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Grains and grain boundaries in highly crystalline
monolayer molybdenum disulphide
Arend M. van der Zande1,2 *† , Pinshane Y. Huang3† , Daniel A. Chenet2† , Timothy C. Berkelbach4 ,
YuMeng You5 , Gwan-Hyoung Lee2,6 , Tony F. Heinz1,5 , David R. Reichman1,4 , David A. Muller3,7
and James C. Hone1,2
Recent progress in large-area synthesis of monolayer molybdenum disulphide, a new two-dimensional direct-bandgap
semiconductor, is paving the way for applications in atomically thin electronics. Little is known, however, about the
microstructure of this material. Here we have refined chemical vapour deposition synthesis to grow highly crystalline islands
of monolayer molybdenum disulphide up to 120 µm in size with optical and electrical properties comparable or superior to
exfoliated samples. Using transmission electron microscopy, we correlate lattice orientation, edge morphology and crystallinity
with island shape to demonstrate that triangular islands are single crystals. The crystals merge to form faceted tilt and mirror
twin boundaries that are stitched together by lines of 8- and 4-membered rings. Density functional theory reveals localized
mid-gap states arising from these 8–4 defects. We find that mirror twin boundaries cause strong photoluminescence quenching
whereas tilt boundaries cause strong enhancement. Meanwhile, mirror twin boundaries slightly increase the measured in-plane
electrical conductivity, whereas tilt boundaries slightly decrease the conductivity.

C

haracterizing the structure and properties of grains and
grain boundaries is critical for understanding and controlling material properties in the expanding array of twodimensional (2D) materials1 . Studies have mapped the grain
structure of large-area graphene grown by chemical vapour
deposition (CVD), characterized defects such as grain boundaries
at the atomic scale and demonstrated that these grain boundaries
can strongly affect graphene’s electrical, optical and mechanical
properties2–11 . Much less is known about the grain structure and
properties of defects in other 2D materials, such as molybdenum
disulphide (MoS2 ). MoS2 has been widely explored in the form
of nanotubes12 , nanoparticles13 and thin films14,15 owing to its
excellent tribological and catalytic properties. Recent work has
shown that exfoliated monolayer MoS2 is a 2D direct-bandgap
semiconductor16,17 . Moreover, large-area monolayer MoS2 can now
be synthesized using CVD (refs 18–21), making it a promising candidate for building atomically thin layered electrical22–24 , optical16,25
and photovoltaic26 devices.
Here, we grow high-quality crystals of monolayer MoS2
exhibiting grain sizes up to 120 µm and possessing optical and
electronic properties comparable or superior to those of exfoliated
samples. Our study applies a diverse set of characterization
methods, combining transmission electron microscopy (TEM)
of atomic and crystal structure with optical spectroscopy and
electrical transport to determine the influence of grain boundaries
on the properties of the material. Using diffraction-filtered and
atomic-resolution electron microscopy, we characterize singlecrystal triangular islands and polycrystals containing tilt and mirror
twin grain boundaries. We find mirror twin boundaries are stitched
together predominantly through lines of 8- and 4-membered

rings, which produce mid-gap states in DFT calculations. Finally,
we show that individual grain boundaries strongly affect the
photoluminescence observed in MoS2 monolayers and slightly alter
their in-plane electrical conductivity.

Growth and characterization of large-grain MoS2 crystals
Figure 1a,b shows optical images of monolayer MoS2 grown on
a Si/SiO2 substrate. The samples are grown by CVD with solid
MoO3 and S precursors18 . In contrast to previous work18 , we did
not use seeds to nucleate growth; instead, our best growths were
obtained with carefully cleaned substrates and by minimizing the
exposure of the precursors to air during storage (see Methods
and Supplementary Fig. S1 for details). Figure 1a shows an optical
image of a typical sample. Isolated islands (violet triangles) have
edge lengths ranging from 30 to 80 µm. On the right (nearest to
the solid-state precursors during growth), the islands merge into
a continuous film. Although non-uniformity in nucleation density
and crystal size is a limitation of our growth techniques, each
growth contains a ∼1 × 15 mm region where hundreds of similar,
isolated islands grow. Across different growths, the average size
of islands varies between 20 and 100 µm, with individual triangles
up to 120 µm (Supplementary Fig. S2). Most islands are uniform
monolayers, except for small bilayer or multilayer patches (visible
in the centre of Fig. 1b).
We first use photoluminescence to measure the quality and
thickness of these triangles. Figure 1c shows photoluminescence
spectra from monolayer and bilayer MoS2 . The photoluminescence
peaks at 1.84 and 1.95 eV respectively match the A and B directgap optical transitions16 . The integrated intensity of the bilayer
peak is much weaker (∼7%) than the monolayer peak, reflecting
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Figure 1 | Large-grain MoS2 growth. a, Optical reflection image of a CVD growth of a typical large-grain MoS2 on a SiO2 (285 nm)/Si substrate. The image
contrast has been increased for visibility; magenta is the bare substrate, and violet represents monolayer MoS2 . b, Optical image of a monolayer MoS2
triangle. The triangle is 123 µm from tip to tip. c, Photoluminescence spectra from monolayer (red) and bilayer (blue) MoS2 . Peak height is normalized to
the silicon Raman peak. The narrow spikes at high energy are the Raman transitions (see Supplementary Fig. S3a). d, High-resolution ADF-STEM image of
freely suspended monolayer MoS2 on a TEM grid. The bright spots are molybdenum atoms; the grey spots are two stacked sulphur atoms. The lattice is
composed of hexagonal rings alternating molybdenum and sulphur sites; top view and side views of the structure are overlaid. e, DF-TEM image of a large
triangle with the diffraction pattern inset. Together, the diffraction pattern and the DF-TEM image show that the triangle is a continuous single crystal. The
∼2–4 µm brighter and darker areas are rotationally aligned bilayers of MoS2 . Similar variations in contrast have been observed in bilayer graphene, where
they reflect differences in stacking order29 .

the expected evolution from a direct-gap to an indirect-gap
semiconductor. Surprisingly, the measured range of peak widths of
our CVD monolayer MoS2 (50–60 meV) is similar to that observed
for freely suspended samples of exfoliated MoS2 (also 50–60 meV)
and is much narrower than that of MoS2 exfoliated onto SiO2
(100–150 meV; ref. 16). These results suggest that the CVD-grown
samples are either of higher quality or are in a cleaner electrostatic
environment than exfoliated samples.
To characterize the crystal structure of these islands, we used a
combination of TEM, electron diffraction techniques and atomic
resolution STEM. Figure 1d shows an image of the atomic structure
of our CVD MoS2 monolayers taken by aberration-corrected
annular dark-field scanning transmission electron microscopy
(ADF-STEM). In ADF-STEM, a 60 keV, ångstrom-scale electron
beam scans over the sample, and an image is formed by collecting
the medium- to high-angle scattered electrons. The contrast of
ADF-STEM images scales roughly as the square of the atomic
number Z (ref. 27). Thus, the brightest spots in Fig. 1d are
the molybdenum atoms and the dimmer spots are the two
stacked sulphur atoms. The hexagonal lattice is clearly visible, as
indicated by the top- and side-view schematics in Fig. 1d. No point
defects, atomic substitutions or voids were initially observed within
single crystals. However, defects readily form under extended
imaging (see Methods)28 .
We used selected-area electron diffraction and dark-field
TEM (DF-TEM) to characterize the large-scale crystal structure
of the islands. Figure 1e, inset shows a selected-area electron
diffraction pattern of a triangular island roughly 45 µm across.
The six-fold symmetry in the position of the diffraction spots
demonstrates that the triangle contains no rotational boundaries,
to within our measurement accuracy of 0.5◦ . Figure 1e shows the
corresponding DF-TEM image: by using an aperture to select
a narrow range of diffracted beams, DF-TEM filters images
2

by crystallographic orientation2,11,29,30 , and shows single crystals
such as Fig. 1e in a single image. Similar analyses of dozens of
triangles show that triangular-shaped islands are predominantly
single crystals. Under continued growth, these islands merge
together to form aggregates or continuous sheets (Fig. 1a and
Supplementary Fig. S2).
The large-grain, highly crystalline MoS2 monolayers, with
optical properties equivalent or superior to exfoliated samples,
enable new experiments studying the growth, structure and
properties of MoS2 crystals and grain boundaries.

Grain structure and orientation of CVD MoS2
We use electron diffraction techniques to uniquely identify the
crystal structure and edge orientation of MoS2 triangles. Figure 2a,b
shows the bright-field image and diffraction pattern of a singlecrystal triangle. As seen in the schematic in Fig. 2a, the lattice
of monolayer MoS2 is divided into molybdenum and sulphur
sublattices, which reduces the hexagonal lattice from six-fold to
three-fold symmetry. As a result, the six [1̄100] diffraction spots
are broken into two families: ka = {(1̄100), (101̄0), (01̄10)} and
kb = −ka (Fig. 2b; ref. 31). Through both experiment and Bloch
wave simulations32 (see Supplementary Methods), we find the ka
spots are higher in intensity (∼10% for an 80 kV electron beam)
and point towards the molybdenum sublattice, as indicated by
the arrows in Fig. 2a,b.
We likewise observe this intensity asymmetry in DF-TEM.
Figure 2d shows the bright-field image and diffraction pattern of
two triangles. An aperture positioned at the magenta circle on the
inset in Fig. 2d forms the dark-field image in Fig. 2e. As the triangles
are rotated 180◦ from one another, the aperture simultaneously
collects the bright ka spot for the left triangle and the darker
kb spot for the right triangle. This produces a corresponding
contrast difference between the islands. We can thus use either
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Figure 2 | Diffraction imaging of crystal orientation and edge terminations. a, Bright-field image of a single-crystal triangle with a Mo-zigzag edge
orientation. b, Diffraction pattern from a. The asymmetry of the Mo and S sublattices separates the [1̄100] diffraction spots into two families:
ka = {(1̄100),(101̄0),(01̄10)} and kb = −ka . c, A line profile through experimentally measured diffraction spots (black) and Bloch-wave simulations (red).
The higher intensity ka spots point towards the Mo sublattice, as indicated by the arrows in a,b. Both curves were normalized to the height of the [2̄110]
peaks, and the red curve was offset horizontally for visibility. d, Bright-field TEM image of two triangles with S-zigzag edge orientations. The curved
appearance of the crystal edges contrasts with the sharper crystal edges of the Mo-zigzag edges in a. The inset diffraction pattern shows the location of
the aperture used to form the image in e. e, Dark-field image of the region in d. As the triangles are rotated 180◦ from one another, the aperture
simultaneously collects the brighter ka spot for the left triangle and the darker kb spot for the right triangle. This produces a corresponding contrast
difference between the two islands that allows us to uniquely infer crystallographic orientation from dark-field images. To improve visibility, we have
clipped the bottom of the intensity range in this image.

the diffraction pattern or DF-TEM to uniquely identify the lattice
orientation of MoS2 crystals.
Figure 2 also shows the dominant morphologies of MoS2
triangles: molybdenum zigzag (Mo-zz) in Fig. 2a and sulphur
zigzag (S-zz) in Fig. 2d (refs 33,34). These two edge terminations
are commonly observed in MoS2 nanocrystals33 , and they are the
two most energetically stable edge orientations34 . We consistently
observe that Mo-zz triangles have sharper, straighter edges than S-zz
triangles. This morphological difference allows us to easily identify
crystal orientation in optical images. High-resolution STEM images
show that despite their sharp appearance in DF-TEM, the edges
of both our S-zz and Mo-zz crystals are rough at the nanoscale
(Supplementary Fig. S4).
In addition to single-crystal triangles, the CVD process produces
polycrystalline aggregates that can be characterized by DF-TEM.
Figure 3a shows two S-zz triangles intersecting at an angle of
40◦ ± 0.5◦ . Figure 3b shows a corresponding composite DF-TEM
image of the crystal structure. The composite image is constructed
by overlaying colour-coded DF-TEM images2 acquired from the
crystallographic orientations shown in the diffraction pattern of
Fig. 3a. The intersection of the grains forms an abrupt, faceted tilt
boundary. Low-quality growths can produce the types of film in
Fig. 3c, which shows small, misshapen, crystals. The corresponding
diffraction pattern and dark-field overlay in Fig. 3d shows that
the disordered crystals are randomly oriented polycrystalline
aggregates. As indicated by the arrows in Fig. 3c, adjacent MoS2
grains sometimes overlap to form rotationally misaligned bilayer
regions. Similar combinations of abrupt and overlapped crystal
interfaces have been seen in CVD-grown graphene2,5,35 . Unlike
in graphene, the grain boundaries in MoS2 tend to be strongly
faceted on the micrometre scale. These facets may originate from
the relative surface energy of different edge configurations36 ,
which will be more directionally dependent in MoS2 than in

homoelemental structures. Similar phenomena probably underlie
the differences in edge roughness we see in Mo-zz versus S-zz
triangles and the faceting at the edges of large crystals such
as in Fig. 1b.
In addition to tilt boundaries, we observed a second common
line defect in MoS2 crystals: mirror twin boundaries. In monolayer
MoS2 , mirror twins are the intersections of two MoS2 crystals
with a relative in-plane rotation of 180◦ that effectively swaps
the positions of Mo and S lattice sites. Figure 3e shows the
bright-field image of two triangles meeting at 180◦ , and Fig. 3f
shows the corresponding DF-TEM image. The mirror twin appears
clearly as an intensity change in DF-TEM images, through the
same diffraction asymmetry seen in Fig. 2e. Unlike tilt boundaries,
mirror twin boundaries such as in Fig. 3e,f grow within nucleation
islands. Figure 3g,h and Supplementary Fig. S5 show another
commonly observed shape that contains mirror twin boundaries:
a symmetric, six-pointed star containing cyclic twins that resemble
other inorganic and geological crystal growths37 .

The atomic structure of MoS2 grain boundaries
We next examine the atomic structure of MoS2 grain boundaries
using ADF-STEM. Figure 4a,b show a mirror twin boundary in
a 6-pointed star. Whereas the grain boundary follows the zigzag
direction on the micrometre scale, it exhibits faceting of ±20◦
relative to this direction on the nanometre scale. This nanoscale
faceting is surprising because it avoids the highly symmetric
zigzag boundary structure that would correspond to the microscale
alignment seen in Fig. 3h. Figure 4b shows the atomic structure of
the grain boundary. The overlaid purple and green polygons show
that the boundary is formed primarily from 4- and 8-membered
rings, with a recurring periodic 8-4-4 ring motif.
STEM images in an ArXiv preprint posted during the review
process of this work show a MoS2 tilt boundary formed from
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Figure 3 | Tilt and mirror twin grain structures. a, Bright-field TEM image of two triangles that have grown together. Inset diffraction pattern shows the two
crystal orientations are 40◦ ± 0.5◦ apart (measured between the red and cyan lines, which are at equivalent spots in the diffraction pattern).
b, Colour-coded overlay of DF-TEM images corresponding with the two red- and cyan-circled spots in a shows a tilt grain boundary as a faceted line
connecting the two triangles. c, Bright-field image of a region containing irregularly shaped MoS2 islands, with diffraction pattern inset. Red arrows indicate
regions where adjacent grains overlap, forming rotationally misaligned bilayers. d, Coloured DF-TEM overlay shows that the irregular shapes are
polycrystalline aggregates. The crystals are connected both by faceted, abrupt grain boundaries, and ∼1 µm overlapped bilayers. e, Bright-field image of a
mirror twin composed of 180◦ -rotated triangles, with diffraction pattern inset. f, Dark-field image corresponding with the orange circle in e shows the two
triangles have different diffraction intensity, similar to the 180◦ -rotated triangles in Fig. 2d,e. This intensity change indicates the presence of a mirror twin
boundary between the darker and lighter regions. The small triangle in the centre is multilayer MoS2 . g, Bright-field image of a 6-pointed star, with inset
diffraction pattern. h, DF-TEM image corresponding with the orange circle in g shows that the star contains several rotationally symmetric mirror twins,
forming a cyclic twin.

a line of 5–7 rings38 . This finding complements our atomicresolution images of mirror twin structures: both tilt and mirror
twin boundaries are commonly found in our films. These results
are consistent with a recent theory paper that predicts that in MoS2 ,
either odd- or even-membered rings can form grain boundaries
depending on the tilt angle and stoichiometry, among several
factors39 . For comparison, graphene’s tilt boundaries are most
commonly formed by 5- and 7-membered rings2,40 , whereas twin
boundaries have been observed with 8-5-5 motifs4 . Our data also
suggest that a priori simulation of boundary structures may be
challenging: for example, our 8-4-4 motif does not match the
theoretically predicted structure in ref. 39, mostly owing to its
surprising faceted structure.
In our observed 8-4-4 motif, neighbouring 4-rings meet at a
sulphur site, which appears to have four nearest neighbours rather
than the usual three. This change in coordination requires either the
S atoms to have dangling bonds, or the Mo atoms to change their
oxidation state. Using first-principles density functional theory41
(DFT), we find that after relaxation, the 8-4-4 boundary structure
is at a local energetic minimum (Fig. 4c).
Figure 4d shows the DFT-calculated density of states (DOS) of
defect-free monolayer MoS2 (black curve). The light green band
indicates the bandgap of pristine MoS2 . When a grain boundary
is implanted into the MoS2 , the DOS develops mid-gap states
(pristine + GB, red dashed curve) that appear mainly in the
projected DOS of the atoms in the boundary (GB alone, filled
blue curve). Figure 4e shows a spatial plot of the local DOS of
pristine + GB in the plane of the Mo atoms, integrated in the
energy range of the pristine bandgap; the mid-gap states are spatially
localized at the boundary. Analogous calculations on alternative
mirror twin boundary structures (Supplementary Fig. S6) confirm
that this behaviour is generic. These localized mid-gap states, typical
of defects in semiconductors, are important because they can affect
the optical and transport properties of the material4,42 .
4

Optical properties of MoS2 grain boundaries
Using the understanding of the grain structure developed above, we
can systematically explore the effects of individual grain boundaries
on the optical and electronic properties of MoS2 .
We measure the optical properties of MoS2 using
photoluminescence mapping, where we step a focused excitation
laser over the sample and record photoluminescence spectra at
each point. Figure 5a,e shows optical images of a mirror twin island
(Fig. 5a) and a tilt boundary island (Fig. 5e). Figure 5b–d,f–h shows
corresponding maps of integrated photoluminescence intensity,
peak position and peak width. Away from the boundaries, both
islands show similar emission intensities, peak positions (1.84 eV)
and peak widths (57 meV in the mirror sample and 60 meV in
the tilt sample, reflecting typical sample-to-sample variation). At
the grain boundaries, the islands show strong photoluminescence
modifications: the mirror boundary is a clearly visible straight line
with 50% quenching of intensity (Fig. 5b), an 8 meV upshift in peak
energy (Fig. 5c) and a 5 meV peak-broadening (Fig. 5d). The tilt
boundary, which has a faceted structure similar to Fig. 3b, shows a
surprising 100% enhancement in emission strength, 26 meV upshift
and 5 meV broadening. The width of the signal change around
the tilt boundary is also larger than around mirror boundaries.
Supplementary Fig. S3b,c shows corresponding Raman maps
of the tilt boundary.
The data demonstrate that photoluminescence is strongly
affected by the presence of grain boundaries and that these
changes depend on the grain boundary angle. Several factors may
contribute. In the simplest theory, photoluminescence quenching
arises from defects in semiconductors, such as mid-gap states
at the boundaries, which can act as centres for non-radiative
recombination43 . Our calculations indicate that these effects,
even after accounting for exciton diffusion, are too small to
explain the photoluminescence results (Supplementary Methods).
Two further aspects of the grain boundaries probably play a
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Figure 4 | Grain boundary atomic structure. a, High-resolution ADF-STEM image of a mirror twin boundary. The boundary is visible just below the
annotated line. The annotation indicates the nanoscale faceting of the boundary at ±20◦ off of the zigzag direction. b, Zoomed-in image of the grain
boundary shows a periodic line of 8-4-4 ring defects. c, An atomistic model of the experimental structure shown in b. Energy minimization with DFT
confirms that this boundary is locally stable. d, The total DOS of defect-free, that is pristine, MoS2 (black), the total DOS of MoS2 with the grain boundary
(red dashed) and the projected DOS of the atoms along the grain boundary (blue filled). The dashed grey line denotes the Fermi energy of pristine MoS2 ,
and the light green shaded area indicates the pristine bandgap. All states have been given a Gaussian broadening of 0.07 eV. e, A 2D spatial plot of the
local mid-gap DOS (integrated in the plane of the Mo over a 1.7 eV range about the Fermi energy of the pristine MoS2 ). The colour scale of the density is
0–0.05 states per bohr3 .

role in controlling photoluminescence: doping and strain. First,
local changes in doping may occur at grain boundaries. For
example, our observed 8-4-4 defects in the mirror boundary
are molybdenum rich, which would n-dope the boundary,
whereas 5–7 defects observed at a tilt boundary are sulphurrich38 , which would p-dope the boundary. Previous investigations
have shown that photoluminescence is strongly affected by
charge density, with increased/decreased electron density causing
photoluminescence quenching/enhancement44 . The influence of
charge is thus consistent with the observed trends in the strength
of the photoluminescence at these different types of boundary.
Other sources of doping can include spatial differences in growth
kinetics or the preferential attachment of adsorbates at boundaries.
Second, strain around the boundaries may modify the bandgap45 or
cause the boundary region to lift off the electrically disordered SiO2
surface, enhancing photoluminescence emission16 .

Electrical properties of MoS2 grain boundaries
An important question for device applications is whether grain
boundaries disrupt or modify electrical transport. We fabricated
field-effect transistors (FETs) from islands containing a single grain
boundary (Fig. 5i, inset). The FET channels followed three different
configurations: within a grain (pristine), across the grain boundary
(perpendicular) and along the grain boundary (parallel). Figure 5i,j
shows plots of conductance versus gate voltage (transfer curves) for
four representative devices fabricated on mirror twin islands: two
pristine devices (black and magenta), one parallel device (orange
curve) and one perpendicular device (cyan curve).

First, we compare the variability of pristine, single-crystal
devices. In devices from different growths, room-temperature,
field-effect mobilities ranged from 1 to 8 cm2 V−1 s−1 , and typical
on/off ratios ranged between 105 and 107 . Multiple devices
fabricated within each single crystal yielded mobilities that were
identical to within our measurement error. Specifically, the pristine
devices in Fig. 5i,j (black and magenta curves) show n-type
behaviour with mobilities of 3–4 cm2 V−1 s−1 . These ranges of values
are comparable to those reported for back-gated FETs fabricated
with mechanically exfoliated MoS2 on SiO2 (refs 22,24,46,47;
in the absence of high-K dielectrics) and equivalent to the best
reported values for monolayer CVD MoS2 (refs 18,19). Our present
mobilities are probably limited by substrate effects and the local
electrostatic environment48,49 .
Next we compare transport across grain boundaries. In the
mirror twin device shown in Fig. 5i,j, the perpendicular device (cyan
curve) shows nearly identical performance to the pristine devices
(magenta and black curves), indicating that the mirror twin boundary has little effect on channel conductivity. However, the electrical
characteristics of the parallel devices differed measurably from the
pristine devices. Although the transfer curves of the parallel device
in Fig. 5i,j (orange curves) are qualitatively similar to that of the
pristine devices, they have a 25% larger on-state conductivity and
60% larger off-state conductivity. This change is only slightly larger
than the device-to-device variation, but was consistent across four
parallel devices measured on mirror twins (particularly in the off
state). The data impose a rough upper limit for conductivity along
the one-dimensional grain boundary of 1.5 µS-µm in the on-state
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Figure 5 | Optical and electronic properties of mirror and tilt boundaries. a–d, Optical measurements of an island containing a mirror twin boundary.
e–h, Corresponding measurements for an island containing a tilt boundary. a,e are optical images; b–d and f–h are colour plots of photoluminescence. In
b,f, red is the relative quantum yield, with colour scale 0–1100 a.u. We see 50% quenching at the mirror twin boundary and a 100% enhancement at the tilt
boundary. In c,g, green is the peak position, with colour scale 1.82–1.87 eV. There is an upshift of 8 meV at the mirror twin boundary, and a much stronger
26 meV upshift in the tilt boundary. In d,h, cyan is the peak width with colour scale of 53–65 meV. The peak broadens from 55 to 62 meV at the boundary
in both samples. i,j, Linear and logarithmic electrical transport transfer curves of 4 FETs fabricated from the mirror twin MoS2 island shown in the inset of i.
The curves correspond with pristine regions (magenta and black), and regions containing a grain boundary running perpendicular (cyan) and parallel
(orange) to the flow of electrons. All data were measured at room temperature, using the Si growth substrate as a back-gate and a source–drain bias of
500 mV.

(Fig. 5j at Vg = +70 V) and 120 pS-µm in the off state (Fig. 5j at
Vg = −70 V). These values can be compared to overall sheet conductivity for pristine devices of 2.2 µS/ in the on state and 56 pS/
in the off state. This analysis indicates that the few-atom-wide twin
boundaries, although still semiconducting, have similar conductivity of up to a 1-µm-wide strip of pristine material. This result is consistent with the mid-gap states we predict in the material. The full
effect of mid-gap states, however, is probably limited by the disorder
in the grain boundary, which will prevent a continuum of states.
In contrast to our measurements of the mirror twin, FET
devices of tilt boundaries show a decrease in conductance in
both the parallel and perpendicular configurations. On one tilt
boundary, shown in Supplementary Fig. S8, the on-state boundary
conductance of both parallel and perpendicular devices decreases by
6

30% compared with pristine crystals. However, measuring six angle
devices yielded no consistent change in conductance, decreasing
by 5–80% compared with pristine. This variability is unsurprising:
in graphene, electrical measurements are highly dependent on
the structure of the boundary5 . We expect these variations to be
wider and more complex in semiconducting MoS2 , where the
electronic structure of the boundary should depend on the tilt
angle and atomic structure39 . Significantly, in all mirror twin and
tilt boundaries we measured, the change in conductance from any
single grain boundary is only slightly more than the device-todevice variation—an important conclusion for the applicability of
MoS2 -based electronics.
In this work, we produced monolayers of large-area, highly
crystalline MoS2 on insulating surfaces and imaged the crystal edges,

NATURE MATERIALS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturematerials
© 2013 Macmillan Publishers Limited. All rights reserved.

NATURE MATERIALS DOI: 10.1038/NMAT3633
grain structure and grain boundaries with electron microscopy.
We identified the location of individual grain boundaries on the
surface and systematically compared the optical and electronic
properties to electronic structure calculations. In particular, we
used the repeatability of the mirror twin structure to correlate
measurements of the structure, photoluminescence and electronic
transport of a single grain boundary structure. In tilt boundaries,
photoluminescence and electrical transport measurements vary
markedly for different boundaries. Controlling grain boundaries
will be essential for optimizing MoS2 electronic and photovoltaic
devices, where defects in large-area heterostructures can lead to
interlayer leakage or unwanted exciton recombination.
MoS2 is just the first member of a large family of layered
transition metal dichalcogenides to be synthesized as a monolayer50 .
The above techniques are crucial for exploring synthesis strategies
to optimize the grain properties, and provide a template for studies
of the microscopic and macroscopic impact of grain structure on
other monolayer membranes. Our results are thus a significant step
forward in realizing the ultimate promise of atomic membranes in
electronic, mechanical and energy-harvesting devices.

Methods
Growth procedure. We grew monolayer MoS2 by CVD using a method similar
to ref. 18, but without seeds to nucleate growth. Growth substrates were Si with
285 nm of SiO2 . Substrates were cleaned in acetone and isopropanol, followed
by 2 h in H2 SO4 /H2 O2 (3:1) and 5 min of O2 plasma. They were then loaded
into a 2-inch CVD furnace and placed face-down above a crucible containing
14 mg of MoO3 (≥99.5% Sigma Aldrich #100932642) with another crucible
containing 120 mg of sulphur (≥99.5% Sigma Aldrich #101144903) located
upstream. The CVD growth is performed at atmospheric pressure while flowing
ultrahigh-purity nitrogen. The growth recipe is: sit 4 h at 105 ◦ C with 500 s.c.c.m.,
ramp to 700 ◦ C at 15 ◦ C min−1 with 10 s.c.c.m., sit 5 min at 700 ◦ C, cool to
570 ◦ C without feedback (∼20 min) with 10 s.c.c.m., open furnace and flow 500
s.c.c.m. for rapid cooling.
High yield is achieved by using ultraclean substrates and with fresh precursors.
The yield is significantly lowered by dirty substrates and old precursors. In these
cases, any monolayers will be smaller and misshapen, as outlined in Supplementary
Fig. S1. Closest to the source, the film becomes a mixture of multilayer stacks
and other crystal allotropes, whereas furthest from the source, nothing grows (see
Fig. 1a and Supplementary Fig. S2).
TEM sample preparation. For the TEM grids, we use 10-nm-thick amorphous
SiN windows (TEMwindows.com) for DF-TEM samples and holey Quantifoil
grids (Ted Pella) for ADF-STEM. Polymer transfer layers were prepared by
spinning poly(methyl methacrylate) (PMMA) A2 onto finished MoS2 on silicon
oxide/silicon chips at 4000 r.p.m. for 60 s to form 50-nm-thick layers. The chips
were floated on 1 M KOH. The KOH etched the silicon oxide epi-layer, causing
the chips to fall off, and leaving the polymer and MoS2 -coated polymer membrane
floating on the surface. The membrane was transferred to deionized water several
times, and then scooped onto a TEM grid and dried. The PMMA was removed by
baking the TEM grids in an ultrahigh-vacuum heater at 300 ◦ C for 10 min or an
atmospheric pressure Ar/H2 gas flow for 4 h. Before atomic-resolution imaging, we
baked the samples overnight in an ultrahigh vacuum at 130 ◦ C.
ADF-STEM. ADF-STEM imaging was conducted using a NION UltraSTEM100.
Although our 60 kV beam is below threshold for damage in MoS2 (ref. 28),
defects readily form under extended imaging, possibly catalysed by surface
contaminants from the transfer process. Imaging conditions were similar
to those in ref. 27. Using a 25–30 mrad convergence angle, our probe size
was close to 1.3 Å. STEM images were acquired with the medium-angle
annular dark-field detector with acquisition times of between 16 and
40 µs per pixel. The atomic resolution images in Fig. 4 were smoothed to
improve contrast.
DF-TEM. TEM imaging and diffraction were conducted using an FEI Technai
T12 operated at 80 kV, which did not cause any apparent damage to the MoS2
membranes at these lower dose densities. Acquisition times for DF-TEM
images (both displaced-aperture and centred DF-TEM) were 5–50 s per
frame. The intensity ranges of DF-TEM images were generally clipped to
improve contrast.
DFT modelling. DFT calculations were performed with the PW91 generalized
gradient approximation for the exchange-correlation functional and ultrasoft
pseudopotentials, as implemented in the Quantum Espresso electronic structure

ARTICLES
package41 . Structural relaxations were carried out at the gamma point, and
single-point calculations were performed with appropriately converged
Monkhorst-type k-point grids. Supercells were built with about 10 Å separation
between replicas to achieve negligible interaction.
Photoluminescence. The photoluminescence measurements were performed in
a Renishaw InVia Raman Microscope using a 532 nm laser and a 1,800 l mm−1
grating. The curves in Fig. 1c were taken at 100 µW laser power for 10 s. Although
the indirect bandgap transition is not visible in the bilayer, this is not unusual on
a SiO2 substrate. Photoluminescence maps were taken at 100 µW laser power for
1 s with a 300 nm step size.
Electrical measurements. We fabricated back-gated FETs directly on the
285-nm-thick SiO2 dielectric on degenerately doped silicon growth substrates.
Grain boundaries were identified by photoluminescence as shown in Fig. 5. The
MoS2 was shaped by patterning a PMMA mask with electron-beam lithography and
etching with O2 plasma for 20 s at 50 W with 20 s.c.c.m. flow rate. The electrodes
were then patterned by electron beam lithography with a bilayer PMMA stack and
a subsequent evaporation of Al/Cr/Au (50 nm/5 nm/50 nm). We did not anneal the
samples after fabrication.
All devices were measured at room temperature under 10−5 torr inside
a Lakeshore probe station, using the silicon substrates as a global backgate.
We used an Agilent 4155C semiconductor parameter analyser to perform
2-point conductance measurements. FET transfer curves shown in Fig. 5 were
taken at 500 mV drain bias. The devices showed ohmic contacts from −500 to
500 mV source–drain bias.
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