abundance and non-toxicity of these ele-
ments. Additionally, the well-established thermo-chemical sta-
bility of silicon dioxide (SiO,) and silicon disulfide (SiS,), both of
which have been widely characterized by many experimental-
ists.20-24 We propose a new Janus SiOS monolayer. This struc-
ture combines the characteristics of the parent materials, offer-
ing a sustainable and environmentally friendly candidate for
thermoelectric energy conversion. Herein, we present a de-
tailed first-principles study of the structural, electronic,
transport, and thermal properties of a new Janus Silicon Oxy-
Sulfide (SiOS) monolayer.

Computational details

Density functional theory (DFT) calculations were performed us-
ing the Vienna Ab Initio Simulation Package (VASP).2> The ex-
change-correlation interactions were treated within the gener-
alized gradient approximation (GGA).2® We chosea 15 X 15 X 1
k-point mesh to sample the first Brillouin zone under the
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Monkhorst-Pack scheme?’ for both structural relaxations and
electronic structure calculations, with convergence criteria of
108 eV for total energy and 103 eV/A for atomic forces, and a
kinetic energy cutoff of 600 eV. Van der Waals (vdW)
interactions were incorporated using the DFT-D3 method.?® To
minimize spurious periodic interactions, we extended the z-axis
by 20 A.

By solving the Boltzmann transport equation (BTE) for elec-
trons, the electronic transport factors are calculated under the
relaxation time and rigid band approximations as implemented
in the BoltzTraP2 code,?® using Heyd-Scuseria-Ernzerhof
(HSEO6) 30 band structures sampled on a fine g-mesh of 150
X 150 X 1. Then we considered the three main mechanisms of
scattering, including the elastic ionized impurity scattering
(IMP), the elastic acoustic deformation potential scattering
(ADP), and the inelastic polar optical phonon scattering (POP),
to calculate the electronic relaxation time using the first
principles for carrier scattering as implemented in the AMSET
package3! and the Matthiessen rule.3? Within Born approxima-
tion, scattering rate (Tﬁ(l_,JkJrq) for an electron from an initial
state ik, to the final state ik 4+ q is described using Fermi’s
golden rule: 3334

1 21
———— = — 8(Eix — Ejisg) 1955 (. 1?(2)
Tikojk+q N
Where i and j are band indices, k and q are the wave vectors, A
is the reduced Planck’s constant, E is the electron energy, and
9ij(k,q) is the coupling matrix element. The detailed input
parameters used to evaluate these scattering rates (such as
elastic constants (Ci]-), band gap energy, acoustic deformation
potential (E;), optical polar phonon (pop) frequency (hwpop),
static (&) and high-frequency (&) dielectric constants) are
obtained from DFT calculations and are analyzed throughout
the paper or provided in the Supporting Information data (Sl).
The lattice thermal conductivity was calculated by solving
iteratively the phonon Boltzmann transport equation (BTE)
using the ShengBTE package 3> and, within the relaxation time
approximation (RTA), using the FourPhonon code. 3¢ Second-
order interatomic force constants (IFCs) were obtained using
density-functional  perturbation theory (DFPT) 37 as
implemented in the Phonopy package,3® employinga 6 X 6 X 1
supercell and a 3 X 3 X 1 k-point grid. Subsequently, the finite-
displacement method implemented in ALAMODE 3° was used to
extract third- and fourth-order IFCs, considering interactions up
to the eighth and sixth nearest neighbours, respectively, within
a 4 X4 X1 supercell. The harmonic phonon spectra were
further corrected using the HiPhive framework #° to enforce the
rotational invariance condition. Isotope and boundary
scattering were included to account for natural mass disorder
and finite-size effects. In addition, the non-analytical term
correction (NAC) was applied to properly describe long-range
Coulomb interactions and LO-TO splitting in the Janus SiOS
monolayer, using a converged dense g-point mesh of 30
X 30 X 1. As the harmonic phonon dispersion exhibits low-
frequency soft-mode characteristics in the ZA branch near the K
point (Fig. S1), temperature-induced phonon renormalization
effects were further considered using the self-consistent

2| J. Name., 2012, 00, 1-3

phonon (SCPH) method as implemented in ALAMQDE: Inothis
approach, quartic anharmonic force conBfahts Wér&eployéed
to obtain temperature-dependent renormalized phonon
frequencies. 4!

Ab initio molecular dynamics (AIMD) simulations were
performed at 300 K using a 5 X 5 X 1 supercell based on the
canonical ensemble (NVT), with a time step of 1 fs and a total
simulation time of 10 ps.*?> 43 The convergence tests are pre-
sented in the Sl (Fig. S4).

Since the lattice thermal conductivity (i), electronic thermal
conductivity (x.), and electrical conductivity (o) are inversely
proportional to the volume, for normalization, we multiplied
these parameters by z/heff, where z is the vacuum in the z-axis
and h.sy is the effective thickness of the monolayer, defined as
the sum of the interplanar distance between the top and
bottom atomic layers and the van der Waals radii of the surface
atoms 7,4 (0,S)** as shown in Fig. 1(b).

Results and discussions
Structure and stability

We constructed the monolayer using a 2D silica-like sheet
within the P3m1 (No. 162) space group, in which one of the ox-
ygen layers was replaced by a sulfur atom (top O = S), yielding
a Janus SiOS monolayer. The optimized structure adopts a van
der Waals layered hexagonal configuration with reduced sym-
metry, belonging to the P3m1 (No. 153) space group, as shown
in Fig. 1(a) and (b). After full structural relaxation, the lattice pa-
rameterswere a = b = 3.002 A and listed in Table 1 along with
the nearest distances for Si-S and Si-O bonds and the effective
thickness (heff).

To examine the dynamic stability of the Janus SiOS monolayer,
we present the phonon spectrum in Fig. S1. The absence of any
imaginary (negative) modes in the Brillouin zone confirms the
dynamic stability of the system. Furthermore, a quadratic
dispersion is observed in the flexural (ZA) mode near the I point,
which is a characteristic of typical 2D materials.**> To address the
discrepancy observed in the acoustic phonon mode around the
K point, we recalculated the phonon dispersion at finite
temperatures ranging from 0 to 900 K by incorporating quartic
anharmonic effects within SCPH. The resulting temperature-
dependent phonon dispersions are shown in Fig. 1(c). Upon
heating, the soft acoustic mode exhibits clear hardening,
indicating that quartic anharmonicity stabilizes the lattice
dynamics and significantly influences thermal transport
properties.

The mechanical properties were evaluated using the strain-
energy method, in which small strains ranging from =+ 2% in
steps of 0.5% were applied to extract the elastic constants.*®
Owing to the hexagonal symmetry, only two independent
elastic constants were obtained, namely C;; = 121.39N/m
and C;, = 58.99N/m. These values satisfy the Born stability
criteria for a 2D hexagonal lattice (C;; > 0 and [C12| < C11),%
thereby confirming the mechanical stability of the monolayer.
Based on the calculated elastic constants, we further derived
the orientation-dependent Young’s modulus and Poisson’s ratio

This journal is © The Royal Society of Chemistry 20xx
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and presented their polar plots using the corresponding
formulas (Fig. S2).%8 Table S1 presents the calculated Young’s
modulus and Poisson’s ratio of the studied Janus silicon oxy-
sulfide monolayer, which exhibits a Young’s modulus of 92.72
N/m, comparable to related 2D materials such as Si,0OSe (94
N/m) and Si,0S (88.94 N/m).*° Additionally, the corresponding
polar plots show a circular shape, reflecting the directional
isotropy of the monolayer (Fig. S2(a) and (b)).

Furthermore, we calculated the cohesive energy using the
following formula: >°

_ Eroral — Esi — Eo — Es
Ewh - N

3)
atoms

Where E;ytq total energy of the monolayer, Eg;, Ep, and Es are
the energies of isolated silicon, oxygen, and sulfur atoms, re-
spectively, the computed value of E_,, is -3.67 eV/atom, this
value lies within the typical range reported for other
monolayers such as phosphorene (-3.46 eV/atom)>! and SiS; (-
3.51 eV/atom),>? indicating the reliable experimental syn-
thesizability and energetic stability of the Janus SiOS monolayer.
To assess the thermodynamic stability of the Janus monolayer,
its formation energy is evaluated and compared with those of
its parent SiS, and SiO, monolayers: >3

E;=Etotar — Z nu;(4)
i

where u; represents the chemical potential of the constituent
elements taken from their stable elemental phases, the computed E
of the proposed Janus is -1.23 eV/atom, which lies between those of
SiO, (-2.23 eV/atom) and SiS, (-0.66 eV/atom), indicating that SiOS
is thermodynamically stable and does not dissociate into its parent
monolayers.

To further assess the thermal effects, we carried out AIMD at
300 K. As shown in Fig. S3(a), the total energy remain nearly
constant over time, we also gave the root-mean-square
displacement (RMSD) analysis of the atomic trajectories in Fig.
S3(b) which shows a rapid increase at initial equilibration stage
and then a slight thermal vibration of atoms around their
equilibrium position, indicating minimal structural distortion
and excellent thermal stability of the Janus.

0K 300K

600K

90K

Frequency (THz)

)

Fig. 1 (a) top, (b) side views, and (c) anharmonic phonon normalized spectra using SCPH
theory of the Janus SiOS monolayer.
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Table 1 Calculated lattice parameters, effective thickness (hi\ge‘)v ARtErdtoHIR

distances (d), cohesive energy (Eop) of Janus silicon @Qtsm}i%@ @éMM1§%B
a=b d (A) R (A) Econ E;
(A) Si-s | Si-0 eff (eV/atom) (eV/atom)
3.002 2.21 1.94 5.64 -3.67 -1.23

Electronic properties

The calculated band structure shown in Fig. 2(a) indicates that
the Janus SiOS monolayer is a direct bandgap semiconductor
with a bandgap energy of 2.31 eV at the HSEO6 level of theory.
Such a wide bandgap may reduce the bipolar effect,>* enhanc-
ing thermoelectric performance at higher temperatures. As
shown in the figure, the valence band maximum (VBM) is mainly
dominated by the S atom with a minor contribution from the O
atom, whereas the conduction band minimum (CBM) is primar-
ily governed by the Si atom with a moderate contribution from
S. Furthermore, the projected density of states (PDOS) pre-
sented in Fig. 2(b) reveals that the VBM originates mainly from
the Si-3p orbitals, while the Si-3s orbital dominates the CBM.
We analyzed the bonding features of the Janus SiOS structure
using crystal orbital Hamilton population (-COHP) analysis,
which separates the electronic structure into bonding and anti-
bonding contributions in the -COHP curves.>> Our results, shown
in Fig. 2(c), reveal that the antibonding states are located below
the Fermi level, while strong Si-S bonding states appear above
it. Furthermore, the integrated COHP (ICOHP) value for the Si-S
bond is -9.17 eV, indicating a strong bonding interaction and
enhanced structural stability of the Janus SiOS monolayer. The
electron localization function (ELF) shown in Fig. 2(d) examines
the chemical bonding characteristics, where the red regions
indicate areas of high electron localization, corresponding to
strong covalent bonds and polarity of this monolayer.

PDOS

Energy(eV)

-6 -4 -2 0 2 4 6

T Energy(eV)
i
i (d
Elsis  E w I
3 Si-0 H £
i k=)
2 i g
> % y =
o1 i /\M 05
@] i \
3 !
p Y w 2
-1 - ! 5
: :
=2 - El((lHl‘(\i—S)-f—'LIT eV é 0.0
E ICOHP (Si-0) = - 6.95 ¢V é
-3 | B L B B L B B L |
-10-8-6-4-20 2 4 6 8 10
Energy(eV)

Fig. 2 Calculated (a) band structure; (b) projected density of states; (c) crystal orbital
Hamilton populaion analysis (-COHP); (d) electron localization function (ELF), where blue-
to-red color scheme indicates the low to high probability of electron localization around
the atoms of the Janus SiOS monolayer.
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Lattice thermal conductivity

The lattice thermal conductivity is estimated by incorporating
both intrinsic three- and four- phonon scattering processes and
extrinsic mechanisms (isotope and boundary scattering) and
using non-analytic corrections to enable dipole-dipole
interactions. Thus, the lattice thermal conductivity is expressed
as:>®

1
Kon =3 ) CviTi(5)
A

Here, C,, v;, and 1, refer to the mode-specific heat, phonon
group velocity, and phonon lifetime, respectively. According to
Fig. 3(a), the temperature dependence of k,, shows a decrease
as temperature increases, following the typical 1/T law.5” The
computed room temperature lattice thermal conductivity is
0.38 W /mk considering only three phonon scattering (3ph),
which is significantly lower than that of the parents, two-
dimensional hexagonal SiO, (~ 12.5 W/mk) 38 and SiS, (15.85
W/mk).>® After incorporating the four-phonon scattering
model (3ph + 4ph), the lattice thermal conductivity is
significantly reduced to 0.186 W/mk at room temperature,
corresponding to approximately 50% reduction and in good
agreement with previous studies. ® The contributions of the
individual phonon modes (ZA, TA, LA, and optical modes) to the
overall lattice thermal conductivity are illustrated in Fig. 3(b).
Notably, the acoustic modes ZA, TA, and LA are the main
contributors to the total i, TA phonon modes take the most
significant portion of the lattice thermal conductivity. Our
results differ from those of typical 2D materials, where the ZA
mode holds the majority contribution in pristine graphene due
to mirror symmetry (selection rule).®% 62 This unusual finding
can be attributed to the broken selection rule in our Janus
monolayer.®3 Fig. 3(c) demonstrates that the acoustic branch
accounts for 96.38% of k3pn, while the optical branches
contribute 3.62% across the full phonon frequency range. To
provide a deeper understanding of size-dependent heat
transport in the monolayer, we present the cumulative lattice
thermal conductivity (k f,ﬁ‘[m“la“'”e) over phonon mean free path
(MFP) at 300 K. Fig. 3(d) illustrates that cumulative thermal
conductivity increases with MFP until it reaches the
thermodynamic limit. Furthermore, we introduce a simple
parametric function to characterize the MFP, which represents
the typical distance that phonons travel before scattering.3®

Kmax

max) = —1(6)
1+-2

cumulative
K ph (l < l

lmax

Where Kk refers to the saturated lattice thermal conductivity
when all phonons are considered, [,y is the maximal MFP, and
ly represents the characteristic MFP to be determined. The fit-
ted curve shown in Fig. 3(d) indicates that the relevant heat
transport MFP (ly) in the Janus silicon oxy-sulfide monolayer is
350.45 nm, which corresponds to half of the total conductivity
carried by phonons. This result provides a valuable physical
summary for designing nanostructures intended for
thermoelectric applications.

We next analyze the factors contributing to the suppressed

4| J. Name., 2012, 00, 1-3

lattice thermal conductivity observed in the,Januys. SIQS
monolayer. Accordingly, we first preseRPltHelpHONOM Eroap
velocity as function of phonon frequency in Fig. 4(a), which
demonstrates that v, of acoustic modes is lower than that of
optical modes. The obtained average phonon group velocities
for the acoustic (ZA, TA, and LA) and optical modes are 2.66,
1.97, 3.40, and 1.37 km/s, respectively. This trend is consistent
with that reported for the SnS; monolayer and graphene.®*
Therefore, the moderate group velocity has a limited impact on
lattice thermal conductivity. Instead, the ultralow Kyyis
attributed to strong anharmonic interactions within the crystal.
To quantify the strength of anharmonicity, we show in Fig. 4(b)
the mode dependent Griineisen parameter as a function of
phonon frequency. From the figure, we observed that the ZA
mode exhibits a large y, which contributes to the suppressed
lattice thermal conductivity of the janus SiOS monolayer. Fig.
4(c) and (d) depict the anharmonic phonon scattering rate and
phonon lifetime of the Janus SiOS monolayer at room
temperature. The Janus SiOS monolayer exhibits strong
anharmonic phonon scattering at low frequencies. Meanwhile,
most phonon modes exhibit short lifetimes of less than 10 ps,
confirming that strong anharmonic interactions dominate heat
transport, which suppresses lattice thermal conductivity.

It is worth noting that previous studies have reported that
coherent (wave-like) contributions to thermal transport can be
significant in strongly anharmonic systems with ultralow lattice
thermal conductivity. ® The present Janus SiOS monolayer is
characterized by strong anharmonicity associated with the soft
ZA phonon branch. Thereby, coherent phonon transport in this
system is expected to be important and cannot be accurately
described within the Boltzmann transport framework employed
in this work. 66
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Fig. 3 Calculated (a) lattice thermal conductivity (kpp) including three- (3ph) and four-
phonon (4ph); (b) contributions of different phonon modes (ZA, TA, LA, and Optical) to
the overall lattice thermal conductivity; (c, d) accumulated phonon lattice thermal
conductivity (x ;’,‘lm“l“””e) as a function of the phonon and MFP, with the dashed line

presenting the fitting data of the Janus SiOS monolayer.
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(c) anharmonic scattering rate, and (d) phonon lifetime of the Janus SiOS monolayer.

Electronic transport properties

To accurately describe the electronic transport properties, we
defined the total carrier relaxation time as the combination of
the impurity scattering (t;yp), the acoustic deformation

potential scattering (74pp), and Polar optical phonon scattering

(Tpop) mechanisms using the following expression : 3

1 1 1 1

—_— =t — 4 —
T Tmp Tapp Tpopr
The weighting of each mechanism was evaluated as a function

of temperature and carrier concentration and illustrated in Fig.
S6 and Fig. S7 for n-type and p-type Janus SiOS monolayer,
respectively. From Fig. S6(a) the ionized impurity scattering
shows an apparent increase with carrier concentration because
higher doping levels introduce more charged impurities that act
as scattering centers. At the same time, the nearly constant
behavior of acoustic deformation potential (Fig. S6(b)) and polar
optical phonon scattering (Fig. S6(c)) with respect to charge
carrier concentration indicates that these mechanisms are
governed by phonon populations, which explain their increase
with temperature and their remaining almost independent of
carrier concentration. Figure 5(a) and (b) present the calculated
total carrier relaxation time for both n-type and p-type Janus
SiOS monolayer. At room temperature, the n-type system
exhibits a relatively higher relaxation time than the p-type Janus
SiOS monolayer. For both carrier types, the relaxation time
decreases with increasing temperature, which is consistent with
the commonly reported temperature-dependent behavior of
carrier relaxation times. &7

This journal is © The Royal Society of Chemistry 20xx
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Under the relaxation-time and rigid band approximations, the
electrical conductivity (o), Seebeck coefficient (S), and elec-
tronic thermal conductivity (x,) are derived from the solution of
the linearized semiclassical Boltzmann transport equation in

terms of the generalized transport coefficients:2?

£mgun) = et [ sem - (- LD ge 7

Where X(¢&,T) is the spectral conductivity, defined as
1
2(eT) = 2(&T) = VZ vE 1 (T) 8(e — &) (8)
K

The electronic transport coefficients are then given by

1 LM
= —q—Tm(‘?)
o = LO(10)
1 (LI)Z
Ke = ﬁ LO —LZ (11)

Fig. 6(a) and (b) show the absolute Seebeck coefficient (|S]) of
the n-type Janus SiOS monolayer over the temperature range of
300-900 K at different carrier concentrations, while the
corresponding results for the p-type system are presented in
Fig. S8. The absolute Seebeck coefficient decreases with
increasing carrier concentration, whereas it increases
approximately linearly with temperature over the moderate
temperature range. The obtained |S| values corresponding to
the optimal thermoelectric performance are 394.5 uV/K for
the n-type and 378.5 uV/K for the p-type at 900 K and at a
carrier concentration of 3.64 x 101 cm~2, which are
comparable to those reported for common 2D thermoelectric
materials.®3-7° By incorporating the relaxation time which leads
to n-type electrical conductivity for the janus monolayer
system. By incorporating the calculated relaxation time, the
electrical conductivity is evaluated. Fig. 6(c) and (d) present the
variation of electrical conductivity over carrier concentration
and temperature, showing a trend opposite to that of the
Seebeck coefficient, with a notable increase with carrier
concentration, while the temperature dependence of o remains
negligible at low doping levels. It is worth noting that the larger
n-type relaxation time leads to a higher n-type electrical

J. Name., 2013, 00, 1-3 | 5
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conductivity than that of the p-type doping (Fig. S8).
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Fig. 6 Calculated absolute Seebeck coefficient (|S]) and electrical conductivity (o) versus
(a, c) carrier concentration (N¢) and (b, d) temperature (T) for the n-type Janus SiOS
monolayer.

Fig. 7(a) and (b) shows the computed thermoelectric power
factor (PF) for the n-type Janus SiOS monolayer as a function of
carrier concentration and temperature. The peak power factor
was found to be 0.87 X 103 W/mK? at 5.64 x 1012 cm~2,
showing a good agreement with earlier studies on two-
dimensional thermoelectric monolayers, such as p-type In,SeTe

(0.63 x 10~3 W/mKz2),t n-type BiTeSe
(0.14 x 10~3 W/mK2),”? n-type y-Ge,SSe
(2.6 x 103 W/mK?2),”3 and p-type SnSSe

(2.8 x10~3 W/mK2).”* We then computed the electronic
thermal conductivity (k.). As shown in Fig. 7(c) and (d), k.
increases with rising carrier concentration because more charge
carriers participate in the transport of heat. This trend follows
the Wiedemann-Franz law.”> The electronic thermal
conductivity calculated directly from the Boltzmann transport
equation agreed with that estimated using the Wiedemann-
Franz formalism (refer to Fig. S10).

Thermoelectric power efficiency

Coupling the ultralow lattice thermal conductivity (kK3pnyapn)
and considering electron-phonon scattering, we can accurately
predict ZT of the Janus SiOS monolayer. This monolayer shows
promising optimal ZT values of 3.62 and 2.7 at 900 K and 5.64 X
1011 cm~2 for n-type and p-type doping, respectively (Fig. 8(a)
and (b)). Our predicted figure merit was promising, as other
typical monolayers such as PbTe (1.55 at 900K),”® T-SnSSe (1.75
at 900),%8 RegSesl (1.45 at 900 K),”7 SiS (1.99 at 700 K),”® and
larger than its parent SiS; (0.77 at 900K).>® 7° Since ZT is a
material descriptor, we computed the maximum conversion
efficiency 1 to bridge the gap between material properties and
device performance, thereby assessing the suitability of this

6 | J. Name., 2012, 00, 1-3

monolayer for practical applications (equation 1). 82 Here wg set
Teota = 300K, Thoe = 900K,  POdfid039/DoM/ZPaes

Thot
f ZT dT/Thot— T coia .8* The calculations show that the n-
Tcold

type and p-type Janus SiOS monolayers exhibit thermoelectric
efficiencies of 30.89 % and 27.32 %, respectively, which are
higher than those of a set of documented promising

thermoelectric (Fig. 8(c)).
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Fig. 7 Calculated power factor (S20) and electronic thermal conductivity (i) (a, c)
versus carrier concentration (N¢) and (b, d) temperature (T) for the n-type Janus SiOS
monolayer.

Conclusion

We systematically analyzed the electronic, thermal, and
transport properties of the Janus SiOS monolayer using DFT,
coupled with solving the BTE for electrons and phonons, while
considering three main scattering mechanisms (ADP, POP, and
IMP). The results show excellent dynamic, thermal, mechanical,
and energetic stability, along with a tunable band gap and
strong covalent bonds in the Janus SiOS monolayer. The higher
anharmonic scattering rate, significant Grineisen parameter,
short phonon lifetime, moderate phonon group velocity,
broken selection rules, and considering the four-phonon
scattering contribute to an ultralow lattice thermal
conductivity. Additionally, the wider band gap reduces the bi-
polar effect at 900K, enhancing the Seebeck coefficient and
power factor. Consequently, a maximum ZT value of 3.62 is
achieved at 900 K for the n-type SiOS monolayer, indicating a
promising thermoelectric efficiency of 30.8 %. These combined
properties suggest that the Janus SiOS monolayer is a viable
candidate for waste heat recovery applications.

This journal is © The Royal Society of Chemistry 20xx
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