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Abstract 

Vertical van der Waals heterostructures (vdWHs), formed through layer-by-layer stacking 

of two-dimensional materials, offer appealing opportunities for exploring novel physics and 

potential applications. However, the conventional approach of mechanical exfoliation 

followed by manual stacking faces significant challenges in achieving atomically clean 

interfaces and large size, severely limiting practical applications. Here, we proposed a 

comprehensive mechanism governing nucleation, orientation and stack control of vertical 

vdWHs during chemical vapour deposition (CVD) and demonstrated the layer-by-layer 

epitaxial growth of 1 cm × 1 cm sized single-crystal, rhombohedral-stacked WS2/MoS2 films. 

First-principles calculations reveal that sulphur (S) vacancies in the underlying MoS2 layer 

preferentially form at step edges. These S vacancies serve as nucleation sites for the upper 

WS2 layer and enhance symmetry breaking between rhombohedral- and hexagonal-stacked 

WS2/MoS2. Leveraging this mechanism, we achieved unidirectionally aligned WS2 islands on 

MoS2 substrate that seamlessly coalesce into continuous single-crystal WS2/MoS2 films. 

Systematic characterizations confirmed the single-crystal nature and rhombohedral-stacked 

configuration, while revealing the ferroelectric properties and self-driven photoelectric 

response in the resulting heterostructures. Our work establishes a fundamental mechanism 

for controlled growth of single-crystal vertical heterostructures, providing a robust 

foundation for scalable manufacturing and future industrial applications.  
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Introduction 

Vertical van der Waals heterostructures (vdWHs), which are constructed by sequentially 

stacking two-dimensional (2D) materials, have emerged as a transformative platform for exploring 

exotic physics and facilitating the development of next-generation electronic devices1-3. In contrast 

to conventional semiconductor heterostructures that are limited by lattice matching and chemical 

compatibility constraints, 2D materials offer unprecedented flexibility due to their in-plane 

covalently bonded lattices and weak out-of-plane van der Waals interactions. This unique 

combination has enabled researchers to artificially engineer novel vertical heterostructures with 

tailored properties, unveiling remarkable phenomena such as moiré excitons4,5, moiré 

superlattices6-8, and emergent ferroelectricity9-11.  

However, realizing the full potential of vdWHs faces a fundamental manufacturing challenge. 

The prevailing method, which involves mechanical exfoliation followed by manual stacking, 

suffers from inherent limitations: contaminated interfaces, poor reproducibility, and restricted 

lateral dimensions at the microscopic level12,13. These constraints severely hinder scalable 

production and practical applications. Consequently, the direct chemical vapour deposition (CVD) 

growth of large-area, high-quality vertical vdWHs, particularly single crystals, has become a 

critical technological imperative. 

Among the various CVD strategies, layer-by-layer epitaxial growth provides distinct 

advantages over one-step synthesis by enabling superior nucleation control and facilitating large-

area uniformity14-22. Nevertheless, a fundamental crystallographic challenge persists for transition 

metal dichalcogenide heterostructures (TMDHs). Owing to their non-centrosymmetric crystal 

structure, the upper layer inevitably exhibits two energetically equivalent but antiparallel 

orientations during growth, resulting in a mixture of rhombohedral and hexagonal stacking 

configurations within the same sample23,24. This orientation degeneracy prevents the formation of 

single-crystal vertical TMDHs, a prerequisite for many applications requiring uniform electronic 

properties. 
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Previous advancements in growing single-crystal 2D materials, such as hexagonal boron 

nitride (hBN) and TMDs, have shown that atomic steps on the substrate can break the orientation 

degeneracy and promote unidirectional alignment25-29. However, applying this approach to the 

growth of vertical TMDHs presents unique complications: the upper layer grows on a substrate 

already covered by the lower TMD layer, making the conventional step-guided growth mechanism 

ineffective. A critical question thus arises: how can we achieve precise nucleation site control and 

orientation selectivity in this more complex growth system? 

Here, we addressed this challenge by proposing and experimentally demonstrating a 

mechanism for the controlled growth of single-crystal bilayer vertical TMDHs. Through first-

principles calculations, we revealed that sulfur (S) vacancies, defects commonly present in CVD-

grown MoS₂, tend to form preferentially at step edges and serve dual roles: (1) acting as preferred 

nucleation sites for the upper WS₂ layer, and (2) breaking the energetic degeneracy between 

rhombohedral and hexagonal stacking configurations. Guided by this mechanism, we successfully 

realized the epitaxial growth of unidirectionally aligned WS₂ islands on MoS₂ substrates and 1 cm 

× 1 cm sized single-crystal WS2/MoS2 films. Our work establishes a comprehensive framework 

for orientation-controlled growth of single-crystal vertical heterostructures, opening pathways for 

scalable production of high-quality 2D devices and enabling a systematic exploration of their 

unique properties. 

Results 

Different growth behaviours of WS2 on MoS2/sapphire substrates 

In the layer-by-layer growth of WS2/MoS2 heterostructures, achieving unidirectional 

alignment of the upper WS2 islands is a crucial prerequisite for constructing high-quality 

heterostructures. To this end, we systematically investigated the growth behaviour of WS2 on MoS2 

under various conditions using first-principles calculations, with an emphasis on the underlying 

mechanisms by which substrate structure and defects influence the orientation of WS2 islands. 
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We first examined the growth behaviour of WS2 when using MoS2 films grown on ideal c-

plane sapphire surfaces as templates (Fig. 1a). By calculating the binding energy between WS2 

islands and the underlying MoS2 at different rotation angles (θ = 0°-60°, with 10° intervals), we 

found that two configurations, θ = 0° (rhombohedral stacking) and θ = 60° (hexagonal stacking), 

exhibit the lowest energies. However, the energy difference between these two orientations is only 

0.12 eV/nm² (Fig. 1b), indicating that under thermodynamic equilibrium conditions, the 

occurrence probabilities of both orientations are essentially equal, thus making unidirectional 

alignment impossible. This result is consistent with expectations: given that both WS2 and MoS2 

possess three-fold symmetry, the upper WS2 naturally exhibits two antiparallel preferred 

orientations. This theoretical prediction is highly consistent with our experimental observations: 

vertical vdWHs always exhibit islands with two antiparallel orientations simultaneously during 

growth (Fig. 1c). 

Based on previous studies showing that stepped substrates can improve orientation control of 

TMDs26,29, we further investigated the WS2 growth behaviour when using MoS2 films grown on 

stepped sapphire surfaces as templates (Fig. 1d). We focused on analysing the relative stability of 

WS2 islands with different orientations near step edges (Fig. 1e). The calculation results show that 

while the introduction of steps indeed makes the rhombohedral stacking configuration more stable, 

the energy difference between the two configurations only increases to 0.31 eV/nm². In this 

scenario where the step edge is merely strained but free of defects, this minor energy difference 

confirms that interfacial strain alone is not a sufficient driving force for selective growth under 

typical experimental conditions. And experimental results also confirm that WS2 islands still 

exhibit bidirectional distribution (Fig. 1f). 

Given that S vacancies are commonly observed in MoS₂ under typical CVD growth 

conditions, we investigated their role in directing WS₂ growth30-33. This focus is further justified 

by density functional theory (DFT) calculations, which confirm that the formation energy of a 

molybdenum (Mo) vacancy (8.19 eV) is significantly higher than that of an S vacancy (3.65 eV). 

This suggests that S vacancies are the dominant point defect. Consequently, we systematically 
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studied the effect of S vacancies on the growth orientation of WS₂. When S vacancies are 

introduced in MoS2 near step edges (Fig. 1g), the energy difference between θ = 0° and θ = 60° 

structures significantly increases to 0.84 eV/nm² (Fig. 1h). This symmetry breaking is driven by a 

powerful and highly specific edge-binding mechanism at the atomic scale. The S vacancies create 

reactive Mo sites at the step edge, which can form strong chemical bonds exclusively with the edge 

of a 0°-oriented WS2 cluster, thus providing this substantial energetic advantage. This substantial 

increase in energy difference has important practical significance. To further verify the robustness 

of this vacancy-driven mechanism, we systematically calculated the energy difference across a 

wide range of S vacancy concentrations, from 17% to 88%. Remarkably, our results show that the 

energetic preference for the 0° orientation is exceptionally stable, with the energy difference 

remaining consistently large, fluctuating only slightly between 0.77 and 0.88 eV/nm ²  (see 

Supplementary Fig. 1). Based on Boltzmann distribution calculations, at a growth temperature of 

1000°C, the nucleation probability of rhombohedral stacking is significantly higher than that of 

hexagonal stacking. This theoretical prediction, which holds true across a broad process window, 

aligns closely with the unidirectional alignment phenomenon observed in experiments (Fig. 1i and 

Supplementary Fig. 2), indicating that S vacancies play a critical role in achieving WS2 orientation 

control. Crucially, our analysis shows that this mechanism does not depend on a specific critical 

or optimal vacancy concentration. The energetic preference for the 0° orientation is established as 

long as vacancies are present to create reactive binding sites, making the process highly robust and 

reproducible across a wide range of experimental conditions where S vacancies are 

thermodynamically favourable. 

Selective formation of S vacancies near step edges  

Although we have demonstrated that introducing S vacancies are likely to facilitate the 

preparation of unidirectionally aligned WS2/MoS2 samples, it is critical to ensure that these 

vacancies predominantly form at the step edges rather than on the terraces. To verify this 

hypothesis, we first analysed the stress distribution in stepped MoS2 structures (Fig. 2a). The 
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calculation results clearly show that S atoms below the step edges experience the maximum stress 

(deepest red regions in Fig. 2a), with an average bond length stretching of 1.4%, indicating 

significant stress concentration effects in this region. Based on these stress analysis results, we 

systematically evaluated the formation energies of S vacancies at different positions near MoS2 

steps (Fig. 2b-c). Our findings reveal that the formation energy of S vacancies at step edges 

(position S5) is substantially lower than that on the terrace (position S8) by approximately 0.84 eV. 

This significant energy difference arises from the varying degrees of stress release when defects 

form at different positions: the high-stress environment at step edges makes vacancy formation 

thermodynamically more favourable. 

Further thermodynamic analysis reveals that on MoS2 with S vacancies at step edges, the 

Gibbs free energy of WS2 islands decreases by 0.35 eV and 0.17 eV compared to the terrace and 

vacancy-free step edges, respectively (Fig. 2d). This significant energy advantage ensures the 

preferential nucleation of WS2 at step edges, thereby providing critical spatial selectivity for 

achieving orientation and stack control. Through differential charge density analysis, we further 

revealed the microscopic mechanism underlying the promotion of unidirectional alignment by S 

vacancies: compared to ideal MoS2 at the terrace or steps, MoS2 with S vacancies at step edges 

undergo significant charge transfer (Fig. 2e-g). This charge redistribution facilitates stronger 

bonding interactions between WS2 and the underlying MoS2, thus energetically favouring 

unidirectional growth. 

Growth of single-crystal WS2/MoS2 films 

Guided by this mechanism, we successfully achieved the production of 1 cm × 1 cm sized 

single-crystal WS2/MoS2 films by replacing the lower-layer MoS2 islands with single-crystal MoS2 

films (Fig. 3a and Supplementary Fig. 3-5). Firstly, single-crystal MoS2 films were produced on 

sapphire substrates by seamless stitching of unidirectionally aligned islands (Fig. 3b-c). Before the 

subsequent growth of upper-layer WS2, the MoS2 samples were first annealed at 500°C for 30 min 

in a vacuum environment to selectively produce S vacancies in the lower-layer MoS2 sample (the 
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direct characterizations of S vacancies are shown in Supplementary Fig. 6-7)34. Finally, the 

tungsten source was introduced to the CVD system to finalize the growth of WS2/MoS2 samples 

(Fig. 3a). In accordance with theoretical expectations, we observed preferential nucleation of 

unidirectionally aligned WS2 at step edges with short growth time and continuous WS2/MoS2 films 

after long time growth (Fig. 3d-e and Supplementary Fig. 8). To validate the universality of our 

mechanism, we also grew WS2 islands on WSe2 samples. The unidirectionally aligned WS2 

obtained on WSe2 clearly demonstrated that this mechanism could also be applied to other TMD 

heterostructures (Supplementary Fig. 9). 

Characterizations of single-crystal WS2/MoS2 films 

To check the quality and stacking configurations of the as-grown WS2/MoS2 samples, 

systematic characterization techniques were conducted, and the results undoubtedly proved the 

high quality, single-crystal nature and rhombohedral-stacked structure. Photoluminescence (PL) 

and Raman spectroscopy were first carried out to characterize the composition and uniformity. The 

simultaneous appeared PL and Raman peaks corresponding to WS2 and MoS2 demonstrated the 

formation of vertical WS2/MoS2 heterostructure (Fig.4a-b). Then the line scan Raman mapping 

over a range of 1 centimetre, Raman and PL mapping with 100 × 100 μm2 size at different positions 

revealed its high uniformity (Fig.4c-d and Supplementary Fig. 10). Subsequently, atomic-resolved 

atomic force microscopy (AFM) was employed to confirm the uniformity of the sample and the 

seamless stitching of two connected WS2 islands on MoS2 (Supplementary Fig. 11-12). The perfect 

lattice structure at merged areas demonstrated that no boundary was formed (Supplementary Fig. 

12). Also, various atomic AFM images and the polarized second-harmonic generation (SHG) 

patterns acquired over different positions further confirmed the unidirectional alignment at large 

scale (Fig. 4e-f and Supplementary Fig. 13-14).  

Then, the stacking configuration of the WS2/MoS2 samples was verified through microscopic 

aberration-corrected transmission electron microscopy (TEM) and macroscopic SHG 

measurements. The atomically-resolved cross-section TEM image first provide the most direct 
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evidence for the rhombohedral lattice (Fig. 4g). Due to the distinct symmetries of the 

rhombohedral- and hexagonal-stacked WS2/MoS2 samples, the SHG intensity of these two 

configurations are quite different. The SHG intensity of rhombohedral-stacked heterostructure is 

obviously enhanced, while hexagonal-stacked heterostructure exhibited negligible SHG signals9. 

The obtained SHG mapping of WS2 islands on MoS2 sample further demonstrated the 

rhombohedral structure (Supplementary Fig. 15), and the uniform SHG mapping at different 

positons proved the identical stack of the WS2/MoS2 film at large scale (Supplementary Fig. 16). 

It has been reported that a unique ferroelectricity can be found in untwisted commensurate 

MoS2/WS2 samples9, and this property was also observed in our sample both by piezoelectric force 

microscope (PFM) and electrical measurements (Fig. 4h and Supplementary Fig. 17). We further 

checked the quality of our samples by fabricating devices using both monolayer WS2 samples and 

WS2/MoS2 heterostructures. Our results indicate that the WS2/MoS2 heterostructure exhibits 

significantly superior performance in terms of carrier mobility and self-driven photoelectric 

response (Supplementary Fig. 18). 

Discussion 

In summary, we proposed an S vacancy/step-guided epitaxy mechanism for the growth of 

rhombohedral-stacked single-crystal WS2/MoS2 films. We revealed that the presence of S 

vacancies can address the issue of nucleation position, lattice orientation and the stacking 

configurations, which are all critical factors in the final production of WS2/MoS2 single crystals. 

With this mechanism, 1 cm × 1 cm sized rhombohedral-stacked single-crystal WS2/MoS2 films 

has been successfully produced.  

Methods 

Growth of single-crystal MoS2 monolayer on c-plane sapphire. MoS2 monolayer islands and 

films were grown on c-plane sapphire in a CVD system with three temperature zones, namely, 

zones I–III. Sulfur (600 mg, Alfa Aesar, 99.5%) powder was placed at the upstream end of a quartz 

tube and heated by a heating belt. The precursor solutions with a concentration of 18 mg/ml was 
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prepared by dissolving Na2MoO4·2H2O (Alfa Aesar, 98%) in deionized water, which was sprayed 

on the sapphire substrate. The sapphire substrate supported by a quartz plate was vertically 

positioned above another sapphire substrate spray-coated with a sodium molybdate solution, 

forming an enclosed space. The sapphire substrates were placed in zone II. During the growth 

process, the temperature zone II and III of the tube furnace were heated to 950 ℃ within 40 min. 

The S source started to heat at 28 min and the temperature up to 160 ℃ within 15 min. Ar gas 

flow (25 sccm) was maintained during the whole process. At 35 min, an additional oxygen flow 

of 1.2 sccm was introduced. At 60 min, the oxygen flow rate was discontinued. The growth time 

was 20-40 min to obtain MoS2 islands or films and the whole CVD system was cooled down 

naturally to room temperature after growth. 

Growth of single-crystal WS2/MoS2 on c-plane sapphire. WS2 monolayer islands and films 

were grown on c-plane sapphire substrate pre-coated with MoS2 films in a CVD system with three 

temperature zones, namely, zones I–III. Sulfur (360 mg, Alfa Aesar, 99.5%) powder was placed at 

the upstream end of a quartz tube and heated by a heating belt. WO2.9 (260 mg, Alfa Aesar, 99.99%) 

powder and NaCl (26 mg, Alfa Aesar, 99.99%) mixture were placed in zone I of the tube furnace 

and sapphire substrates were placed in zone II and III. Before the heating process, pumping to 

vacuum (<10 Pa) to remove any residual H2O and O2 in the quartz tube. During the growth process, 

the temperature zone I of the tube furnace was heated to 520 °C within 15 min after a 20-min 

delay, and then held at 520 °C for 15 min. The temperature zone II and III of the tube furnace 

were heated to 1030 ℃ within 40 min. The S source started to heat at 23 min and the temperature 

up to 135 ℃ within 12 min. Ar gas flow (15 sccm) was maintained during the whole process. The 

growth time was 10-20 min to obtain WS2 islands on MoS2 film or single-crystal WS2/MoS2 film 

and the whole CVD system was cooled down naturally to room temperature after growth. 

Characterization. 

(i) AFM and PFM measurements were performed using Asylum Cypher S under an atmospheric 

environment. 
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(ii) Optical measurements. Optical images were conducted with an Mshot MSX10 microscope. 

Raman and PL spectra were conducted on a WITec-Alpha300 Raman system with a laser excitation 

wavelength of 532 nm and power of ~2 mW. SHG mapping was obtained using the same system 

under excitation from a femtosecond laser centred at 1064 nm with an average power of 300 mW 

(Rainbow 1064 OEM with pulse duration of 15 ps and repetition rate of 50 MHz).  

(iii) TEM measurements were performed in FEI Titan Themis G2 300 operated at 300 kV. 

Computational details.  

All geometric optimizations and energy calculations in this study were performed using 

density functional theory (DFT) as implemented in the Vienna Ab initio Simulation Package 

(VASP). The exchange-correlation interactions were described by the Perdew-Burke-Ernzerhof 

(PBE) functional within the generalized gradient approximation (GGA). Electron-ion interactions 

were treated using the projector augmented-wave (PAW) method with a plane-wave basis set 

employing a cutoff energy of 420 eV. To accurately account for the long-range van der Waals (vdW) 

interactions essential in layered two-dimensional material systems, we incorporated the DFT-D3 

dispersion correction scheme. Atomic structures were relaxed until the energy difference between 

consecutive steps was less than 10⁻⁵ eV. Brillouin zone sampling was performed using a 2×1×1 

Monkhorst-Pack k-point mesh cantered at the Γ point. 

The binding energy (Eb) of a WS₂ nucleus on a MoS₂ surface terrace was calculated as: 

Eb = (Etot - Efar)/A                              (1) 

where Etot represents the total energy of the composite system with the WS₂ cluster interacting with 

the MoS₂ surface, Efar denotes the total energy of the system with the WS₂ cluster positioned 

sufficiently far from the MoS₂ plane to eliminate vdW interactions, and A is the area of the WS₂ 

cluster. 

The formation energy (Ef(V)) of a S vacancy was determined using: 

Ef(V) = EV-S - Etot + μS                           (2) 

where EV-S represents the total energy of the system containing a S vacancy, Etot is the total energy 
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of the pristine MoS₂ without any vacancy, and μS is the chemical potential of S, taken as half the 

energy of an isolated S₂ molecule. 

The Gibbs free energy (ΔG) of the WS₂ cluster formation was calculated as: 

ΔG = Ef + Eb                                (3) 

where Ef = Etot - nS×μS - nW×μW represents the formation energy of the WS₂ cluster. In this equation, 

Etot is the total energy of the isolated WS₂ cluster, while nS and nW are the numbers of S and W 

atoms in the cluster, respectively. The terms μS and μW denote the chemical potentials of S and W 

atoms, respectively, which were corrected for growth temperature and pressure conditions, 

yielding values of -4.01 eV for S and -13.64 eV for W. The binding energy (Eb) represents the 

interaction energy between the WS₂ cluster and the MoS₂ substrate, calculated for different surface 

configurations including flat terraces, step edges, and S vacancy sites at steps. 

Data availability 

The Source Data underlying the figures of this study are available with the paper. All raw data 

generated during the current study are available from the corresponding authors upon request. 
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Figure captions 

Fig. 1 | Different growth behaviours of WS2 on MoS2/sapphire substrates. a, Schematic 

diagram of WS2 islands on MoS2/c-plane sapphire without steps. b, Formation energy of 

WS2/MoS2 shown in (a) with different rotation angles. The WS2/MoS2 sample has two similar 

minima (θ = 0° and θ = ± 60°). Inset: top view of (a). c, Statistical distributions of the orientations 

of WS2 islands grown on MoS2 sample under van der Waals (vdW)-guided epitaxy. d, Schematic 

diagram of WS2 islands on MoS2/c-plane sapphire with steps. e, Formation energy of WS2/MoS2 

shown in (d) with different rotation angles. Inset: top view of (d). f, Statistical distributions of the 

orientations of WS2 islands grown on MoS2 sample under step-guided epitaxy. g, Schematic 

diagram of WS2 islands on MoS2 with S vacancy at step edges. h, Formation energy of WS2/MoS2 

shown in (g) with different rotation angles. Inset: top view of (g). i, Statistical distributions of the 

orientations of WS2 islands grown on MoS2 sample under S vacancy/step-guided epitaxy. Insets 

of (c), (f), and (i): representative optical images of WS2/MoS2 samples. The dashed triangles show 

the edges of MoS2 islands. 

Fig. 2 | Selective formation of S vacancies near step edges. a, Top and side view of relative 

stress distributions in a stepped MoS2 structure. b, Schematic diagram of MoS2 with S vacancies 

at different positions. c, Formation energy of MoS2 samples with S vacancies shown in (b). Inset: 

top view of MoS2 with an S vacancy at position S5. d, The Gibbs free energy for WS₂ grown on 

MoS2 at the terrace, on MoS2 at step edges and on MoS2 with S vacancies at step edges, 

respectively. Insets: The corresponding schematic diagrams of WS2/MoS2. e-g, Differential charge 

density distribution of WS₂ grown on MoS2 at the terrace (e), on MoS2 at step edges (f) and on 

MoS2 with S vacancies at step edges (g), respectively. The purple and green distributions denote 

electron accumulation and depletion, respectively. 

Fig. 3 | Growth of single-crystal WS2/MoS2 films. a, Schematic diagrams of the growth process 

for single-crystal WS2/MoS2 films. Single-crystal MoS2 films were first synthesized, then the S 

vacancies at step edges were introduced. Subsequently, aligned WS2 islands can be obtained on 

MoS2 and finally seamless stitched into single-crystal WS2/MoS2 films. b-e, Optical images of as-

grown aligned MoS2 islands on Al2O3 (b), continuous MoS2 film (c), aligned WS2 islands on MoS2 

film (e) and single-crystal WS2/MoS2 film.  
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Fig. 4 | Characterizations of single-crystal WS2/MoS2 films. a-b, Photoluminescence (PL) and 

Raman spectra of MoS2 (violet lines), WS2 (dark yellow lines) and WS2/MoS2 samples (orange 

lines). c-d, Line scan mapping of PL and Raman spectra of the WS2/MoS2 films over 1 cm. e, 

Atomic-resolved atomic force microscopy (AFM) image of the WS2/MoS2 film. f, Polarized 

second-harmonic generation (SHG) pattern of the WS2/MoS2 film. g, Cross-section transmission 

electron microscopy (TEM) image of the WS2/MoS2 film, revealing the rhombohedral-stacked 

structure. h, The local piezoelectric force microscope (PFM) amplitude (orange line) and phase 

(dark blue line) loops during the switching process of the WS2/MoS2 film. 

 

 

 

Editorial Summary 

Rhombohedral-stacked structures formed by 2D semiconductors are characterized by emerging physical 

properties, but their bottom-up growth remains challenging. Here, the authors report a chemical vapour 

deposition method to grow cm-scale rhombohedral-stacked WS2/MoS2 crystals with ferroelectric 

properties. 
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