Structural and low-loss characterization of synthetic 2D-TMDs
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Two-dimensional transition metal dichalcogenides (2D-TMDs) have attracted significant attention in
recent years due to unique optical and electronic properties arising from their low-dimensionality. Among
them, MoS2 and WS2 are the most investigated 2D-TMDs and have been demonstrated to be good
candidates for opto- and nano-electronic applications. The material properties depend strongly on the
atomic structure of the material and vary significantly with increasing number of layers and their stacking
w.r.t. each other. While aberration correction in a scanning transmission electron microscope (STEM)
allows for atomic resolution imaging of these two-dimensional materials, recent advances in
monochromators in modern TEMs has enabled an energy resolution of under 150meV for EELS (electron
energy loss spectroscopy). This improved energy resolution in EELS helps reduce the zero-loss tail and
aids in resolving the interband transitions, band-gap onset, surface and bulk plasmons. EELS in an
aberration corrected STEM is therefore the only spectroscopic technique with the potential to provide
insight into the chemical and electronic structures with atomic-resolution whereas optical spectroscopy
techniques are constrained by the diffraction limit.
In this work, we investigate two synthetic 2D-TMDs, namely MoS2 and WS2 which are deposited using
wafer-scale chemical vapor deposition (CVD) techniques. The MoS2 is grown using Mo(CO)6 at hightemperatures (> 700C), whereas WS2 is grown using WF6 at relatively low-temperatures ( 450C) where
H2S is the sulfur source in both cases. The material is transferred onto TEM grids and investigated in a
double-corrected Titan G2 equipped with a monochromator, operated at 60kV to avoid beam damage.
High-resolution STEM is used to characterize the crystal structure, local stacking and various crystal
defects present in the material. Fig. 1 a. shows the HAADF-STEM image of CVD-WS2 grown on
amorphous Al2O3 which has a full monolayer coverage with some triangular islands which are 2-3 layers
thick. The atomic resolution STEM image (Fig. 1b) on one of the islands shows the variation in thickness
and stacking in a CVD-WS2 layer. Low-loss spectra shown in Fig. 2 are acquired in spectrum-imaging
mode and several spectra are integrated from regions with varying number of layers (1 to 3) which are
distinguished based on HAADF intensities. A blue shift in the energy-loss is evident as the number of
layer increases where the shift in + plasmon peak is much more pronounced than the  plasmon peak.
Moreover, the ratio between the peak intensities of the  and + plasmon decreases with increasing
number of layers. This is in good agreement with previous theoretical studies [1], [2]. These results will
be discussed in depth to gain insight into the opto-electronic properties of synthetic 2D-TMDs and how
they vary with local crystal structure.
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Figure 1: (a) HAADF-STEM image of monolayer CVD-WS2 with 2-3 layers thick islands grown over the
first layer. (b) Atomic resolution HAADF-STEM image of one of the islands showing the variation in
thickness and stacking.

Figure 2: Low-loss EELS spectra of CVD-WS2 showing evolution of the  and + plasmon peaks as a
function of layer thickness.

