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Abstract

We have studied the atomic structure of small secondary domains that nucleate on monolayer MoS»
grown by chemical vapour deposition (CVD), which form the basis of bilayer MoS>. The small
secondary bilayer domains have a faceted geometry with three-fold symmetry and adopt two distinct
orientations with 60° rotation relative to an underlying monolayer MoS; single crystal sheet. The two
distinct orientations are associated with the 2H and 3R stacking configuration for bilayer MoSo.
Atomic resolution images have been recorded using high angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) that show the edge termination, lattice orientation
and stacking sequence of the bilayer domains relative to the underlying monolayer MoS». These results
provide important insights that bilayer MoS> growth from 60° rotated small nuclei on the surface of
monolayer MoS: could lead to defective boundaries when merged to forming larger continuous bilayer

regions and that pure AA’ or AB bilayer stacking may be challenging unless from a single seed.
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Layered molybdenum disulphide (MoS») has recently attracted interest due to its direct bandgap in
single layer form, which exhibits semiconducting performance and expands the potential application
of 2D materials in nanoelectronics and optoelectronics.!™ Monolayer MoS has Mo atoms bonded to
S atoms in a trigonal prismatic coordination by strong covalent bonds, while the interactions between
layers are due to weak van der Waals (vdW) forces. This layered configuration gives rise to polytypism
in few-layer MoS» with different stacking structures. A change in MoS, from monolayer to bilayer
modifies the band structure, providing tunability in electrical, optical, vibrational and chemical
properties.’>® It has been reported that few-layer MoS, shows higher carrier mobility,”!° better

112 and a more sensitive field-induced effect'>!* in transistors than its monolayer

chemical stability
counterpart. Moreover, the bandgap of bilayer MoS: can be tuned by applying a vertical electric field. '
For these reasons, few-layer MoS: is a good candidate for valley-tronics due to the degree of freedom

offered by additional layers.'®!”

The stacking order between adjacent MoS; layers has been shown to be one of the major factors
that influence the properties of few-layer MoS, properties in several experimental and theoretical
studies. Different stacking sequences modify the crystal symmetry, which varies the Coulomb
interaction between layers resulting in different equilibrium interlayer distances.>!'® Therefore, many
physical properties of 2D layered materials including bandgap size, phonon vibration frequency,
magnetism and superconductivity can be manipulated by altering the layer stacking configuration.'*-?
The most energetically favourable polytypes of few-layer MoS, are 2H (space group: P63/mmc) and

3R (space group: R3m) (Figure 1a), which have the same intralayer coordination (trigonal prismatic

coordination between the Mo and adjacent S atoms) but with different interlayer stacking.?!

Fabricating few-layer MoS: with specific stacking order can be achieved by two main routes:

(i) sequential mechanically stacking of MoS, monolayers with a precise control over twist angles;*



(ii) growth of few-layer MoS; followed by a selection of quantified stacking sequences.'®!*?3 Direct
growth of few-layer MoS: crystals has the advantage of scalable production and no interlayer
contamination and in particular, chemical vapour deposition (CVD) growth of MoS; has been achieved
with wafer scale coverage.?*?” CVD growth of monolayer Mo$S is often carried out using amorphous
substrates such as SiO2/Si wafers, whereas the second layer of MoS> grows on the crystalline
monolayer MoS; surface. Compared to the intensive study of monolayer MoS,, research on the growth

of few-layer MoS: and corresponding structural analysis is limited.

In addition to stacking sequences, the edge is another significant structural parameter that can
influence the electrical, optical, magnetic and catalytic properties of 2D materials. Fabricating specific
edge structures in graphene nanoribbons can open up a band gap and create unique spin states under
the influence of an electric field.”>* Moreover, study on edges facilitates an in-depth understanding
of growth mechanisms at the atomic scale and can help correlate the synthesis (precursor concentration,
substrate, etc.) with the resultant 2D material structure.>*3! There have also been several theoretical

reports relating the edge structure of MoS; to its properties,® >4

including the prediction of a
ferromagnetic ground state for Mo-terminated edges as well as metallic and semiconducting behaviour
in zigzag and armchair MoS> nanoribbons.*> Experimentally, aberration-corrected transmission
electron microscopy (AC-TEM) in phase contrast imaging mode and scanning transmission electron
microscopy (AC-STEM) can determine edge structures.’* High angle annular dark field STEM
(HAADF-STEM) is particularly suitable for structural studies of 2D multi-element materials, such as
MoS>, due to its z-dependent contrast.*>*! Mo- and S-zigzag edges are most commonly observed in
as-grown monolayer MoS, with several reconstructed configurations having been observed with
different S coverage or displacements in the outermost atomic rows.>* The structure and evolution of

torn edges as the defect concentration increases in cracked monolayer MoS; samples have also been

investigated.*?



Here we use aberration corrected HAADF-STEM to study the atomic structure of smaller
secondary domains of MoS; that nucleate on top of a larger underlying monolayer single crystal grown
by CVD. We examine the crystal shape, stacking order and the step edge configurations of the MoS»
secondary domains relative to the underlying larger MoS> monolayer. The MoS; secondary layers
mostly adopt a three-pointed geometry, similar to a shuriken and are epitaxially matched to the MoS»
monolayers in both 2H and 3R phases. The atomic configurations on step edges for differently stacked
second layers are various, with 50% S-covered Mo Klein edges for 2H stacking and Mo-terminated
zigzag edges for 3R stacking. The growth mechanism for these epitaxially stacked shuriken shaped
MoS:> second layers are also investigated, indicating the kinetic controlled growth conditions and a

substrate influence from the bottom crystalline MoS> monolayer.
Results and discussion

For bilayer MoS,, there are five possible high-symmetry stacking sequences, denoted as AA,
AA’, AB, AB’ and A’B, consistent with the nomenclature for bilayer hexagonal boron nitride (/-
BN).>* The 2H and 3R polytypes of MoS: bilayers correspond to AA’ and AB stacking (Figure 1a),
which are the most energetically stable and commonly observed phases in natural and synthetic
materials. For AA’ stacking, the Mo (S) atoms in one layer overlap with the S (Mo) atoms in the other
layer. The lattice orientation between the two layers is rotated by 60° with all atoms in the two layers
fully eclipsed. AB stacking consists of two staggered layers with 0° rotation, where double stacked S
atoms in one layer are located above (below) the centers of the hexagonal rings in the other layer. In
this configuration three different atomic columns are observed in the top down projection; a single Mo
atom, two S atoms plus one Mo atom, and two S atoms, respectively, marked as 1°, 2’ and 3’ in Figure
la. These two stacking sequences can be interconverted through rotation around an axis, perpendicular

to the sheet as shown in Figure Ic.



Figure 1b shows an HAADF-STEM image of several smaller MoS> domains on the surface of
a larger single crystalline monolayer. The small 2" layer nuclei have a triangular geometry, as
indicated by green dashed circles, while the larger ones have a three-pointed shuriken-like shape. The
larger secondary domains align along two different orientations with a 60° rotation, which are
identified by three tips of each domain and labelled by yellow and red markers, respectively. Mo zigzag
and S zigzag structures have been reported as the two most energetically favourable edge terminations
in monolayer MoS>,* and we therefore propose two alternative structures that could lead to the
generation of these two types of larger 2"d-layer domains as shown in Figure 1d. We suggest that either
the domains arise from different sub-lattice sites with the same 2"-layer lattice orientation, in which
case one triangle is S zig-zag edge terminated and the other is Mo zig-zag edge terminated (left panel
of Figure 1d) (leading to AA’ and AB’ stacking), or that they adopt different 2"-layer lattice
orientations, with a 60° rotation, in which case both have the same Mo zig-zag sub-lattice edge

terminations (right panel of Figure 1d) (leading to AA’ and AB stacking).






Figure 1. (a) Schematic illustration of 2H and 3R polytypes in MoS, bilayers, corresponding to AA’ and AB
stacking sequences. Orange, blue, yellow and green spheres in the atomic model indicate S atoms in the top
MoS, layer, Mo atoms in the top MoS; layer, S atoms in the bottom MoS; layer and Mo atoms in the bottom
MoS, layer, respectively. (b) Low magnification HAADF-STEM image showing three-pointed shuriken-shaped
MoS:; bilayers on single-crystalline monolayer MoS; in two different epitaxial orientations with a 60° rotation.
Domains with two different stacking sequences are labelled by yellow and red marks, respectively. There are
also distributions of small nuclei in the vicinity of the larger domains, indicated by green dashed circles. (c)
Schematic diagram showing the transformation between AB and AA’ stacking. The top and bottom MoS,
monolayer are indicated by a red and a blue background, respectively, so that the stacked bilayer region can be
visualised as a color difference. The center of the 60° rotation from the AB to the AA’ sequence is marked by
a green dashed circle. (d) Schematic illustration showing two possible structural relationships between two
larger 2™-layer MoS, domains rotated by 60°. The red background represents the 1%-layer of the underlying

single-crystalline MoS; film.

Figure 2a shows the tip region of a 2™-layer MoS> crystal (highlighted by a yellow box inset)
corresponding to the shuriken-shaped domain outlined by a dashed red triangle in Figure 1b. An
obvious contrast difference can be seen between the bilayer and the monolayer region. The slight
contrast non-uniformity across the HAADF-STEM image originates from residual hydrocarbon
contamination absorbed on the specimen. The tip of the domain is not atomically sharp and also shows
uneven edges. Figure 2b shows an extended step edge of the 2"-layer MoS>, corresponding to the
region indicated by the blue arrow in the inset to Figure 2a together with the power spectrum calculated
from Figure 2b with white circles indicating {100} reflections (zigzag lattice orientation) and green
circles corresponding to {110} reflections (armchair lattice orientation). The HAADF image and its
corresponding power spectrum indicate that the long 2"-layer step edge predominantly aligns along
the zigzag lattice direction with occasional deflections and small terraces. Figure 2¢ shows a magnified
image taken from the region marked with a white box in Figure 2a with the corresponding atomic

model and multislice HAADF image simulation shown in Figures 2d and 2e, respectively. Intensity



line profiles across two adjacent lattice rows through the 2"-layer MoS; step edge, labelled by 1 and
2 in Figure 2¢ and 2e, are measured for both experimental and simulated HAADF images, showing a
good agreement (Figure 2f and 2g). The HAADF-STEM image indicates that this bilayer region
exhibits AA’ stacking. Most step edges of AA’ stacked 2™-layer MoS: adopt the 50% S-covered Mo
Klein edge structure with single dangling S atoms at Mo-terminated zigzag edges, as shown in Figure
2d. The attachment of these single S atoms to edges is also supported by the intensity line profiles in
Figure 2f, highlighted by the blue arrow (Figure S1). We also observed a small background intensity
fluctuation in the monolayer region close to the 2™-layer step edge in the experimental HAADF-STEM
image, as shown by the black dashed lines in Figure 2f which could be attributed to residual C

contamination.



Figure 2. HAADF-STEM image showing the 2"-layer step edge configuration of AA’ stacked bilayer

MoS;. (a) HAADF-STEM image of the tip region of AA’ stacked 2™-layer MoS,, corresponding to the area




marked by the yellow box in the inset. The lattice orientation of the 1%-layer MoS; is indicated by the small
white triangle. (b) HAADF-STEM image showing the extended 2"-layer MoS; step edge, corresponding to the
region indicated by the cyan arrow in the inset to (a). Power spectrum calculated from (b) is shown inset. (¢)
Magnified image of the white-boxed region in (a). (d) Atomic model based on (c) showing both projection and
side views. Single S atoms at the Mo-terminated zigzag edge of the 2"-layer MoS, are highlighted in red. (¢)
Multislice HAADF-STEM image simulation corresponding to the atomic model in (d) (see simulation
parameters in Methods). (f) Intensity line profiles measured from the selected area labelled 1 (yellow square
brackets) in (¢) and (e), respectively. The structure corresponds to the region marked by the red dashed box in
(d). (g) Intensity line profiles measured from the selected area labelled 2 (cyan square brackets) in (¢) and (e),
respectively. The structure corresponds to the region marked by the blue dashed box in (d). Green shading in

both (f) and (g) indicates the region of 2"-layer MoS,. All scale bars correspond to 1nm.

Figure 3a shows the step edge of the other type of orientated three-pointed shuriken-shaped
2"d_Jayer MoS., corresponding to domains outlined by the yellow dashed triangle in Figure 1b, which
are rotated by 60° with respect to the 2"%-layer MoS, domain shown in the inset of Figure 2a. The
lattice direction for the 1%'-layer MoS; in Figure 3a is the same as that in Figure 2a, as indicated by the
small yellow and white triangles in the corresponding images. This confirms the single crystalline
nature of the bottom 1%-layer MoS.. The step edge is parallel to the zigzag direction with small terraces.
Figure 3b shows the domain tip geometry, which has a truncated cusp consisting of three sides oriented
by 120°. All three edges at the tip are aligned to three zigzag directions of the MoS: lattice. Figure 3¢
shows a magnified HAADF-STEM image of the region defined by the orange box in Figure 3a with
corresponding atomic models and multislice HAADF simulation shown in Figure 3d and 3e,
respectively. Intensity line profiles along the armchair lattice direction across the 2"-layer step edge
in both experimental and simulated HAADF images are shown in Figure 3f and 3g, which shows three
different atomic columns with different contrast. These are assigned as 2S, Mo and 2S+Mo from the
lowest to the highest contrast, respectively. In addition, orientation of the two layers is staggered, with

atoms observed in the hollow centers of hexagonal rings in projection consistent with AB stacking.
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The 2"-layer step edge adopts the Mo-terminated zigzag configuration, which aligns with the same
lattice direction as the 50% S-covered Mo Klein edge observed in the AA’ stacked 2"-layer MoS; but

without dangling S atoms in the outermost row.

Figure 3. HAADF-STEM image showing the 2"%-layer step edge configuration of AB stacked bilayer MoS;.
(a) HAADF-STEM image showing AB stacked 2™-layer MoS.. The lattice orientation of the 1%-layer MoS; is
marked by the yellow triangle in the same direction as the 1%-layer MoS; in Figure 2a. Inset is a low-

magnification image showing the domain orientation of the 2™-layer MoS; in the AB stacking sequence, which
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is rotated by 60° with respect to the AA’ stacked 2"-layer domain shown inset to Figure 2a. (b) ADF-STEM
image of the tip region of the 2™-layer MoS,. (c) Magnified image of the orange boxed area in (a). (d) Atomic
model based on (c¢) showing both projection and side views. (e¢) Multislice HAADF-STEM image simulation
corresponding to the atomic model in (d) (see simulation parameters in Methods). (f) Intensity line profiles
measured from the area labelled 1 (yellow squared brackets) in (c) and (e), respectively. The structure
corresponds to the region marked by the red dashed box in (d). (g) Intensity line profiles measured from the
selected area labelled by 2 (cyan square brackets) in (c) and (e), respectively. The structure corresponds to the
region marked by the blue dashed box in (d). Green shading in both (f) and (g) indicates the region of 2™-layer

MoS,. All scale bars correspond to 1nm.

In Figure 4b, we show the relative occurrence of AA’ and AB stacking in bilayer MoS», taking
into account both the large shuriken-shaped domains and the small triangular nuclei. All of the
shuriken-shaped domains and smaller triangular nuclei with defined size and shape obey either AA’
or AB stacking sequences indicating an energetic advantage for these two stacking configurations
under the growth conditions used. The ratio between AA’ and AB stacked domains is almost equal at
45% and 55%, respectively, when considering both shuriken and triangular domains (Figure S2). It
was observed that smaller nuclei are distributed in regions that are not close to larger shuriken-shaped
domains, leaving a depletion area around each shuriken-shaped domain with a relatively low
concentration of smaller nuclei (Figure 1b). It is also observed that, for closely situated pairs of
shuriken-shaped domains with tips grown towards each other, the tips from two domains that grow
head to head are shorter than the other tips in the same domain (Figure 4c—f). These two phenomena
indicate that our shuriken-shaped 2"-layer MoS, were grown in conditions where the surface
migration distance of active precursor species on the monolayer MoS; substrate is the governing factor.
This growth condition also can explain the formation of the shuriken geometry for 2"-layer MoS,. It
is known that the surface curvature of crystal nuclei or liquid droplets could influence the speed of
mass transfer, such as the crystal growth and the droplet evaporation, based on the Kelvin equation.?’
For instance, in the crystal aging process, small nuclei with a convex surface and a higher surface

12



curvature will spontaneously transfer their substances to larger crystals with a flatter surface and a
lower surface curvature in the mother solution, resulting in the disappearance of small nuclei and the
achievement of large crystals with more uniform sizes eventually. This can be explained by an increase
of the surface energy with increasing degree of surface curvature. However, our case is opposite to the
example above, as the tip with a larger convex surface curvature in a triangular 2™-layer MoS: nucleus
grows faster than the side, leading to formation of shuriken-shaped large crystals. This can be
interpreted by a simple kinetic model illustrated in Figure 4g. As the growth is kinetically controlled
by the transfer ability of precursor species, we can assume the longest migration distance of the
precursor species absorbed on the 1%-layer MoS, under this synthesis condition as ‘d’, meaning that
only those precursor species locating within the distance of ‘@’ from the edges of a 2"-layer MoS:
nucleus can move and attach to the nucleus. Then, we can select two points on the domain tip and side,
respectively, and mark corresponding two regions where precursor feedstocks can effectively reach
the 2"d-layer MoS; edges, as indicated by the yellow and green areas on the left blue triangle in Figure
4g. It is clear that the point on the domain tip with a higher convex surface curvature obtains a larger
sector region of precursor supplements than the point on the flat domain side, leading to a faster growth
rate of the tip and finally resulting in the crystal geometry with extended tips for the 2"-layer MoS..
When two nuclei situated close together with two tips growing along the same axis in opposite
directions, the regions of precursor supplements at two tips could overlap (yellow and red regions in
Figure 4g), leading to a competition for the precursor species between them. This results in less
precursor supply to these two tips compared to others, causing slower growth rate and eventually
shorter tip lengths. The other geometric feature of note in the shuriken-shaped domains is the specific
side curvature, as shown by the yellow dashed lines along the domain boundaries in Figure 4c and 4d.
This boundary has several sharp deflections close to 120° and differentiates the shuriken-shaped
second layers from the previously observed three-pointed star-shaped monolayer MoS, grown on

amorphous SiO»/Si substrates,*!*®. This shape could also be rationalised by the effect of growth on a
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crystalline 1¥'-layer MoS,. Since step edges along certain lattice directions (e.g. the Mo zigzag direction)
might have a lower total energy, the 2"%-layer domains contain several sharp deflections with angles

that sustain the preferable step edge orientations (e.g. 60°, 120°).

Figure 4. (a) Schematic illustration showing how a single layer MoS; substrate and different stacking sequences
impact 2"-layer step edge configurations. (b) Statistical plot showing the relative distribution of AA’ and AB
stacking sequences for bilayer MoS,, considering both large shuriken-shaped domains and small triangular
nuclei. (c-e) Low magnification HAADF-STEM images showing the domain geometry of three different pairs

of shuriken-shaped MoS, second layers. The tips from two closely separated domains growing head to head are
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shorter than the other tips. Insets show magnified images of the red-boxed region highlighting a special
boundary morphology with several ~120° deflections. (f) Histograms of tip length variations in different
domains in panels (¢) to (), showing a general phenomenon that head-to-head grown domain tips are shorter
than their counterparts in the same domain. Different columns correspond to domain tips marked with the same
number in panels (¢) to (e). Red, blue and orange column colors indicate tips from (c), (d) and (e), respectively.
(g) Schematic illustration of a potential formation mechanism of shuriken-shaped MoS, 2™-layers on monolayer
MoS,, with the grey background indicating the 1%-layer MoS,. The green sector represents the region of
precursor supplements for a point on the side of the 2™-layer nucleus, while the yellow and the red sectors
represent the regions of precursor supplements for the point on the tip of two 2™-layer nuclei, respectively. All

sectors have a radius of ‘d’.

In summary, we have shown that the mixed AA’ and AB stacking of bilayer seeds of MoS; on larger
MoS: monolayer single crystals have 60° rotation on the lattice orientation. Mixed AA’ and AB
stacked bilayers are expected due to the small energy difference and subsequent thermodynamic
distribution. The presence of two orientated lattice directions within the secondary domain nuclei will
have impact on any final bilayer crystal produced when these merge, where the 60° rotation will lead
to an anti-phase boundary (inversion boundary). This indicates that creating pure single crystal bilayer
by the merger of seed nuclei on the surface of a pre-existing monolayer TMD may be challenging.
These insights gained here were only possible by using HAADF-STEM to provide elemental
discrimination of Mo and S sites and show the Mo zig-zag orientated edges of both triangular shaped

domains.

Methods

Synthesis and transfer of monolayer MoS>
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Epitaxially-grown three-pointed shuriken-shaped MoS; bilayers were synthesized using a similar
approach to that previously reported.*” Molybdenum trioxide (MoQs, >99.5%, Sigma-Aldrich) and
sulphur (S, >99.5%, Sigma-Aldrich) powder were used as precursors to grow bilayers on SiO»/Si
substrates (300 nm thick SiO) through a hydrogen-free chemical vapor deposition method (CVD)
under atmospheric pressure. Two furnaces were used to give close independent control of temperature
of the two precursors and the substrate. The heating temperature for S, MoOs and the Si02/Si substrate
were ~ 180, ~300, and ~800 °C, respectively, with argon used as the carrier gas. To avoid the erosion
of the MoO3 powder by the S vapor, the MoO3 powder was placed in an inner tube having a smaller
diameter, which was then inserted into the larger 1-inch quartz tube. The S powder was loaded in the
outer quartz tube. To increase the yield of bilayers, the growth time was increased by 5 minutes from
the original recipe, thus increasing the nucleation density of second layers on monolayer MoS2. MoS2
was transferred onto the SisNs TEM grid (Agar Scientific AG21580) through a standard polymer-
based method. The surface of the MoS2/Si0/Si substrate was first spin-coated with a thin membrane
of poly (methyl methacrylate) (PMMA) and then floated on the surface of a 1 mol/L potassium
hydroxide (KOH) solution to remove SiO,. After the PMMA/MoS; film was detached from the Si
substrate, it was rinsed in deionized water several times and transferred to a holey SizN4 grid. It was
then air-dried and subsequently baked at 180 °C for 15 minutes. The grid was eventually submerged

in acetone for 8 hours to dissolve the PMMA.
Scanning transmission electron microscopy and image processing

Room temperature HAADF-STEM imaging was performed on an aberration corrected JEOL
ARM300CF STEM equipped with a JEOL ETA corrector’® operated at an accelerating voltage of
80 kV located in the electron Physical Sciences Imaging Centre (ePSIC) at Diamond Light Source.
The convergence semi-angle used was 24.6 mrad with a camera length of 20cm, which gave an annular

recording range of 39-156mrad at the detector plane. The electron probe diameter was focused to
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~52pm with a dwell time ranging from 10-20ps per pixel for imaging. The beam current was measured

as 23 pA using a Pico ampere meter.

Images were processed using the ImagelJ software. They were processed by applying a Gaussian blur
(~1-2 pixels) for smoothing. SFor some grayscale HAADF-STEM images a fire false color LUT was
applied to improve the visualisation. Atomic models were generated using the Accelrys Discovery
Studio Visualizer. Multislice HAADF image simulation based on the corresponding atomic models
were carried out using JEMS software with parameters corresponding to the imaging condition. For
Figure 2e, Figure Slc and Figure S1f, key simulation parameters, including defocus spread, defocus
and spherical aberration (Cs), were set to be 5.3nm, 16nm and 0.1mm, respectively, while for Figure

3e, these three parameters were 5.3nm, 14 nm and 0.08mm, respectively.
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