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ABSTRACT: For  the  ultrathin  two-dimensional  (2D)  materials  and
lateral heterojunction, the formation of unstable but elastic ripples is
commonly observed but is rarely studied, especially their correlations
with  different  material  properties.  To  fill  the  knowledge  gap  in  this
field,  this  work  systematically  explores  transition  metal
dichalcogenides  (TMDCs)  in  a  single  component  and  lateral
heterojunction with a series of ripple structures. The ripple formation
energy  is  quantitatively  classified  into  the  initial  elastic  strain  stage
and  fracture  threshold  stage  based  on  Fermi-like  distribution.
Electronic  structures  reveal  that  the  formation  of  ripples  is
accompanied by electron accumulations from flat surfaces to ripples.
By  comparing  the  unilateral,  decaying,  and  bilateral  ripples  in  2D
lateral  heterojunction,  we  confirm  that  Fermi-like  distribution  is  still
valid  regardless  of  the  shape  of  the  ripples,  where  the
thermodynamic  and  electronic  properties  are  modulated  by  ripples-
induced  uneven  strain.  The  main  features  of  optical  properties  are
not affected while the sensitivity to ripple-induced strains is distinguished. More importantly, the phonon properties further
demonstrate the potential of ripples in promoting thermal conductivity, which are strongly correlated with the optical branch
of anion vibrations. This work provides important theoretical guidance for the design and optimization of high-performance
optoelectronic devices based on TMDC heterojunctions.
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1    Introduction
Two-dimensional  (2D)  materials  are  an  emerging  field  that  has
become  a  hot  field  of  scientific  research  and  technological
innovation.  In  particular,  the  successful  separation  of  monolayer

graphene by mechanical  exfoliation in 2004 has opened a new era
in the study of 2D materials [1]. Since then, lots of different types of
2D  materials  have  appeared,  and  the  transition  metal
dichalcogenides  (TMDCs)  is  one  of  the  most  studied  ones  due  to
their  unique  structures  with  high  flexibility.  Compared  with
graphene,  black  phosphorus  [2],  and  mxenes  [3],  TMDCs  have
tunable  electronic  structures,  higher  mechanical  properties,
excellent  stability,  and  more  potential  for  large-scale  production,
integration, and application [4–8].

To optimize the properties of 2D materials, combinations of 2D
materials with different physical and chemical properties become a
promising approach to building up 2D heterojunctions with novel
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interface  properties  [9, 10].  Specifically,  the  heterojunctions  of
TMDCs,  such as  tungsten disulfide (WS2)  and tungsten diselenide
(WSe2),  have  garnered  considerable  attention  due  to  their  distinct
electronic  and  optical  properties.  There  is  a  discrepancy  in  the
lattice  constants  of  these  materials;  the  lattice  constant  of  WS2 is
3.147 Å, whereas that of WSe2 is 3.282 Å, resulting in approximately
4%  lattice  mismatch  between  them.  This  lattice  mismatch,
confirmed through previous experimental and simulation studies, is
the  primary  cause  of  non-uniform  strain  at  the  heterojunction
interface, which in turn spontaneously forms ripples or wrinkles on
the  material  surface  [11–13].  By  interface  engineering,  the
regulation  of  electronic  behaviors,  and  improvements  of
mechanical  stability  are  achieved.  More  importantly,  the  2D
heterojunctions also produce new physical phenomena such as the
quantum  Hall  effect,  superconductivity,  and  magnetism,  enabling
them  to  be  promising  candidates  in  the  fields  of  optoelectronic
devices,  energy  storage  and  conversion,  and  flexible  electronics
[14–17].  For  2D  heterojunctions,  the  reduction  of  thickness,  the
interactions  between  heterogeneous  materials,  and  interface
morphology  significantly  change  their  electronic  structure.  During
the  synthesis  of  2D heterojunction  materials,  it  is  always  observed
that the surface will spontaneously form ripples or wrinkles due to
the  non-uniform  strain  inside  the  material.  Xie  et  al.  [18, 19]
observed  the  existence  of  out-of-plane  periodic  ripples  along  the
heterogeneous  interface  in  WS2/WSe2 coherent  superlattices  by
atomic force microscopy (AFM). At the same time, Tian et al. [20]
observed  by  aberration-corrected  scanning  transmission  electron
microscopy (AC-STEM), and successfully constructed a monolayer
MoS2/WSe2 heterojunction model by first-principles methods. Park
et  al.  reveal  the  formed superlattices  with engineered strain within
WS2/WSe2 heterostructures, which flexibly modulate the electronic
properties [21]. Such ripple geometry leads to unique stretchability,
compressibility, and bendability in the heterojunctions [22].

Currently,  the  views  on  the  formation  of  ripples  in
heterojunctions  are  (1)  lattice  mismatch caused by  lattice  constant
difference  between  heterojunctions;  (2)  inconsistency  of  thermal
expansion  coefficient  between  heterojunctions;  and  (3)  internal
stress  caused  by  chemical  composition  difference.  Han  et  al.  [12]
reported  the  dislocations  and  ripples  in  the  WS2/WSe2 lateral
heterojunction array by the electron microscope pixel array detector
(EMPAD).  They  proposed  that  the  in-plane  strain  caused  by  the
different lattice constants was released mainly through out-of-plane
ripples. The difference in thermal expansion coefficient also leads to
a thermal mismatch between 2D materials and the substrate, which
limits the epitaxial  growth of 2D heterogeneous materials  [23, 24].
In  addition,  the  anion  coupling  between  the  components  of  the
heterojunction  causes  charge  perturbation,  resulting  in  the
formation  of  ripples  at  the  WS2/WSe2 lateral  heterojunction
interface [25]. All these works have revealed the strong interactions
in  2D  heterojunction  structures,  which  are  important  factors  in
determining the optoelectronic properties.

For  the  synthesis  of  heterojunctions,  scientists  have  often
observed  the  sharp  atomic  interfaces  at  the  heterostructures  of
TMDCs, which can be considered as ripples [26, 27]. Many recent
studies have reported the application potential of ripples, especially
in  lateral  heterojunctions.  Zhang  et  al.  [28]  found  that  the  lattice
mismatch  strain  in  the  WSe2/MoS2 heterojunction  changes  the
band  alignment  from  type  I  to  type  II  band  alignment  at  the
interface.  Meanwhile,  Ghosh  et  al.  [29]  realized  the  exciton
manipulation  to  enhance  the  photoelectrochemical  hydrogen
evolution  reaction  (HER)  on  the  2D  materials.  They  have

confirmed  that  localized  excitons  at  the  rippled  structures  with
uneven strain exhibit a decreased exciton binding energy to realize
the more efficient  generation of  carriers  under light.  These studies
demonstrate  that  the  electronic  modulation  of  heterojunctions  by
rippled structures  can be  applied  to  nano-optoelectronics,  sensing,
and  catalysis.  Li  et  al.  [30]  found  that  the  lattice  mismatch  at  the
interface would significantly affect the photoluminescence intensity
by  two-step  epitaxial  growth  of  lateral  WSe2-MoS2 heterojunction.
Zhou et al. [13] found that the misfit dislocations at the WS2/WSe2
heterojunction  interface  drive  the  growth  of  quantum  well  arrays,
indicating  that  the  structure  is  transformed  into  a  "channel"  of
conductive nanoribbons by n-type doping. The above works show
that  the  rippled  structure  caused  by  uneven  strain  has  great
potential  in  modulating  the  properties  of  the  heterojunctions.  The
d-p-d orbital couplings within the heterojunction interface between
d-orbitals  of  anions  (TMs)  and  p-orbitals  of  cations  (S/Se)  are
sensitive to the strain, which controls the properties of the TMDC
heterojunctions  [31, 32].  However,  detailed  explorations  into  the
morphology  of  the  ripples  in  the  2D  TMDCs  and  the
corresponding  heterojunctions  are  still  needed.  Therefore,
systematic  and  in-depth  theoretical  explorations  from  the  atomic
views are significant in supplying critical insights into the formation
and modulations of heterojunctions.

In this work, we have carried out a systematic theoretical study to
explore  the  correlations  of  the  ripple  morphology  with  the  band
structure,  electronic  density  of  states,  and  optical  properties  of  the
heterojunctions.  In  this  study,  by  applying  strain  on  single-layer
TMDCs, a two-stage structural energy evolution trend is proposed,
which  quantifies  the  relationship  between  ripple  structure  and
energy. Through electronic structure analysis,  we found that strain
increases  the  free  carrier  concentration  and  induces  electron
transfer from the Fermi level (EF) to ripple top regions. In addition,
among three different ripple morphologies including the unilateral,
decaying, and bilateral ripples (U-Ripple,  D-Ripple,  and B-Ripple),
the D-Ripple with the lowest strain shows the slowest bandgap and
the  mildest  change  in  electronic  structures  and  optical  properties.
The  phonon  density  of  states  (DOS)  indicates  that  the  optical
branch is mainly dominated by the d-p-d orbital couplings through
S/Se  atoms,  which  are  highly  sensitive  to  the  ripple  strain.  This
study  will  provide  an  important  theoretical  reference  to  reveal  the
essential  role  of  strain  in  2D materials  and heterojunctions,  which
further facilitates the optimizations of performance and broadening
the application of two-dimensional TMDCs. 

2    Results and discussion
To  reveal  the  influences  of  the  ripple  structures  on  different
properties  of  TMDCs,  we  first  calculate  the  energy  evolutions  of
monolayer MoS2, WS2, and WSe2 with the ripple structures in both
armchair  and zigzag directions (Fig.  1(a) and Fig.  S1 in Electronic
Supplementary  Material  (ESM)).  At  the  initial  formation  of  the
ripple with the height from 0–1 Å, the increasing trend of energy is
relatively  slow,  where  the  ripple-induced instability  is  alleviated by
the overall TMDC structures. As the ripple height further increases
and  exceeds  1.5  Å,  the  energy  shows  a  fast-increasing  trend  with
much higher instability. When the ripples break through the elastic
strain stage, the increasing rate of energy reduces. After reaching the
fracture  threshold  height  of  the  ripple,  the  energy  evolutions
become flattened and relatively stable. The overall energy evolutions
induced  by  ripples  in  TMDCs  all  display “S” trends.  Since  the
energy  evolutions  become  irregular  with  the  further  increasing
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ripple  heights,  we  mainly  focus  on two ripple  stages:  1)  the  elastic
strain stage and 2) the fracture threshold.

For  the  elastic  strain  stage,  the  ripples  undergo  elastic
deformation,  and  the  ripple  strain ε can  be  derived  based  on  the
following equation, which is regardless of the ripple shape used for
model building (Eq. (1)).

ε = π2Sδ
(1− v2)λ2 (1)

In Eq. (1), S is the thickness of the monolayer, δ is the ripple height,
v is the Poisson’s ratio of TMDCs, and λ is the ripple period.

The  stress  represents  a  deforming  force  applied  to  an  object
while the corresponding deformation of the material induced by the
stress is the strain. According to the relationship between stress and
strain, we derive the following equation (Eq. (2))

σ = B× ε = Bπ2hH
(1− v2)λ2 (2)

In the above equation, σ is the stress of TMDCs ripples, B is the
bending  modulus  of  the  material,  and H is  the  ripple  height  of
TMDCs. According to Eqs. (1) and (2), the stress is linearly related
to the ripple height,  so the energy E of  the first  stage of  the ripple
can be obtained as follows (Eq.(3))

E=
1
2
×a(or b)× σ =

1
2
π2hEbending

1− υ2
×b

λ2 ×H2 (3)

Ebending

where a and b are the length and width of the ripples, respectively,
and H is the rippled height. By applying a or b in the equation, we
obtain  the  energy  of  the  zigzag  chair  and  armchair  ripples,
respectively.  It  can  be  seen  from Eq.  (3) that  the  relationship
between the energy E and the ripple height at the elastic strain stage
is a quadratic function, which satisfies the elastic strain relationship
as  well  as  the first-order harmonic vibration mode.  Since the sizes
of  TMDCs  have  a  great  influence  on  the  flexural  modulus  of  the
materials, the  will be further studied and optimized in future
works.

E=
1
2
kx2

According to the first-order harmonic vibration mode, the elastic

potential energy is  (where k is the elastic coefficient, and
x corresponds  to  the  ripple  height H in  our  work).  Based  on  the
above derivations, we apply the quadratic function form to correlate
the  energy  and  ripple  height  in  the  elastic  strain  stage  (Fig.  1(b)).
Notably, all the fittings display high R2 values, supporting the strong
correlation between the energy and the elastic strain induced by the
ripples. With further investigations of the elastic coefficient, we have
identified that k is proportional to the ripple parameters (length of
ripples a for  zigzag  ripple  and width of  the  ripples b for  armchair
ripple) when the ripple period is the same (Fig. S2(a) in the ESM).

 

Figure 1    Investigations of the correlations between energy and the increasing ripple heights in armchair ripple and zigzag ripple. (a) The energy change of ripples with
different  heights  in  and  3  × N supercells.  The  increase  step  of  the  ripple  height  is  0.5  Å.  (b)  The  numerical  fitting  of  the  energy  with  different  ripple  structures.  The
correlation between the quadratic fitting parameter k and the lattice parameter a or b divided by λ2 in the (c) same period and (d) different periods in (b). λ is the ripple
period. (e) The average energy of the ripple structures based on the rippled surface area. The correlations among different energy fitting parameters ω, α, β, β × λ, n, λ, S in
the (f) armchair and (g) zigzag ripples. n is the number of atoms of each ripple; λ is the periods of ripples; S is the surface area of the ripples.
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1
λ2

a
λ2

b
λ2

k= 84.40
a
λ2

k= 81.70
a
λ2

When the ripple period changes, k is proportional to the reciprocal

of  the  square  of  the  ripple  period  (Fig.  S2(b)  in  the  ESM).

Accordingly,  we  have  fitted k with  (zigzag  ripple)  and 

(armchair  ripple),  leading to  the  (armchair  ripple  of

WSe2) (Fig. 1(c)) and  (zigzag ripple of WSe2) (Fig. 1(d)),
respectively, where the constants are obtained based on the average
data  of  the  same  and  different  periods.  With  these  fittings,  the
energy evolutions of  the ripple structures in the elastic  strain stage
are expressed below Eq. (4)

E=
1
2
×84.40

a(or b)
λ2 ×H2 (4)

N= ∑ l
ωl

eα+β×εl + 1

By comparing Eq.  (3) with Eq.  (4),  we  confirm that  the  energy  of
the  first  stage  is  indeed  the  elastic  strain  stage.  Based  on  the
structural  energy  changes,  the  energy  evolutions  become  flattened
and relatively stable after reaching the fractured threshold height of
the ripple, which is considered as the second stage. For the second
stage of fracture threshold, since the overall energy trend is similar
to  the  most  probable  distribution  of  particles  in  the  Fermi  system

(where l is commonly used to denote the energy
level  index  of  a  quantum  state.  This  index l serves  to  differentiate
the various energy levels within a system, with each specific energy
level corresponding to a unique energy value and its corresponding
degeneracy ωl), we propose the Fermi-like distribution function for
our work as shown below Eq. (5)

E=
ω

eα+β×H + 1
(5)

where E is the energy of monolayer TMDCs with ripples, H is the
height of the ripple, and ω, α, β are the parameters of the Fermi-like
distribution  function  for  energy.  Based  on  our  function  fitting  of
energy increase, the specific values of each parameter are shown in
Table  S1  in  the  ESM.  With  such  a  correlation,  the  corresponding
influences of the ripples on 2D materials are quantified to guide the
suitable  strain  engineering  for  reaching  the  balance  between
property optimizations and stability.

ω = 0.46n
ω = 0.70n

We  analyze  the  correlation  of  the  parameters  (ω, α, β)  of  the
Fermi-like  distribution  function  of  energy  to  investigate  the
potential  affecting  properties  to  the  energy  changes  of  rippled
structures  (Figs.  1(e) and 1(f)).  It  is  noted  that  the  energy
distributions  to  different  parameters  are  also  different  in  the
armchair  and  zigzag  directions,  where  we  apply  the  Pearson
correlation  coefficient  (P)  as  the  indicator  to  measure  the  linear
correlation  among  different  parameters  [33].  The P values  range
from −1  to  1,  which  indicates  both  positive  and  negative
correlations  between  the  factors,  which  is  different  from  the
coefficient of determination R2. The P between the parameter ω and
the atomic number n are 0.98 and 0.97 for armchair (Fig. 1(e)) and
zigzag  ripple  (Fig.  1(f)),  respectively,  indicating  a  strong  positive
correlation. The corresponding fitting reaches the  (R2 =
0.9583)  and  (R2 =  0.9451)  for  armchair  and  zigzag
ripple,  respectively,  where  the  difference  of ω values  in  the  two
directions originates from the directionality of the tensile properties
of  the  material,  supporting  our  previous  research  that  the  rippled
strain  is  anisotropic  [34].  On  the  other  side,  the  coefficient P
between  parameter α and  each  influencing  factor  display  very
limited regularity, and they are concentrated in the range of 4.7–5.2

(armchair)  and  4.7–5.3  (zigzag),  respectively.  After  fitting,  the
corresponding α parameter in our proposed Fermi-like distribution
function  of  energy  is  4.91  for  the  armchair  ripples  and  4.85  for
zigzag  ripples,  which  still  proves  the  anisotropic  properties  of
TMDCs. In addition, the correlations between the parameter β and
other influencing factors result in a slightly higher P than that of the
α parameter.  In  comparison,  the P distributions  of β × λ in  both
directions  are  more  concentrated,  leading  to  the β × λ equal  to
28.06 for armchair ripples and 22.75 for zigzag ripples after fitting.
Therefore,  the  proposed  "Fermi-like  distribution  function"  of
energy  expressions  of  the  second  stage  ripples  are  shown  below
Eqs. (6) and (7)

Armchair ripple : E=
0.46×n

e4.91− 28.06
λ ×H + 1

(6)

Zigzag ripple : E=
0.70×n

e4.85− 22.75
λ ×H + 1

(7)

The  average  energy  of  the  ripples  also  shows  a  Fermi-like
distribution,  where  the  average  energy  decreases  when  the  ripple
height  for  the  fracture  threshold  increases  (Fig.  1(g)).  This  is
because the threshold reaches the height of the rippled fracture. As
the ripple heights of TMDCs continuously increase, the surface area
also keeps increasing until the fracture, which interrupts the further
energy  increase  due  to  the  evident  structural  deformation.  This
further results in the reductions of average energy. When the ripple
period  changes  at  the  same  ripple  height,  the  average  energies
display an opposite trend to the period. When the ripple period is
fixed, the average energies of TMDCs at the same ripple height are
independent of the ripple sizes. Based on the above discussions, we
have derived the corresponding correlation expression for the first
elastic  strain  stage  and  the  second  Fermi-like  distribution  stage,
which quantitatively describes the energy evolution trends for both
armchair  and zigzag  ripples,  enriching  the  theoretical  explorations
of advanced functional TMDCs.

Since  the  electronic  distributions  will  be  modulated  with  the
strain  in  materials  [4, 35, 36],  we  have  established  a  6  ×  5  WSe2
ripple structure including 180 atoms with combinations of flat area
and ripple area to reveal the electronic modulations induced by the
uneven strain distributions in different regions of TMDCs (Fig. 2(a)).
In particular, we choose the central areas of both flat area and ripple
area to demonstrate the detailed electronic structures to distinguish
the strain effect. The electronic structures of these combined rippled
structures are demonstrated by the overall structure total density of
states (TDOSs), which has remained similar when the ripple height
is  between  0–1.5  Å  (Fig.  2(b)).  This  further  confirms  that  the
TMDC structure is able to alleviate the instability induced by minor
ripples  (<  1.5  Å)  without  affecting  the  overall  properties.  As  the
ripple  height  reaches  2.0  Å,  both  the  conduction  band  minimum
(CBM) and valence band maximum (VBM) begin to redshift,  and
become stable for VBM and CBM when the ripple height increases
to  4.5  Å.  The  corresponding  band  structures  also  prove  that  the
TMDCs become metallic-like when the ripple height reaches 5.5 Å
(Fig.  2(c)).  For the flat area,  the TDOSs changes are much smaller
than  the  ripple  area,  where  W-5d  orbitals  exhibit  higher  portions
than the Se-4p orbitals near the Fermi level (Fig. S3(a) in the ESM).
This reveals that the W-5d orbitals near the EF are more sensitive to
the  strain  induced  by  the  ripples  in  the  nearby  regions.  Notably,
from  the  ripple  height  of 2.5  Å,  the  change  of  W-5d  and  Se-4p
orbitals  show  a  parallel  redshift  trend.  In  contrast,  the  TDOSs
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changes of the ripple area are much more intensive (Fig. 2(b)). The
VBM and CBM start  the blueshift  and redshift,  respectively  at  the
ripple height of 2.5 Å. The band gaps disappear at the ripple height
of  4.5  Å  and  the  electron  density  becomes  higher  near  the EF,
especially  the  5d  orbitals  from  W  sites  (Fig.  S3(b)  in  the  ESM).
Accordingly,  the  estimation  of  free  carriers  is  performed  by  the
projected  partial  density  of  states  (PDOSs)  near  the EF within  the
range from −1.0 to 1.0 eV (Fig. 2(d)). It can be found that the free
carrier  concentrations  in  the  flat  area  decrease  gradually  while  the
ripple  area  has  a  great  improvement  of  free  carrier  concentrations
at  the  ripple  height  of  3.5  Å.  In  order  to  explore  the  reason,  we
further  demonstrate  the  3D  contour  plot  of  the  electronic
distributions  near  the EF,  where  strong  d-p-d  orbital  coupling
between  W-5d  and  Se-4p  orbitals  (Fig.  S3(c)  in  the  ESM).  To
further  visualize  the  electronic  distributions  near  VBM and  CBM,
we  plot  the  evolutions  of  the  highest  occupied  and  lowest
unoccupied orbitals (HOMO and LUMO). Within the range of 1.5
Å  for  the  ripple  height,  the  HOMO  and  LUMO  are  evenly
distributed  on  both  sides,  which  is  consistent  with  the  TDOSs
trend,  indicating  that  the  electronic  structures  are  not  affected  by
the  minor  ripples.  From  the  ripple  height  of  2.0  Å,  the
HOMO/LUMO  gradually  disappear  on  the  flat  area  and  shifts  to
the  ripple  area,  revealing  that  the  ripples  start  to  dominate
electronic  structures.  Combined  with  the  analysis  of  free  carrier
concentration  in  PDOSs,  it  is  concluded  that  with  the  increase  of
ripple height,  the electrons near EF gradually transfer from the flat
to  the  ripple  area.  These  results  confirm  that  the  uneven  strain
distributions  induced  by  the  local  ripples  drive  electron  transfer
between the ripple and flat area, supporting that ripples are able to
realize  different  types  of  charge  carrier  transfers  in  2D  materials.
Different  from  TMDCs,  ripples  in  other  2D  materials  such  as
graphene or hBN are proven to be beneficial for proton transfer by
experiments [37, 38].

As discussed in previous  sections,  the  free  carriers  transfer  with
the  strain  gradient,  which  is  critical  for  the  lateral  heterojunction.
Owing  to  the  mismatch  of  the  lattice  constants  between  two

materials,  the  ripples  are  often  formed  at  the  interface  with  the
appearance  of  uneven  strain  distributions.  To  further  reveal  the
influences  of  ripples  in  the  lateral  structures,  we  have  designed  a
series  of  WS2/WSe2 heterojunctions (Figs.  3(a)–3(c) and Fig.  S4(a)
in the ESM). Since the lattice constant of WSe2 is larger than that of
WS2, it is expected that the Ripples will form on the WSe2 side due
to the stronger compression strain, which also affects WSe2 region
close to the heterojunction. Accordingly, we have constructed three
types  of  heterojunction  structures  including  U-Ripple,  D-Ripple
and B-Ripple. U-Ripple: In the heterojunction, the WSe2 side forms a
wavy structure while the WS2 side remains flat (Fig. 3(a)). D-Ripple:
The ripple is gradually transferred from the WSe2 to the WS2 side in
the  heterojunction,  and  the  ripple  height  is  gradually  attenuated
(Fig. 3(b)). B-Ripple: The ripples at the same height are formed on
both sides of the heterojunction (Fig. 3(c)). The model functions of
these three heterojunctions are as follows (Eqs. (8)‒(10))

U-Ripple : z= Acos
(
2πy
λ

)
(8)

D-Ripple : z= 2A
1+ eβx

cos
(
2πy
λ

)
(9)

B-Ripple : z= Acos
(
2πy
λ

)
(10)

where A is  the  amplitude  of  the  equation,  and  the  height  of  the
ripple  is  adjusted by the  amplitude; λ is  the  ripple  period; β is  the
attenuation coefficient, which has been set to −0.05 in this work.

We have conducted a systematic statistical  analysis of the ripple
strain in heterojunctions, with particular attention to the changes in
bond  length  and  the  occurrence  of  bond  rupture  (Fig.  S5  in  the
ESM). Our study found that within the ripple height range of 0 to
2.0  Å,  the  bond  lengths  in  the  three  types  of  heterojunctions
exhibited  minimal  variation  and  few bond  ruptures.  As  the  ripple
height further increased, strain began to cause fractures in W–S and
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Figure 2    Free charge carrier transfer analysis in strain induced by ripples. (a) The demonstration of WSe2 ripple structure in a 6 × 5 supercell, in which the left half is the
flat area, and the right half is the ripple area. (b) The overall TDOSs and TDOSs of the flat area and ripple area in (a). (c) The bandgap evolution with increasing ripple
heights. (d) The estimated concentrations of free charge carriers near EF of both the flat and ripple areas.
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W–Se  bonds.  Among  the  entire  structure,  the  bilateral  ripples
showed  the  most  severe  bond  length  ruptures,  indicating  the
highest  overall  structural  strain.  In  the  unilateral  ripples,  bond
rupture at the interface was significantly stronger than in the other
two  structures,  suggesting  that  the  asymmetric  unilateral  structure
experiences greater strain at the interface. In contrast, the decaying
ripples  had  a  markedly  lower  incidence  of  bond  rupture,  which
gradually decreased with increasing ripple height (Fig. S5(b) in the
ESM).

Furthermore,  we statistically  analyzed the bond lengths of  W–S
and W–Se in the upper and lower layer at the interface (Figs. S4(c)
and S4(d) in the ESM). In both the unilateral and bilateral ripples,
when the ripple height was within the range of 0 to 3.5 Å, the W–S
bonds  were  primarily  under  tension,  while  the  W–Se  bonds  were
under  slight  tension.  When  the  ripple  height  exceeded  3.5  Å,  the
upper layer W–S bonds at  the crest  of  the ripples in the unilateral
ripples  were  compressed,  while  the  lower  layer  W–S  bonds  were
under  strong  tension,  with  the  opposite  being  true  at  the  edges.
Concurrently,  the  W–Se  bonds  experienced  significant  stretching
and compression at the two waists of the ripples.  When the ripple
height  was  greater  than  3.5  Å,  the  W–S  bonds  in  the  bilateral
ripples were almost entirely compressed, with only slight tension at
the crest.  The changes in W–Se bond length were similar to those
in  the  unilateral  ripples.  The  decaying  ripples,  however,  showed  a
slightly  stretched  state  for  W–S  bonds,  and  the  changes  in  W–Se
bond  length  were  significantly  smaller  than  in  the  other  two
structures.  In  summary,  our  research  has  detailedly  revealed  the
impact of ripple strain on bond length and bond rupture behavior
in  heterojunctions.  These  findings  provide  important  insights  into

the local strain distribution within heterojunctions and its effects on
the  structural  and  electronic  properties  of  the  materials.  These
observations  highlight  the  potential  of  ripple  structures  in
modulating  the  electronic  and  mechanical  properties  of  two-
dimensional materials and offer valuable guidance for the design of
new heterojunction devices.

The energies of these types of three rippled heterojunctions have
been  compared,  which  all  the  similar  trends  as  the  "Fermi-like
distribution"  of  energy  (Fig.  3(d)).  For  the  same  ripple  height,  the
ripple  energy shows an order  as  D-Ripple  <  U-Ripple  <  B-Ripple,
indicating  that  stronger  ripples  largely  increase  the  heterojunction
energy.  It  is  noted  that  the  energy  of  both  the  U-Ripple  and  B-
Ripple  reaches  stable  when  the  ripple  height  achieves  4.5  Å.  In
comparison,  the D-Ripple  shows a  continuously increasing energy
trend  as  the  ripple  height  increases.  Meanwhile,  the  average
energies  of  the  U-Ripple  and  B-Ripple  show a  volcanic  trend  and
the threshold is 4.5 Å (Fig. 3(e)). The average energy also shows the
energy order as D-Ripple < U-Ripple < B-Ripple at the same ripple
height. The energy comparisons indicate that the D-Ripple has the
lowest  energy  with  the  highest  stability,  which  is  attributed  to  the
lowest  strain.  However,  the  D-Ripple  displays  a  monotonically
increasing  trend  as  the  ripple  height  increases.  This  indicates  that
with  the  presence  of  large  ripples  in  the  D-Ripple  structure,  the
average energy will potentially exceed other types of ripples, which
is observed at the ripple height of 6.0 Å.

Then,  the  electronic  structures  are  investigated,  where  the
D-Ripple,  U-Ripple,  and  B-Ripple  exhibit  a  gradually  increasing
metallization  threshold  at  the  ripple  height  of  4.0,  5.0,  and  5.5  Å,
respectively (Fig. 3(f)). The D-Ripple structure has the slowest band

 

Figure 3    WS2/WSe2 lateral  heterojunction  structure  and  electronic  properties.  Structural  demonstrations  of  (a)  unilateral  ripple,  (b)  decaying  ripple,  and  (c)  bilateral
ripple. The (d) energy, (e) average energy, and (f) band gaps of the three heterojunctions. The effective mass of (g) electrons and (h) holes of the three heterojunctions. (i)
The exciton binding energy estimated by three rippled heterojunctions.
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gap  decay,  which  is  potentially  ascribed  to  the  largest  space  to
alleviate  the  influence  of  strain  on  the  electronic  structures.  With
the  increase  of  ripple  height,  the  band  structure  of  U-Ripple
remains indirect  band gap (Fig.  S6(a) in the ESM) while D-Ripple
and B-Ripple change from indirect to direct band gap at 3.5 and 2.5 Å,
respectively (Figs. S6(b) and S6(c) in the ESM). In addition, the k-
point  positions  in  U-Ripple  and  D-Ripple  remain  unchanged
between  0–3.0  Å.  The  DOSs  of  the  three  structures  are  further
demonstrated,  in  which  the  DOSs  of  the  D-Ripple  show  the
smallest  changes  (Figs.  S7–S9  in  the  ESM).  This  further  confirms
the smallest strain in the D-Ripple with the least affected electronic
structures,  which  is  consistent  with  the  comparison  of  evolution
trends in energies and band structures among different ripples.

Beyond  the  electronic  properties,  the  behaviors  of  free  charge
carriers  are  also  explored  through  the  estimations  of  the  effective
mass  (Figs.  3(g) and 3(h)).  From  3.0  Å,  the  effective  mass  of
electrons and holes begins to change. This is supportive of the band
structure evolutions, where the CBM/VBM becomes flattened with a
sharp reduction in the band gap after 3.0 Å (Figs. 2(a)–2(c) and 3(f)).
The  highest  effective  mass  of  electrons  corresponds  to  the  three
structures with ripple heights of 2.0, 4.5 and 3.0 Å, respectively. In
comparison,  the  highest  hole  effective  mass  is  reached  at  higher
ripple  heights  for  the  three  structures  of  5.0, 4.5  and  5.0  Å,
respectively. These results unravel that less stable rippled structures
are easier to activate the fast transportations of free charge carriers.
More importantly, the exciton binding energy Eb (Fig. 3(i)) [39, 40]
calculation formula is as follows (Eq. (11))

Eex
b =

4× 13.6μex

meε2s
(11)

μex
μex =

me ×mh

me +mh
εswhere  is the effective exciton mass,  and  is the

static  dielectric  constant  of  the  materials  calculated  by  optical
properties.  The  formula  reflects  the  relationship  between  the
exciton  binding  energy  and  the  effective  masses  of  electrons  and
holes in the material,  as  well  as the static dielectric constant of  the
crystal. Here, 13.6 eV is the binding energy of an electron in the n = 1
orbit of a hydrogen atom, which is used as a proportionality factor
to calculate the exciton binding energy. The factor of 4 accounts for
the motion of excitons in three-dimensional space and the shielding
effect  of  the  crystal  on  the  Coulomb  interaction.  This  model  is
applicable  when  the  radius  of  the  exciton  is  much  larger  than  the
lattice  constant,  resulting  in  the  formation  of  Wannier  excitons,
which can be simulated using a hydrogen-like model. Notably, the
exciton  binding  energy  displays  volcano  trends,  where  the
U-Ripple,  D-Ripple,  and  B-Ripple  exhibit  the  highest  binding
energy at 5.0, 4.5, and 5.0 Å, respectively. By controlling the ripple
morphology,  the  exciton  binding  energy  can  be  maximized  to
optimize  the  optoelectronic  properties  of  the  heterostructure
materials. Since the effective mass of the electron has the same peak
positions as the exciton binding energy, indicating that the exciton
binding  energy  of  the  three  lateral  heterojunction  structures  is
dominated  by  the  effective  mass  of  the  electron.  Excitonic
properties  in  heterojunctions of  monolayer  TMDCs are  correlated
with  band  offset  and  the  Coulomb  interaction  between  electrons
and  holes  [41−43].  Our  study  further  reveals  that  modulating  the
ripple  structure  within  these  heterojunctions  allows  for  the  tuning
of exciton binding energies and the control of the overlap between
electron  and  hole  wave  functions,  thereby  enhancing  the
optoelectronic  performance  of  the  materials.  This  discovery  not

only confirms the findings of Lau et al. [44]. but also provides novel
strategies for the design of TMD-based optoelectronic devices.

To enable the applications of TMDCs in optoelectronic devices,
the  optical  properties  are  equally  important  as  the  electronic
structures,  which  are  related  to  varying  material  properties.  The
simulated absorption spectra of the three structures in the blue-violet
region of 400–470 nm show a volcanic trend (Figs. 4(a)–4(c)). The
absorption peak of the D-Ripple decreases uniformly in this region
while the absorption peak of the B-Ripple decreases more sharply.
Starting from the ripple height of 2.5 Å, the absorption intensity of
U-Ripple  and  B-Ripple  increased  significantly  in  the  range  of
600–800  nm,  which  is  over  3  times  higher  than  the  flat
heterojunction  without  any  ripples.  In  contrast,  the  absorption
intensity  of  D-Ripple  only  reaches  two  times  increases  relative  to
the  flat  heterojunction.  Based  on  such  results,  we  can  flexibly
modulate  the  optical  absorption  of  a  specific  range  by  precisely
designing  a  rippled  strain  structure  in  optoelectronic  devices.
Further  detailed  investigations  of  the  dielectric  functions  are
performed,  which  is  one  of  the  key  parameters  to  determine  the
responses  of  TMDCs  to  the  external  electric  field.  The  main
difference in the real part (ε1) of the dielectric functions is located in
the  range  of  0–3  eV  while  the  excitation  photon  energy  is  in  the
range of 0.8–1.7 eV (Fig. 4(d)). It is noted that ε1 of B-Ripple with a
ripple height of 5.0–6.0 Å has negative regions, which leads to poor
responses  to  the  external  electric  fields  with  a  negative  refractive
index  that  cannot  support  the  light  propagation.  The  static
dielectric  constant  shows a  parallel  increase with the ripple  height,
which  is  supportive  of  the  increasing  in-plane  polarization  (Fig.
S10(a) in the ESM). Notably, the static dielectric constants of three
different  heterojunctions  are  similar  when  the  ripple  height  is
smaller  than  4  Å.  When  the  ripple  height  exceeds  4  Å,  a  drastic
increase in the static dielectric constants is noticed, especially the B-
Ripple.  The  work  functions  of  the  heterojunction  keep  decreasing
as the ripple height increases,  revealing that the formation of large
ripples  is  beneficial  for  electron  transfer  from  the  heterojunction
surfaces  (Fig.  S10(b)  in  the  ESM).  Meanwhile,  the  imaginary  part
(ε2)  of  the  dielectric  function reflects  the  absorption characteristics
of the material to light (Fig. 4(e)). As the ripple height increases, we
notice the main peaks of ε2 gradually shift  towards smaller energy,
revealing that the bonding conditions of heterojunctions have been
changed. From the ripple height of 4.5 Å, the main peaks of ε2 have
been  shifted  to  0–2.0  eV  with  significantly  enlarged  values  in  an
order  of  B-Ripple  >  U-Ripple  >  D-Ripple.  The  change  of  the ε2
indicates  the  enhanced  absorption  of  light  and  electron  transition
within  0–2  eV  and  induces  the  energy  loss  of  light,  which  is
consistent with the trend in the absorption spectrum [44, 45].

The  polarization  effect  has  also  been  studied  by  the  correlation
energy,  which  gradually  changes  from  negative  to  positive  as  the
ripple heights (Fig. S11 in the ESM). The orbital analysis shows that
the electron near EF is  driven by strain to accumulate at  the WSe2
ripple  side  in  the  U-Ripples  and  D-Ripples,  where  stronger  d-p-d
orbital coupling is formed on the WSe2 side of the D-Ripple (Figs.
S12–S14 in the ESM). For the B-Ripple, the electronic distributions
are  located  relatively  even  on  both  sides  of  the  heterojunction.
These  results  confirm  the  formation  of  the  in-plane  electric  field
with  charge  separation  and  locking,  which  leads  to  the  gradually
enlarging  in-plane  polarization.  Meanwhile,  the  Hirshfled
population  analysis  (HPA)  of  the  three  rippled  heterojunctions
further confirms the increasing in-plane electric fields on both sides
of  the  heterojunction,  which  agrees  well  with  the  static  dielectric
constant  results  (Figs.  S15–S17  in  the  ESM).  In  addition,  the
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heterojunction  will  break  into  three  parts  by  the  ripples  including
ripples  and  the  two  side  structures.  Such  structural  fractures  are
consistent with the electron density difference (EDD) results at the
ripple height of 4.5 Å (Figs. S18 and S19 in the ESM).

For  the  reflection  spectrum,  the  position  of  the  reflection  peaks
in the  heterojunction is  similar  to  the  absorption peaks  (Fig.  4(f)).
Compared with the absorption spectra in Figs. 4(a)–4(c), the positions
of  the  reflection  peaks  are  close  to  the  absorption  peaks.  As  the
ripple  heights  increase  with  stronger  strains,  the  reflection  peaks
shift  to  higher  wavelengths  with  lower  energy,  which  is  consistent
with previous experiments that higher strains result in the lowering
of  the  exciton  energy  [46, 47].  From  1.5  Å,  the  reflection  of  the
three types of heterojunctions between 250–375 nm is significantly
enhanced.  There  is  a  volcanic  trend  growth  in  the  range  of
375–550  nm,  and  the  height  of  the  turning  point  ripple  is  0.5  Å,
which  can  be  reduced  by  up  to  1  time.  From  600  nm,  all  the
heterojunctions  show  obvious  reflection  enhancement,  reaching
maximum  enhancement  factors  are  4,  2,  and  7  for  U-Ripple,  D-
Ripple,  and B-Ripple,  respectively.  The reflection coefficients  of  all
the  rippled  heterojunctions  exhibit  converse  trends  with  the
increases  of  the  ripple  heights.  The  reflection  coefficients  of  all
systems  decrease  greatly  in  the  visible  range  and  then  increase
slightly  after  a  wavelength  of  550  nm.  The  reflection  peak  of
different  ripple  systems  is  all  located  at  400  nm  of  visible  light,
indicating  that  all  systems  have  more  sensitive  light  reflection
properties at this wavelength. For the real part (n) of the refractive
index,  the  refractive  index  of  all  rippled  heterojunctions  is  smaller
than  that  of  the  flat  structure  in  the  visible  light  range,  indicating

that  the  formation  of  ripples  in  the  heterojunction  reduces  the
scattering  of  light  (Fig.  4(g)).  The  refractive  peaks  of  all  systems
correspond  to  the  position  of  500  nm,  which  gradually  redshifts
from  4.0  (U-Ripples),  4.5  (D-Ripples)  and  2.5  Å  (B-Ripples),
respectively, which potentially modulates the phase of the light. On
the  other  side,  the  imaginary  part  (k)  determines  the  absorption
process of light in the TMDCs, corresponding to the modulation of
the  light  amplitude  (Fig.  4(h)).  Notably,  the  peak  intensity  is  still
strongly  affected  by  the  ripple  height  while  the  peak  shifting  has
been  strongly  alleviated,  especially  for  the  D-Ripple.  For  both  B-
Ripples  and  U-Ripples,  the  peaks  become  less  obvious  and  have
been  blurred  by  the  intensity  increases.  These  results  demonstrate
that ripple control is not guaranteed to modulate optical signals by
changing  the  real  and  imaginary  parts  of  the  refractive  index  of
TMDCs.  This  finding  is  important  for  the  development  of  hybrid
fiber modulators or other advanced optical devices. The extinction
coefficient  is  also  revealed  by  the  imaginary  part  of  the  refractive
index, which shows similar trends to the reflectivity (Fig. 4(i)). The
peak  position  of  all  systems  in  the  light  range  is  400  nm  and  the
extinction  coefficient  decreases  first  and  then  increases  at  500  nm
with the increasing height of the ripple. For the energy loss function
of the heterojunction, all  the rippled heterojunctions also display a
decrease  first  and  then  an  increase  in  the  visible  light  range.  The
peaks  of  the  three  heterojunctions  at  400 nm gradually  redshift  to
450 nm and decrease with the increase of the ripple height. At the
same  ripple  height,  the  energy  loss  in  the  D-Ripple  is  the  lowest,
and the energy loss in the B-Ripple is the highest, revealing that the
strain  will  increase the  energy  loss  when  the  electrons  transfer
through  the  material.  It  has  been  demonstrated  that  interfacial

 

Figure 4    Optical properties of three heterojunctions. Absorption spectra of heterojunctions with (a) unilateral ripple, (b) decaying ripple, and (c) bilateral ripple. The (d)
real part (Re) and (e) imaginary part (Im) of the dielectric function of the three rippled heterojunctions. (f) Reflection spectra of three rippled heterojunctions. (g) Real part
(n)  and (h) imaginary part  (k)  of  the refractive index of  the three rippled heterojunctions.  (i)  Energy loss  spectra of  three rippled heterojunctions.  For (d)–(i),  the left,
middle, and right panels are the unilateral, decaying and bilateral ripple, respectively.
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strain  significantly  influences  the  optical  properties  of
heterojunctions  [48, 49].  Specifically,  the  introduction  of
compressive  strain  can  realign  the  energy  band  structure  at  the
heterojunction  interface,  thereby  enhancing  the  separation
efficiency and transport  capability  of  photogenerated electron-hole
pairs,  which  in  turn  significantly  improves  the  photocurrent  and
photoresponsivity of photodiodes. The findings of this study reveal
that  strain  engineering  is  an  effective  approach  to  optimize  the
optoelectronic  performance  of  two-dimensional  materials,
providing  crucial  guidance  for  the  development  of  new  types  of
flexible optoelectronic devices.

Besides  the  electronic  structures  and  optical  properties,  we
further  evaluate  the  phonon  properties  of  the  rippled
heterojunctions  through  the  phonon  DOS  (Figs.  5(a)–5(c)).  The
phonon  PDOS  indicates  the  acoustic  and  optical  branches  are
mainly  contributed  by  the  W  atom  vibration  and  the  S/Se  anion
vibration,  respectively.  For  the  flat  heterojunction,  we  notice  that
there  is  not  an  evident  gap  between  the  acoustic  and  optical
branches,  which  is  ascribed  to  the  coupling  at  the  heterojunction
interface. With the introduction of ripples, the peak that appears at
0  cm−1 is  noted  for  all  the  phonon  DOS,  which  belong  to  the
acoustic  mode  and  are  potentially  ascribed  to  the  fixed  W  atoms
during  optimizations.  Compared  to  the  flat  heterojunction,  the
imaginary  frequency  in  the  rippled  structures  is  slightly  increased,
which  indicates  that  enlarged  strain  further  breaks  the  dynamical
stability of the monolayer structure [50]. The low-frequency optical
branches  are  more  sensitive  to  the  ripple-induced  strain,  which  is
mainly  located  in  the  range  between  100–150  cm−1 due  to  the
vibration  of  anions  at  the  interface.  As  the  height  of  the  ripples
increases, we observe that the vibration contribution of S gradually

decreases  until  it  approaches  a  similar  level  with  Se.  Notably,  the
peak of  the  phonon TDOSs of  the  three  heterojunction structures
decreases  in  the  range  of  250–330  cm−1 with  broadened  splitting
peaks,  revealing  the  local  bonding  changes  under  the  strains.  The
broadening of the phonon DOS means that the ripple strain causes
more phonon states to be generated in the heterojunction, which is
able to realize the modulations of thermal conductivity flexibly. For
the  U-Ripples,  the  TDOSs  gradually  split  from  a  single  peak  to
multiple  peaks at  1.5 Å and then re-degenerate to a  single  peak at
4.5 Å (Fig. 5(a)). Similar broadening of TDOSs is also noted for D-
Ripples  and B-Ripples,  supporting that  the ripple  strain affects  the
coupling between anions in the material as well as the sensitivity of
the optical branch (Figs. 5(b) and 5(c)). In the low-frequency region
of  150  cm−1,  the  phonon  DOS  also  becomes  broadened  and
gradually  disappears  as  the  ripple  is  introduced.  Since  the  low-
frequency phonon state is  closely related to the acoustic  branch as
the main contributor to the thermal conductivity,  the reduction of
the phonon states leads to the decrease of the thermal conductivity
of these three rippled structures. The new phonon states induced by
the ripples result in an increase in phonon scattering, which reduces
the mean free path of phonons.

In the study of two-dimensional van der Waals (vdW) materials,
the  low-dimensional  structure  and  reduced  electrostatic  screening
effects  together  lead  to  a  significant  enhancement  of  exciton-
phonon  coupling.  Particularly,  transition  metal  dichalcogenides
(TMDCs),  with  their  unique  valley  polarization  and  spin-orbit
coupling,  offer  a  diverse  range  of  ways  to  modulate  electron-
phonon coupling, making them an ideal platform for investigating
electron-phonon  interactions  [51].  Within  these  materials,  the
strengthened  exciton-phonon  coupling  facilitates  the  capture  of

 

Figure 5    Phonon DOS of three heterojunctions. The phonon DOS and PDOSs of three heterojunctions with (a) unilateral ripple, (b) decaying ripple, and (c) bilateral
ripple, respectively.
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excited  electron-hole  pairs  by  the  lattice's  deformation  potential,
leading  to  the  formation  of  self-trapped  excitons  (STEs).  These
STEs  are  more  stable  due  to  their  association  with  lattice
distortions.  In  our  research,  we  observed  that  as  the  height  of  the
ripples  increases,  the strain broadens the phonon density of  states,
providing  more  scattering  opportunities  for  electrons  and  thus
enhancing  electron-phonon  coupling.  Additionally,  the  increased
lattice  disorder offers  more scattering centers  for  electrons,  further
intensifying  the  interaction  between  electrons  and  phonons.  With
increasing  lattice  distortion,  the  exciton  binding  energy  exhibits  a
volcanic trend of increase, indicating that within a certain range of
ripple  heights,  strong  electron-phonon  coupling  promotes  the
formation and stability of self-trapped excitons. However, when the
strain  increases  further,  disrupting  the  lattice's  periodicity  and
integrity,  the  stability  of  self-trapped  excitons  is  reduced,
manifesting  as  a  decrease  in  exciton  binding  energy.  Therefore,
through  strain  engineering,  we  can  effectively  control  electron-
phonon  coupling,  thereby  modulating  the  electronic  and  optical
properties  of  semiconductor  materials  to  meet  specific  application
requirements. This control offers new approaches and methods for
the design of novel optoelectronic devices.

The  heat  capacity  of  the  three  heterojunction  structures  also
decreases  with  the  increase  of  the  internal  stress  of  the  material,
resulting  in  a  decrease  in  thermal  conductivity,  especially  for
D-Ripples  and B-Ripples  (Fig.  S20 in  the  ESM).  This  reduction in
heat  capacity  adversely  affects  the  thermal  conductivity  of  the
material towards the decreasing trend, which is consistent with the
phonon DOS results. Such a correlation between heat capacity and
thermal conductivity provides a key insight into our understanding
of  the  thermal  transport  properties  of  materials  under  different
stress  states.  On  the  other  hand,  if  the  broadening  of  the  phonon
DOS is accompanied by the increase of phonon group velocity, the
thermal conductivity is improved. Zhang et al.  [4] have confirmed
that the thermal rectification effect of the nanoscale interface in the
heterojunction  effectively  enhanced  thermal  conductivity.
Accordingly,  by  controlling  the  ripples  precisely  in  the
heterojunction,  novel  thermal  conductive  materials  are  able  to  be
achieved in the future. In contrast, the low-frequency optical branch
changes  in  D-Ripples  and  B-Ripples  are  different  from  that  in
U-Ripples.  The  peaks  in  the  low-frequency  optical  branches  are
largely weakened with ripple formation in D-Ripples and B-Ripples,
which is attributed to the co-existence of both energy upconversion
and  downconversion  contributed  by  the  vibrations  of  Se  and  S
atoms, respectively. These opposite phonon peak trends indicate the
energy  transfer  from  Se  to  S  atoms,  which  largely  change  the
vibration  modes  at  the  heterojunction  faces.  These  results
demonstrate  that  the  interface  anion  coupling  plays  a  key  role  in
modulating the thermal conductivity of the materials. This research
direction  not  only  enriches  the  understanding  of  the  thermal
rectification  effect  but  also  opens  up  new  possibilities  for  the
development of thermal management technology. 

3    Conclusions
In  this  work,  we  have  carried  out  theoretical  explorations  on  the
formation  and  dynamic  processes  of  ripples  in  representative
TMDCs  and  heterojunctions.  Through  detailed  analysis,  we  have
classified  the  two  stages  of  ripple  formation  including  the  elastic
strain  and  fracture  threshold  by  successfully  identifying  the
correlations  between  thermodynamic  stability  and  ripple  height,
enabling  accurate  guidance  to  optimize  the  properties  of  TMDCs.
Through  detailed  electronic  structure  analysis,  the  strain-driven

charge carrier  transfer phenomenon has been identified to explain
the  ripple-induced  electronic  modulations,  where  the  highly
electroactive electrons near the EF gradually accumulated at the top
of  the  ripples,  inducing  a  strong  polarization  in  TMDCs.  More
importantly, the lateral heterojunctions with the three most possible
ripple conditions (U-Ripples, D-Ripples, and B-Ripples) have been
compared  regarding  the  electronic  optical  and  phonon properties.
In particular, the larger strain in B-Ripples dominated by strong d-p-d
orbital  couplings  leads  to  a  stronger  trend  towards  metallization,
improved  electron  transfer  capability,  and  enhanced  electron-
dominated  in-plane  polarization  effect.  For  different  optical
properties, we notice that the strain levels determined by the ripples
do  not  affect  the  overall  peak  positions  and  turning  points  in
different  optical  properties,  and  only  their  sensitivity  to  ripple
heights  is  modulated.  The  further  phonon  DOS  results  not  only
reveal  that  the  optical  branches  dominated  by  anions  are  more
sensitive  but  also  show  that  the  control  of  ripples  is  beneficial  to
developing  novel  thermal  conductive  materials.  Therefore,  for  the
commonly observed ripples in 2D materials, this work has provided
significant  insights  into  their  formation  and  impacts  on
thermodynamic,  electronic,  and  optical  properties,  opening  the
possibilities  of  developing  novel  luminescence,  optoelectronic,  and
even thermal conductive materials by precise morphology controls
in the future. 

4    Calculation method
In  this  paper,  the  first-principles  calculation  is  based  on  the
CASTEP program [52]. In the calculation, the generalized gradient
approximation  (GGA)  and  Perdew–Burke–Ernzerhof  (PBE)  are
used  to  accurately  reveal  the  interaction  of  electron  exchange-
correlation  energy  [53–55].  The  calculations  are  performed  using
ultrafine  quality  and  ultra-soft  pseudopotential.  Based  on  the
convergence  test.  The  cutoff  energy  is  380  eV.  The
Broyden–Fletcher–Goldfarb–Shannon (BFGS) algorithm is used to
achieve  energy  minimization  [56, 57].  In  the  process  of  structural
optimization, the standard is set as: the Hellmann–Feynman forces
should be less than 0.001 eV/Å; the total energy should not exceed
5 × 10−5 eV per atom.

To construct the models, we have considered the ripple structure
in  the  armchair  and  zigzag  directions  with  the  monolayer  ripples,
which  are  called  armchair  ripples  and  zigzag  ripples,  respectively
(Fig.  S1  in  the  ESM).  For  all  the  ripple  structures,  the  length  and
period  change  in  two  directions  according  to  the  ripple  modeling
function  equations.  As  an  example,  we  apply  the  following
modeling  function  equations  for  periodic  superlattice  structural
model building (Eqs. (12) and (13))

Armchair ripple : z= Acos
(
2πx
a

)
(12)

Zigzag ripple : z= Bcos
(
2πy
b

)
(13)

where A and B are  the  amplitudes  of  the  ripple  function,  and  the
ripple  heights  are  2A and  2B,  respectively.  The  ripple  heights  of
different size supercells are different, but all the ripple heights are in
the range of 0–7 Å, with 0.5 Å as an increasing step for the ripple
height.  In  the  equation, a and b are  the  length  and  width  of  the
supercell,  which also represent  the  periods  in  armchair  and zigzag
directions, respectively. In order to study the properties of TMDCs
materials,  we  have  selected  three  monolayer  TMDCs  including
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MoS2,  WS2, and  WSe2 to  build  up  the  ripple  structures.  For  the
structures in this work, we have named them by the supercell size,
which is  3 × N (N = 4,  5,  6,  7,  8,  9) and N × 5 (N = 2,  3,  4,  5,  6),
respectively. 

Electronic  Supplementary  Material: Supplementary  material
(ripple  structure  demonstrations,  electronic  analysis  of  ripple
structures,  fitting  of  elastic  strain  stage,  correlation  energy,  and
energy  fitting  parameter  analysis,  etc.)  is  available  in  the  online
version of this article at https://doi.org/10.26599/NR.2025.94907091. 
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