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Abstract 

Accurate and large-scale atomic simulation is crucial for understanding growth mechanism and precise synthesis control of crystals. 
However, it is beyond the capacities of both ab initio and classical molecular dynamics (MD). This study takes a feasible way by 
developing ab initio data to accurate machine learning interatomic potentials (MLIPs) to explore the complex growth processes. It 
successfully simulated the growth of monolayer, bilayer MoS2/WS2 and MoS2/WS2 heterostructures under variable conditions. 
Importantly, a SMMS (M is Mo/W atom) is disclosed as a new 2D structure with high stability during the growth. The two-step vapor-
deposition can be regarded as the alternating between MS2 and SMMS structures. Besides, the intermediate SMMS structure easy forms 
alloys can result in production of MoxW1-xS2 alloy. Furthermore, metallic SMMS is an ideal self-intercalating electrode for transition 
metal dichalcogenides based FET. This research provides a mode that ab initio data driving MLIPs to efficient and accurate atomic 
growth simulation and design of materials. 

2D materials have significantly advanced condensed matter physics and materials science due to their unique electronic, optical and 
mechanical properties [1,2]. Among them, transition metal dichalcogenides (TMDCs) have attracted intense attentions due to their 
suitable band gap and fast carriers [3–11]. The synthesis of high-quality TMDC layers [12,13] and their subsequent integration into 
heterostructures [14–18] represents a research field of intense scientific and technological investigation. TMDC heterostructures, 
constituted by the vertical assembly of different TMDC layers, manifest emergent electronic and optical functionalities that are not 
present in the individual layers [7,19–22]. Optimizing device performance requires mastering TMDC growth processes, as emergent 
properties critically depend on the layers’ interfacial integrity [23]. 

Established synthesis methods such as chemical vapor deposition (CVD) [1,7,24–28] and molecular beam epitaxy (MBE) [18,29–31] have 
enabled the precise growth of TMDCs down to monolayer. Recently, a novel two-step vapor-deposition technique was proposed to 
synthesize high-quality TMDC heterostructures [32]. This method involves the magnetron sputtering of transition metals onto pre-existing 
TMDC substrates, followed by the deposition of Group VI elements, leading to the chalcogenization of metal atomic layer. The dynamics 
of this process, especially the post-deposition behavior of transition metals on TMDC substrates, is very complex and full of mystery. 

Recently, the development of machine learning interatomic potentials (MLIPs) has revolutionized our ability to capture and model the 
subtle interplay of atoms in material systems [33–39], by training density functional theory (DFT) data to accurately represent interatomic 
forces and potential energy surfaces[40–42]. This advancement enables large-scale and high-precision simulations of the complex growth 
processes, providing insights into the microscopic mechanisms that govern the formation and evolution of materials [43–47]. 

In this letter, we developed an MLIP based on an Equivariant Graph Neural Network (EGNN) implemented in NequIP package [42], 
which is proved to have higher data efficiency and exhibit superior generalization performance [42]. We utilized DFT to analyze a broad 
spectrum of Mo-W-S-hybrid structures. This includes their elemental bulks, different layers of TMDCs, MoS2/WS2 heterostructures, 
and their interactions with both homo- and hetero-metallic clusters, along with S clusters, and the other various configurations of MoWS 
alloys, as illustrated in Fig. S1(a). These calculations collectively constitute a comprehensive dataset of ~ 26,000. The development of 
an accurate and reliable MLIP involves a rigorous training and validation process. 80% of the data in the DFT dataset is used as the 
training set optimize the parameters of the EGNN, and 20% of the data is used as the test set to monitor the model’s performance on 
unseen data and prevent overfitting.  

The parity plot in Fig. S1(b) demonstrates excellent agreement between the MLIP and DFT energies, with a mean absolute error (MAE) 
of 1.6 meV and a root mean square error (RMSE) of 3.7 meV per atom. Similarly, Fig. S1(c) shows a comparison of the atomic forces, 
revealing the MLIP well reproduced the DFT forces, with a MAE of 47.9 meV/Å and an RMSE of 101.3 meV/Å. To further validate 
the capability of our MLIP for simulating the growth of TMDC materials, by implemented in MLIP with molecular dynamics (MLMD). 
First, a random clusters mixture of Mo, W, and S atoms in a ratio of 1:1:4 were annealing from 1500 K to 900 K lasting 2 ns. An ordered 
TMDC layers including 2H and 1T phases formed, demonstrating the reliability of our MLIP in modeling complex growth behavior of 
TMDC (shown in Fig. S2 and Video S1).  

 



 

 FIG. 1. Sequential MLMD simulations illustrating the growth of a second MoS2 layer on monolayer substrates of MoS2 and WS2. 
The homogeneous growth MoS2 on MoS2: (a)Initial triangular 2H-MoS2 nucleus, (b) snapshot at 335 ps, (c) the continuous MoS2 
layered forms at 5 ns. The heteroepitaxy growth MoS2 on WS2 substrate: (d) Initial 2H-MoS2 nucleus on the monolayer WS2, (e) the 
configuration at 286.9 ps, and (f) continuous growth snapshot at 1.4 ns.  

Then, the homogeneous and growth heteroepitaxy of second layer of MoS2 were both simulated on MoS2 and WS2, respectly. by a 
MLMD simulation at 1100 K with simultaneously adding Mo and S atoms, a process analogous to the growth of MoS2 via MBE (shown 
in Video S2 and Video S3). As illustrated in Fig. 1(a), the simulation commenced with a triangular 2H-MoS2 nucleus placed on the 
monolayer 2H-MoS2 surface to represent the nucleation at the onset of growth. Mo and S atoms were deposited onto the surface at a 
specific rate of 516 picoseconds per layer. Fig. 1(b) illustrates the system at 335 picoseconds, highlighting the evolving growth process. 
At this juncture, the second layer of MoS2 had grown significantly and began to exhibit characteristics of the 1T phase. After 1032 
picoseconds, the addition of Mo atoms and S atoms was stopped, and the entire system relaxed at 1100 K. After 5ns of simulation, the 
growth of the second layer of MoS2 has been basically completed and shows the characteristics of the 2H phase, as shown in Fig. 1(c). 
The 1T phase in the early state mostly disappeares indicating that MoS2 transforms from the 1T phase to the more stable 2H phase as 
growth proceeds. Notably, many defects were observed to be repaired during the phase transition process. 

The growth of a second layer of MoS2 on monolayer WS2 was also simulated in a similar way, as shown in Fig. 1(d)-(f), which 
yielded similar growth pattern as observed in the growth on monolayer MoS2. At 286.9 picoseconds, the MoS2 layer exhibits 
characteristics of the 1T phase (Fig. 1e). A remarkable phenomenon observed during the growth process is the tendency of deposited 
Mo atoms to embed into the pre-existing WS2 substrate. The energy barrier for Mo atoms to embed into WS2 is relatively low, about 
0.5 eV, as shown in Fig. S3. the lifetime τ of a non-embedded Mo atom on monolayer WS2 at 1100 K was estimated to be only about 

8.5 picoseconds according to transition state theory, = 𝑒 . That is why embedded Mo atoms were observed in our simulations. 

As shown in Fig. S4(a), the energy barrier for surface diffusion of embedded Mo atoms was approximately 1.75 eV, indicating that the 
diffusion of embedded Mo atoms on the surface was relatively difficult. This could potentially impact the stacking growth of TMDC 
heterostructures to some extent. Subsequently deposited S atoms were able to extract the embedded Mo atoms. As the simulation 
proceeds further, as illustrated in Fig. 1(f), the 2H phase of MoS2 is finally formed on the WS2 substrate.  

 



 

 

 FIG. 2.: (a) Top and side views of a single Mo atom on MoS2 surface with Mo above the S layer (left) and within the S layer (right), 
respectively. (b) Snapshot of the growing structure at two stages of the MLMD simulation, i.e. 0.25 monolayer (ML) Mo atoms and 
1.0 ML Mo atoms on the MoS2 substrate. (c) Schematic diagram of two possible structures of the growing system with one ML Mo 
atoms deposited on the MoS2 substrate, all the deposited Mo atoms on the S layer (MoSMoS configuration) and all the deposited Mo 
atoms embedded underneath the S layer (SMoMoS configuration). (d) Phonon spectrum of the SMoMoS structure. Gray and red lines 
represent results from DFT and MLIP, respectively. (e) Simulated STEM image of the MoSMoS structure of (c) up. (f) Simulated 
STEM image of the SMoMoS structure (c) down.  

Subsequently, we simulated the synthesis process using a two-step vapor-deposition method, in which a layer of transition metal atoms 
was first deposited on the TMDC substrate followed by a deposition of sulfur atoms. Our simulations were designed to replicate this 
process to provide insights into the atomic configurations and phase transitions that occur during the synthesis of a second MoS2 layer 
on an existing MoS2 substrate. For a single Mo atom deposited on the MoS2 substrate, it prefers to be embedded in the S layer rather 
than adsorbed on the surface. The energy drop for the embedding is 1.81 eV as shown in Fig. 2(a). Over time, more and more Mo atoms 
are deposited to the surface. Surprisingly, these Mo atoms do not form clusters on the surface but tend to be embedded beneath the S 
atomic layer, as shown in Fig. 2(b) and Video S4. No Mo layer forms above S layer of the MoS2 substrate even with one ML Mo atoms 
deposited. Instead, all the deposited Mo atoms tend to be embedded beneath the S layer, forming a novel SMoMoS structure, shown in 
Fig. 2(c). In this structure, the bottom S and Mo layers remain in their original positions from the MoS2 structure, the upper Mo atoms 
occupy the positions originally held by the upper S atoms, and the upper S atoms move to the very top of the entire structure. The 
SMoMoS structure is 1.73 eV per Mo atom lower in energy than the MoSMoS structure. Moreover, no imaginary frequency exists in 
the phonon spectrum of the SMoMoS structure (Fig. 2(d)), indicating its stability. The phonon spectra obtained by DFT and MLIP are 
surprisingly consistent, which proves the reliability of our MLIP. The stability of this structure is further demonstrated by the NVT 
molecular dynamics simulation at 1100K shown in Figures S5(a) and S5(d). Therefore, we believe that the SMoMoS structure is an 
important intermediate state in the two-step vapor-deposition method process.  

Simulated Scanning transmission electron microscopy (STEM) images for the MoSMoS and SMoMoS structures are displayed in Fig. 
2(e) and 2(f). The electronic band structure of the SMoMoS intermediate state, as illustrated in Fig. S7(a), indicates that this phase 
exhibits metallic properties. Consequently, if the deposition of Mo atoms on the MoS2 surface can be controlled in specific regions, it 
would be possible to create various electrode structures on the MoS2 surface. This capability opens up the potential for designing 
spatially-resolved electronic features within a single MoS2 sheet, enabling the fabrication of intricate circuitry and device architectures 
directly on the two-dimensional material. 



 

 

FIG. 3. (a) - (c) Snapshots of the growing structure during the two-step vapor deposition process for synthesizing the MoS2/WS2 
heterostructure (Mo atom deposition onto WS2). (d) Schematic of a Mo layer on the WS2 surface. (e) Schematic of the non-alloyed 
S-Mo-W-S intermediate structure. (f) Schematic of an alloyed SMMS structure model. (g) Relative formation energies for different 
alloying ratios in the SMMS structure. (h) – (j) are simulated STEM images of (d) – (f), respectively.  

The process to synthesize MoS2/WS2 heterostructure using a two-step vapor-deposition method was also simulated. Throughout the 
deposition process, the kinetic energy of the deposited atoms was ~0.12 eV. Like the deposition of Mo atoms on MoS2, deposited Mo 
atoms are almost entirely embedded into the WS2 substrate (shown in Video S5), no matter the amount of Mo atoms is small (Fig. 3(a)) 
or large (Fig. 3(b)). Fig. 3(c) shows the cross-sectional view of the evolution of the growth system over simulation time, in which the 
exchange of Mo and W atoms in different layers can be clearly seen. Therefore, in the actual growth process, the structure of a layer of 
Mo atoms on top of the WS2 substrate shown in Fig. 3(d) would not exist. Instead, the Mo atoms would be embedded into the WS2 
substrate followed by the exchange of Mo and W atoms, as shown in Fig. 3(e). Finally, an intermediate state, i.e. an alloyed S-Metal-
Metal-S (SMMS) structure, will form (Fig. 3(f)). Moreover, no imaginary frequency exists in the phonon spectrum of the SMMS 
structures (Fig. S6), indicating their stability. The stability of these structures are further demonstrated by the NVT molecular dynamics 
simulation at 1100K shown in Figures S5.  

To find the energy driving force for alloying, we calculated the relative energy changes 𝛥𝐸 for different distributions of metal atoms in 
the upper and lower layers. Here, 𝛥𝐸 is defined as 𝛥𝐸 = 𝐸 − 𝐸 , where 𝐸  represents the energy of the non-alloyed SMMS 
structure (shown in Fig. 3(d)). 𝛥𝐸 for SMMS structures with different alloying ratios was obtained by randomly exchanging the metal 
atoms in the upper and lower layers of an SMMS structure with a (7 × 7) supercell, followed by structural optimization. 𝛥𝐸 for SMMS 
structures with different alloying ratios is plotted in Fig. 3(j). We found that the energy is lowest when the different metal atoms are 
evenly distributed between the upper and lower layers, with an energy reduction of 110 meV/nm  compared to the completely non-
alloyed case. Note that the lattice constant of the relaxed SMMS structure is about 5% smaller than that of the WS2 monolayer. 
Consequently, when enough Mo atoms were deposited and embedded into the WS2 substrate, the accumulated stress will lead to cracks 
in the bottom Metal-S layer. This cracking will facilitate the exchange of Mo and W atoms. The simulated STEM images for the 
structures shown in Fig. 3(d)-(f) are shown in Fig. 3(g)-(i), to visualize the impact of alloying. The non-alloyed and alloyed SMMS 
structures are both metallic and the alloying has little effect on the electronic band structure as shown in Fig. S7(b). 



 

 

 FIG. 4. (a) MLMD simulation of the growth of bilayer MoS2 structure by depositing S atoms on the SMoMoS intermediate phase. 
(b) MLMD simulation of the growth of alloyed MoxW1-xS2/Mo1-xWxS2 heterostructure by depositing S atoms on the alloyed SMMS 
intermediate phase. (c) Schematic representation of an FET based on TMDC with self-intercalating SMMS electrodes. 

The transformation from the intermediate phase to heterostructure in the two-step vapor-deposition method was further investigated by 
MLMD simulations with MLIP. For the growth of bilayer MoS2, the MLMD starts with proper amount of S atoms randomly distributed 
on top of SMoMoS intermediate phase as shown in Fig. 4(a) and Video S6. Over time, we can see that some S atoms penetrate the 
SMoMoS structure and pull some Mo atoms to the surface. Finally, a MoS2 bilayer forms. Similarly, for the growth of MoS2/WS2 
heterostructure, the MLMD starts with proper amount of S atoms randomly distributed on top of alloyed SMMS intermediate phase as 
shown in Fig. 4(b) and Video S7. As time goes by, S atoms start to penetrate the SMMS structure and pull some Mo and W atoms to 
the surface. Finally, a MoxW1-xS2/Mo1-xWxS2 heterostructure forms instead of a MoS2/WS2 heterostructure. If the deposition of S atoms 
can be well controlled, a self-intercalating electrode for transition metal dichalcogenides based FET can be designed utilizing the metallic 
nature of the SMMS structure as shown in figures 4(c). 

In summary, we have developed a MLIP to describe the stacking growth of TMDCs. This potential function accurately characterizes 
the complex stacking growth of TMDCs and the recently advanced two-step vapor-deposition method. Furthermore, a novel structure 
of SMMS was proposed, which is a potential intermediate state during the two-step vapor-deposition process and plays an important 
role in the growth of TMDCs. The SMMS also provides a novel way for electrode design in TMDC-based devices. Our results provide 
deep insights into the intricate atomic movements and phase transitions that occur during the growth process of bilayer TMDC or TMDC 
heterostructure.  
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