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Transition Metal Dichalcogenides (TMDs) are promising materials that could revolutionize the next 
generation of optical, electronic and thermal devices. Many unique properties of these materials have 
been demonstrated on 10-100 µm single crystal domains. However, reproducible synthesis of high 
quality, large-scale materials is still an unresolved challenge. In this work we present a method of 
characterizing the crystallography and domain structure and of thin polycrystalline TMD films. 
 
The TMD material studied here was synthesized by chemical transformation of ultrathin metal-oxide 
films [1]. Briefly, 10 nm of tungsten oxide is deposited directly onto Si3N4 TEM windows by plasma 
enhanced Atomic Layer Deposition (ALD). The metal-oxide coated windows are then placed in a tube 
furnace at elevated temperature (~500-700 °C) while chalcogen gas (H2S) is flowed through the tube. 
The result is a ~10 nm thick polycrystalline thin film of hexagonal WS2 with domain sizes of ~5-50 nm. 
This method provides easy control over the uniformity and thickness of the resulting film with sub-
nanometer precision. Moreover, this process is very general and can be used to synthesize many metal-
chalcogen compounds. 
 
To characterize the domain structure, texture and crystallographic alignment of the individual domains 
we have employed a scanning nanobeam diffractive imaging technique (4D STEM). A small probe of 
convergence angle ~0.5 mrad is rastered over the sample and a complete diffraction pattern is acquired 
at every probe location [2]. An overview of the material and technique are presented in figure (1). The 
probe size and convergence angle are chosen to optimize resolution in both real and reciprocal space, 
and maintain acceptable electron dose and acquisition time. At each individual location the 2 nm 
electron probe is interacting with several grains in the 10 nm thick WS2 film. Typical diffraction 
patterns, presented in figure (2e) and (2f), contain information about the relative rotation and tilt of 
individual domains with respect to the beam direction (which is aligned to surface normal). For films 
thinner than 15 nm, only [hk0] reflections can be seen in the diffraction pattern suggesting a strong [001] 
film texture. Moreover lack of [111] and [101] reflections suggest that the individual domains are 
turbostratic [3]. Based on these assumptions, we can interpret the observed elliptical distortion as tilted, 
highly oriented “super” domains with the small and large elliptical axes telling us the lattice parameter 
and tilt angle of each domain.  
 
In summary, we present a new method to study long-range order in highly disordered and anisotropic 
materials. We also show how this relatively simple and straightforward method allows us to better 
understand how synthesis parameters affect the structure of our material.  
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Figure 1. Overview of the synthetic routine and measurement. (a) Tungsten oxide is first deposited onto 
substrate using atomic layer deposition (ALD). The oxide is then exposed to chalcogen gas at elevated 
temperature and converted to tungsten disulfide. (b) The 4DSTEM measurement is built by scanning a 
semi-convergent probe over the sample and collecting the resulting diffraction pattern at each location. 
 

 
Figure 2. Overview of the 4DSTEM measurement. (a) HAADF STEM image of the chalcogenide thin 
film. The intersection of the diffraction plane (gray line) and the reciprocal lattice (green lines) defines 
the allowed reflections of a diffraction pattern for a given tilt. Panel (b) shows the difference in 
geometry between 3D and 2D crystals. Unlike the usual 3D case, local tilts of 2D crystallites will lead to 
the elongation of diffraction spots rather than their suppression. The geometry of this situation is 
outlined in panels (c) and (d), with corresponding data shown in (e) and (f). The results of fitting an 
ellipse to the first order spots in 10000 diffraction patterns in a 200 nm window reveals structure not 
readily visible in the STEM image.  


