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Two-dimensional (2D) transition metal dichalcogenides (TMDs) are layered semiconductors with unique
electronic and optical properties which have shown immense potential in ultrathin (opto-) electronic
devices.? Structural defects that are ubiquitous in 2D materials have demonstrated to exert significant
impacts on the materials’ properties. In the past several decades, 2D TMDs of group VIB metal MX», like
M=Mo, W, and X=S, Se, typically with hexagonal 2H polytype, have been studied intensively in
fundamental structures, properties, and applications. They possess sizable band gaps in the range of 1.5—
2.0 eV,2 corresponding to the red to near infrared regions. While the wider range of optoelectronic
applications require further exploration of novel 2D materials for full cover of the colour regions. The
emerging noble metal TMDs, e.g. PtX», have recently gained a lot of attention for expanding the 2D
family, due to their fascinating properties such as the layer-controllable transition from metal to
semiconductor, the notable carrier mobility, strong interlayer interaction, anisotropy, and ultrahigh air
stability.>® The tunable band gaps in the range of 0.25-1.6 eV of PtX, make up the gap between graphene
and most other TMDs, enabling their promising utilization in the desirable mid-infrared photonics and
optoelectronics.®*2 Differing from the common 2H-phase structures of Mo/W-based TMDs, the 2D PtX»
crystal is preferably constructed in 1T polytype. Accordingly, their structural properties are supposed to
be differentiated from those in 2H-TMDs. Understanding different defect structures in 1T-PtX> and their
behaviours is vital for taking full advantage of them in tailoring materials properties. Theoretical studies
have predicted the structures and stability of point defects in 1T-phase PtX>, as well as the affected
electronic and magnetic properties,> 131° while the experimental research addressing the defects in
monolayer PtX: is still very limited so far, which is crucial for exploiting the great potential of PtX, for
extensive device applications.

In this work, atomically thin PtSe; films were grown using direct selenization method of ultrathin Pt layer
at the atmospheric pressure in a chemical vapour deposition furnace. By using annular dark-field scanning
transmission electron microscopy (ADF-STEM) direct imaging with single-atom resolution, we studied
detailed atomic structures of vacancies, dislocations and GBs in 1T-phase 2D PtSe;, which are
distinguished from the those defective structures in other hexagonal crystals like graphene, h-BN and 2H-
phase TMDs (e.g. M0S>). The isolated Se vacancies (Vse) are highly mobile under beam irradiation, whose
collective behaviours contribute to the re-arrangement of the PtSe; lattice. Distinct 1D deviated defects
are found in 1T-PtSe, exhibiting 1T features without losing Se atom rows, which is distinguished from
the typical line defects missing rows of chalcogens in 2H-phase TMDs. The main difference lies in the
mechanism that in the PtSe; the increased concentration of Vse in a confined PtSe; grain alters strain fields
locally, triggering the formation of a special type of linearly stretched defect with contracted lattice
distortion. For the GB structures, a special tilt angle of 30° is found where the lattice in armchair direction
is stitched with that in the zig-zag direction, which is the most frequently occurred GB angle in
polycrystalline PtSe, films. Other GBs with different tilt angles are also directly observed in meandering
pathways with various edge dislocation structures assembled, which show distinct 1T-phase structural
feature. Taking PtSe> as an example, this systematic study of 1T-phase TMDs is expected to enrich our
knowledge of defective structures in 2D binary lattices.
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