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ABSTRACT

Grain boundaries (GBs) frequently emerge in a CVD-grown large-scale transition metal dichalcogenides monolayer thin film, which affect
the electronic and optical properties of the material. Photoluminescence (PL) can be easily quenched/enhanced at GBs, which are, however,
merely investigated in relatively large tilt angles (h > 14�) in previous research. Here, we experimentally examine the PL properties of mono-
layer WS2 GBs with tilt angles as small as a few degrees. Contrary to conventional wisdom, we find that PL intensity remains intact by the
GBs when their tilt angles h � 8�. The abnormal PL behavior is elucidated by a detailed structure analysis on the dislocation cores. For a
small tilt angle, the strain fields introduced by the defective cores are sparsely distributed without mutual coupling, and the chemical stoichi-
ometry along the GBs preserves very well. These two key structural features of the small-tilt-angle GBs allow excitons to diffuse transparently
across the GB, leading to a neglectable influence on the optical and electronic properties, as verified by our first-principle simulations. The
PL invariant of the small-tilt-angle GBs sheds light on the future development of CVD-grown wafer-scale techniques and their optical
applications.
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Two-dimensional transition metal dichalcogenides (TMD) materi-
als have great potential for optoelectronics and nanoelectronics1–4 due
to their tunable electronic structures and ambient stability. Large-scale
samples are needed for commercial applications, and the fabrication
methods are constantly evolving. Among them, substrate-engineering
chemical vapor deposition (CVD) techniques are intriguing because of
their high film quality and technical controllability.5–10 Unfortunately,
grain boundaries (GBs), which are generally believed to be a disadvan-
tage to the optoelectronic properties, are usually unavoidable in wafer-
scale crystal production if the substrate is polycrystalline.

GBs are formed from the coalescence of various oriented domains
due to multiple nucleation points on the substrate.6,8 As a result, defec-
tive structures of GBs are inevitable, which substantially affect the opto-
electronic properties of the material. For example, the carrier mobility
changes11,12 and exotic magnetism emerge in non-magnetic parent

materials due to GB-related alternation of the electronic structures.13

Particularly, a notable phenomenon is the quenching or enhancement
of the photoluminescence (PL) intensities at GB sties with large tilt
angles.14–17 Previous research usually correlates such changed PL inten-
sities with the significantly defective large-angle GB motifs such as the
structural distortion,18,19 non-stoichiometry,15 and strain field.20,21

These structural deviations may induce a direct–indirect bandgap tran-
sition22–26 or increased (or decreased) charge density15 at the GB sties,
which in turn influences the excitonic properties and, thereby, the PL
spectra.

Therefore, a systematic understanding of the GB microscopic
motifs and their correlation to the optoelectronic properties is of great
importance for large-scale sample growth techniques and their poten-
tial applications. However, as explicitly stated before, previous reports
usually pay much attention to the large tilt angle GBs (typically
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