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ARTICLE INFO ABSTRACT

Keywords: Alkali-assisted chemical vapour deposition (CVD) of transition metal dichalcogenides (TMDs) has been shown to

2D materials promote the growth of large single crystals of TMD monolayers. The morphology control of TMDs is a key

;M;)s parameter for the scalable synthesis of versatile layered materials. This work demonstrates that the alkali-assisted
052

synthesis provides a route toward fabricating highly crystalline MoSg nanoribbons. Our proposed method in-
volves a vapour-liquid-solid phase reaction between MoOy (2 < x < 3) precursors grown by Pulsed Laser
Deposition (PLD) and metal alkali halide (i.e., NaF). The growth process evolves via the emergence of the
Na-Mo-O liquid phase, which mediates the formation of MoSz multilayer nanoribbons in a sulfur-rich envi-
ronment. Moreover, the as-grown MoSy nanoribbons are surrounded by mono- and multilayer triangles of MoSy
and exhibit a preferential alignment defined by both MoS; crystal symmetry and the underlying Al,Og substrate.
In addition, we observe a significant built-in strain in the as-grown MoS, nanostructures, which increase in
magnitude from the multilayer nanoribbons to the triangular monolayers, and which can be effectively released
upon transfer onto another substrate. The growth method developed here can enable flexibility in designing
nanoelectronic devices based on TMDs with tunable dimensions.

Chemical Vapor Deposition (CVD)
Pulsed Laser Deposition (PLD)
MoS, nanoribbons

1. Introduction

The growth of thin films is a fundamental basis for the modern
semiconductor industry, which has already enabled the fabrication of
many semiconductor devices with superior performance [1]. The ad-
vances in crystal growth and thin film fabrication opened new avenues
for applied and fundamental research, as strong anisotropy can be
introduced [2-4]. This also encourages a continuous search for novel
materials for applications in optoelectronics, micro- and nanoelectronics
[5]. In recent years, this has led to an exploration of low-dimensional
materials, including (but not limited to) carbon nanotubes (CNT)
[6,7], graphene [8-10], two-dimensional (2D) transition-metal dichal-
cogenides (TMDs) [11-13], nanoribbons (NRs) [14,15], and nanowires
[16,17]. A key feature of these nanostructures is that their physical,
chemical or mechanical properties significantly differ from their bulk
counterparts.

The research for 2D materials, which emerged after the discovery of
graphene, has evolved far beyond it. Layered TMD crystals of MoS,,

* Corresponding authors.

MoSe;, WS,, and WSe; are the most explored [18]. These materials can
be thinned down to a single layer and possess an indirect-to-direct
bandgap transition with a thickness reduction to a monolayer (ML).
TMDs as bulk crystals and 2D layers exhibit a bandgap of 1-2 eV [19].
This makes the TMDs particularly interesting for light absorption and
emission applications and drove a rapid development of the synthesis
methods. A variety of methods have been explored, including chemical
vapour deposition (CVD) [20-22] and metal-organic CVD (MOCVD),
which provide superior-quality MLs. Other synthesis methods are liquid
and ultrasonic exfoliation [23], physical vapour deposition [24], various
two-step processes of pre-deposited precursor sulfurisation or seleniza-
tion in a CVD furnace [25,26], molecular beam epitaxy [27,28], pulsed
laser deposition (PLD) [29-31] or two-step processes based on PLD
[32-34], atomic layer deposition [35-37].

The nanostructuring of TMDs into nanoribbons allows for efficient
interaction between light and matter [38,39]. Controlling the geomet-
rical dimensions of TMDs from 2D to 1D provides an additional degree of
freedom in their electronic and optoelectronic properties. Moreover, the
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termination of the edges of MoS; nanoribbons leads to distinct electronic
and magnetic properties. Zigzag MoS; nanoribbons show magnetic
behaviour, while armchair MoS, nanoribbons are nonmagnetic [40]. In
addition, theoretical calculations have shown that their properties can
be tuned by strain [41]. CVD bottom-up synthesis efforts were devoted
to the influence of metal-halide promoters [42] and substrate [43] on
nanoribbon growth. Recent works have demonstrated the integration of
TMD nanoribbons in photodetectors and field-effect transistors [44,45].
Hence, developing facile methods for the controlled growth of TMDs
nanoribbons will encourage the integration of TMDs in optoelectronic
devices.

In this study, we report on the alkali-induced directional growth of
MoS; crystals on (0001) sapphire. The precursors are thin films of MoO,
(2 < x < 3) grown by PLD in the Ar background atmosphere, which
enables the deposition of epitaxial oxides with an oxygen deficiency
tunable in a broad range [34]. We reveal that solid oxide-to-sulfide
conversion assisted by metal halide (NaF) promotes the directional
growth of MoS; multilayer nanoribbons. The growth of aligned nano-
ribbons likely occurs in an alkali-assisted vapour-liquid-solid (VLS)
phase reaction at elevated temperatures. We hypothesise that the MoS,
nanoribbon bottom layer aids the growth of single-layer nanoribbons. A
substantial oxygen deficiency in molybdenum oxide precursor may
further enhance the growth of multilayer crystals in a preferential di-
rection defined by 2H-MoS; crystal symmetry and the underlying
substrate.

2. Materials and methods
2.1. Pulsed laser deposition of oxide precursors

The approach for the fabrication of the MoS; nanoribbons is shown
in Fig. 1. In the first step, MoO, precursors are deposited by PLD using a
248 nm KrF laser, as described in previous work [34], similarly to [32].
The MoO, thin films were grown via laser ablation of a one-inch MoO3
target (99.9% purity, from Testbourne Ltd.) in Arat 1 x 10~} mbar using
a number of laser pulses varying between 10 and 40. The films were
deposited on (0001) Al;O3 substrates of 1 x 1 cm?. In the second step, a
thin NaF layer (20 nm thick) was deposited using thermal evaporation
(Fig. 1b).

2.2. Sulfurization of MoOy + NaF precursors

The sulfurisation step of the MoO, precursors is shown in Fig. 1c.
Firstly, the films were placed facing up on a flat ceramic plate and loaded
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Fig. 1. The experimental setup for synthesising MoS, nanoribbons based on
two-step processes involving Pulsed Laser Deposition (PLD). a) PLD of epitaxial
MoO, thin films at 700 °C. b) NaF (20 nm) layer deposition using thermal
evaporation. ¢) Oxide to sulfide conversion in a sulfur-rich atmosphere at
900 °C.
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in the middle of the three-zone tube furnace inside a quartz tube of 3 in.
outside diameter. A narrow alumina ceramic boat containing 2.0 g of
sulfur flakes (99.99% purity, from Sigma Aldrich) was placed outside the
main heating area of the quartz tube and heated independently. Sec-
ondly, the system was pumped down to 5 x 10~2 mbar and sequentially
flushed five times by pressuring to 400 mbar with Ar-H gas mixture (5%
volume fraction, 5.5 N purity) to remove residual gases, such as oxygen
and water vapour. Then, a 200 sccm Ar-5% Hj gas flow was introduced
as a carrier gas throughout the process, making the base pressure 0.8
mbar. The tube furnace was then heated at a rate of 15 °C/min to 900 °C.
When the furnace temperature was close to 900 °C, the external heater
was set to 240 °C to produce an adequate sulfur evaporation rate. The
sulfurisation process occurred at 900 °C for 15 min. The system was
finally cooled down naturally to room temperature, with a furnace lid
lifted at 400 °C. The estimated cooling rate from the growth temperature
900 °C to 650 °C was 20 °C/min, followed by a lower cooling rate of
approximately 10 °C/min down to 400 °C when the furnace lid was
open.

2.3. SEM measurements

The morphologies of the MoS, specimens were analysed using a Zeiss
Merlin SEM equipped with an In Lens electron detector. The images
were acquired at an acceleration voltage of 1.5 kV and a working dis-
tance between 3 and 4 cm.

2.4. AFM measurements

The AFM images were performed on a Bruker Icon AFM microscope,
type AFM-Icon PT2. The measurements were performed in a tapping
mode in the air using AFM probe type Tapl50AI-G (from
BudgetSensors).

2.5. Raman and PL spectroscopy

Raman spectra were collected using a home-built confocal Raman
spectroscopy setup with a 532 nm excitation laser. The spectrometer is a
Spectra Pro HRS750 scanning monochromator from Princeton In-
struments equipped with three gratings of 300 gr/mm, 1200 gr/mm, and
1800 gr/mm and a cryogenically-cooled, and an ultra-low noise Pylon
CCD camera, type PyLoN:100BR. The wavelength calibration was car-
ried out using an Ar-Ne light source mounted to the entrance slit of the
spectrometer. The spectrometer resolution was found to be 0.4 em™ L.
Raman spectra were collected using various integration times and then
normalised. The spectra were acquired using a power below 10 mW to
prevent samples from overheating. Raman mapping was performed on a
Renishaw inVia Reflex confocal Raman spectrometer and using a 2400
gr/mm grating with adjusted integration time, a 532 nm excitation laser
with 5 mW power, and maps with a step size of 300 nm. The spectra
were calibrated using the Si Raman peak at 520.5 cm ™.

2.6. XPS spectroscopy

X-ray photoelectron spectroscopy (XPS) was performed using
Thermo Fisher Nexsa XPS system with Al K, 1486.6 eV excitation source,
and a flood gun was used for charge compensation. The energy scale of
the XPS was calibrated using Au4f;/ line centred at 84.0 eV, and XPS
line positions were adjusted using the C1s peak of the surface carbon at
284.6 eV, which is present in all the samples.

3. Results and discussion

The morphology of the MoS; nanoribbons. Fig. 2 shows the op-
tical (a) and SEM (b) images of the MoS, nanoribbons obtained upon
sulfurisation of the NaF/MoO, layer stack. The MoO, film was deposited
using 30 laser pulses. The chemical composition of the MoO, films was
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Fig. 2. The morphology of the MoS; nanoribbons obtained upon sulfurization of the NaF/MoO, stack. a) Optical image of the MoS, nanoribbons, bright field. The
green and blue lines indicate the ribbons’ growth directions. b) In Lens SEM image of a single MoS, tree-like structure with smaller nanoribbons as branches. c¢) The
angular distribution of the MoS, nanoribbons with respect to their nearest neighbors. d) The angular distribution of the MoS, core nanoribbons’ directions with

respect to their neighbours.

analysed by XPS, as shown in Fig. S1, S2, and S3. In contrast to the
conventional CVD process, the precursor films grown by PLD have
reduced molybdenum oxide with a high fraction of Mo®* (>57.5%),
followed by smaller contributions from Mo®" and Mo**. The coloured
lines in Fig. 2 indicate the growth directions of the nanoribbons on the
sapphire. Fig. 2¢ shows the angular distribution of the nanoribbons with
respect to their nearest neighbours, extracted from the optical image in
Fig. 2a and additional optical images shown in Figs. S4 and S5. Both
optical and SEM images reveal the presence of tree-like structures con-
sisting of merged nanoribbons with a visible core. It is worth noting that
the side branches expanding from the core exhibit well-defined align-
ment, which can be seen in Fig. 2¢c. The nanoribbons have a preferential
orientation of 0°, 60°, 120° or 180° with respect to their nearest
neighbours (as indicated by the green lines in Fig. 2a), which points at a
6-fold symmetry. This is the case for both MoS; and the hexagonal
sapphire substrate. A 60° angle between the growth directions suggests
that MoS; crystal facets guide the growth of the nanoribbons from the
core.

Moreover, we have extracted the angle between separated core rib-
bons of the tree-like structures (indicated by the blue lines in Fig. 2a),
which is shown as a histogram in Fig. 2d (green markers are for eyes
guidance). The pronounced peaks at 0°, 30°, 45°, 60°, 90°, 120° or 180°
give a peak separation of either 30° or 30°/2. This points at the core
ribbons’ preferred orientation and corresponds to a 6-fold symmetry.
Hence, this strongly indicates that the underlying sapphire substrate
guides the growth of the MoS; crystals since

the different nanoribbons grow independently. Epitaxial growth is
energetically favourable between the MoS; crystal and hexagonal Al;03
(0001) plane. Dedicated calculations on the strain-dependent alignment
of the 2H-MoS; and alpha-Al,03 supercells reported by Dumcenco et al.
[46]. The built-in strain in 2D MoS; ranges from 0.1% for 0° angle to
3.8% for an angle of 9 of 30°. As discussed later, the growth initiates
from MoS; seed crystals, and the facets of these crystals serve as
nucleation sites for the crystallisation and unidirectional expansion of
the nanoribbons.

Next, we investigate the morphology of the MoS, nanoribbons and

their formation mechanism. High-resolution SEM images of the MoSy
nanoribbons are shown in Fig. 3 (see also Fig. S6 and S7 in the SI). Here
we used the InLens detector for SEM imaging, providing higher spatial
resolution than the high-energy secondary electron detector. The uni-
formity in thickness of the MoS; nanoribbons across their widths and
lengths can be inferred from the uniform colour contrast of the SEM
images. Moreover, Fig. 3 shows that nanoribbons are typically sur-
rounded by monolayers of MoS,, which may originate from the nano-
ribbons’ edges. A magnified view of the MoS, nanoribbon’s edge in
Fig. 3c reveals that MoS, grows in directions defined by the hexagonal
MoS; crystal symmetry.

The edges of the MoS; specimens shown in Fig. 3b,c exhibit saw-like
profiles, with triangular “teeth” parallel to each other and the vertex
close to the ideal angle of 60°. These layers are likely to emerge after the
nanoribbon formation. The bottom layer of the MoSy nanoribbon (the
layered structure of a nanoribbon can be seen in Fig. S8a,c) serves as a
nucleation site for the MoS; domain growth originating upon exposure
of residual Mo-containing liquid phase to sulfur vapour. Hence, the
MoS; nanoribbon facilitates the lateral expansion of the single-layer
nanoribbon MoS; domains. Moreover, the SEM images in Fig. 3d,e
reveal the presence of bulk crystals without a preferential orientation,
likely originating from large liquid droplets. Lastly, the MoSy nano-
ribbons exhibit local ruptures, as shown in Fig. 3f.

Fig. 4 shows the AFM images of individual MoS, nanoribbons. The
scanning area of 10 x 10 um? is insufficient to capture a nanoribbon. The
uniform and long MoS; nanoribbons have a sharp 60° termination angle
(see also SEM in Fig. S7b, and AFM in Fig. S9). In strong contrast to SEM,
AFM has a poor depth of field, i.e., instrument capability to resolve
features with large height differences. Hence, the sharp thickness dif-
ference between the bulk nanoribbon and adjacent monolayer makes the
monolayer edge not visible in the AFM images. The well-defined angle at
the edge suggests that the nanoribbon growth direction is determined by
2H-MoS; crystal symmetry. The AFM line profiles of the nanoribbons in
the lower panels in Fig. 4 show a rectangular-like profile with a sharp
slope along the nanoribbon’s edges with a flat top visible both in AFM
and SEM Fig. S7. This also can be identified in Fig. S8b. The thickness of
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Fig. 3. SEM images of MoS; nanoribbons. a) SEM image of a large MoS, nanoribbon. The red frame highlights a smaller nanoribbon expanding from it. b) High
magnification SEM image of the MoS, nanoribbon in the red frame in (a). The 2D MoS; triangular crystals surround the nanoribbon. ¢) SEM image of a MoS,

nanoribbon edge. d) MoS; nanoribbons together with a thick crystal presence. e) High magnification SEM image of MoS, nanoribbons present together with MoS;

single layer and bulk crystal. f) Fracture of a multilayer MoS, nanoribbon. The monolayer nanoribbon around the multilayer parent is evident.
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Fig. 4. AFM images of MoS, nanoribbons. a) MoS, nanoribbon and its edge featuring a 60° angle. b) The middle part of MoS, nanoribbon. c) Folds and crystal
rupture in the MoS; nanoribbon. The corresponding line profiles of the nanoribbon reveal a layered structure.

MoS; nanoribbons ranges between 18.5 + 0.05 and 25.5 + 0.05 nm
(see Fig. S10 in the SI), their widths are typically around 800 + 200
nm, and the length-to-width ratios vary from 20 to 30, which denotes
multilayer MoS, nanoribbons. The AFM line profile in Fig. 4b shows that
nanoribbons exhibit a uniform thickness profile across their length, with
occasional MoS;, layer steps. The average values of thickness and width
for different nanoribbons are presented in Fig. S10 in the SI. In addition,
the AFM images reveal two distinct cases of structural defects during the
growth, i.e., nanoribbon folds (Fig. 4a,b) and ruptures (Fig. 4c). These
microfaults may occur during rapid cooling from 900 °C after sulfur-
isation. Folded parts of the top layers likely appear due tcrystal’s
rupture, which relaxes the strain of the top MoS; layers. The growth of a

nanoribbon with uniform thickness and width suggests its formation
from a liquid phase by directional propagation of a crystal. Additionally,
as shown in Fig. 3, the nanoribbons are typically surrounded by 2D MoS,
crystals which can also be identified in Fig. S11. We extracted the
thickness of these crystals using an area-averaged line profile, which
gives us an average thickness of 0.80 + 0.10 nm. This value corresponds
to a single MoS; layer and is valid for most of the triangular crystals
observed.

The growth mechanism of the MoS; ribbons. The unidirectional
growth of the nanoribbons indicates a restructuring of the uniform
precursor at high temperatures, which occurs via a transition through a
liquid phase and subsequent crystallisation. The alignment between
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sapphire and 2H-MoS; plays a role in the orientation of the MoS;
nanoribbons on the (0001)-oriented sapphire substrate. In Fig. 5, we
describe the growth mechanism of the MoS, nanoribbons. A uniform
MoOy, film is covered with 20 nm NaF to serve as a precursor (Fig. 5a).
The high-temperature reaction between the NaF and MoO,, primarily
consisting of MoOs, see XPS data in Fig. S1, creates the Na-Mo-O liquid
phase (Fig. 5b), following the possible chemical reaction route [38]:

3MoO;(s) + 2NaF(s) "% Na;Mo, 05 (1) + MoO,F; (g) @

When exposed to sulfur vapours at high temperatures, MoS; solid
crystals precipitate at some point defect within the liquid droplets,
which can act as crystallisation centres for growth [42,46-49]. At high
temperatures, the MoS; crystals in a liquid phase can diffuse and merge
into larger multilayer MoS; domains (Fig. 5d). The MoS; crystals are
then formed following the second possible reaction, as described below:

Na,Mo,07(1) + S(g) ————"%5C MoSy(s) + NaySO4(g) ——— MoSa(s) +
NayS(s) + SO3(2)t

We assume that crystals observed in Fig. S12 and S13 may be good
candidates for the proposed process. The crystal expands horizontally
following the most favourable surface energy, forming long multilayer
MoS, nanoribbons. The nanoribbon length is likely limited by the
droplet size and precursor amount (Fig. 5e). The nanoribbon can collide
with other liquid droplets on the surface during the unidirectional
growth (Fig. 5f). The MoS; crystals in a liquid phase surrounding the
nanoribbon join the bottom layer. The latter guides the lateral expansion
of the MoS,; monolayer nanoribbon edges on both sides of the nano-
ribbon core (Fig. 3b,c). During cooling and solidification, the monolayer
nanoribbon edge may remain attached to the nanoribbon core (Fig. 3b)
or be detached from it due to a large intrinsic strain (Fig. S6). In stark
contrast to previous reports, in which Na;Mo,07 particles remain at the
terminal of the nanoribbons [42], our nanoribbons are free of reminis-
cence alkali salts. This is probably because the precursor is fully
consumed during growth. In addition, small liquid droplets with a low
precursor concentration, homogeneously distributed on sapphire, give
rise to triangles MoS,, which can be identified in Fig. 3 and Fig. S6, S11.
The AFM images in Fig. S11 show a high fraction of single layer (1L) and
occasionally bilayer MoS; crystals.

Raman spectroscopy. Single-point Raman spectra and Raman
mapping of the as-grown nanoribbons and triangles MoS; are illustrated
in Fig. 6. The Raman spectra were tailored using multi-Lorentzian peak
fitting. The spectra contain first-order optical modes at the Brillouin
zone centre, i.e., in-plane E%g (") and out-of-plane A1,(I"), and a zone-

b

a
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m
—
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edge mode 2LA(M) activated by the disorder. The longitudinal acous-
tic phonons LA(M) are in-plane collective movements of the atoms in the
lattice, while the symbol (M) refers to the M—point of the Brillouin zone.
Two-phonon E$,(I"-A) and Raman sapphire peak (marked with *) are
also observed. Fig. 6a shows a single-point Raman spectrum obtained
from the core of the MoS, nanoribbon with Eég (I and A1(I") peak
positions at 385 cm ™! and 409 cm ™!, respectively. This corresponds to a
peak difference (Ak) of nearly 26 cm™ !, characteristic for bulk MoSs,
with a low full width at half maximum (FWHM) of the Eég (") and A1,4(I)
peaks of 3.8 cm ™! and 3.1 cm ™2, respectively. The narrow Raman peaks
with high intensity may suggest that the MoSy nanoribbon is a single
crystal.

Interestingly, the Raman spectra change significantly for the trian-
gularly shaped MoS; crystals (see Fig. 6b). Here, E§g(F) and A;g(I)
Raman peaks exhibit strong broadening, and a pronounced contribution
from the sapphire substrate is evident. The Raman peaks are positioned
at 380 cm~ ! and 407 cm ! (Ak of nearly 27 cm_l), with FWHM values of
7.0 em ™! and 9.0 em ™}, respectively. A considerable broadening of the
Raman peaks and a high Ak value may be associated with small multi-
layer crystals, significant strain, and doping of the MoS; crystal. The
high-resolution Raman intensity mapping shown in Fig. 6(c-f) reveals
that the MoS, nanoribbons are surrounded by triangular crystals, similar
to Fig. 3. The Raman maps reveal that the triangular crystals exhibit a
significant Raman shift compared to the nanoribbons. Moreover, the
intensity profile is uniform along the core of the nanoribbon, while the
nanoribbon edges appear dimmer than the core. The lower intensities at
the edges are attributed to the monolayer nanoribbons. Single-point
Raman spectra acquired on the various arms of the tree-like ribbons
highlighted in Fig. 5a did not reveal any significant difference (not
shown).

Intrinsic strain in MoS; nanostructures. The AFM images in
Fig. S11 reveal that triangular crystals are predominantly mono- and
bilayers MoS,, which does not match with the experimentally deter-
mined Ak values of nearly 27 cm™! from the mono- and bilayer MoS,.
The specimens were transferred onto a sapphire substrate to understand
the effect of strain on these distinct Raman features of MoS;. The optical
images of the transferred specimens containing ribbons and triangular
MoS; crystals are shown in Fig. 7(a-c). Fig. 7(d-f) shows comparisons
between the Raman spectra of the as-grown MoS; (black curves) and
transferred MoS, onto a sapphire substrate (red curves). The Raman
spectra of the as-grown and transferred 2D MoS, triangles are distinct in
terms of peak intensity ratios, peak positions, and peak widths (the
details are presented in Tables T1 and T2 in SI). The Raman spectrum

d

- fx -

2D MoS,

Fig. 5. The growth mechanism of MoS, nanoribbons. a) The precursor is a MoO, thin film covered with a 20 nm NaF layer; b) A liquid phase forms at an elevated
temperature upon the reaction between the MoO,, and NaF layers; ¢) MoS» nanoribbon seed crystals are formed in the liquid phase upon exposure to sulfur vapour; d)
The MoS, multilayer domains form in the liquid phase; e) The MoS, nanoribbon grows unidirectional from a seed crystal; f) The MoS, nanoribbon surrounded by
liquid phase islands expands on the surface from an initial droplet; g) Lastly, the 2D MoS; layers surrounding the nanoribbon form triangular crystals on the surface,

while the initial liquid droplet solidifies.
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Fig. 6. Raman spectra of the MoS, nanoribbon (NR) and triangle (2D). a) Single-point Raman spectrum obtained from the MoS;, nanoribbon (red, black) and its
deconvolution (blue); b) single-point Raman spectrum obtained from the MoS, triangle (black) and its deconvolution (blue). Raman mapping of the peak intensities
of the MoS, nanoribbons located at (c) 385.0 cm™* and (d) 409.0 cm™}, and MoS, triangles located at (e) 380.0 cm ! and (f) 407.0 ecm ™.

Transferred thin MeS,

= As grown thin 2D MeS, d
Transferred thin 2D MoS, A, (I

A P I
1
d

# sapphire

Raman Intensity (a.u.)
Raman Intensity (a.u.)

As grown thick 2D Mo§,
— Transferred thick 2D MosS,

e 4= As grown MoS, nanoribbon f
Transferred MoS, nanofibbon

1AL,

Raman Intensity (a.u.)

T sapphire

360 380 400 420 440 360 380
Raman shift (cm™)

400 420 440 360 380 400 420 440
Raman shift (cm™)

Raman shift (¢cm™)

Fig. 7. Optical images and Raman spectra of the strained (as-grown) and unstrained (transferred) MoS,. (a-c) Optical images of the transferred MoS, triangles and
nanoribbons. The cross mark with a small dot in the middle indicates the position of the laser beam. (d-f) Raman spectra of various MoS; crystals before and after the
transfer, namely 2D-MoS; (d), thick multilayer triangular MoS (e), and MoS, nanoribbons (f). Black and red curves show the spectra of the as-grown and transferred

samples. Blue and red arrows indicate the blue and red Raman shifts, respectively.

shown in Fig. 7d reveals a blueshift of the Eﬁg mode of 4.5 cm™! and a
redshift of the A;g mode of 1.8 cm ™! between the transferred and the as-
grown 2D MoS,. This corresponds to a Ak value of 20.7 cm ~! for the
transferred specimen characteristic of a CVD-grown monolayer MoSs. A
similar trend was observed for the other transferred specimens. How-
ever, we note that the shift of the A;g and E%g Raman modes in multilayer
triangles and nanoribbons MoS; is much less pronounced than for the
monolayer counterparts (Fig. 7e,f). Figs. S12 and S13 show multilayer

triangular crystals of MoS; and some additional Raman spectra obtained
from distinct regions with nanoribbons and monolayers (Figs. S14, S15).

The softening of the Eﬁg and hardening of the Aj; Raman modes, as
well as the broadening of the Raman peaks, are a clear indication of the
presence of strain in the as-grown MoS; monolayers [50-52]. A similar
shift in the in-plane Eﬁg Raman mode of MoS; was observed by McCreary
etal.[53], i.e, 5.2cm ! as compared to our work of 3.5 cm™ L. Under a
strain of 1.49 %, Li et al. reported a redshift of the Eﬁg peak of 11.1 cm ™!
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with an average slope of about 7.4 cm % strain [54], which is also
much larger than our data. Upon transfer, the strain within the mono-
layers is effectively released, and Raman spectra closely match those of
the CVD monolayers [46,55]. Lastly, the Aj mode related to the out-of-
plane vibrations of the sulfur atoms in the lattice is less sensitive to strain
than the in-plane E§g Raman mode. The shift of the Aj, can be attributed
to residual doping due to the presence of Na-containing residues on the
surface [56] (Fig. S3).

We note that the strain measured in the 2D MoS;, triangles is biaxial
and not uniaxial, as we do not observe a measurable splitting of the E°
mode as the strain breaks the symmetry of the crystal [57,54]. In this
work, the specimens were cooled from the growth temperature of 900 °C
at a rate of 20 °C/min. This natural cooling rate is sufficient to induce
built-in strain in MoSy; due to the mismatch between the thermal
expansion coefficient (TEC) of sapphire and MoS; [58]. Indeed, sapphire
has a TCE of 5.5 x 10 K}, which is 10 times larger than MoS of 0.5 x
107°k~1 [59]. We must note, however, that the reported TECs of MoS,
vary broadly in the literature. Lin et al. estimated a TCE of 0.5 x
107%k1! [59], Su et al. reported an in-plane TEC of MoS; is 2.48 x
107°k~! at room temperature [60], whereas Lu et al. reported a TEC of
8.2 x 10 °K! [61]. These discrepancies arise from the difference in the
biaxial strain coefficient of the Raman mode employed in the calcula-
tions and whether the effect of the substrate is considered.

The Raman spectra of the multilayer triangular and nanoribbon
crystals are also affected by strain. The strain is linearly dependent on
the thickness of the layered material. Hence, the smaller strain observed
in the thick triangles of MoS, could be understood as the variation of
local strain with increasing crystal thickness [62]. In the case of the
nanoribbons, the mechanical strain may be more effective along the
expansion direction of the nanoribbons. We hypothesise that the built-in
strain in nanoribbons is released via fracturing, as indicated in the AFM
images in Fig. 4. The abnormal behaviour of nanoribbons is not fully
understood, nor is the role of defects in the thermal stability of the
nanoribbons at elevated temperatures. Future studies must be conducted
to shed light on the interplay between nanoribbon dimensions and their
dependence on the thermal expansion coefficient.

4. Conclusion

In summary, we have demonstrated the growth of oriented multi-
layer MoS; nanoribbons using a NaF-assisted process via the sulfurisa-
tion of PLD-grown MoO, solid oxide precursors in a sulfur-rich
environment. The process results in the formation of multilayer MoS,
nanoribbons, together with a large amount of mono- and multilayer
MoS; triangular crystals. The as-synthesized nanoribbons exhibit a
typical width of up to 800 nm and length of 10-20 pm, resulting in a
width-to-length ratio of nearly 30. The nanoribbons feature a tree-like
structure with three-, four-, and multi-directions with a V-shape of 60°
and 120° or a Y-shape with 120°. Raman spectroscopy mapping reveals a
considerable biaxial strain in the as-grown specimens. The highest strain
is observed in the as-grown 2D MoS; crystals and is effectively released
upon transfer. Lastly, in the case of the MoSy nanoribbons, the built-in
strain is likely released via the rupture of the nanostructures. Our
work depicts a step toward understanding the different growth modes
observed in the metal-halide-assisted CVD process for TMD synthesis.
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