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Abstract: 
Two-dimensional (2D) transition-metal dichalcogenides (TMD) heterostructure 
semiconductors are emerging as the potential candidates for broad applications due to 
their flexible modulations of the electronic behaviors. However, the investigations of 
these TMD heterostructure semiconductors usually only limit to the synthesis 
approach and opt-electronic properties, lacking the in-depth guidelines from the 
atomic exploration of the formation and control of the disorder. Beyond the 
conventional disorder induced by the local fluctuations of inherent material properties 
such as chemical and structural composition, the fundamental concept of long-range 
phonon-based disorder has been identified in the single-layered TMD homogeneous 
structure [Nat. Nanotechnol. 14, 832 (2019).]. Herein, we propose the essential 
long-range p-p coupling effecr in the more complex WSe2/WS2 lateral heterojunction 
systems, which leads to the formation of ripple in the macroscopic structure. The 
unique lattice dyanamic near the interface edge initiates the long-range disorder from 
the atomic view. Such long-range p-p couplings are confirmed by the large scale 
simulations by Forcite and the actual experimental scale simulations by COMSOL, 
supporting their pivotal role in modulating the electronic behaviors. This work has 
compensated the knowledge gap between the theoretical investigation and 
experimental synthesis, which is essentially beneficial for the future fabrication of 2D 
heterostructure semiconductors with superior performance. 
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Introduction 

Recently, the developments of the two-dimensional (2D) semiconductors are on full 
swing due to the legacy of the graphene success [1-2]. Besides graphene, the 
transition-metal dichalcogenides (TMDs) are emerging as the most potential 2D 
semiconductor systems, which have attracted tremendous interest due to the 
advantages of low-cost, earth-abundant, non-toxic, and environmentally friendly [3-8]. 
Owing to the atomically thin structure, unique electronic and optical properties and 
rich diversity in chemical compositions, they have displayed considerable potential in 
the applications of integrated optoelectronic devices and systems such as p–n diodes, 
photodetectors, transistors, nanogenerators, and sensors as well as in catalysis [9-17]. 
For example, Wang and his team have demonstrated the flexible and strain tunable 
MoS2 based ultrathin heterojunction photodetector by the piezo-phototronic effect 
[14-15]. Owing to superior stability, the appropriate direct bandgap, and moderate 
mobility, the atomically thin MoS2 also shows impressive progress in the field-effect 
transistor (FET) and triboelectric nanogenerators (TENG) [13, 16-17]. Most 
importantly, the distinguishable piezoelectric performance between the odd number 
and even number of MoS2 layers are confirmed through experiments by Wang’s group 
[3]. These works indicate the great potential of 2D TMD materials by coupling 
between piezoelectricity and semiconducting properties. Until now, diverse 2D 
heterostructure semiconductors have been intensely studied in experiments regarding 
the synthesis approach and unique electronic structures. Such materials possess 
spatially tunable bandgap alignments and sharp interfaces, which are of pivotal 
significance and opens the opportunities in the high-performance device applications 
[18-20]. In particular, the growth of such structures has achieved impressive progress 
from the mechanical stacking approach to direct growth strategy. For example, Wang 
et al. have synthesized the few-layer stacked WSe2/SnS2 device through a 
mechanically exfoliated and restacked method [21]. Zhang et al. demonstrated the 
stacking growth of few layers of WSe2 on the randomly oriented SnS2 [22].  

Compared to the more facial synthesis of vertical TMD heterostructures [23-25], the 
lateral growth is considered as a challenge due to the demands for advanced growth 
protocols. With the devoted attention and investigations, the appearance of edge 
epitaxial strategy has solved this challenge and accelerates the developments of lateral 
heterojunction structures. For example, Li and co-workers demonstrated a two-step 
epitaxial growth of the atomic thick lateral WSe2/MoS2 heterojunction [26]. In their 
work, the edge of WSe2 induces the epitaxial MoS2 growth even they show a large 
lattice mismatch. Later, they further developed a new process for achieving 
large-scale high-quality WSe2/MoS2 lateral heterojunction interfaces [27]. The growth 
of such lateral junctions allows novel functional devices, such as in-plane transistors 
and diodes, to be integrated within a single atomically thin layer. Duan et al. have 
reported the lateral growth of MoS2/MoSe2 and WS2/WSe2 heterostructures to 
actualize the atomic p−n diodes [28]. Moreover, Gong et al. have proved the synthesis 
of the lateral WS2/MoS2 heterostructures also correspondingly modifies the optical 
emission of the in-plane direction [24]. Thus, the optoelectronic properties of the 
fabricated semiconductor heterostructures directly correlate to their energy band 
diagram at their interfaces. Since the observed unique properties of heterostructure 
predominantly stem from the junction, the goal of obtaining a high-quality junction is 
driving the innovations in the present research.  
 



Within the lateral heterojunction, the unique ripple effect has been identified as the 
consequence of the important interplay between different TMDs (Figure 1). Through 
the atomic force microscopy (AFM) within MoS2/MoTe2, which is ascribed to the 
lateral gradients in Te substitution levels and coupling effect between 2H and 1T 
phases [29]. The coherence between different TMDs is also confirmed by Park et al. 
[30]. Through the precise control of such ripple geometry, Rogers and coworkers 
confirm the high performance of such unique heterojunction stretchability, 
compressibility and bendability [31]. Although experimental works have achieved 
significant results, the in-depth theoretical investigations of such unique structure 
features are still very limited. Usually, the first principle calculations are applied to 
study the electronic properties and band alignment. Dai et al. revealed the strain in 
different TMD combination, which induced the bandgap variation [32]. Similarly, 
Sun et al. also reflected the geometric and electronic properties of the interface within 
the TMD lateral heterostructures by the first principle calculations [33]. Another work 
by Yang et al. also applied density functional theory (DFT) to discuss the 
photoexcitation charge transfer and energy transfer dynamics of lateral MoS2/WSe2 
heterojunctions [34]. Recently, Jiang utilizes the LAMMPS package to reproduce the 
misfit strain-induced buckling in the MoS2/WSe2 with molecular dynamics (MD) 
simulations [35]. The in-depth understanding of the general explanation of the lateral 
heterojunction structures still requires the integration of theoretical guidance and 
experimental design to actualize the future fabrication of 2D lateral heterostructure 
semiconductor systems. Thus, in this work, we have proposed the guidelines to 
identify the charge disturbance induced by the anion coupling effect to explain the 
formation of the ripple structure within the 2D WSe2-WS2 lateral heterostructure. This 
work supplies the fundamentally general mechanism for the experimentally observed 
phenomenon, which is of pivotal significance in the further exploration in such 2D 
heterojunction semiconductor materials. 
 
Results and Discussion 
Beyond the static lattice model, the lattice dynamics extends the concept of the crystal 
lattice to a collective vibration of atoms, which reflects both inter-ionic and electronic 
density fluctuations in affecting the lattice vibrations. To illustrate the origin of the 
ripple effect in the lateral heterojunction structures, we firstly demonstrate the phono 
dispersion of the typical single-layered TMDs for comparison including MoS2, WS2 
and WSe2 (Figure 2A-2C). Notably, the acoustic branches of these three typical 
TMDs are gradually decreasing from 230 cm-1 in MoS2 to 140 cm-1 in WSe2. 
Meanwhile, the shrink of the optical branch is slighter, which reduces from 180 cm-1 
in MoS2 to 130 cm-1 in WSe2. Especially, the change of the cation atoms shows a 
much smaller influence on the optical branches than the anion atoms, indicating the 
crucial effect of the anion in affecting the lattice vibration. Then, the phonon 
dispersions of the WS2-WSe2 lateral structures are considered in different interfacial 
ratios. For the WS2-WSe2 lateral structure with 1:1 ratio, the interfacial structure 
shows high stability due to the absence of the imaginary frequency (Figure 2D). The 
instability induced by the interactions between the S-Se is counteracted within a small 
region. When the wavevector q is larger than 0.4, we notice the evident disturbance 
on the phono dispersion with an oscillating effect even near the high-symmetry 
gamma point. Such disturbance on the phonon dispersion becomes more evident with 
the imaginary frequency at a higher ratio (Figure 2E). This represents that the strong 
charge inhomogeneity induced by the interactions between S-Se further leads to 



structural instability. Compare to WS2/WSe2 lateral structure with 2:2 ratio, the lateral 
structure with 3:1 ratio shows even stronger entanglement of optical branches, which 
is ascribed to the more inhomogeneous charge distribution (Figure 2F). The Brillouin 
zone of the lateral heterojunction structures with the different ration between WS2 and 
WSe2 displayed in Figure 2G-2I with a similar electron transfer pathway. Especially 
for the thin film with fluctuations, the induced anion couplings cause the charge 
disturbance, which inevitably leads to the anomalies electronic behaviors with energy 
transfer, leading to the ripple structure in the atomic thin 2D materials [36-37]. The 
phonon dispersion based on the periodic unit cells demonstrates the evident electronic 
fluctuations near the edge, which supports the further extension of the coupling effect 
to the long-range level. Based on the phonon dispersion, we deduce that the evident 
inhomogeneous charge distribution in the atomic interfacial region is dominated by 
the S-Se coupling effect, which requires further verification in the lateral 
heterojunction structures.  

 
Inspired by the previous experiment synthesis [38-39], we construct the single-layer 
WSe2-WS2 lateral heterojunction based on the triangle WSe2 within WS2 to 
investigate their formation process. We started from the isolated WS2/WSe2 lateral 
heterojunction that includes a mono WSe2 triangle with 30.37 Å edge length. Notably, 
the peripheral area outside the WSe2 has exhibited a roughly snowflake-like pattern, 
which is distinct from the original structure of WSe2 and WS2 (Figure 3A). The 
surface vibration has induced the newly formed superstructure that possesses a 
different symmetry and periodicity. From the enlarged display of the WSe2 core, the 
good periodicity of the new superstructure originated from the central WSe2 is 
observed (Figure 3B). The structural evolution from the original P63/mmc hexagonal 
crystal structure is mainly achieved by the rotation of S and Se sites to form the 
octahedral unit with stable W sites, supporting the lack of short-range disorder 
(Figure 3C). To further confirm the influence of the array arrangement to the 
appearance of the superstructure, we compare the horizontal triangle array with the 
vertical triangle array. Compare to the original structure, the existence of the 
superstructure is confirmed in the horizontal triangle array (Figure 3D- 3E). The size 
of the superstructure shrinks compared with that in the mono WSe2 triangle. Between 
two WSe2 triangles, the connected region has shown the widest length of the 
superstructure of 28.22 Å, with the longest length in the vertical direction of 22.50 Å, 
which are 3.1 times and 2.5 times of the space between two triangles, respectively. On 
the contrary, the vertical array exhibits a slightly smaller influence on the formation 
of the superstructure (Figure 3F). The results of different array arrangements 
confirmed that the existence of the superstructure is not induced by the quantum 
effect that depends on the size, which is the unique feature result from the competition 
between local Se and S atoms. Thus, the anomaly singularity electron-rich in the 
heterojunction area massively reduces the lattice stability driven by the 
electron-lattice coupling effect that follows the Mott-Anderson transition model [40] 
(Figure 3G). To recover to the stable lattice, the whole structure undergoes the 
relaxation to deplete the intrinsic instability. Thus, the structure relaxation leads to the 
distorted lateral heterojunction structure.  
 
Besides the understanding of lattice distortion, the quantitative energetic analysis 
regarding the variation of valence energy and van der Waals (vdW) energy in the 



strain-induced superstructure. As the array number increases, the strong surface 
valence and vdW fluctuation result in the instability of the structure accompany with 
the dramatic energy increase to the energy window (Figure 3H). The competition 
between the superstructure and the original structure reaches a balance during the 
energy window, explaining the similar energy trend within this period. As the array 
keeps increasing, the superstructure becomes dominant that significantly stabilizes the 
structure to lower the overall energy. The size change of the superstructure shows a 
downhill trend that illustrates the offset effect between the superstructures (Figure 3I). 
The size of the superstructure region shows less change during the energy window, 
which is consistent with an offset between superstructures. The dominating role of the 
superstructure is also verified after a specific increase in the arrays. As another 
important factor to determine the stability of 2D heterojunction, the mechanical 
properties of these arrays are also investigated (Figure 3J). Similar fluctuations noted 
on both the Poisson's ratio and shear modulus, especially at the intermedium states 
with strong strain effect induced by the superstructure, supporting the in-plane 
instability induced by the anion coupling. As the array number keeps increases, the 
instability effect is counteracted by the array coupling, which significantly minimizes 
the strain effect and achieves an optimally negative Poisson's ratio, enhancing their 
mechanical properties for diverse applications. The shear modulus is also stabilized to 
a low level with a good ductility rather than high rigidity, which supports the 
alleviation of the in-plane instability induced by anion coupling effect. More 
interestingly, the array correlation effect induced by the space arrangement is also 
discussed in detail. In the horizontal space, as the space width between the triangle 
keeps increasing, the overall energy experiences an evident drop within a limited 
region, indicating the coupling effect between the arrays affects the structure in a 
small range (Figure 3K). Such an effect is size-dependent, which is essential for 
small-scale samples while disappearing in large space arrangements. In comparison 
with the horizontal array arrangements, the vertical arrays imposed a subtle coupling 
effect between the arrays (Figure 3L). As space becomes larger, the superstructures 
become isolated, which shows little correlation with other arrays, which is confirmed 
by the continuous downhill trend of both valence energy and vdW energy. The 
size-effect of the triangle is also considered as shown in Figure 3M. To alleviate the 
induced strain, the internal and peripheral distortion becomes more evident as the size 
increases that aggravate the instability of the lattice with increased energy. 
Surprisingly, the nearly linear fitting between the triangle size and the energy is 
depending on the logarithmic relationship rather than the triangle area size, 
demonstrating a low surface energy correlation to the formation of the superstructure. 
With these preliminary results, the inevitable superstructure formation has been 
verified for the WSe2-WS2 lateral heterojunction array due to the intrinsic strain effect. 
The structure distortion results from the coupling effect between arrays, indicating the 
space arrangement rather than the quantum effect.  
 
Based on the CASTEP calculations, the electronic structure has been considered to 
investigate the intrinsic interplay between WS2/WSe2 lateral heterojunction interface. 
From the projected partial density of states (PDOS) shows the p-orbitals of the S-Se 
near the interface edge, we notice the abnormal occupied states crossing the Fermi 
level (EF), which shows a range of 0.25 eV to 0.30 eV in different scale of the lateral 
heterojunction systems (Figure 4A). The energy range represents the tailor state 
coverage ranges, which is strongly correlated with the p-p coupling effect on the 
formation of the superstructure and the ripple. The appearance of the tail states at the 



edge of the valence band indicates the long-range disorder with the loss of the 
van-Hove singularity. Such a unique coupling state is ascribed to the long-range p-p 
coupling effect between S and Se atoms, which largely enhances the electron 
agglomeration near the heterojunction surface. This further causes the energy 
releasement in pulse mode to initiate the rippled structure driven by negative 
correlation energy [41-42]. The 3D orbital distribution of the single-layer 
heterojunction supports the evident electronic overlap between Se and S atoms. The 
electronic inhomogeneity further induces the ripple structure. Due to the orbital 
coupling between the non-bonding long pairs in S and Se atoms, the strong p-p 
coupling leads to the lone pair saturation for higher orbital stability, accompanied by 
the local structural change (Figure 4B). The thermodynamic formation enthalpy 
difference between WSe2-WS2 is another dominant reason for the long-range disorder 
of the superstructure. To understand the origins of the superstructure, we have we 
derive the perturbation elastic entropy in the lattice as Eq. (1) to correlate the energy 
and local superstructure size. The derivation can be found in supporting information 
[43]. 

                                                           𝐸𝐸 = 𝑆𝑆𝑆𝑆

=   
𝑞𝑞𝑞𝑞𝑁𝑁𝐴𝐴

8𝜀𝜀𝑠𝑠
  𝑥𝑥2                                                (1) 

The q is the electronic charge induced by strain effect. The Q represents the 
perturbation charge, which is approximate 0.1 scale of q in each WSe2-WS2 unit. The 
εs is the dielectric constant of the WSe2 and NA is the Avogadro number. The ripple 
size is generated by the valence p-π tail states, which is derived to ~0.1 μm scale. 
Based on the evident formation enthalpy (~30 eV) difference between WSe2 and WS2 
individual units, the length of the superstructure is also deduced to the micrometer 
scale. The anomaly singularity electron-rich in the heterojunction area massively 
reduces the lattice stability driven by the electron-lattice coupling effect that follows 
the Mott-Anderson transition model [40]. For the simulation of sub-micrometer, we 
have introduced the Forcite method to observe the structure change and corresponding 
mechanical properties variations. To recover to the stable lattice, the whole structure 
undergoes the relaxation to deplete the intrinsic instability through the formation of 
ripple, which suffers the largest strain (Figure 4C). The enlarged details of the p-p 
coupling are clearly found in the heterojunction boundary and the apex area of WSe2. 
The left figure in Figure 4D represents the superstructure at the edge of the WSe2 
while the right figure indicates the superstructure near the apex of WSe2. The 
long-range p-p coupling strength is weakened as the distance increases that lead to the 
observation of the transition area from the original WS2 structure to the superstructure. 
The superstructure is also formed inside the WS2 as the origins of the strain (Figure 
4E). 
 
Beyond the lattice structure and theoretical derivation of the ripple phenomenon, the 
p-p coupling effect towards array is also analyzed from the energetic perspective and 
mechanical properties. It is found that the mechanical property of Poisson’s ratio is 
gradually stabilized from the strong fluctuation as the system energy decreases to a 
stable level (Figure 4F). The strain of the system is released as the formation of the 
superstructure, lowering the instability of the heterojunction structure (Figure 4G). 
More importantly, we consider the influence of the array distances on the stability of 
the heterojunction system by the formation of the superstructure. For the transverse 
direction, the lattice experiences an energy minimum when the superstructure 
formation ratio is the largest, supporting the strain releasement by the superstructure. 



For the longitudinal direction, the strain simply decreases with the distances between 
the array and achieves a stable period (Figure 4H).  
 
After the detailed analysis between the interaction of two arrays, the further expansion 
of the array scales is required to reveal the actual synthesis conditions. By considering 
the array up to 3×3, we further map the strain in the WSe2-WS2 lateral heterojunction 
with different number arrays. Firstly, we measure the size of the ripple of different 
scale WS2/WSe2 lateral heterojunction interface. Notably, the height of the ripple is 
also quantified by the sampling of different period lengths near the WS2/WSe2 
interface. Notably, the heights of the ripples are relatively even, which is distributed 
around 0.8 nm to 1 nm. Thus, the theoretical simulations of the ripple structure 
parameters show good consistency with our theoretical derivation based on the 
concept of perturbation elastic entropy (Figure 5A). Then, the density of the strain is 
demonstrated. As the size increases, the strain becomes more selectively distributed, 
which is gradually concentrated on the WSe2/WS2 interface (Figure 5B). Meantime, 
the WSe2 and WS2 are experiencing the tensile strain. The strong array couplings near 
the apex are noted when the arrays are aligned in the transverse direction, which leads 
to the highly compress strain. In comparison, the internal area of WSe2 and 
neighboring WS2 show the evident tensile strain. When the array start aligns in the 
longitudinal directions, some other strain appears that counteract the concentrated 
strain near the apex while the strain inside WSe2 remains tensile (Figure 5C). As the 
number of arrays keeps increasing, the strain becomes more evenly distributed and the 
tensile strain contrast becomes weaker between WSe2 and WS2. More importantly, the 
strain agglomeration is noted near the WS2/WSe2 interface. In addition, we perform 
the large-scale dynamic simulation to observe the formation evolution of the ripple 
between WSe2 and WS2. To reproduce the synthesis process, we start the initial 
simulation of 1 μm scale of the WSe2 triangle. It is noted that the induced strain 
between WSe2-WS2 has caused an evident distortion with the large area of the 
superstructure formation near the interface area between WSe2 and WS2 (Figure 5D). 
The formed ripples mainly centralize in WS2 region showing irregular growth 
orientations. As the size of WSe2 increasing to around 2 μm scale, we observe more 
evident misaligned local ripples with a distinct height difference in the z-axis (Figure 
5E). The ripple direction in WSe2 displays around 45 °angle close to the diffusing 
configuration near the apex of WSe2 arrays. Notably, as the size of the WSe2 triangle 
increases to 4 μm, the ripple becomes parallel extending from internal WSe2 towards 
WS2(Figure 5F). The width of each band is around 0.15 μm, supporting our previous 
theoretical predictions. The further increases of the WSe2 arrays result in more 
patterned configurations, where the ripples are closer with a slightly smaller width 
(Figure 5G). The ripple becomes blurred at the middle of the triangle edge in the 
WSe2 arrays, indicating the limited affecting range of the p-p couplings. In 
comparison with the previous work without the consideration of the long-range 
interactions, we have further confirmed the ripple structure induced by the 
out-of-plane strain. Such a ripple formation is induced by the dynamic strain during 
the thin film growth by the CVD method, which is very difficult for DFT to monitor 
the transient interactions. However, the static instability and strain simulation have 
been well consistent with the previous work [35].  
 
The thermodynamic calculations based on the quench condition of the typical CVD 
experimental approach (900-1100 K) all show a positive correlation between the 
strain and the lattice stability. After the quenching procedure, an evident tensile strain 



is noted on the single-layer WS2/WSe2 lateral heterojunction based on the lattice 
constant change. For an individual WSe2 triangle growth, both strain and normalized 
energy of WSe2 display a similar fluctuation as the size of WSe2 increases, indicating 
the complicated entanglement between thermal expansion and WS2/WSe2 interaction 
(Figure 5H). However, such random strain change becomes regulated as the array 
scale increase. Notably, the tensile strain is finally reduced to around 3.5% when 
arrays form scale (Figure 5I). The high concentration of WSe2 facilitates the strain 
releasement by the interaction between arrays in a well-regulated growth pattern. 
Following the strain releasement, the energy also keeps decreasing to a stable level. In 
addition, as the array distance between WSe2 is enlarged, the tensile strain undergoes 
a sudden drop and then stabilizes near 5%, which demonstrates the disappearance of 
the array interaction (Figure 5J). The comparison between the pristine WS2 and WS2 
with growth pores confirms the assistance of the pores in WS2 to the thermal 
expansion at high temperatures (Figure 5K). 
 
Compared to the actual experiments, our previous simulations are still much smaller 
than the typical experimental synthesis scale. To verify the ripple structure in the real 
experimental fabrication of lateral heterojunction, the COMSOL simulation is utilized 
to reproduce the corresponding strain distribution within the lateral heterojunction. 
All the models have been built close to the actual experimental size, in which the edge 
of WSe2 triangle is 10 μm while the WS2 substrate shows an edge of 50 μm. The 
simulation results at room temperature (298 K) demonstrate the whole material is 
under tensile strain even after cooling from 1173 K. Notably, the formation of ripples 
shows similar results with the theoretical predictions (Figure 6A). In both horizontal 
and vertical directions, we notice the ripple region surrounded the WSe2 triangles, 
which is highly similar to the observation of superstructure in DFT calculations 
(Figure 6B and 6C). By increasing the deformation scaling parameters, the strong 
compress strain is noted on the edges of WSe2 triangles, supporting the theoretical 
predictions and previous experiments (Figure 6D) [44]. More importantly, slight 
ripples structures are also noted inside the triangles domains, which is consistent with 
DFT calculations. The strongest tensile strain level is presented around the triangles 
on the plate while a weaker tensile strain is presented inside the triangle domains. 
This difference around the rims suggests the plate has compressed the triangles under 
the effect of heat (Figure 6E). The strongest tensile strain locates at the sharp apex of 
the triangles with the contact of the plate, while the other parts of the triangle preserve 
a lower level of tensile strain, supporting our microscopic strain distribution (Figure 
6F). We further studied the influence of interval distance based on models of 
WSe2-WS2 with different spacing between the WSe2 triangles. The spacings of 2 μm, 
3.5 μm and 5 μm are investigated to the same deformation level to compare the 
distortion. Unexpectedly, the 2 μm spacing model shows the weakest tensile strain 
level (Figure 6G). By comparing the strain between 3.5 μm and 5 μm interval models, 
the 5 μm model reports the largest maximum strain value while the 3.5 μm model 
presents higher tensile strain in the “ripple” region. The compress effect on the 
triangle’s edges is obviously increasing as the spacing increases from 2 μm to 5 μm. 
This phenomenon is ascribed to that larger space between the triangles allows the 
plate to expand more freely, which in turn increases the pressure difference at the rim 
of the triangles and thus the plate squeezes the triangles harder (Figure 6H and 6I). 
Thermal expansion simulation of the WS2 with pores for growth of WSe2 is also 
demonstrated at the growth temperature of 900 °C, which further leads to the 
subsequent deformation on the premade triangle-pores. This phenomenon is noted in 



both 2D and 3D models. Due to the tensile strain from the substrate WS2 expansion, 
the triangle pores are suppressed with inward deformation. The colormap shows the 
largest strain locates at the edges of the triangle-pores (Figure S1).  
 
Conclusion 
In summary, the anion coupling induced charge disturbance within the WSe2-WS2 
lateral heterojunction has been identified as the origin of the ripple structure induced 
by in-plane interfacial instability. Different scales of the first-principle simulations all 
verify the similar ripple phenomenon near the interfacial region of the WSe2-WS2 
lateral heterojunction. Beyond the simple factor of lattice misfit, we confirm that the 
Se-S p-p coupling effect induced the uneven charge distribution is the intrinsic reason 
for such a unique structural phenomenon. More importantly, we introduce the 
perturbation elastic entropy concept to predict the scale of such a ripple structure, 
which shows high consistency with the simulation results of experimental scale 
systems. For the bulk strain distribution, the tensile strain inside the bulk WSe2 and 
WS2 are noted while the interface region undertakes the compress strain. This work 
has supplied insightful references for the intrinsic properties for 2D lateral 
heterojunction structures. which not only demonstrates the unique ripple structure by 
different scale simulations but also indicates the in-depth theoretical understanding 
for the first time. This work is of significance for the future design of novel 2D 
heterojunction semiconductors. 
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Figure 1. The illustration of p-p couplings phenomenon in the 2D lateral 
heterojunction.  
 
 
  



 
 
Figure 2. The phonon dispersion of single layer A. MoS2, B. WS2 and C. WSe2. The 
phonon dispersion of WS2-WSe2 lateral interface with different ratio. D. WS2: WSe2 = 
1:1; E. WS2: WSe2 = 2:2 and F. WS2: WSe2 = 3:1. The Brillouin zone of the lateral 
interface structure with different ratio. G. WS2: WSe2 = 1:1; H. WS2: WSe2 = 2:2 and 
I. WS2: WSe2 = 3:1. The orange balls = Se atoms; the yellow balls = S atoms and the 
blue atoms = W atoms. 



 
 
Figure 3. A. Illustration of the superstructure formed around the WSe2 triangle. B. 
Relaxed structure of single WSe2. C. Demonstration of the edge of superstructure. D. 
Original structure of double horizon WSe2 triangle array and E. the relaxed structure. 
F. The relaxed structure of vertical WSe2 triangle array. The G. The mechanism 
diagram of p-p coupling induced superstructure in WSe2-WS2 lateral heterojunction. 
Original structure of the horizontal WSe2-WS2 lateral heterojunction array. The 
dependence of the H. energy, I. superstructure size and J. mechanical properties on 
the number of WSe2 arrays. K. The energy dependence on the horizontal space 
arrangement between arrays. L. The energy dependence on the vertical space 
arrangement between arrays. M. The energy dependence on the size of the WSe2 
triangle. 
  



 
 
Figure 4. A. Coupling states by p-p coupling in PDOS of WSe2-WS2 lateral 
heterojunction systems and their 3D orbital distribution. B. Schematic illustration of 
the superstructure scale by the long-distance p-p coupling effect formed around the 
WSe2 triangle. C. The mechanism diagram of p-p coupling induced superstructure in 
WSe2-WS2 lateral heterojunction. D. Enlarged display of the boundary and the apex 
area of heterojunction system. The left figure represents the superstructure at the edge 
of the WSe2 while the right figure indicates the superstructure near the apex of WSe2. 
E. Enlarged display of the transitional superstructure and the superstructure inside 
WSe2. The left figure demonstrates the edge of the structure within the WS2 and the 
right figure illustrates the superstructure inside the WSe2. F. The correlation between 
the mechanical properties and the system energy. G. Dependence of strain change in 
the system energy. H. The energy change of the WSe2 array scale and arrangement.  
 
  



 
 
Figure 5. A. The sampling of ripple height in WSe2-WS2 lateral heterojunction 
systems. B. The dependence of density distribution with the WSe2 size. C. The 
dependence of density distribution with the WSe2 array arrangements. D. The initial 
surface distortion at 1 μm scale WSe2 array. E. The diffusing ripple at 2 μm scale of 
WSe2 array. F. The well-aligned ripple at 4 μm scale of WSe2 array. G. The compact 
ripple at 8 μm scale of WSe2 array. H. The dependence of strain with the individual 
WSe2 size. I. The dependence of strain with the scale of WSe2 arrays. J. The 
dependence of strain with the transverse distance between WSe2 arrays. K. Thermal 
expansion comparison between pure WS2 and WS2 with growth pores. 
  



 
 
Figure 6. The first principal strain mapping on the WSe2-WS2 surface by COMSOL. 
A. The XY-plane view of the model. Observed ripple regions are marked and 
annotated with approximate distance. B, C. Horizontal and vertical ripples between 
the WSe2 triangles. D. Deformation level is scaled up from 0.1 to 1 in COMSOL to 
observe the slight deformation of triangles. E. Ripples inside the triangle domains. F. 
Angled-view of the surface. The 2D models with varying spacing between triangles of 
G. 2 μm, H. 3.5 μm and I. 5 μm. 
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