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Atomic-scale structural engineering provides a promising approach to enhance the thermoelectric performance of
low-dimensional materials. The two-dimensional Janus MoTeS, with its inherent out-of-plane asymmetry, enables direct
modulation of thermoelectric transport properties through tailored periodic S–Te atomic arrangements. Herein, three Janus
MoTeS configurations with periodic S–Te atom alternation are constructed in order to realize highly efficient thermoelectric
properties by first-principles calculations based on density functional theory. The Seebeck coefficient is enhanced and
the phonon thermal conductance is suppressed when the alternation frequency of the structure in the transport direction
increases, yielding a figure of merit (ZT ) of 1.58 at 300 K in the high-frequency alternating (HFA) structure. Further,
the phonon thermal conductance decreases greatly when the HFA monolayer device is extended into a van der Waals
heterojunction, resulting in a high ZT of 1.80 at 300 K, which rises to 3.49 at 500 K. These findings highlight the potential
of atomic-level alternation engineering for optimizing thermoelectric performance in Janus 2D materials.

Keywords: thermoelectric properties, periodic structural alternations, two-dimensional materials, van der
Waals heterostructure
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1. Introduction
Heat can be converted to electricity directly using ther-

moelectric materials, which are valuable in waste heat power
generation, outdoor portable power supply, etc., and have gar-
nered tremendous research attention due to the current energy
and environmental issues.[1–3] The thermoelectric conversion
efficiency of a material is described by a dimensionless qual-
ity factor, called figure of merit (ZT ) with ZT = S2σT/(Ke +

Kph). Here, S is the Seebeck coefficient, σ is electrical con-
ductance, Ke is electronic thermal conductance, Kph is phonon
thermal conductance, and T is absolute temperature. So to
realize high thermoelectric conversion efficiency, the thermo-
electric material should have a large Seebeck coefficient S and
electronic conductance σ , and a low electrical and phonon
thermal conductance (Ke and Kph). However, a high electronic
conductance σ is usually accompanied by a high electronic
thermal conductance Ke via the Wiedemann–Franz law, and a
high Seebeck coefficient S is often accompanied by lower elec-
trical conductance σ .[4,5] So optimizing these transport coeffi-
cients simultaneously is tough because they are strongly cou-
pled with each other and cannot independently enhance the
thermoelectric performance of a material.[6–8] Fortunately, it
has been reported that the Wiedemann–Franz law is not as ap-
plicable in nanoscale systems as in bulk materials.[9,10] Conse-

quently, research efforts have increasingly focused on the ther-
moelectric properties of two-dimensional (2D) materials. In
atomically thin monolayers, the power factors can be enhanced
by strategic band structure engineering[11–14] and the carrier
mobility can be significantly improved via reducing effective
mass based on the quantum confinement effect; meanwhile,
the phonon scattering can be improved because of the mul-
tiscale distribution of interlayer interfaces, grain boundaries,
and defects in two-dimensional monolayer materials.[15,16] For
instance, Pathak et al. demonstrated a high ZT of 1.55 at
865 K in doped SnTe, where a co-doping strategy of Ag and
Mg in self-compensated Sn1.03Te effectively reduces the ther-
mal conductance and improves the power factor,[17] and Liu
et al. reported that in the layered structure of SnSe, point
defects are critical tools for precisely regulating carrier con-
centration and band structure, with the power factor (S2σ) in-
creasing from ∼ 8 µW ·cm−1 ·K−2 to ∼ 31.5 µW ·cm−1 ·K−2

at 623 K.[18] Jia et al. systematically investigated the thermo-
electric properties of MoS2/MoSe2 van der Waals heterostruc-
tures and found that the van der Waals heterostructure induces
strong localization of electrons and phonons due to interface
effects, significantly reducing thermal conductance, with the
phonon thermal conductance Kph reduced to ∼5 pW/K at
300 K.[19] Jue Wang et al. proposed that monolayer MoS2–
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MoSe2 aperiodic superlattices can effectively reduce phonon
thermal conductance and reach a ZT of 1.38 at 500 K.[20]

Stimulated by the in-plane lateral heterostructure in the appli-
cation of thermoelectric devices, Song and Sun demonstrated
that twist angle engineering in WSe2/MoSe2 superlattice het-
erostructures optimizes the carrier concentration and band gap,
achieving a peak ZT of 1.35 at 600 K and a twist angle of
21.79◦ due to enhanced power factor and reduced thermal
conductance.[21]

Janus transition metal dichalcogenides (TMDs), a dis-
tinctive class of two-dimensional (2D) materials character-
ized by out-of-plane structural symmetry breaking arising
from the composition of each layer with distinct elements dif-
fering in atomic radius, electronegativity, and atomic mass,
demonstrate a favorable combination of relatively high elec-
trical transport efficiency and low Kph, which exhibits sig-
nificant promise for thermoelectric applications.[22–28] Zhang
et al. demonstrated that Janus materials with their atomic
mass differences can greatly optimize phonon scattering,[22]

and Patel et al. demonstrated that the Janus WSTe mono-
layer exhibits ultralow Kph, which is nearly 150 times smaller
than WS2 and 100 times smaller than WSSe near room tem-
perature due to out-of-plane structural asymmetry disrupt-
ing phonon dispersion, and concurrently, its Seebeck coeffi-
cient S reaches 322 µV/K owing to asymmetric band struc-
tures, yielding a high ZT of 2.56 at 1200 K.[23] Xiong et al.
further introduced disorder through atomic positional tuning
and achieved significant thermoelectric improvements in Janus
MoSSe. They found the atomic disorder in Janus MoSSe in-
duces local atomic-level resonance, increases the electronic
density of states and improves S, and simultaneously decreases
Kph.[25] So local structural tuning at the atomic scale is an ef-
fective means to obtain high thermoelectric performance.

Compared to the Janus MoSSe monolayer and WSTe
monolayer,[24,26] the Janus MoTeS monolayer shows a more
significant difference in atomic radius and mass between the
Te and S layers, which may result in stronger phonon scatter-
ing. Here, we further study this atomic-scale tuning method
of the effect of periodic alternation of intrinsic elements on
electronic and phonon transport, aiming to realize high ther-
moelectric performance in MoTeS constructed devices. In the
work, first-principles are implemented to explore the thermo-
electric performance of Janus MoTeS, mainly focusing on the
high-frequency (S/Te) alternations and van der Waals hetero-
junctions to enhance ZT . It is shown that increasing the al-
ternation frequency in the transport direction can enhance the
Seebeck coefficient S and simultaneously suppress the phonon
thermal conductance Kph, yielding ZT of 1.58 at 300 K in
the high-frequency alternating (HFA) structure. Further, the
phonon thermal conductance Kph decreases greatly when the
HFA monolayer device is extended into a van der Waals het-
erojunction, resulting in a high ZT of 1.80 at 300 K, which

rises to 3.49 at 500 K. This work is useful in designing high-
performance thermoelectric materials via periodic structural
alternations.

2. Calculation details
The thermoelectric transport properties are calculated us-

ing density functional theory (DFT) combined with the non-
equilibrium Green’s function (NEGF) method, and calcula-
tions are performed with the Atomistix ToolKit package.[29,30]

The generalized gradient approximation (GGA) and Perdew–
Burke–Ernzerhof (PBE) are used to describe the exchange–
correlation potential of electrons.[31] Before calculations of
the transport properties, all device structures are fully opti-
mized, with a convergence criterion for structural relaxation
set at a force on each atom less than 0.02 eV·Å−1. The double-
zeta polarized (DZP) basis set is employed to describe the lo-
calized atomic orbitals.[32,33] The cut-off energy for the real-
space grid is set at 85 Hartree. The convergence criterion for
the total energy is set to 10−5 Hartree. The electronic temper-
ature is set at 300 K. Periodic boundary conditions are applied
in the x direction to eliminate the influence of edges, and a vac-
uum layer with a thickness of 15 Å is used in the y direction
to avoid interactions. The DFT-D2 empirical correction ap-
proach is utilized to accurately model the physical attributes of
layered materials characterized by weak van der Waals (vdW)
interactions.[34]

The electronic transmission spectrum Te(ε) is calculated
by using the NEGF method. Based on the Caroli formula, the
electronic transmission can be given as[35]

Te(ε) = Tr
[
Gr

CC(ε)Γ
L(ε)Gα

CC(ε)Γ
R(ε)

]
. (1)

Then, the electronic conductance (σ), Seebeck co-
efficient (S), and electronic thermal conductance (Ke) as
functions of the chemical potential can be expressed as
follows:[36,37]

σ(µ) = e2L0(µ,T ), (2)

S(µ,T ) =
1

eT
L1(µ,T )
L0(µ,T )

, (3)

Ke(µ,T ) =
1
T

[
L2(µ,T )−

L2
1(µ,T )

L0(µ,T )

]
. (4)

The Lorenz function can be represented as

Ln(µ,T ) =
2
h

∫
∞

−∞

Te(E)(E −µ)n−∂ f (E,µ,T )
∂E

dE, (5)

where f (E,µ,T ) is the Fermi–Dirac distribution (a function
of E, temperature T and chemical potential µ). The phonon
transmission function Tph(ω) is given by a Caroli type for-
mula, where ω is the phonon frequency. The phonon trans-
mission function is

Tph(ω) = Tr [Gr
CΓLGα

CΓR] . (6)
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In this case, the phononic contribution to thermal con-
ductance (Kph) is calculated using the methodology outlined
in Ref. [38] with the governing equation[39]

Kph =
1
h

∫
∞

0

dω

2π
h̄ωTph(ω)

∂ fBE(ω,T )
∂T

, (7)

where fBE(ω,T ) is the Bose–Einstein distribution function, T
is the average temperature of the whole device and ω stands
for the phonon frequency. The electronic thermal conductance
Ke is calculated directly from the electron transmission spec-
trum using Eq. (4).

3. Results and discussion
3.1. Influence of alternation frequency on thermoelectric

performance

In order to study the effect of periodic alternation of
the intrinsic elements S and Te on the thermoelectric perfor-

mance, three configurations are constructed based on the two-
dimensional material MoTeS, including the low-frequency
alternating (LFA) structure, the high-frequency alternating
(HFA) structure, and the pristine monolayer structure for com-
parison, as shown in Fig. 1. Each device consists of three
regions: the left and right electrodes and a central scattering
region. The pristine Janus structure, as shown in Fig. 1(a),
features sulfur (S) and tellurium (Te) atoms positioned on op-
posing top and bottom surfaces. The LFA structure, depicted
in Fig. 1(b), exhibits a periodic alternation of S and Te atoms
along the transport direction with a period of two unit cells; as
highlighted in the blue box, within one period, half of the adja-
cent S atoms on the top surface are substituted with Te atoms,
and S atoms occupy corresponding positions on the bottom
surface. The HFA structure, shown in Fig. 1(c), has a period
of one unit cell, with a surface atomic arrangement similar to
the LFA but higher-frequency alternation than the LFA.

Top view

Side view Side view

Side view

Top view Side view

Central scattering region Central scattering region

Top view

Mo

Te

S

3.63 A

Left
electrode

Right
electrode

Right
electrode

(a)

(c) 

(b)

(d) 

Fig. 1. (a)–(c) Top and side views of three MoTeS configurations with different period S–Te atom alternation frequencies along the transport direction:
(a) the MoTeS pristine structure with no alternation of S and Se where the top surface consists of S atoms and the bottom surface consists of Te atoms,
(b) the LFA structure owning a low S–Te atom alternation frequency with a period of two unit cells, (c) the HFA structure deserving a high-frequency
alternation with a period of one unit cell. (d) The side view of a van der Waals bilayer device constructed from two HFA monolayers.

The temperature dependence of phonon thermal conduc-
tance Kph for the three configurations is illustrated in Fig. 2(a).
The Kph for all three configurations rises rapidly as the tem-
perature increases at the beginning and then nearly stabilizes
when the temperature is beyond 300 K. However, a signifi-
cantly lower Kph is observed in the LFA structure as compared
to pristine MoTeS, attributed to the periodic structural alterna-
tion. This reduction in Kph is further enhanced in the HFA
structure, resulting from further enhanced phonon-interface
scattering. Specifically, the phonon thermal conductance Kph

for the HFA structure is reduced to 67% of that for the pris-
tine MoTeS structure. According to the formula of the phonon
thermal conductance,[39] the total phonon transmission Tph

makes a great contribution to the phonon thermal conduc-
tance. It can be seen from Fig. 2(b) that marked suppression
of phonon transmission is observed in the LFA and HFA struc-
tures relative to the pristine structure, nearly over all phonon
frequencies except near 35 meV and 20 meV. The transmission
coefficients for the HFA structure at low-frequency phonons

near the energy 12 meV and the energy ranges 22–32 meV
decrease much more significantly as compared to those for
the LFA structure, which results in the lowest phonon thermal
conductance Kph in the HFA structure.

K
p
h
 (

n
W

/
K

)

T
p
h

T (K) ω (meV)

Fig. 2. (a) The temperature-dependent phonon thermal conductance Kph
and (b) phonon transmission spectrum Tph for the three different alter-
nation frequency structures of pristine MoTeS, LFA and HFA.

To demonstrate the specific contributions of different
phonon modes to phonon transmission, the calculated local
phonon density of states (LPDOS) for them is presented in
Fig. 3. The phonon density of states of the pristine structure
has values over the whole range of phonon frequencies ex-
cept near 35 meV and 20 meV as shown in Fig. 3(b), which
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means that phonons in the left electrode can transmit through
the central region and reach the right electrode easily, lead-
ing to the high phonon transmission as shown in Fig. 2(b).
Moreover, its large values are mainly concentrated in the en-
ergy ranges 10–18 meV and 22–32 meV, which induces higher
Kph due to the dominance of low-frequency phonons in heat
transfer.[40] As shown in Fig. 3(b), LFA exhibits a reduction
in LPDOS within the 22–32 meV range. This suppression is
directly attributed to periodic defects, which simultaneously
block phonon propagation at these specific energies and en-
hance phonon scattering.[41,42] This effect is further amplified
in HFA as shown in Fig. 3(c), which exhibits significantly
stronger suppression of the phonon density of states within the
22–32 meV range than that in LFA, resulting in substantially
reduced Tph and Kph. Notably, as the frequency of periodic
alternation defects increases, phonon transport becomes pro-
gressively impeded.

The distribution of local phonon density of states (LP-
DOS) projected along the z-direction is presented for (a) pris-
tine MoTeS, (b) LFA, and (c) HFA configurations. The color

scale indicates the magnitude of the LPDOS at each spatial
point and frequency.
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Fig. 3. The distribution of local phonon density of states (LPDOS)
projected along the z-direction for (a) pristine MoTeS, (b) LFA, and
(c) HFA configurations. The color scale indicates the magnitude of the
LPDOS at each spatial point and frequency.
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Fig. 4. (a) Electron transmission spectrum, and (b)–(f) the conductance, Seebeck coefficient, power factor, total thermal conductance, and ZT value
as a function of chemical potential for the structures of the pristine MoTeS, LFA and HFA, respectively. The temperature is set at 300 K.

Subsequently, the electronic transport and thermoelectric
performance of pristine MoTeS, LFA, and HFA structures are
investigated. As shown in Fig. 4(a), at most electron ener-
gies, the electron transmission for the pristine structure has
the highest values among the three configurations. This su-
perior transmission originates from its uniform Janus config-
uration, where sulfur (S) and tellurium (Te) atoms arrange on
opposing surfaces, minimizing electron scattering. However,
at electron energies from about −1 eV to −0.73 eV, the elec-
tron transmission for HFA is greatly enhanced, much higher
than that for the pristine structure, which leads to improved
electrical conductance as shown in Fig. 4(b). Figure 4(c) dis-

plays the Seebeck coefficient as a function of chemical po-
tential. HFA exhibits higher S values than LFA, and pristine
MoTeS exhibits µ values in the range from about −0.8 eV
to −0.2 eV due to its highly alternating structure. Then the
power factor PF = S2σ , a key metric for device thermoelec-
tric performance, reaches its maximum value of 2.46 pW/K2

at µ =−0.73 eV for HFA in Fig. 4(d). The total thermal con-
ductance, comprising electronic and phononic contributions, is
presented in Fig. 4(e). The trend in Ke mirrors electrical con-
ductance as shown in Fig. 4(b), confirming their positive corre-
lation. Critically, HFA demonstrates consistently lower Ktotal

near µ =−0.73 eV compared to LFA and pristine MoTeS, pri-
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marily due to the reduced Kph. Finally, a maximum ZT value
of 1.58 for the HFA structure is achieved, much larger than
that for the pristine structure (0.43) and LFA (0.77), as shown
in Fig. 4(f). This superior ZT in HFA stems from the signifi-
cant increase in PF and simultaneous suppression of Kph.

3.2. Influence of weak coupling interfaces on thermoelec-
tric performance

In order to further improve the thermoelectric properties
of Janus MoTeS devices via suppressing Kph deeply, the vdW-
HFA heterojunction is constructed with two HFA monolay-
ers stacked via a weak van der Waals junction, as shown in
Fig. 1(d). The interlayer contact contains three unit cells, and
the interlayer spacing is 3.63 Å in the vdW-HFA heterojunc-
tion. The temperature-dependent Kph and corresponding trans-
mission spectra Tph(ω) are presented in Fig. 5. Attributed to

enhanced interface scattering, the phonon transmission below
50 meV for vdW-HFA is more deeply suppressed than that for
HFA, as shown in Fig. 5(b), accompanied by a substantially
lower Kph for vdW-HFA compared with that for HFA, as ob-
served in Fig. 5(a).

K
p
h
 (

n
W

/
K

)

T
p
h

ω (meV)T (K)

Fig. 5. (a) The temperature-dependent phonon thermal conductance
and (b) the phonon transmission spectrum for the HFA and vdW-HFA,
respectively.
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Fig. 6. (a) Electron transmission spectrum, and (b)–(f) the conductance, Seebeck coefficient, power factor, total thermal conductance, and ZT value
as a function of chemical potential for the structures of the pristine MoTeS, LFA and HFA, respectively. The temperature is set at 300 K.

The electronic transport and thermoelectric properties for
the vdW-HFA structure are shown in Fig. 6 (also presented
is that for HFA for comparison). Compared with that for
HFA, the electron transmission coefficient for vdW-HFA is
also greatly reduced (see Fig. 6(a)) because the weak inter-
layer coupling in the vdW structure constrains the available
transmission channels and hampers the electron tunneling dur-
ing interlayer propagation (the corresponding analysis will be
given later). As a result, the electrical conductance of vdW-
HFA is also diminished compared with that of HFA, as can
be seen from Fig. 6(b). The S for vdW-HFA is marginally
higher than that for HFA, as shown in Fig. 6(c), which is in-
versely correlated with its reduced electrical conductance (see
Fig. 6(c)). The maximum power factors PF for HFA and vdW-
HFA occur at the chemical potentials µ of −0.68 eV and
0.81 eV, respectively, with the maximum PF for HFA being ap-
proximately twice that of vdW-HFA, as illustrated in Fig. 6(d).

This disparity stems from the electrical conductance for vdW-
HFA being much lower than that for HFA. The total thermal
conductance Ktot of vdW-HFA is substantially lower than that
of HFA, as shown in Fig. 6(e), due to the reductions in both
Ke and Kph. Although the electron conductance in vdW-HFA
is also suppressed greatly, a significantly enhanced figure of
merit ZT 1.80 at 300 K is obtained for vdW-HFA (higher than
the ZTmax 1.58 for HFA) through pronounced suppression of
Ktot via weak interlayer coupling, which prevails over the com-
peting effect of S2σ , as demonstrated in Fig. 6(f).

To give the physical reason why the transmission coeffi-
cient and conductance for vdW-HFA are more greatly reduced
compared with those for HFA, the local device density of
states (LDDOS) for both structures is calculated at the corre-
sponding chemical potentials −0.68 eV for HFA and 0.81 eV
for vdW-HFA. As can be seen from Fig. 7, the LDDOS for
HFA is distributed on the whole device, so electrons can trans-
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mit through easily, resulting in the rather high transmission
coefficient and conductance, whereas in the vdW-HFA, it re-
mains highly localized and confined, which makes it hard for
electrons to traverse the van der Waals interface, leading to
the smaller transmission coefficient and conductance. Similar
analysis can also be applied to the Ke difference between the
HFA and vdW-HFA.

(a)

(b)

Mo
Te
S

y

z
x

Fig. 7. The distribution of local device density of states for (a) the HFA
at the chemical potential of −0.68 eV and (b) the vdW-HFA at 0.81 eV.

The maximum ZTmax values for both HFA and vdW-HFA
increase with the increase of temperature within the consid-
ered temperature range from 100 K to 500 K, as shown in
Fig. 8. A pronounced temperature-dependent enhancement
of the ZTmax value for vdW-HFA is observed, surpassing that
for HFA at approximately 200 K. Beyond 200 K, the substan-
tial reduction in Kph for vdW-HFA prevails over the lower PF,
resulting in a higher ZT relative to HFA. What is more, the
maximum ZTmax value for vdW-HFA rises to 3.49 as the tem-
perature increases to 500 K. Then, how does the temperature
increase lead to the enhancement of ZT from 1.80 to 3.49?
As can be seen from Table 1, the significant enhancement of
ZTmax from 1.80 at 300 K to 3.49 at 500 K is primarily driven

by the synergistic effects of temperature on the thermoelec-
tric parameters: the Seebeck coefficient S increases markedly
from 0.24 mV/K to 0.31 mV/K, resulting in a substantial 58%
improvement in the power factor (S2σ ) from 0.79 pW/K2 to
1.25 pW/K2 though the electrical conductivity σ experiences
a slight decrease from 13.69 µS to approximately 12.98 µS.
In addition, the total thermal conductivity Ktot is nearly sta-
ble as the phonon thermal conductivity Kph and the electronic
thermal conductivity Ke remain nearly unchanged. The tem-
perature T in the numerator of the ZT expression acts as a
linear amplifier, and its increase from 300 K to 500 K (a
67% rise) directly magnifies the gain in (S2σT ). The overall
growth of the numerator (S2σ ) by 163% vastly outweighs the
minimal change in the denominator (Ktot), thereby dominat-
ing the enhancement of ZT and demonstrating the outstand-
ing high-temperature thermoelectric performance of the vdW-
HFA junction.

Z
T

m
a
x

Temperature (K)

Fig. 8. The ZTmax as a function of temperature for the HFA and vdW-
HFA. The ZTmax values are obtained by optimizing the chemical poten-
tial at each temperature point.

Table 1. Summary of the electrical conductance (σ ), Seebeck coefficient (S), power factor (S2σ ), electron thermal conductance (Ke), phonon
thermal conductance (Kph), and figure of merit (ZT ) for all the structures at 300 K, and for the vdW-HFA at 500 K.

µ (eV) σ (µS) S (mV/K) S2σ (pW/K2) Ke (nW/K) Kph (nW/K) ZT
MoTeS 0.48 18.92 0.21 0.83 0.09 0.46 0.43

LFA –0.56 16.93 0.22 0.82 0.05 0.33 0.63
HFA –0.68 40.05 0.24 2.31 0.14 0.30 1.58

vdW-HFA 0.81 13.69 0.24 0.79 0.08 0.05 1.80
vdW-HFA (500 K) 0.79 12.98 0.31 1.25 0.08 0.06 3.49

4. Conclusion
In summary, the thermoelectric performance of Janus

MoTeS-based devices were studied by first-principles calcu-
lations based on density functional theory. Firstly, we inves-
tigated the impact of period S–Te atom alternation frequency
on the thermoelectric performance of Janus MoTeS-based de-
vices, as the two-dimensional Janus MoTeS has inherent out-
of-plane asymmetry. Among the three configurations with dif-
ferent alternation frequencies, the HFA structure demonstrated
superior thermoelectric performance as the Seebeck coeffi-
cient was enhanced and the phonon thermal conductance was
suppressed simultaneously when the alternation frequency of
the structure in the transport direction increased. A maximum
ZT of 1.58 was obtained in the HFA structure at 300 K. Then,

in order to further improve the thermoelectric properties of

Janus MoTeS devices via suppressing Kph deeply, the vdW-

HFA heterojunction was constructed with two HFA monolay-

ers stacked via a weak van der Waals junction. Indeed, the

phonon thermal conductance decreased greatly, resulting in

a high ZT of 1.80 at 300 K, which rose to 3.49 as the tem-

perature increased to 500 K, and in experiments, techniques

such as stepwise growth processes have demonstrated the fea-

sibility of creating atomically sharp interfaces within layered

materials. The results suggest that atomic-level structural de-

sign plays an important role in modulating the thermoelectric

properties of Janus 2D materials, which is useful for further

exploration of their device applications.
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