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ABSTRACT  

Two-dimensional (2D) transition metal dichalcogenides (TMDs) are promising materials for 

numerous emergent applications. Here we apply atomic-resolution scanning transmission electron 

microscopy (TEM) to resolve the intermediate stages during chemical vapor deposition (CVD) 

synthesis of 2D rhenium diselenide (ReSe2). Contradicted to the conventional growth models 

proposed previously, stable intermediate species, viz. molecular metal chalcogenide clusters, are 

experimentally unveiled. These molecular clusters prevailed in chemical vapor deposition chamber 

can significantly alter the growth kinetics, the mass transport and surface anchoring sites. The new 

layer nucleation and the yielded flake morphology are both substantially influenced. Our work 

resolved the critical question on whether the nucleation occurs in atmosphere or on solid surface. 

Besides, additional experiments show that the hydrogen environment in CVD chamber can 

mitigate the aggregation problem of clusters, which is decisive for obtaining uniform 2D full films. 

Combined with density functional theory (DFT) calculations, the key reaction steps during growth 

are identified. Here, we show clear pictures on the debated growth mechanisms of 2D TMDs, 

expected to facilitate further optimization of CVD growth conditions to achieve stable mass 

production. 

INTRODUCTION 

Two-dimensional (2D) transition metal dichalcogenides (TMDs) hold the promise of new 

generation semiconductor device applications1. Due to the superior growth speed and relative low 

cost, chemical vapor deposition (CVD) is the most common synthesis method in semiconductor 

industry at present2-4. However, the greatest challenge in CVD growth of 2D TMDs, inaccessible 

to the accurate thickness control and perfect layer-by-layer growth, is retarding further 
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technological advances5. Although the thickness of 2D TMD can be controlled in CVD synthesis6, 

and a number of precursors, including the metal oxides and chalcogenides for atmospheric 

pressure/low pressure CVD (APCVD/LPCVD)7, the metalorganics for metal-organic CVD 

(MOCVD)8, space-confined method of TMD under graphene on Au foils9, solvent evaporation 

technique10, as well as the different temperatures/pressures/substrates have been deployed by the 

CVD of 2D TMDs in previous works11, however the control on morphology of 2D TMDs remain 

unresolved. The reaction sites, mass transportation pathways and intermediate species involved in 

growth are still under hot debate12. Undoubtedly, the clarification of kinetic reaction mechanisms 

of CVD growth of 2D TMDs will greatly benefit the synthesis, in terms of product quality and 

reproducibility, and will further influence widely on the relevant application fields13. 

Although the precursors of CVD of TMDs, and the structures of 2D TMDs are well known14, the 

reaction kinetics in vapor or on solid surfaces15 in CVD process are not well understood yet. 

Contradictory growth mechanisms have been proposed previously, mostly through simulations, 

such as reactions on oxide surfaces16, intermediate MOxCy (M=transition metal, O=oxygen, 

C=chalcogenide) clusters17, MC2 clusters (M=transition metal, C=chalcogenide) 18,19, etc. The 

above reaction paths could impose different energy barriers for nucleation and growth, which may 

lead to inhomogeneities, defects and other non-equilibrium structures. To date, it remains difficult 

to yield the strict Frank-van der Merwe (FM) layer-by-layer growth of 2D TMDs by CVD20, 

similarly for other atomically 2D films21,22. In case of 2D TMDs, it has been noted the anchoring 

of the precursors from vapor is crucial for the TMD growth23,24. The subsequent reactions and 

growth kinetics involve uncertain intermediate stages12. The speculated or simulated growth 

mechanisms need experimental verifications25,26. Owing to the ultrathin thickness of 2D layers and 

restrictions on CVD facility, normally it is hard to experimentally probe the reactants or species in 
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the ongoing CVD chambers. However, the intermediate stages during growth are possible to be 

“freezed” and studied ex situ. 

In this work, we employ atomic-scale scanning transmission electron microscopy (TEM) to 

capture the intermediate clusters and cluster complexes during CVD growth of 2D rhenium 

diselenide (ReSe2). These molecular clusters play critical roles in edge (growth front/reactive sites) 

growth as well as the nucleation process. Moreover, we find the agglomerated or linked cluster 

complexes become even more stable than individual clusters and will retard/prohibit the 

completion of growth for 2D full films. In this regard, reductive hydrogen atmosphere is helpful 

for full film growth as it can accelerate the rate control steps (selenization of cluster) and suppress 

the cluster agglomeration. In view of the stability and popularity of metal chalcogenide clusters 

(MxC2x-n, e.g., M6C8 and M4C6, M=Mo, W, Re, C=Se, Te)27-29, our direct observations suggested 

the attachment, transport and agglomeration of intermediate chalcogenide clusters are essential 

steps in CVD synthesis of 2D TMDs. 

 

RESULTS AND DISCUSSION 

2D ReSe2 morphology and characterizations. 2D ReSe2 flakes (Figure 1a, also see Supporting 

Information (SI) Figure S1) in our experiments are grown on c-face sapphire by split-two-zone 

CVD (Figure 1b), using the ammonium perrhenate (NH4ReO4) and selenium (Se) as the source 

materials, and the synthesis temperature is 700 °C, refer to the Methods section for details. 

Observed in the optical micrographs (Figure 1c,d, SI Figure S2) and TEM images (Figure 1e), 

typical 2D ReSe2 continuous flakes are synthesized, with thicknesses varying between 1-2 atomic 

layers (1L-2L). The obtained 2D ReSe2 is largely polycrystalline, formed by nanometer-sized 
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grains. In Figure 1e, the crystal orientations (diamond Re chain, a direction) for each grain are 

highlighted by white arrows. Some nanometer-sized nuclei for 2D ReSe2 as well as aggregates 

consisting of atomic-scale clusters (<1 nm) are dispersed on edges and the surfaces of 2D ReSe2 

(e.g., follow the red arrows in Figure 1e). 

Differed from mechanically induced grain boundaries in 2D ReS2
30, the polycrystalline 2D layer 

here with incommensurate grain boundaries is apparently formed by merging of randomly 

nucleated crystallites. The nuclei densities of the first and second layer are comparable (ca. 103 

µm-2). It is also noted the free edges of the ReSe2 flakes prevalently follow the diamond chain a 

directions, irrespective of first or second atomic layers. The anisotropic nature of 2D ReSe2 gives 

rise to the particular stripe-like morphologies of ReSe2 crystals, following the principle a direction. 

More atomic force microscopy (AFM) and photoluminescence spectroscopy (PL) results on these 

2D ReSe2 flakes are presented in SI Figure S3-5. In general, the morphologies/thicknesses in our 

2D ReSe2 can be controlled by a few variables (temperature, growth duration, flow rates) in CVD 

process. In particular, we have found that with increased H2 gas flow during CVD synthesis, the 

yielded surface roughness of 1L ReSe2 significantly reduces (SI Figure S3). The enhanced 

uniformity in samples with increased H2 also leads to higher strain levels retained in final 2D ReSe2 

samples (un-delamination of flakes), evidenced by the PL peak shift (SI Figure S5) and drops of 

polarized Raman intensities (SI Figure S6). 

Identification of RexSey molecular clusters. According to the initial precursors in our 

experiment, vaporized Re2O7 and Sen (n=3-8) molecules take the main portion in the atmosphere 

of CVD chamber (see Methods). However, except for the monoclinic 2D ReSe2 film as expected 

in our growth product, the high resolution scanning TEM (STEM) (mainly through high angle 

annular dark field (HAADF) imaging) (Figure 2a-f) also reveals large quantity of RexSey clusters 
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attached to the surfaces/edges of as-grown 2D ReSe2 flakes. The atomic structures and chemical 

compositions of such clusters are verified with multislice STEM image simulations (Figure 2e-f) 

and atomic-scale electron energy loss spectroscopy (EELS) results (Figure 2g and SI Figure S7). 

In most of the cases, these RexSey clusters are attached to the edges of monolayer or bilayer ReSe2, 

while the atomic clusters residing away from edges can be attributed to the defective anchoring 

sites on van der Waals (vdW) surfaces of 2D ReSe2 (Figure 1e, SI Figure S8 and SI Figure S9). 

Key reactions and intermediate steps involved in growth. Rhenium oxide clusters can be safely 

excluded in our STEM images because they are highly water soluble31 and cannot survive the wet 

transfer processes from growth substrates to TEM grids (see Methods). Our experiments, STEM 

image simulations and DFT atomistic simulations have captured the typical interfacial structures 

between Re6Se8 clusters and 2D ReSe2 (Figure 2f and Figure 3a-h). Most of the survived clusters 

on edge or surfaces are covalently bonded through the linkage Se atoms. In agreement with the 

reported structures of the rhenium octahedron (Re6) in Re6Se8 cluster complexes32,33, we have 

experimentally confirmed the majority of clusters attached to our 2D samples contain six rhenium 

atoms. The projected STEM images for Re6Se8 clusters in different tilt angles with respect to the 

viewing direction (e- beam direction) are presented in Figure 2c-e. Due to the weaker contrast of 

Se atoms, the exact number of Se atoms in each cluster cannot be resolved by direct STEM 

imaging. Nevertheless, our DFT simulations have suggested that these octahedron clusters play 

crucial roles in reaction paths and have revealed further selenization processes of clusters toward 

2D ReSe2 (Figure 4). In addition, considering the prevalence of Se8 molecules in CVD chamber, 

the Re6Se8 clusters are more likely to form compared to other clusters such as Re2Se4 or Re4Se6. 

These ex situ observations do not preclude other possible reactants or intermediate species in high 

temperature CVD chambers. The weakly bonded clusters or atoms might have been 



 7 

removed/escaped from ReSe2 surfaces before observing them by STEM. However, with the high 

frequency of presence as observed in these post-CVD synthesis samples, it is reasonable to 

conclude that Re6Se8 clusters have high stability among all the reactants. Importantly, once the 

reactive sites (edges, defects on surfaces) are occupied by Re6Se8 clusters, further growth 

(selenization of Re6Se8) requests to overcome relative high energy barriers. In other words, CVD 

growth is significantly retarded by this intermediate stage, and the growth rate is mainly controlled 

by the conversion from Re6Se8 clusters to 2D ReSe2. Hexarhenium cluster cores with the general 

formula [Re6Q8]
2+(Q = S, Se) own very high stability, which can serve as the building blocks in 

many kinds of ovel compound28. Thus, in our experiment we can directly observe such kind of 

cluster as the main reactant. While, the whole evolution process from the 3D face-capped 

octahedral core of Re6Q8 to 2D ReSe2 formation is difficult to be determined via computational 

simulations by far. The Re/Se ratios in Re6Q8 and 2D ReSe2 are 0.75 and 0.5, so additional four 

Se atoms (Re6Se12) should be added in the 2D ReSe2 reactions. Here we used a simple DFT model 

to evaluate the chemical reaction under thermodynamic consideration by using Re6Se12 as 

reactants. The adsorption energies of key intermediates are studied and depicted in Figure 4. 

Our DFT simulations have given the key reaction paths and revealed that the further selenization 

process of these clusters should proceed with high edge selectivity along edges along a direction. 

The corresponding absorption energies of Re6Se12 (4 Se atoms are subsequently added onto Re6Se8 

cluster) and the whole reaction energies are much lower than the case along b edges by energy 

gaps of -1.90 and -1.89 eV under thermodynamic consideration (Figure 4). The result is in 

agreement with the preferred edges for 2D clusters formation in our STEM observations (Figure 

3a-d). It also well explains why the 2D ReSe2 tends to grow along the diamond Re chain a direction 

and form elongated rectangles in morphology. Besides, each diamond cell in 2D ReSe2 contains 
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four rhenium atoms, mismatched with the six atoms in each cluster. Hence the completion of 

selenization (from Re6Se8 cluster to 2D ReSe2 layer) should sometimes leave bi-Re atom structures 

on edges (Figure 3g captures intermediate structures). These locations will be easier to trap another 

Re6Se8 cluster, as observed in Figure 3g. For the same reason, Re6Se8 clusters prefer to aggregate 

in odd numbers on growth edges, even number Re6Se8 clusters are much easier to form 2D ReSe2. 

Re6Se8 clusters favor the further aggregation as cluster agglomerates sized from 1 nm to few 

nanometer (Figure 2a,b, Figure 5a and SI Figure S9). The clusters form one-dimensional chain-

like structures (Figure 5a). These cluster complexes are highly stable and embedded in the 1L or 

2L ReSe2. Experimentally, the density of such cluster complexes as well as survival individual 

clusters can be reduced by higher concentration of hydrogen in CVD atmosphere (SI Figure S8), 

implying hydrogen is the key for reducing cluster aggregation and triggering conversion from 

clusters into 2D structure. The cluster agglomerates embedded in the 2D layers can introduce large 

defects (holes) in 2D films after removal/evaporation of clusters, therefore maintaining a reductive 

hydrogen environment in CVD growth is indispensable for 2D full film growth. 

Re6Se8 cluster is highly stable, Figure 5b shows a single cluster can withstand high energy e- beam 

irradiation, while only cluster rotation is found. During CVD growth, these clusters can be freely 

transported in CVD atmosphere or on the solid (substrate/product) surfaces. Our STEM results 

directly unraveled the nucleation process. The observed smallest nuclei for 2D ReSe2 (on ReSe2 

substrate) is smaller than 1 nm (Figure 3b), (ca. two by two unit cells of monoclinic ReSe2). 

Regarding the nucleation probability, as we can observe in 2D samples, a lot of nuclei are stable 

even in single Re6Se8 cluster form or bi-cluster form (Figure 1e). With the undergoing reactions, 

these covalently surface-trapped clusters on surfaces of 2D ReSe2 can easily develop into larger 

islands of ReSe2 epi-layers (Figure 3e-h). In contrast, the kinetics of individual metal or 
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chalcogenide atoms (in some previous growth models2) are much faster. Therefore the nucleation 

rate of 2D ReSe2 is greatly enhanced by such Re6Se8 clusters, and the kinetical (non-thermal) 

growth is also greatly strengthened due to the existence of such molecular clusters. To suppress 

unwanted nucleation and epi-layer growth, and to achieve the ideal Frank-van der Merwe (FM) 

layer-by-layer growth, high quality layers with minimum atomic defects and vacancies (anchoring 

sites for clusters) is favored. 

Our observations do not rule out other growth mechanisms, such as direct individual atomic growth 

or selenization from oxides. Nonetheless, evidenced by our direct STEM observations, Re6Se8 

clusters can easily and stably bond to edges as well as surfaces of 2D ReSe2, giving rise to higher 

reaction possibilities and yielding the 2D structures. The preferential adsorption of Re6Se8 clusters 

on different edges and the retarded transport of Re6Se8 clusters along edges/on surfaces 

significantly alter the growth kinetics and the final product morphologies. Some unexpected effects 

might even occur, for instance, due to the preferred bonding of Re6Se8 clusters with atomic 

vacancies and the enhanced Se vacancies at higher temperatures, the nucleation rate for epi-layers 

actually increases with temperature, violating normal principles for 2D material growth whereas 

higher temperature yields higher uniformity34. 

CONCLUSION 

Our atomic-scale observations combined with theoretical simulations on the intermediate stages 

of the 2D ReSe2 growth directly reveal the reaction paths in CVD process, with implications for 

general 2D TMD materials growth. Based on our observations, here we propose a simple model 

for APCVD of 2D TMDs. It consists of two-step reactions: (1) Reduction reactions with 

chalcogenides and hydrogen in atmosphere to form MxC2x-n clusters (M=transition metal, 
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C=chalcogenide)). (2) Attachment of MxC2x-n clusters to the growth fronts and conversion into 2D 

TMD layers with the aid of hydrogen. The unveiled reaction paths are of great significance to 

understand the nucleation and growth kinetics of 2D TMD materials, and will benefit the growth 

control on thickness and morphology for such emergent group of materials. 

 

EXPERIMENTAL SECTION 

Materials 

All chemicals were utilized as received without further processing. Ammonium perrhenate 

(NH4ReO4, Sigma-Aldrich, ≥ 99.999%), selenium (Sigma-Aldrich, ≥ 99.99%) were acting as 

precursors and c-face sapphires were used as substrate. A4 liquid Poly (methyl methacrylate) 

(PMMA) was employed as transfer medium and Potassium hydroxide solution (KOH, Honeywell, 

≥ 85%) was used for detaching. Acetone (AQA, ≥ 99.5%) was used for PMMA removal after 

transfer. The ultrapure water was produced by Milli-Q water-purification system.  

Chemical vapor deposition (CVD) growth of rhenium diselenide (ReSe2) 

The ReSe2 flakes were grown on c-face sapphire in atmospheric CVD system with double heating 

zones. Initially, 1.5 mg NH4ReO4 was sprayed in the quartz boat in the center of downstream zone 

and 10.0 mg selenium source was placed in another quartz boat in the center of upstream zone. 1 

cm × 1 cm c-face sapphire was facing downward towards crushed molecular sieves which were 

placed above the Re source. 300 sccm argon gas was pumped in the quartz tube for 10 minutes 

prior to the beginning of the heating program. Then the upstream zone was heated up to 400 °C at 

20 °C min-1 and held for 10 minutes. Simultaneously, the downstream zone was heated at 34 °C 



 11 

min-1 up to 700 °C and held for 10 minutes. During the growth, argon gas flow was adjusted to 80 

sccm and hydrogen gas flow was set at 1-5 sccm. Selenium vapor was carried by Argon and 

hydrogen gas onto the c-face sapphire substrate. Both zones cooled down naturally right at the 

completion of the heating program. 

 

ReSe2 transfer 

The c-face sapphire substrate with as-grown ReSe2 was firstly spin-coated with 1-2 drops of 

PMMA and at 800 r.p.m. min-1 for 10 seconds followed by 3000 r.p.m. min-1 for 1 minute. Then 

the as-formed PMMA/ReSe2 film was detached from the c-face sapphire substrate by floating on 

75 °C 1 mol L-1 KOH for 20-30 minutes. Subsequently, the PMMA/ReSe2 film floated on ultrapure 

water for washing purpose for 3 times, each time at 10 minutes. Next, the PMMA/ReSe2 film was 

covered onto a QuantifoilTM TEM grid and after 2-hour natural drying the PMMA was carefully 

etched away by acetone vapor. 

Topographic measurement  

The as-grown ReSe2 on c-face sapphire substrate was firstly observed under optical microscopy 

(ZEISS Imager.A2m) under bright field, dark field and polarization light of 70 ° and 110 °, which 

illustrated the ReSe2 flakes distribution and the inner subdomains of each flake. Then atomic force 

microscopy (HITACHI, AFM5300E) was applied to check the morphologic information of ReSe2, 

employing SI-DF40P2 silicon tip (Hitachi). 

Optical and structural properties characterization 
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Photoluminescence spectra (Renishaw, inVia confocal) was employed to detect the optical 

properties of as-grown ReSe2. The laser wavelength is 633 nm, with grating of 1800 g/mm. The 

signals were collected under 50 × lens (0.75 N.A.) and the laser spatial resolution is around 1 μm. 

The laser power is 0.6 mV and for each single spectrum measurement, the exposure time is 10 

seconds.  

 

Angle-resolved Raman spectroscopy 

The angle-resolved Raman measurement was conducted at the excitation laser length of 785 nm 

with grating of 1200 g/mm, under 50 × lens (0.75 N.A.). The polarized Raman setup includes a 

motorized half-wave plate, a half-wave plate and a linear polarizer. The Raman signals were 

collected at 0 ° and 70 ° rotation of incident polarized light. Scattered light goes to the CCD through 

the half-wave plate and linear polarizer. 

Transmission electron microscopy (TEM), scanning transmission electron microscopy 

(STEM) high angle annular dark field (HAADF) and electron energy loss spectroscopy 

(EELS) 

The high-resolution TEM and STEM morphologic images, high resolution STEM HAADF images 

and EELS were obtained by JEM-ARM200F TEM instrument equipped with a CEOS spherical 

(Cs) aberration (probe) corrector working under 60 kV. The beam current is 0.3 pA nm-1 and the 

beam probe size is 1.5 angstrom. Average background subtracting filtering (ABSF) is applied to 

reduce the noise of STEM-HAADF images. The EELS acquisition is completed with the Gatan 

QuantumTM, beam probe size ca. 1.5 angstrom, convergence angle 29 mrad, collection angle 35 
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mrad and exposure time 2 s are applied. The STEM HAADF image simulations are completed 

using QSTEM software with the same set of conditions as STEM experiments. The defocus and 

the spherical aberration are set as Scherzer focus and 1 µm, respectively. The other settings remain 

default. 

 

 

DFT simulation 

Spin-polarized density function theory (DFT) calculations are performed by using the Vienna ab 

initio Simulation Package (VASP) program package35,36 within the projector augmented wave 

(PAW)37 to explore geometries and electronic properties of ReS2. The exchange-correlation 

interactions are described with the generalized gradient approximation (GGA)38 in the form of the 

Perdew, Burke, and Ernzernhof (PBE) functional39. The kinetic energy cutoff for the plane-wave 

basis set is chosen as 450 eV, and the distance of vacuum layer is set to be more than 20 Å, which 

is sufficient large to avoid interlayer interactions. The DFT-D3 scheme of Grimme for the vdW 

correction40 is applied on 2D-ReSe2. The pristine slab contains 96 Re and 216 Se atoms. The 

electronic SCF tolerance is set to 10−5 eV. Fully relaxed geometries and lattice constant are 

obtained by optimizing all atomic positions until the Hellmann–Feynman forces are less than 0.03 

eV/Å with the gamma point sampling. 
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Figures and Figure Captions 

 

 

Figure 1. CVD Synthesis of 2D ReSe2. (a) Atomic models for 2D ReSe2, a and b crystal 

directions are highlighted, a is along Re diamond chain direction. Re atom (blue), Se atom 

(yellow). (b) Scheme of split-zone CVD growth. (c),(d) Optical images (non-polarized and 

polarized) for as grown monolayer 2D ReSe2 flake, showing anisotropic stripe patterns. Scale 

bars = 10 µm. (e) TEM HAADF image for as grown 2D ReSe2. Different grains are false 

colored for contrast enhancement. Red arrows mark the cluster aggregates. White arrows 

mark the a direction for each grain. Scale bar = 10 nm. 
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Figure 2. STEM characterizations of Re6Se8 clusters. (a),(b) Re6Se8 cluster aggregates 

residing in holes of mono- and bi-layer ReSe2. Scale bars = 2 nm. (c)-(e) STEM-HAADF 

images, DFT derived atomic models and STEM image simulations of Re6Se8 clusters in 

different orientations. (f) STEM image, DFT derived atomic model and STEM image 

simulations for two Re6Se8 clusters attached to the edge of 2D ReSe2. Scale bar = 0.5 nm. (g) 

EELS results (background subtracted) for Re6Se8 cluster aggregates, EELS quantification 

consistently gives higher Re/Se ratio in clusters than in 2D ReSe2 layers. 
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Figure 3. Re6Se8 clusters and nucleation. (a)-(d) STEM image, DFT derived atomic model 

and STEM image simulation for Re6Se8 clusters anchored on different edges of 2D ReSe2 

through Se linkage atoms. Scale bars =1 nm. (e)-(h) STEM image, atomic model and STEM 

image simulation for Re6Se8 clusters anchored on monolayer ReSe2 surfaces and crystal 

nuclei for epi-layers of 2D ReSe2 with Re6Se8 clusters attached on edges. Scale bars = 1 nm. 
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Figure 4. Reaction energy profile for selenization process along edges of a (blue) and b (red) 

by DFT calculations. Initial and final steps involve gas phase Re6Se12 cluster adsorbed on 

different edges to 2D cluster formation. 
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Figure 5. Stable Re6Se8 clusters and aggregates. (a) STEM image, atomic model and image 

simulation for cluster aggregates. Chain-like structures are highlighted by red dashed lines 

and boxes in STEM images. Scale bar = 1 nm. (b) Stability of single Re6Se8 cluster under e 

beam irradiation for 52 s. Rotation of cluster (center in white dashed box) is noted, 

corresponding atomic models for Re6Se8 cluster of each time are embedded in lower left 

corners. Scale bar = 1 nm. 
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