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Tuning the orientation of few-layer MoS, films
using one-zone sulfurization
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Few-layer MoS; films are promising candidates for applications in numerous areas, such as photovoltaics,
photocatalysis, nanotribology, lithium batteries, hydro-desulfurization catalysis and dry lubricants,
especially due to their distinctive electronic, optical, and catalytic properties. In general, two alignments
of MoS, layers are possible — the horizontal and the vertical one, having different physicochemical
properties. Layers of both orientations are conventionally fabricated by a sulfurization of pre-deposited
Mo films. So far, the Mo thickness was considered as a critical parameter influencing the final orientation
of MoS, layers with horizontally and vertically aligned MoS, grown from thin (1 nm) and thick (3 nm) Mo
films, respectively. Here, we present a fabrication protocol enabling the growth of horizontally or
vertically aligned few-layer MoS; films utilizing the same Mo thickness of 3 nm. We show that the sulfur
vapor is another parameter influencing the growth mechanism, where a sulfurization with higher sulfur
vapor pressure leads to vertical MoS, layers and slow sulfur evaporation results in horizontally aligned

rsc.li/rsc-advances

Introduction

MoS,, a semiconducting analog of graphene, is one of the most
studied members of the transition metal dichalcogenide (TMD)
family. The properties of TMD materials make them highly
attractive for fundamental studies of novel physical phenomena
and applications ranging from nanoelectronics and nano-
photonics to sensing and actuation at the nanoscale. TMD
materials with a layered structure have a general formula MX,,
where M refers to a transition metal and X refers to a chalcogen
(S, Se, or Te).* In the case of MoS,, there is a strong ionic
bonding between sulfur and molybdenum atoms while the
different layers of MoS, interact via van der Waals (vdW) forces.”
Some of the TMD materials with hexagonal structure has the
ability to grow with vertical or horizontal alignment. Various
fabrication methods such as exfoliation of bulk crystals,**
chemical vapor deposition” or pulsed laser deposition'*"* can
be used to produce MoS, monolayers or few-layers films.
Depending on the fabrication conditions, MoS, layer can grow
with basal planes aligned horizontally or vertically. The basal
planes are oriented parallel to the substrate surface and the
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layers for a thicker Mo starting layer.

crystallographic c-axis is aligned along the substrate surface
normal in the horizontal alignment. On the other hand, the
basal planes are standing upright on the substrate and the c-axis
is perpendicular to the surface normal for the vertical align-
ment. Besides of MoS,, vertically aligned layers of WS,,'>'* WSe,
(ref. 15) and PtSe, (ref. 16 and 17) layers were prepared recently.

The spatial orientation of MoS, layers is important for
anticipated applications of this material. Horizontally aligned
(HA) MosS, films are suitable for optoelectronics®**** and elec-
tronics.?>* Vertically aligned (VA) MoS, films are of special
interest as they can be utilized for hydrogen evolution reaction
(HER),>** water disinfection,**® water splitting* or solar
cells*®*® due to the chemically reactive edge sites. Among the
approaches leading to VA MoS, layers, solution-based methods
use the decomposition of dissolved molybdenum compounds
by microwaves®® or hydrothermal reaction.**** Also thermolysis
of molybdenates can offer VA MoS, under specific conditions.
However, the most common technique is a two-zone sulfuriza-
tion of the molybdenum films. This method was applied for the
first time by Jiger-Waldau et al>* and they showed that the
sulfur temperature is a key parameter for the fabrication of
MoS, thin films. Even though, sulfurization is quite simple and
straightforward technique to prepare VA films,'*?>**3> the
growth mechanism is still not fully clear. Kong et al.** and Gaur
et al* proposed that the competition among growth and
nucleation under a given set of conditions is crucial in the
vertical and lateral growth of 2D islands. This suggests that
thermodynamics and diffusion play an important role in the
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synthesis of thin layers. Jung et al.*® studied the growth of VA
MoS, and WS,. They found out that the thickness of the initial
molybdenum/tungsten layer is a critical parameter determining
the growth directions. Using thicker (=3 nm) Mo/W layers, the
vertical growth is dominant, while the horizontal growth occurs
in thinner layers. They suppose the following explanation - the
sulfurization of Mo/W layers is connected with a significant
volume expansion. For very thin and discontinuous Mo/W
layers, the growth of large-area 2D HA films is energetically
more favorable over the growth of VA layers. For thicker and
continuous films, as the metal seed layer is anchored to the
substrates, horizontal volume expansion is hard to realize.”® A
similar mechanism is proposed also for PtSe, films grown by
rapid selenization.' Shang et al*® proposed a mechanism
controlling vertical versus lateral growth of 2D MoS, islands
where the thermodynamic growth window is guiding the
deposition of MoS, thin films. They pointed out that the key
factors that control the growth of MoS, includes temperature,
pressure, substrate and chemical potentials. In addition to
thermodynamics, the performed DFT calculations suggested
that Mo diffusion is a controlling factor for MoS, growth owing
to an extremely low Mo diffusivity compared to that of sulfur.?*
Recently, Choudhary et al.*” studied the CVD growth mecha-
nism of 2D molybdenum/tungsten disulfide vertical stacks
grown on the tungsten trioxide (WOj3) nanowires using trans-
mission electron microscopy. MoS, layers of different thickness
were prepared using HA WS, layers as a substrate. They
confirmed that the relaxation of the strain energy built up
during growth guides the 2D layers orientation and determines
the growth mode dictated by the thickness of Mo. They observed
that 2D MoS, layers are growing from the interface of the Mo-
WS, basal plane in a “bottom-to-top” manner. Moreover, they
found out that in the case of VA layers, two competing kinetic
factors, ie., sulfurization kinetics of deposited metals versus
growth kinetics of 2D layers driven by the metal (Mo)-substrate
interfacial energy, have to be considered. They confirmed that
2D layer growths can also occur on the “top” surface if their
thickness is large enough. The sulfurization kinetics on the film
surface locally dominates the growth kinetics on the growth
substrate.

In the literature, VA MoS, are frequently connected to rapid
sulfurization in a two-zone furnace.'****3* In most cases, Si/
SiO, was used as a substrate, but the growth on other substrates
including glassy carbon, sapphire and quartz was also reported.
Typically, the annealing temperature was in the ranges from 500
to 800 °C and a short annealing time (10-20 min) was applied.
The common feature of these works is a fast heating rate in
order of tens degrees centigrade per minute. Moreover, VA MoS,
is formed when the thickness of Mo film exceeds 3 nm making
the thickness one of the critical growth parameters. However,
the effect of the heating rate is by far less explored. Stern et al.*®
prepared MoS, from 70 nm thick Mo layer using two different
heating rates (20 °C min~" and 5 °C min~"). They observed
a gradual transition from the disordered crystalline MoS, to
vertically oriented morphology. Therefore, the heating rate
seems to be another important factor influencing the orienta-
tion of MoS, films.
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Here, we present a growth method leading to HA or VA MoS,
films by sulfurizing Mo films with the same thickness (3 nm). By
decreasing the heating rate, we observed the transition from the
vertical to horizontal layer alignment. To acquire a complete
picture, we also studied the effect of the process temperature,
substrate and heating rate on the MoS,. Based on the results
obtained we conclude that the amount of the sulfur during the
growth process and the diffusion controls the final alignment of
a thin MoS, layer.

Results and discussion

Fig. 1a shows Raman spectra of MoS, layers grown from 1 nm
thick Mo films at temperatures from 350 to 800 °C. By
increasing the annealing temperature, the spacing between
the A, and Ej, Raman modes (Af) increased from 23.1 to
24.7 cm™ " (Fig. 1b). The thickness of the as-grown MoS, is
expected to be 3.5 times larger than that of the initial pristine
Mo layer.'*?*® Thus, for 1 nm Mo layer, the MoS, thickness
should be about 3.5 nm corresponding to 5-6 monolayers. On
the other hand, the results from Raman measurements
suggests that the number of MoS, monolayers increases from
2 to more than 5 with the increasing annealing tempera-
ture.'® Presumably, only the topmost part of the Mo layer gets
sulfurized at lower temperatures. By increasing the annealing
temperature, the reaction of sulfur and Mo propagates
deeper into the Mo layer and the number of MoS, layers
successively increases. Fig. 1b also shows the linewidths of
the two Raman modes. Both, they exhibit a similar trend with
the linewidth getting narrower as the deposition temperature
increases from 350 °C to 800 °C. Analogous to Af, two regions
with a different temperature dependence can also be recog-
nized for the linewidth. The latter is almost temperature
independent for temperatures up to 500 °C. At even higher
deposition temperatures, the Raman peaks become gradually
narrower reaching the values of 6.2 and 6.4 cm ™' for the
E;¢ and A, modes, respectively. We assume the change of the
linewidth is related to improving the layer crystallinity in
terms of the size of MoS, crystallites. It is known that
a Raman linewidth is a sensitive probe characterising length
scales in spatially confined systems.** A chemical state and
composition of as prepared films were analyzed by XPS
spectroscopy (Fig. 2). The Mo 3d region exhibits two
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Fig. 1 (a) Raman spectra of MoS, layers grown from a 1 nm thick Mo
film on the c-plane sapphire substrate at different temperatures. (b)
Dependence of the spacing, Af, between the Aj4 and Eﬁg Raman
modes (red points) and the linewidth (A4 — green points and Eig - blue
points) on the annealing temperature.
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Fig. 2 XPS spectra of the MoS; layer grown on sapphire at 800 °C/
30 min from a 3 nm thick Mo film. The binding energies of Mo 3d and S
2p core-level states are displayed in panels (a) and (b), respectively.

characteristic emission peaks at 231.84 eV (Mo 3d*?) and
228.75 eV (Mo 3d°?). These binding energy values are
consistent with charge state corresponding to MoS,.** Addi-
tionally, the S 2s peak at a binding energy of 226.12 eV cor-
responding to MoS, is also observed*! in this spectral region.

The spin-orbit energy splitting of the Mo 3d doublet is
3.1 eV, which is in good agreement with previous reports.*>*
The S 2p spectrum (Fig. 2b) contains spin-orbit doublets of S
2p*? centered at 161.92 eV and S 2p*/* at 162.9 eV, with a spin-
orbit splitting of 0.98 eV. No Mo 3d doublet at the binding
energies of 231.4 eV and 228.4 eV corresponding to the
elemental Mo® state was observed. However, a limited contri-
bution attributed to the presence of MoO; was identified at the
binding energies of 232.45 eV and 235.4 eV for Mo 3d*? and Mo
3d*? core-level states, respectively (Fig. 2a). No peaks corre-
sponding to S 2p in SO; (Fig. 2b) were found. Quantification of
the peak areas provides the atomic concentrations of S and Mo
in single compounds. The Mo*" state in MoS, reaches almost
90% and sulfur S*>~ state is close to 100%. As expected, the
calculated S/Mo ratio is close to 2.

To find out the orientation of the as-prepared MoS, films,
GIWAXS measurements were performed. This method is
useful for studying the crystallographic orientation of thin
polycrystalline films.** GIWAXS provides a statistical average
over significant section of the sample surface in contrast to
HRTEM, which probes the sample locally. Furthermore, no
special sample preparation is required for the GIWAXS
measurements. GIWAXS patterns of 1 and 3 nm thick Mo
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Fig. 3 GIWAXS reciprocal space maps of MoS, layers prepared from
Mo films with the nominal thickness of (a) 1 nm and (b) 3 nm sulfurized
at 400 °C/30 min and (c) 1 nm and (d) 3 nm sulfurized at 800 °C/
30 min.
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films sulfurized at 400 °C and 800 °C for 30 min are shown in
Fig. 3. The fuzzy background was caused by the use of the
image plate detector. The heating rate was 25 °C min~ " in all
these experiments. For thin MoS, samples (grown from 1 nm
of Mo), an intense 002 diffraction of MoS, is located at ¢, = 1
A~'. MoS, layers exhibit a uniaxial texture with the crystal-
lographic c-axis aligned along the substrate surface normal
(Fig. 3a and c). For the layers grown from 3 nm thick Mo
films, two 002 diffraction spots are detected at g,, =1 A 'and
the c-axis is now perpendicular to the surface normal (Fig. 3¢
and d). It is obvious that the VA MoS, films were grown from
3 nm Mo layers even at the lowest annealing temperature. We
observed the same behavior using longer annealing time (up
to 48 h, not shown here). This suggests that the formation of
VA MoS, is influenced neither by the annealing temperature
nor time but just by the Mo film thickness when the samples
were rapidly heated up during their growth.

To check whether this growth mode is specific only for c-
sapphire substrate, we grew MoS, layers on other substrates,
too. We used chemically inert GaN (gallium nitride) as well as
reactive GaP (gallium phosphide) and microcrystalline CVD
diamond substrates. In all cases, MoS, layers grown from the
1 nm Mo are aligned horizontally. The use of the thicker 3 nm
films (6 nm in the case of the diamond substrate because of
shadowing effect*®) led to VA MoS, films for all the substrates.
GIWAXS reciprocal space maps of MoS, layers prepared from
3 nm (GaN, GaP) and 6 nm (diamond) thick Mo layers and
shown in Fig. 4 confirm that the choice of the substrate has
no effect on the MoS, orientation. In the special case of the
diamond substrate, also the diffraction ring at ¢ ~ 3 A™*
belonging to 111 diffraction of diamond and two less intense
100 and 103 diffractions of MoS, at 2.3 and 2.7 A~ are visible
(Fig. 4c). The apparent moderate orientation degree of the
crystallographic c-axis has an origin in large angular spread
of the underlying polycrystalline diamond facets.**

To elucidate whether the VA MoS, growth of the is linked
only with the rapid sulfurization, we grew MoS, layers
changing the heating rate and measured the layer alignment.
The heating rate values were altered from 25 °C min~"' down
to 0.5 °C min~". The sulfurization temperature and duration
were kept constant at 800 °C and 30 min, respectively.

intensity (arb. units)

intensity (arb. units)
7 3 g 1500

Fig. 4 GIWAXS reciprocal space maps of MoS, layers prepared on (a)
GaN (from 3 nm Mo), (b) chemGaP (from 3 nm Mo) and (c) micro-
crystalline CVD diamond (from 6 nm Mo) substrates.
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Fig. 5 GIWAXS reciprocal space maps of MoS, films on the c-plane
sapphire substrate prepared from 3 nm thick Mo layers at 800 °C
during 30 min with the heating rate of (a) 25 °C min™?, (b) 5 °C min~*
and (c) 0.5 °C min~t. The peaks at ~1 A~ originate from the (002)
diffraction planes.

It is evident from Fig. 5 that the heating rate had a significant
impact on the layer alignment of thicker MoS, films. By
decreasing the heating rate, the orientation of the films changes
from the VA (Fig. 5a) through a mixed state with combined VA
and HA (Fig. 5b) to HA films (Fig. 5c). In addition to the Mo
thickness, the heating rate is another process parameter for
controlling the layer alignment. This indicates that the amount
of the sulfur reaching the pre-deposited Mo substrate plays
a key role in the sulfurization mechanism. Since the sulfur
melts at low temperature (~115 °C), all the sulfur is very likely
consumed at the early stages of the sulfurization at tempera-
tures lower than the final one at 800 °C. Thus, the heating rate
determines the sulfur vapor partial pressure during the
synthesis, which is higher for rapid sulfurization and lower for
the slow heating rate of 0.5 °C min~". Following this line of
reasoning, we performed another experiment when the
nitrogen flow through the CVD chamber was increased 5-fold
during a rapid sulfurization growth. The aim was to reduce the
amount of sulfur in the chamber by another way. The GIWAXS
result shown in Fig. 6 confirms the horizontal alignment of the
as-grown layer. Based on this, the following scenario for the
growth mechanism emerges from our experiments. We follow
the proposal of Choudhary et al.*” that MoS, layers are growing
horizontally from the Mo-substrate interface in the bottom-to-
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Fig. 6 GIWAXS reciprocal space maps of MoS, films on the c-plane
sapphire substrate prepared from 3 nm thick Mo layers at 800 °C
during 30 min with the heating rate of 25 °C min~* using 5 times higher
nitrogen flow.

29648 | RSC Adv., 2019, 9, 29645-29651

View Article Online

Paper

top manner. However, if a concentration of sulfur atoms
exceeds a certain critical value, the sulfurization may start on or
near the surface of the Mo film where the concentration is
highest. In such a case a MoS, layer seems to prefer vertical
alignment. The concentration can be reduced below the critical
one either by reducing the amount of sulfur supplied or by
diffusion the sulfur atoms into the Mo film. We tested the
former possibility by slowing down the heating rate and
reducing the sulfur vapor concentration. It is assumed that the
diffusion rate of the sulfur atoms is responsible for the observed
dependence of the layer alignment on the thickness. It is known
that sulfur atoms diffuse rather slowly into molybdenum®***” so
in the thicker layer the critical concentration is reached on the
film surface and triggers vertical growth of MoS, before the
atoms reach the Mo-substrate interface.

The experiments with the lower heating rates were also
performed at the lower sulfurization temperature (400 °C). The
transition from the vertical to horizontal alignment was
observed for the 3 nm thick Mo layers exactly as in the case of
the sulfurization at 800 °C. The lower partial sulfur pressure
lead to horizontal MoS, growth even in the low temperature
sulfurization.

The MoS, films prepared at the decreased heating rates were
also studied by Raman spectroscopy (Fig. 7). An increase of the
E%g intensity relative to the A;; one was observed when the
heating rate was reduced from 25 °C min~' down to
0.5 °C min~'. Kong et al.** reported, that based on the peak
intensities, it is possible to estimate the texture of the film.
Raman peak corresponding to out-of-plane Mo-S phonon mode
(A,g) is preferentially excited for the edge-terminated film due to
the polarization dependence, whereas the in-plane Mo-S
phonon mode (E3,) is preferentially excited for the terrace-
terminated film. In the case of vertically aligned layers,
E;, peak is smaller having just 30% of the intensity of A,
peak.* The increase of the E,, is consistent with the vertical to
horizontal transition observed in the GIWAXS measurements.
In addition to this, the linewidth of the Raman peaks gets
narrow for a slowly sulfurized sample indicating its better
crystallinity compared to the samples sulfurized more rapidly.

Finally, a TEM analysis was performed to confirm the MoS,
orientation and compare the results with those from the
GIWAXS measurements. Three samples have been analyzed -
HA MoS, prepared from 1 nm and 3 nm thick Mo films and VA
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Fig. 7 Raman spectra of MoS; films prepared from 3 nm thick Mo at
800 °C/30 min with the heating rate of 25 °C min™%, 5 °C min™* and
0.5°Cmin~t
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Fig.8 HRTEM image of MoS; layer prepared from 3 nm Mo at 800 °C

during 30 min with heating rate of 25 °C min™™.

MoS, prepared from a 3 nm thick Mo film. Fig. 8 shows
a HRTEM image of a MoS, layer prepared from a 3 nm thick Mo
film by rapid sulfurization. Most of MoS, layers seen in the
figure are vertically aligned. The distance between the fringes
correspond to that of {002} crystal planes (d = 0.6155 nm),
however, periodic fringes belonging to {100} (d = 0.2738 nm)
and {103} (d = 0.2277 nm) crystal planes can also be observed
due to a mutual mis-orientation of some MoS, grains. A layer
prepared by rapid sulfurization of 1 nm Mo layer (Fig. 9) is poly-
crystalline with no VA layers present. As it can be seen in Fig. 9a,
the sample contains both well-ordered parts (red box, left) and
parts with some rotational mis-orientation in the layer of
horizontally-grown MoS,, as indicated by an appearance of

Fig. 9 STEM image using HAADF (high-angle annular dark-field)
detector of MoS; layer prepared from 1 nm thick Mo at 800 °C during
30 min with heating rate of 25 °C min~* (a) and FFT images from the
selected zones (b and c).

This journal is © The Royal Society of Chemistry 2019
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Fig. 10 STEM image using HAADF detector of a MoS, layer prepared
from a 3 nm thick Mo film at 800 °C by a slow rate sulfurization during
30 min with the heating rate of 0.5 °C min~™. The inset shows a FFT of
the STEM image.

typical two-dimensional Moiré patterns (blue box, right). In the
case of the well-ordered part, it is not possible to estimate the
number of monolayers. However, it is clear that at least two
monolayers are present in the rotationally mis-oriented parts. A
Fast Fourier Transformation (FFT) image taken from the part
with the Moiré pattern confirms the superposition of rotation-
ally mis-oriented MoS, sheets (Fig. 9c). The transition from
a vertical to horizontal alignment for a thick MoS, layer
prepared from a 3 nm Mo film was confirmed also by the STEM
measurements. A multilayered HA MoS, film with no indication
of VA phase can be seen in Fig. 10. Compared to the result
shown in Fig. 9, the thick HA MoS, layer is less ordered than the
thinner one prepared by sulfurization of a 1 nm thick Mo film.

Conclusions

Fabrication of large-area MoS, layers with a controllable
orientation is an important issue. We presented a simplified
sulfurization technique, where Mo coated substrates and
a sulfur powder are placed close to each other in a one-zone
furnace and exposed to the same temperature without addi-
tional control over the sulfur temperature. We showed that in
the case of rapid sulfurization (heating rate of 25 °C min ') the
thickness of a pre-deposited Mo film is a critical parameter
determining the orientation of the final MoS, layer. Horizon-
tally and vertically aligned layers were grown from a Mo film
with an initial thickness of 1 nm and 3 nm, respectively. By
reducing the heating rate, the orientation of the films is
changing from the vertical one (25 °C min~') through a mixed
state with combined vertical and horizontal alignment
(5 °C min~ ") to horizontally aligned layers (0.5 °C min ") even
for 3 nm thick Mo. A similar transition was also observed when
the amount of sulfur reacting with Mo during the layer growth
was reduced. This points out that the atomic flux of sulfur and
(likely) its diffusion rate into Mo are other parameters control-
ling the MoS, layer alignment. On the other hand, we found out

RSC Adv., 2019, 9, 29645-29651 | 29649
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that other parameters such as annealing temperature, time of
the sulfurization as well as the substrate have no influence on
the alignment of MoS, layers. The presented method opens up
the possibility for the growth of heterostructures with HA and
VA aligned MoS, layers placed one on top of the other.

Methods

MoS, fabrication

MoS, thin films were prepared by a two-step method. At first,
DC magnetron sputtering in Ar atmosphere (10> mbar) from
a Mo target at room temperature was used for the fabrication of
Mo seed layers. The DC power and emission current were set to
140 W and 0.3 A, respectively. The thickness of the as-prepared
Mo films (1 and 3 nm) was controlled by the rotation speed of
a sample holder and verified by atomic force microscopy (AFM)
carried out on NT-MDT NTegra Aura in a semi-contact mode on
the patterned Mo films. Further, the pre-deposited Mo layers
were sulfurized in a custom-designed CVD chamber. The
growth takes place in a one-zone furnace with a sulfur powder
(0.5 g) placed along with the seed Mo film in the center of the
furnace. In particular, Mo layer was annealed in sulfur vapors at
temperatures from 350 to 800 °C in N, atmosphere at ambient
pressure. The annealing time ranged from 5 minutes to 48
hours.

Chemical composition analyses

Raman measurements were performed with a confocal Raman
microscope (Alpha 300 R, WiTec, Germany) using a 532 nm
excitation laser wavelength. The laser power was kept as low as 1
mW to avoid any beam induced damage. The scattered Raman
signal was collected by 50x (NA = 0.8) microscope objective and
detected by a Peltier-cooled EMCCD camera. For dispersing the
Raman spectra, a blazed grating with 1800 gr mm ™" was
employed. The spectral resolution of the Raman system is about
0.75 cm™'. The Raman spectra were acquired at ambient
conditions.

X-ray photoelectron spectroscopy (XPS) spectra were
measured by Thermo Scientific K-Alpha XPS system (Thermo
Fisher Scientific, UK) equipped with a micro-focus AlKa. (1486.6
eV) X-ray source operated at the emission current of 6 mA and
acceleration voltage of 12 kV. The size of X-ray beam at the
sample surface was 400 um in diameter. The XPS spectra were
recorded with the pass energy of 200 eV and 150 eV for the
survey and high-resolution mode, respectively. An integrated
flood gun that provides the low energy electrons and argon ions
(20 eV) was used for charge compensation. For data acquisition
and processing the Thermo Scientific Avantage software was
used. An automated calibration routine was performed for
spectral calibration using the internal Au, Ag and Cu standards.
The surface compositions (in atomic%) were determined by
considering the integrated peak areas of detected atoms and the
respective sensitivity factors. The fractional concentration of
a particular element A was computed using:

Yo A = (IaISA(S(Ifsy)) x 100% (1)
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where I,, and s, are the integrated peak areas and the Scofield
sensitivity factors corrected for the analyzer transmission,
respectively.

Morphological and structural analyses

High-resolution transmission electron microscopy (HRTEM)
observations were made using FEI Titan 80-300 TEM micro-
scope. Scanning transmission electron microscopy (STEM) were
made by Jeol JEM-ARM 200cF microscope. TEM specimens were
prepared by mechanical grinding and polishing followed by 5
keV Ar beam ion milling.

The crystallographic unit cell orientation of MoS, samples
was evaluated by grazing incidence wide angle X-ray scattering
(GIWAXS) technique. A home-built system based on the micro-
focus X-ray source (CuKa, InS, Incoatec) and two-dimensional X-
ray detector (Pilatus 100K, Dectris) was used to collect GIWAXS
patterns. The angle of incidence on the sample was set to 0.2°.
The sample-detector distance was set to 90 mm and was vali-
dated by a calibration standard (corundum) (Fig. 4 and 5). Some
measurements were performed using an image plate detector at
the sample-to-detector distance of 80 mm in a fully evacuated
chamber (Fig. 3).
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