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The layered-chalcogenides comprise a broad class of 2D materials of interest for their novel electronic 
and thermal properties. Particularly exciting about these materials is that the relatively weak, van der 
Waals-like interaction across adjacent chalcogen layers (i.e., S, Se, or Te) enables the fabrication of 
hierarchically layered arrangements of independent 2D layers, each with its own tailored functionality.  
Emergent functionalities arising in these materials include topological insulator behavior and novel 
thermoelectricity and could enable new approaches for manipulating charge and phonon transport relevant 
to many energy applications. Motivated by these possibilities, the ability to grow hierarchical 
chalcogenide structures with precisely tailored atomic-scale composition has advanced rapidly in recent 
years.  For instance, the modulated elemental reactants approach [1] has enabled rigorous control of 2D 
layer sequencing, producing a wide variety of novel metal chalcogenide layer configurations (e.g., 
references [2-4]).  Although the layer-sequencing can now be controlled with great precision, a key 
remaining challenge is to control the order and defect configurations within the layers themselves.  
In this presentation, we discuss atomic-resolution, scanning transmission electron microscopy (STEM) 
measurements of the structure and composition of ordered metal chalcogenides in the (SnSe)m(TiSe2)n 
system, with an emphasis on establishing the nature of defects within the individual layers.  Figure 1(a) 
shows a high angle annular dark field (HAADF) STEM image giving an overview on one such film, here 
a sequence of one SnSe layer (m=1) to every four TiSe2 (n=4) layers. The diffractogram in Figure 1(b), 
obtained from the Fourier transform of the data in Figure 1(a), demonstrates the strong out-of-plane 
ordering of the layer sequence, showing distinct peaks corresponding to the real-space period of the 
superlattice.  Because of in-plane rotational, or turbostratic, disorder, domain widths within the layers are 
of nanometer-scale. This is illustrated in Figure 5, which shows a small domain of TiSe2 that is locally 
oriented on zone.  Here, the crystalline orientation extends across the SnSe spacer layer into the next TiSe2 
layer.  An enlargement of this domain shows a boundary separating two regions of reversed stacking 
arrangement.  We will discuss microscopic approaches for characterizing the length-scale of the disorder 
and insights concerning growth and crystallization processes discerned from the atomic scale defects. 
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Figure 1.  (a) HAADF-STEM image of a 1:4 (SnSe)m(TiSe2)n film.  Note the layer defect corresponding 
an incomplete SnSe layer (which show bright contrast in HAADF-STEM).  (b) Diffractogram from data 
in (a).  The strong out-of-plane layer ordering produces superlattice spots.  Because the SnSe and TiSe2 
layers have comparable spacings, the superlattice peaks arise at 1/5 of this fundamental frequency.  
Additional features in the pattern arise from thin domains within the layers, which exhibit a distribution 
of rotational configuration as well as spots from the Si substrate. (c) A composite EDS spectrum image 
from a 1:3 specimen showing the distribution of Sn (red) and Ti (green). 
 
 

 
 
Figure 2. (a) HAADF-STEM image of a 1:4 (SnSe)m(TiSe2)n film.  Because of in-plane rotational 
disorder, domain widths within the layers are of nanometer-scale.   Here, one such domain in the TiSe2 
phase is oriented locally on zone.  Interestingly, the orientation extends across the SnSe layer.  The 
domains themselves can exhibit defects.  For instance, (b) shows an enlargement of the TiSe2 domain in 
(a). The arrow points to a boundary separating a reversal of the TiSe2 stacking.  
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