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ABSTRACT

Two-dimensional  (2D)  materials  exhibit  excellent  thermoelectric  perfor-
mance attributable to their lower dimensions. Through quantum transport
theoretical  calculations,  we  find  that  the  asymmetric  Janus  monolayer
materials (HfSSe and ZrSSe) possess the thermoelectric advantages of two
interfaces  (S  and  Se)  simultaneously  at  both  room  temperature  and  high
temperatures.  The interface effect  will  directionally  enhance the thermo-
electric figure of merit (ZT) of in-plane heterostructures along the direction
perpendicular  to  the  interface.  In  addition,  the  introduction  of  structural
dislocations at the interface can significantly enhance the ZT value of the
in-plane heterostructure in the transport along the direction parallel to the
interface.  At  the same time,  by adjusting the ratio  of  the two materials  at
the  interface,  the  optimal ZT of  the  in-plane  heterostructure  along  the
transport direction parallel to the interface can be enhanced to 1.63 (3.4) at
300 K (800 K).  Furthermore,  we propose that  employing laser  ablation to
fabricate vertical heterostructures into graphical superlattices can substan-
tially  decrease  the  lattice  thermal  conductivity  of  the  structure,  thereby
enhancing  the  thermoelectric  performance  of  the  material  significantly.
Our  study  provides  theoretical  support  for  enhancing  the  thermoelectric
performance of 2D materials.
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 1   Introduction

Thermoelectric  technology  provides  an  innovative  low-
carbon  and  renewable  energy  solution  by  converting
waste heat into usable electrical power [1–4]. The core of
advancing  thermoelectric  technology  lies  in  enhancing
the  efficiency  of  the  conversion  between  thermal  and
electrical  energy.  The  conversion  efficiency  is  primarily
governed by the electron and phonon transport properties
of  the  thermoelectric  material,  which  can  be  quantified

ZT = S2σT/(κe + κι) S σ T κe

κι

PF = S2σ

κTot = κe + κι

using  the  dimensionless  thermoelectric  figure  of  merit
(ZT)  with ,  where , , ,  and

 are  the  Seebeck  coefficient,  electrical  conductivity,
absolute  temperature  in  Kelvin,  and  electronic  and
lattice  thermal  conductivity,  respectively  [5, 6].  There-
fore, an excellent thermoelectric material should possess
both high power factor ( ) and low total thermal
conductivity ( ). Given the intrinsic coupling
between  electrical  and  thermal  transport  properties  in
materials, enhancing the ZT value of materials presents
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a significant challenge [7–10].
Identifying novel materials with higher thermoelectric

performance and investigating methods to improve their
ZT are  two  critical  tasks  in  the  field  of  thermoelectric
research.  Two-dimensional  (2D)  transition  metal
dichalcogenides  (TMDs)  are  regarded  as  a  promising
thermoelectric  material  due  to  their  excellent  electronic
properties  and  suitable  thermal  properties  [11–13].
Whereafter,  Cheng et  al. [14]  completely  replaced  one
layer  of  sulfur  atoms  in  the  traditional  TMDs  (MX2)
with another layer of the VI element. This can significantly
improve  the  electronic  and  phononic  properties  of  the
structure. They referred to this asymmetric structure as
a  Janus  structure  (MXY).  In  recent  years,  Patel  et  al.
discovered  that  the  Janus  structure  can  significantly
enhance  the  thermoelectric  performance  of  the  material
[15].  They verified  through theoretical  calculations  that
the ZT value  of  the  Janus  monolayer  WSTe  material
can  reach  0.74  (2.56)  at  300  (1200)  K.  This  is  mainly
due  to  the  fact  that  the  Janus  structure  not  only
enhances  its  power  factor  but  also  reduces  the  phonon
thermal  conductivity.  At  present,  researchers  have
discovered  some  two-dimensional  Janus  structures  with
relatively  high  thermoelectric  performance,  such  as
PdSeTe  [16],  InSSe  [17],  and  WSeTe  [18].  Through  a
series of methods, such as doping [19, 20], strain or pressure
[21–24], and defect engineering [25, 26], the thermoelectric
performance  of  2D  materials  can  be  further  enhanced.
Bai et  al. [27]  have  demonstrated  through  theoretical
calculations  that  strain  engineering  can  significantly
enhance the thermoelectric performance of Janus materi-
als.  When strain of  4% is  applied to monolayer  PbSSe,
the theoretical prediction of the maximum ZT is approx-
imately 3.77 in the 900 K. At different temperatures, the
improvement of  the  optimal ZT value  by biaxial  strain
falls within the range of 1 to 3 times. Meanwhile, Deng
et al. [28] demonstrated through theoretical calculations
that when a 6% strain is applied to the Janus monolayer
ZrSSe  material,  the  optimal ZT value  can  be  increased
to 1.87 (3.24) at 300 (900) K, with an increase of nearly
70%.  The  IV  group  with  high  temperature  resistance
properties TMDs (HfS2 and HfSe2) exhibit superior ther-
moelectric  performance  compared  to  traditional  VI
group TMDs (MoS2 and MoSe2) [29, 30]. However, there
are relatively few studies on the thermoelectric properties
of  such  materials,  and  most  of  them  enhance  their ZT
through strain.

Here, we designed two Janus IV group TMDs monolayer
materials (HfSSe and ZrSSe). By means of first-principles
calculations combined with the non-equilibrium Green’s
functional formalisms (NEGF-DFT), we have confirmed
that  both  Janus  monolayer  materials  exhibit  superior
thermoelectric  performance,  effectively  integrating  the
thermoelectric  advantages  of  both  S  and  Se  structured
TMDs at both room and high temperatures. Meanwhile,
constructing  the  in-plane  heterostructure  of  the  two

Janus  materials  to  enhance  the ZT along  the  direction
perpendicular  to  the  interface  of  the  structure  through
the interface effect. On the basis of this, by introducing
a  controlled  density  of  structural  dislocations  near  the
interface,  the ZT of  the  structures  along  the  direction
parallel  to  the  interface  is  also  significantly  enhanced.
Finally,  for  vertically  stacked  bilayer  heterostructures,
we propose a method utilizing laser ablation to construct
the  graphical  superlattice  structure,  thereby  enhancing
their  thermoelectric  performance.  This  study  provides
theoretical  support  for  enhancing  the  thermoelectric
performance of materials through interface effects.

 2   Methods

First-principles  calculations.  The  vacuum  layer  larger
than  15  Å  was  used  to  ensure  the  decoupling  between
the  periodically  repeated  cells,  followed  by  structural
optimization and associated electronic state calculations
performed with the Vienna Ab initio Simulation Package
(VASP)  software  [31, 32].  First-principles  calculations
were  performed  with  density-functional  theory  (DFT),
and the Perdew–Burke–Ernzerhof (PBE) functional and
generalized  gradient  approximation  (GGA)  were  used
[33].  The  vdW interaction  was  considered  via  DFT-D3
functional [34, 35]. The spin-orbit coupling (SOC) effect
is taken into account in all the primitive structures. For
the  unit  cell  (monolayer  and  bilayer)  and  supercell
(heterostructure)  structures,  the  numbers  of  K  points
are  12  ×  12  ×  1  and  4  ×  4  ×  1,  respectively.  The
cutting energy is  500 eV.  The forces  on all  atoms were
less  than  10–4 eV·Å–1 and  the  total  energy  converged
within 10–6 eV.

Molecular  dynamics  simulation.  The  thermodynamic
stability of the structure is simulated by ab initio molecular
dynamics (AIMD) [36]. The first is to expand the protocell
to  a  4  × 4  × 1  supercell  structure.  The  numbers  of  K
points are 2 × 2 × 1 and the temperature range is 100
to 1000 K. The simulation time of a single step is 3 ps,
and the total simulation time is 3000 ps.

Thermoelectric  parameter  calculation.  The  thermo-
electric  parameters  of  each  structure  were  computed
using  the  Nanodcal  software.  The  quantum  transport
properties of materials were obtained through first-prin-
ciples calculations in conjunction with the non-equilibrium
Green’s  function  formalism  (NEGF)  [37, 38].  For  the
calculation of static self-consistent field (SCF), the GGA-
PBE96 electron exchange-correlation is used. The forces
on  all  atoms  were  less  than  10–4 eV·Å–1,  and  the  total
energy  converged  within  10–6 eV.  For  the  unit  cell
(monolayer  and bilayer)  and supercell  (heterostructure)
structures, the numbers of K points are 22 × 22 × 1 and
8 × 8 × 1, respectively. For the calculation of thermoelectric
parameter properties, the numbers of K points are 25 ×
25 × 1. Under this criterion, for all structures, the variation
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σ S

κe (T )

of ZT at  higher  K-point  densities  does  not  exceed  0.1,
and the changes in other related thermoelectric parameters
are  less  than  10–2.  All  the  data  calculations  were
repeated multiple times, and the values did not change.
In  this  work,  we  can  obtain  the  electrical  conductivity
( ), the Seebeck coefficient ( ), and the electronic thermal
conductivity ( ): 

σ =
e2L0

l
, (1)

 

S = − L1

eTL0
, (2)

 

κe (T ) =
1

T l

(
L2 −

L2
1

L0

)
, (3)

e l

l

T

Lm(µ)

where  is the elementary charge,  is the device length
(the  length  of  each  device  is  the  optimized  primitive
unit cell lattice constant in the transport direction of the
structure, respectively),  is the absolute temperature in
kelvin, and  is given by 

Lm (µ) =
2

h

∞∫
−∞

dεTe (ε) (ε− µ)
m

(
−∂f (ε, µ)

∂ε

)
, (4)

h µ

Te (ε)

f (ε, µ)

where  is the Planck constant,  is the chemical poten-
tial,  is  the  electron  transmission  spectrum,  and

 is  the  Fermi  energy  distribution  function.  The
phononic thermal conductivity can then be achieved by 

κp (T ) =
ℏ2

2πkBT 2l

∞∫
0

dωω2Tp (ω)
e

ℏω
kBT(

e
ℏω
kBT − 1

)2 , (5)

ℏ kB
ω Tp (ω)

where  is the reduced Planck constant,  is the Boltzmann
constant,  is the phonon angular frequency, and 
is the phonon transmission function.

 3   Results and discussion

 3.1   Electronic and thermoelectric properties of Janus
monolayer materials

The  top  (or  bottom)  S  atoms  in  MS2 (M  =  Hf/Zr)
monolayer  are  replaced  by  Se  atoms  to  form  a  Janus
monolayer  materials  MSSe  (M  =  Hf/Zr),  it  belongs  to
the P3m1 space group and side (top) view as shown in
Fig.  1(a).  Owing  to  the  different  atomic  layers  present
above and below the material, it exhibits more intricate
properties [39, 40]. The charge densities and the average
electrostatic  potentials  along  the z direction  for  both
Janus  monolayer  materials  HfSSe  and  HfS2 (HfSe2)  is
illustrated  in Fig.  1(b).  The  Janus  monolayer  material
HfSSe has an asymmetric mean electrostatic potential in

px + py
dz2

S

S

the z direction because the charge densities of the S and
Se  atoms  are  not  the  same,  and  the  lower  potential
energy  near  the  S  atom  also  means  that  the  charge
density  here  is  higher. Figures  1(c,  d)  illustrate  the
projected energy band of the atomic orbitals and effective
mass of Janus monolayer materials ZrSSe and HfSSe (M-
ZrSSe and M-HfSSe) with the spin–orbit coupling (SOC)
effect. The band structures of the two materials exhibit
similarities,  and  both  belong  to  indirect  bandgap  semi-
conductors with a band energy of  0.567 (M-ZrSSe) and
0.645  (M-HfSSe)  eV,  respectively.  The  high  symmetric
points  of  both materials  at  the valence band maximum
(VBM)  and  conduction  band  minimum  (CBM)  are  Γ
and M, respectively;  which are composed of  the 
orbital  of  Se  atom  and  the  orbital  of  Zr/Hf  atom.
The effective mass is a critical parameter that characterizes
the  transport  properties  of  material  [41].  It  usually
exhibits  a  proportional  relationship  with  the .  The
effective masses of both M-ZrSSe and M-HfSSe materials
exhibit significant anisotropy at the CBM, and the electron
effective masses in the M→Γ (M→K) direction are 2.167
(0.263)  and  2.447 me (0.222 me),  respectively.  Both
materials exhibit the large electron effective mass at the
CBM, so they possess a high density of states (DOS) at
the  CBM  (Fig.  S1).  These  characteristics  suggest  that
both materials have the potential to be the N-type ther-
moelectric materials with a high .

S

The  thermodynamic  and  structural  stability  of  both
M-ZrSSe  and  M-HfSSe  materials  were  established
through ab initio molecular dynamics (AIMD) simulations
conducted  at  a  temperature  of  1000  K,  as  well  as
phonon  dispersion  analysis  across  the  entire  Brillouin
zone  [Figs.  S2(a,  b)].  Subsequently,  we  computed  the
change in ZT of the two materials at different temperatures
with  the  chemical  potential  [Fig.  S2(c)].  The  function
diagram  of  the  optimal ZT with  temperature  were
drawn,  and  compared  these  results  with  non-Janus
materials, as illustrated in Fig. 1(e). The S-based and Se-
based  materials  exhibit  excellent  thermoelectric  perfor-
mance  at  high  temperatures  and  room  temperatures
(300  K),  respectively.  The  Janus  monolayer  materials
effectively  integrate  the  thermoelectric  advantages  of
two  type  of  interfaces  at  both  room  temperature  and
high temperatures, thereby, it more suitable for practical
applications.  The  optimal ZT of  M-ZrSSe  (M-HfSSe)  is
0.88 (0.99) at room temperature and reaches the highest
2.31 (2.74) at 900 K. It is evident that the thermoelectric
performance of M-HfSSe exceeds that of M-ZrSSe, which
is  one  of  the  better  thermoelectric  materials  in  Janus
materials  (Table  S1).  We  calculate  the  thermoelectric
parameters  associated  with  the  optimal ZT at  room
temperature  of  the  two  materials  (all  thermoelectric
parameters are taken as absolute values), and scale them
to  a  suitable  scale  in  the  radar  diagram,  as  shown  in
Fig.  1(f).  The  other  thermoelectric  parameters  value  of
M-ZrSSe, with the exception of the , are all  higher to
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Fig. 1  Crystal  structure,  electronic  band  characteristics,  and  thermoelectric  properties  of  Janus  monolayer  materials.
(a) Schematic diagram of the atomic composition structure of the Janus monolayer materials and the top and side view of
crystal  structure. (b) The  average  electrostatic  potential  energy  along  the z axis  of  monolayer  materials  HfSSe,  HfS2 and
HfSe2,  and  the  illustration  for  charge  densities  [the  blue  (red)  color  represents  the  charge  density  of  the  electron  (hole)].
(c) M-ZrSSe; (d) M-HfSSe are projected energy band of the atomic orbitals of the materials, and the blue and red spheres
represent  electron  and  hole,  respectively. (e) The  optimal ZT of  Janus  monolayer  materials  (M-ZrSSe  and  M-HfSSe)  and
their corresponding non-Janus (M-ZrS2/ZrSe2 and M-HfS2/HfSe2) counterparts as a function of temperature. (f) The radar
comparison of thermoelectric parameters associated with optimal ZT at room temperature (300 K) for M-ZrSSe and M-HfSSe
(scaled by an appropriate ratio, and all physical parameters are taken as absolute values).
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S κι

μV/K W·K−1 ·m−1

μV/K W·K−1 ·m−1

S κι

than those  of  M-HfSSe.  At  300 K,  the  and  of  M-
ZrSSe are –223  and 0.23 , and those of
M-HfSSe  are –237  and  0.19 .  This  is
mainly due to the fact that Hf atoms have a large effective
mass  and  a  low  phonon  group  velocity,  resulting  in  a
higher  and a lower  [42].

 3.2   Impact of interface effects on thermoelectric
properties of in-plane heterostructures

4× 4

S

S κι μV/K
W·K−1 ·m−1 μV/K

W·K−1 ·m−1

Te(E)

Combining two monolayer materials to form an in-plane
heterostructure can effectively enhance the thermoelectric
performance  of  the  two  materials  [43, 44].  The 
supercell  in-plane  heterostructure  (M-HfSSe@ZrSSe)
synthesized  by  two  Janus  monolayer  materials  was
constructed [Fig. S3(a)],  and the projected energy band
of the atomic is illustrated in Fig. 2(a). The two materials
will  undergo  charge  transfer  at  the  contact  interface
[Fig.  S3(b)],  and  the  in-plane  heterostructure  will  also
become  a  direct  bandgap  semiconductor  with  a  band
energy of 0.704 eV. The VBM and CBM of the structure
are  at  the  high  symmetric  point  Γ,  which  is  mainly
composed of the Se atom and the Zr atom. It also has a
high  asymmetric  electron  effective  mass  at  the  CBM.
The symmetry of the in-plane heterostructure formed by
two  Janus  monolayer  materials  will  be  altered  in
comparison to that of  monolayer materials,  resulting in
the  formation  of  two  distinct  thermoelectric  transport
channels:  one  perpendicular  direction  (X-D)  and  one
parallel direction (Y-D) to the contact interface between
the two materials. The change in ZT of these two transport
directions  of  the  in-plane  heterostructure  at  different
temperatures with the chemical potential was calculated
[Fig.  S3(c)],  respectively,  and  the  function  diagram  of
the optimal ZT with temperature were drawn, as shown
in Fig.  2(b).  The  in-plane  heterostructure  is  an
anisotropic N-type thermoelectric material. The thermo-
electric  performance  of  the  in-plane  heterostructure
exhibits significantly higher ZT along the X-D compared
to  the Y-D,  and  the  optimal ZT of  the  material  along
the X-D (Y-D) reaches 1.33 (0.85) at room temperature
and peaks at 3.09 (2.66) at 900 K. The underlying physical
mechanism can be elucidated by comparing the thermo-
electric  parameters  associated  with  the  optimal ZT at
room  temperature  in  both  directions,  as  illustrated  in
Fig.  2(c).  Except  for  the ,  the  other  thermoelectric
parameters along the X-D are smaller than in the Y-D.
At 300 K, the  and  of the X-D are –254  and
0.11 ,  and  those  of  the Y-D are –227 
and  0.25 .  Compared  to  classical  thermody-
namic  theory,  which  emphasizes  that  the  transport
properties of materials are determined by their intrinsic
properties (Supplementary Text: Section S1. The classic
equations),  quantum  transport  theory  underscores  the
significance  of  the  transmission  coefficient  ( ),
which is  also the important factor affecting the current

(Te/p (E))

Te/p(E) σ κι

S

and phonon heat flow (Supplementary Text: Section S2.
Quantum  transport  properties).  For  in-plane
heterostructures,  except  for  their  own  band  structure,
the  main  reason  affecting  their  transmission  spectra  is
the interface effect caused by lattice mismatch along the
transport direction. It is reflected in the self-energy term
of the Green’s function and affects the transmission coef-
ficients of electrons and phonons . The motion
of current and phonon heat flow along the two directions
within  the  in-plane  heterostructure  is  illustrated  in
Fig. 2(d). The movement of electrons and phonons along
the Y-D direction  is  all  within  the  same  material,  and
there is no such interface effect. However, their movement
along  the X-D direction  will  pass  through one  material
to another, which will introduce an interface effect. The
reflection  caused  by  interface  effects  will  reduce  the
transmission  coefficients  of  electrons  and  phonons

,  this  results  in a decrease in the  and ,  and
increase  in  the  of  the  in-plane  heterostructure  along
the X-D. Therefore, for the in-plane heterostructure, the
ZT along the X-D is much higher than that along the Y-
D and  the  thermoelectric  performance  of  the  material
will show anisotropy.

α 4× 4

α = n/4 n

α =

α

α =

a

Owing  to  the  lattice  mismatch,  a  large  number  of
structural  dislocations  are  generated  at  the  interface,
which  will  also  significantly  affect  the  thermoelectric
properties  of  the  material  [45, 46].  In  actual  experi-
ments,  it  is  very  difficult  to  study the  influence  of  this
type of structural dislocation on the thermoelectric prop-
erties  of  materials  in  isolation.  Therefore,  based  on
different structural dislocations density ( ), the  in-
plane  heterostructures  composed  of  M-ZrSSe  and  M-
HfSSe  were  designed,  as  illustrated  in Fig.  2(e).  Each
structure  ensures  that  the  number  of  atoms of  the  two
materials  is  the  same  and  the  structural  dislocations
density  is  defined  as .  The  represents  the
number  of  structural  dislocations  of  X  (X  =  Hf/Zr)
atoms at the interface.  When the 50%, two distinct
arrangements  of  crystal  structures  may  be  constructed.
As the  increases, the total free energy of the optimized
structure  also  rises.  All  band structures  with structural
dislocations  exhibit  characteristics  similar  to  structure
without  structural  dislocations  ( 0%),  they  are  all
direct  bandgap  semiconductors  and  the  band  energy
decreases as the  increases (Fig. S4).

α = A−

The function diagram of the optimal ZT of these two
transport  directions  of  each  structure  with  temperature
were drawn, as shown in Fig. 2(f). The impact of structural
dislocations  on  the ZT of  the  in-plane  heterostructures
varies  significantly  between  the  two  directions.  For
along the X-D, structural dislocations of influence on the
ZT of  the  in-plane  heterostructures  are  very  limited.
However,  for  along  the Y-D,  structural  dislocations
notably enhance the ZT of the in-plane heterostructures.
The optimal ZT of  the 50% structure is  as high
as 1.5 at room temperature and the optimal ZT exceeds
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Fig. 2  Crystal  structure,  electronic  band  characteristics,  and  thermoelectric  properties  of  the  in-plane  heterostructure
composed  by  two  Janus  monolayer  materials  with  and  without  structural  dislocations.  The  in-plane  heterostructure;
(a) projected energy band of the atomic; (b) function diagram of optimal ZT with temperature in two transport directions
(X-  and Y-  are respectively the lengths  of the structure in each transport direction); (c) thermoelectric parameters related
to optimal ZT at room temperature; (d) motion situation of electron and phonon in two transport directions. The in-plane
heterostructure with and without structural dislocations; (e) crystal structure; function diagram of (f) optimal ZT; (g) ;
(h) ; (i) ; (j)  and (k) PF with temperature in two transport directions.
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3 at 800 K, and the temperature condition of peak ZT is
also reduced. Therefore, we focus on the physical mecha-
nism  by  which  structural  dislocations  significantly
enhance ZT along the Y-D. The  and  of these two
transport  directions  of  each  structure  as  a  function  of
temperature are illustrated in Figs. 2(g, h) respectively.
The presence of  structural  dislocations  can significantly
diminish the  of the in-plane heterostructure, with the
most  pronounced  effect  observed  along  the Y-D direc-
tion, where the reduction can exceed 50%. When structural
dislocations  occur,  the  current  and  phonon  heat  flow
along the Y-D direction traverses  two materials,  and it
is  influenced  by  interface  effects  on  both  sides  of  the
interface  (Fig.  S5).  The  acoustic  branch  modes  in
phonon vibration modes in the same material  exhibit  a
higher  group  velocity  compared  to  the  optical  branch
modes, which is the crucial factor to determine the thermal
conductivity of  the lattice [47, 48].  The structures with
structural  dislocations  exhibit  a  lower  phonon  group
velocity in the acoustic branch (Fig. S6), which reduces
the . The  and  of these two transport directions of
each structure as a function of temperature are illustrated
in Figs.  2(i,  j),  respectively.  Similarly,  the  structural
dislocations  substantially  reduce  the  while  enhancing
the  along  the Y-D,  but  it  exerts  little  influence  on
these two thermoelectric parameters along the X-D. The
DOS  of  the  band  structure  of  each  structure  at  the
CBM  also  affects  these  two  thermoelectric  parameters
(Fig.  S4).  The PF of  these  two  transport  directions  of
each structure as a function of temperature are illustrated
in Fig. 2(k). For along the Y-D, the  caused by structural
dislocations  makes  the PF much  lower  than  that  of
structure  without  dislocations.  In  summary,  structural
dislocation significantly enhances the ZT value of the in-
plane heterostructure along the Y-D. This enhancement
is primarily attributed to the increase in the reflectivity
of  phonons  and  electrons  caused  by  interface  effects,
which reduces the . But for along the X-D direction,
the change of ZT is mainly influenced by changes in the
band and phonon structure.

β β = n/16

4× 4

β = β =

β = β =

β

β = β =

α =

The different atomic proportions of structural disloca-
tions  near  the  interface  can  affect  the  thermoelectric
properties  of  the  material  by  influencing  the  electronic
and  phononic  properties  [49, 50].  Therefore,  based  on
different Zr atom ratio ( ),  it  is  defined as , n
represents the total number of Zr atoms, the  super-
lattice  in-plane  heterostructure  composed  of  M-ZrSSe
and  M-HfSSe  was  designed,  as  illustrated  in Fig.  3(a).
These  four  structures  can  be  categorized  into  two
groups: rich Hf atoms ( 25% and 37.5%) and rich
Zr  atoms  ( 75%  and 62.5%).  The  corresponding
band  structure  and  DOS  are  calculated  (Fig.  S7),  and
the  total  free  energy  and  band  energy  of  the  structure
gradually increases and decrease with the increase of .
The  interface  of 25%  and 75%  structures  are
consistent  with  that  of 0%  structure,  there  are  no

β = β =

β =

β =

κι κTot

β = β =
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σ S

S σ

S σ
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structural dislocations at the interface. The phonon and
electron do not have interface scattering along the Y-D
(Fig.  S8).  The 37.5% and 62.5% structures have
structural dislocations that allow phonons and electrons
to  reflect  easily  along the Y-D in  one  side  interface,  as
shown  in Fig.  3(b).  The  structural  dislocation  at  the
interface should enhances the ZT along the Y-D for both
structures.  The  function  diagram  of  the  optimal ZT
along  the Y-D of  each  structure  with  temperature  was
drawn, as shown in Fig. 3(c). At room temperature, the
ZT of  structures  without  structural  dislocations  are
found to be lower compared to structures with structural
dislocations, and the structures with rich Hf atoms have
higher ZT than those with rich Zr atoms. The 37.5%
structure is exhibiting the highest ZT, it is 1.63 at room
temperature  and  which  increases  to  a  maximum of  3.4
at  800  K,  whereas  the 75%  structure  demonstrates
the  lowest ZT.  The  and  of  each  structure  as  a
function  of  temperature  are  illustrated  in Figs.  3(d,  e),
respectively.  The 75%  and 37.5%  structures
exhibit  the  highest  and  lowest ,  respectively.  More-
over, despite the presence of structural dislocations, the

 of the 62.5% structure remains higher than that of
the 25% structure, which without structural disloca-
tions.  This  may  be  although  rich  Zr  structures  with
structural dislocations have interface effects, the overall
group  velocity  of  the  rich  Zr  structure  is  higher  than
that  of  the  rich  Hf  structure  due  to  the  higher  group
velocity  of  Zr  atoms  compared  to  Hf  atoms  (Fig.  S9).
This ultimately leads to a higher  in the rich Zr struc-
ture. The  is also predominantly governed by the .
The  and  of each structure as a function of temperature
are  illustrated  in Figs.  3(f,  g),  respectively.  At  room
temperature,  the  structures  with  rich  Hf  atoms  exhibit
higher  and lower , and structural dislocations signifi-
cantly  enhance  the  while  reducing  the .  This  is
consistent  with  the  results  obtained  above.  Meanwhile,
the absolute value of  of the structures without structural
dislocations  initially  increases  and  subsequently
decreases with rising temperature, whereas the absolute
value  of  of  the  structure  with  structural  dislocations
exhibits  a  continuous  decrease  with  rising  temperature.
The higher  of  the  structures  with rich Zr  atoms also
makes  them  have  a  higher PF,  as  shown  in Fig.  3(h).
Therefore,  when  the  two  materials  form  the  in-plane
heterostructure, an increased concentration of Hf atoms
at  the  interface  and  constructed  structural  dislocations
will  both  significantly  enhance  the ZT of  the
heterostructure along the Y-D.

 3.3   Electronic and thermoelectric properties of vertical
heterostructures

When two Janus monolayer materials are stacked verti-
cally,  either separately or against each other,  a vertical
bilayer  homostructure  (B-HfSSe  and  B-ZrSSe)  or
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heterostructure  (B-HfSSe@ZrSSe)  can  be  formed  [51,
52]. According to previous reports, the stacking method
depicted in Fig. 4(a) exhibits the lowest total free energy
and possesses the most stable structure [53]. Simultane-
ously, based on the distinct types of atoms at the interface
where  the  two  Janus  monolayer  materials  come  into
contact, these can be categorized into three modes (S-S,
S-Se  and  Se-Se).  Among  them,  Se-Se  and  S-S  modes
have the lowest and highest total free energy after struc-
tural  optimization,  respectively.  The  lattice  constant  of
the  vertical  heterostructure  following  structural  opti-
mization  is  illustrated  in Fig.  4(b).  With  the  exception

Dof  interlayer  distance  ( ),  the  lattice  constant  for  S-S
modes and Se-Se are essentially identical. Consequently,
interlayer distance emerges as the predominant parameter
influencing  structural  total  free  energy.  The  S-Se  mode
exhibits  the  smallest  lattice  constants  (a,  b),  moderate
interlayer  distance,  and  the  largest  internal  angles  of
bond  (Hfθ:  S-Hf-Se,  Zrθ:  S-Zr-Se),  so  we  will  focus  on
this  contact  mode.  The  band  structure  of  the  vertical
heterostructure  of  S-Se  mode  is  illustrated  in Fig.  4(c).
The VBM and CBM are both contributed by M-ZrSSe,
thus forming a Type I heterostructure [Fig. S10(b)]. It is
an indirect  bandgap semiconductor  with a  band energy
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Fig. 3  Crystal structure and thermoelectric properties of the in-plane heterostructure composed by two Janus monolayer
materials with rich Hf and Zr atoms. (a) Crystal structure of in-plane heterostructure composed by two Janus materials with
rich Hf and Zr atoms, and the central diagram illustrates the band energy and total free energy of each optimized structure.
(b) Motion situation of electron and phonon along the Y-D of in-plane heterostructure with rich Hf atoms. Function diagram
of (c) optimal ZT; (d) ; (e) ; (f) ; (g)  and (h) PF with temperature along the Y-D.
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of  0.483  eV  and  the  high  electron  effective  masses  of
materials in the M→Γ (M→K) direction are 2.38 (0.235)
me,  these  parameters  are  similar  to  those  of  M-ZrSSe
material. The charge densities and the average electrostatic
potentials  along  the z direction  for  the  vertical
heterostructure  is  illustrated  in Fig.  4(d).  The  charge
transfer  occurs  from  the  Se  atom,  which  possesses  a
higher electrostatic potential in M-HfSSe, to the S atom
with  a  lower  electrostatic  potential  in  M-ZrSSe.  The
special  asymmetric  electrostatic  potential  phenomenon
of  the  Janus  materials  can  be  seen  in  the  z  direction.
The  phonon  dispersion  spectra  and  AIMD  simulations
indicate  that  the  vertical  heterostructure  exhibits  both

structural  and  thermodynamic  stability  [Fig.  S10(a)].
We  computed  the  change  in ZT of  the  vertical
homostructure and heterostructure at different tempera-
tures  with  the  chemical  potential  [Fig.  S10(c)].  The
function  diagram  of  the  optimal ZT of  each  structure
with temperature was drawn, as illustrated in Fig. 4(f).
The vertical heterostructure is an N-type thermoelectric
material  that  exhibits  an  optimal ZT of  0.611  at  room
temperature  and  an  optimal ZT of  2.2  at  900  K.  In
comparison  to  the  vertical  homostructures,  the  vertical
heterostructure  demonstrates  superior  overall  thermo-
electric performance. Figure 4(e) illustrates the thermo-
electric parameters associated with optimal ZT at room
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Fig. 4  Crystal structure, electronic band characteristics, and thermoelectric properties of the vertical heterostructure and
homostructure. (a) Crystal structure of three interface modes of vertical heterostructures, and the picture on the right shows
the total free energy of the heterostructure and homostructure after optimization for the three interface modes. (b) Lattice
constants of heterostructure after optimization for the three interface modes. The heterostructure for S-Se interface modes;
(c) band  structure; (d) the  average  electrostatic  potential  energy  along  the z axis,  and  the  illustration  on  the  left  shows
charge densities. The heterostructure and homostructure for S-Se interface modes; (e) thermoelectric parameters related to
optimal ZT at room temperature and 900 K; (f) function diagram of optimal ZT with temperature.
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temperature  and  900  K.  In  comparison  to  the  vertical
homostructures,  the  of  the vertical  heterostructure  is
significantly  enhanced  during  the  heating  process,
whereas  is diminished. Despite this reduction in the ,
the PF of  the  vertical  heterostructure  remains  superior
to  that  of  the  other  two  vertical  homostructures,  and
the  is substantially reduced. Consequently, the ther-
moelectric  performance  of  the  vertical  heterostructure
markedly  surpasses  that  of  the  vertical  homostructures
at high temperatures.

 3.4   Impact of graphical superlattice on thermoelectric
properties of vertical heterostructures

1× 1, 2× 2, 3× 3

4× 4
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The interface of the vertical heterostructure is located in
the out-of-plane direction (z); therefore, the influence of
the interface scattering on the thermoelectric performance
of  the  in-of-plane  direction (x and y)  of  the  material  is
relatively  limited  [54].  We  propose  a  method  for
constructing  the  graphical  superlattice  through  laser
ablation  of  the  upper  material,  thereby  enhancing  the
thermoelectric performance of the vertical heterostructure
at room temperature. By controlling the laser power and
exposure  duration,  it  is  possible  to  ablate  only  the  top
layer material without impacting the bottom layer material
[55, 56].  Through  precise  adjustment  of  the  laser  spot
position,  the  specialized  graphical  superlattice  structure
can  be  fabricated,  as  illustrated  in Fig.  5(a).  The  top
material  (M-ZrSSe)  consists  of  a  single  primitive  cell,
while  the  bottom  material  (M-HfSSe)  comprises  four
distinct  primitive  cell  structures  (  and

)  to  simulate  the  lattice  structure  following  laser
ablation.  The  corresponding  band  structure  and  DOS
are  calculated  (Fig.  S11),  and  defect  levels  can  be
observed  in  the  energy  bands  of  the  latter  three  struc-
tures.  Because  of  the  symmetry  of  the  structure  in
plane,  these  structures  are  all  isotropy  thermoelectric
materials.  The  function  diagram  of  the  optimal ZT of
each structure with temperature was drawn, as shown in
Fig.  5(b).  The  graphical  superlattice  structure  can
substantially  enhance  the ZT at  room  temperature;
specifically,  when  the  13  structure  is  implemented,  the
ZT increases  from an original  0.61  to  0.85.  The  and

 of each structure as a function with temperature are
illustrated  in Figs.  5(c,  d),  respectively.  According  to
quantum transport  theory,  the  depends  not  only  on
the  group  velocity  and  transmittance  coefficient  of
phonon vibrations but also exhibits an inverse relationship
with the lattice size ( ).  Therefore,  the graphical
superlattice  structure  can  reduce  the  by  increasing
the overall size of the structure. The  of each structure
at room temperature is predominantly influenced by the

.  The  and  of  each  structure  as  a  function  with
temperature are illustrated in Figs. 5(e, f), respectively.
The graphical  superlattice  structure  can decrease  the 
of the structures while exerting a relatively minor influence
on the . This is because in quantum transport theory,

σ

σ ∝ 1/l S

σ

κTot

the  lattice  size  is  also  inversely  proportional  to  the 
( ), but it does not directly affect the . The lower
 of the graphical superlattice structure also results in a

lower PF, as shown in Fig. 5(g). Therefore, the thermo-
electric  performance  of  the  vertical  heterostructure  at
room  temperature  can  be  enhanced  by  constructing  a
graphical  superlattice  structure  (the  thermoelectric
performance  of  the  graphical  superlattice  structure  of
top material (M-HfSSe) and bottom material (M-ZrSSe)
can be seen in Fig. S12). This is attributed to the signifi-
cantly reduced  resulting from the larger lattice size,
which  operates  under  the  similar  physical  principle  as
interface engineering in improving thermoelectric perfor-
mance.

 4   Conclusions

κl

κTot S

κTot

We  prove  that  the  interface  effect  can  directionally
enhance  the  thermoelectric ZT of  heterostructures.  By
means of first-principles calculations combined with the
non-equilibrium  Green’s  functional  formalisms  (NEGF-
DFT),  we  have  demonstrated  that  Janus  IV  group
TMDs  materials  (M-HfSSe  and  M-ZrSSe)  integrate  the
thermoelectric  advantages  of  two  different  interface
elements  (S  and  Se).  This  characteristic  renders  Janus
monolayer  materials  excellent  thermoelectric  materials
at  both  room  temperature  and  higher  temperatures.
Subsequently, construction of the in-plane heterostructure
composed of two Janus monolayer materials to enhance
the thermoelectric ZT of the material through the interface
effect. The optimal ZT of the in-plane heterostructure is
enhanced to 1.33 at room temperature along the direction
perpendicular  to  the  interface.  This  is  mainly  because
the interface  effect  enhances  the  reflectivity  of  phonons
in  their  direction  of  motion,  which  greatly  reduces  the

. Based on these, we designed the structural dislocations
of specific density at the interface. This increases the ZT
of  the  heterostructures  at  room  temperature  along  the
direction parallel to the interface to 1.5. Simultaneously,
by modulating the proportion of Hf atoms at the inter-
face,  the ZT value  can  be  further  enhanced  to  1.63  at
room  temperature.  This  improvement  is  attributed  to
the  Hf  atoms  with  lower  phonon  group  velocity  and
higher electron effective mass, which result in a reduction
in  and an increase  in  the .  Finally,  we propose  a
method for constructing the graphical superlattice vertical
stacked heterostructure via laser ablation. By effectively
reducing the  of the structure, the ZT of the vertical
heterostructure  can  be  enhanced  to  0.85  at  room
temperature.  Our  work  provides  theoretical  support  for
enhancing the thermoelectric performance of 2D materi-
als.
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