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ABSTRACT This study reports the growth of aligned
monolayer molybdenum disulfide (MoS2) ribbons on a sap-
phire substrate via NaOH-assisted chemical vapor deposition.
The length of MoS2 ribbon is up to 400 μm. The MoS2 ribbon
has excellent single crystal properties, a carrier mobility of ~
150 cm2 V−1 s−1, and a optical response of 103 mA W−1 at a
wavelength of 550 nm. The growth model of MoS2 ribbons was
given. NaOH reacts with MoO3 to form sodium molybdate
droplets, which increase the fluidity of the molybdenum
source on the substrate, realizing the vapor–liquid–solid
growth of MoS2 on sapphire. The monolayer MoS2 ribbons
have two kinds of arrangements on the sapphire substrate, one
is the oriented growth affected by the interlayer van der Waals
force and the lattice, and the other is the aligned growth
constrained by the sapphire step. Our results promote the
basic research and device applications of MoS2, and introduce
a new way of synthesizing other one dimensional (1D) and 2D
nanostructures.

Keywords: MoS2, aligned ribbons, vapor-liquid-solid, step, epi-
taxy

INTRODUCTION
Two dimensional (2D) transition metal dichalcogenides
(TMDCs) have received attention because of their unique
properties [1–3]. Molybdenum disulfide (MoS2) is a ty-
pical TMDC with the atomic layer thickness and excellent
optoelectronic performance. It has huge potential appli-
cations in optoelectronic devices, flexible electronic de-

vices, transistors, and sensors [4–7]. Many efforts have
been made on the controllable preparation of MoS2 films,
including changing the source mode, growth mode,
substrate selection and introducing precursor promoters
[8–10]. The controllable synthesis of MoS2 opens up a
prospect for exploring its basic physical properties and
practical device applications [11–14]. To date, the control
of MoS2 size, morphology, number of layers, and crystal
orientation still remains a challenge.
Chemical vapor deposition (CVD) is the universal

route for preparing many TMDCs and other 2D materials
[15–18]. The microscopic mechanism of CVD is that the
precursor of gas/vapor phase nucleates and then re-
generates into films on the substrate [19]. A new molten
salt-assisted CVD method for growing TMDCs has re-
cently attracted attention [20–25]. The introduction of
alkali metal promoter can effectively enhance the lateral
growth of the film, making it a unique method for ob-
taining large-size single crystals. Zhou et al. [26] reported
that the molten salt-assisted CVD can be applied for the
synthesis of a wide variety of 2D TMDCs. The main
mechanism is that the introduction of salt decreases the
melting point of reactants and promotes the formation of
intermediate products, thereby increasing the growth
speed. Yang et al. [27] found that the adsorption of Na+

on the edge of MoS2 domains decreased the energy bar-
rier and thus increased the growth rate. In addition to
promoting lateral growth ability, the introduction of so-
dium-containing salts greatly affects the morphology and
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crystal orientation of MoS2. Li et al. [28] obtained highly
crystalline anisotropic monolayer MoS2 nanoribbons on
NaCl crystal substrates or MoS2 continuous films. The
presence of NaCl causes the original vapor–solid–solid
(VSS) growth mode to transfer to the vapor–liquid–solid
(VLS) growth mode. In addition, Chen et al. [29] ob-
tained oriented MoSe2 nanoribbons on monolayer MoSe2
films and randomly arranged MoSe2 nanoribbons on the
mica with the assistance of NaCl. The width of the MoSe2
nanoribbons can be adjusted from a few hundred nan-
ometers to a few microns by tuning the growth tem-
perature. Although the studies on MoS2 and MoSe2
nanoribbons have been reported, large-area, uniform,
highly crystalline, and highly aligned MoS2 ribbons are
not directly obtained on dielectric substrates, hindering
the application of MoS2 ribbons in electronic and op-
toelectronic devices.
Herein, we report the growth of monolayer MoS2 rib-

bons via NaOH-assisted CVD on sapphire substrates,
which is a typical VLS growth mode (NaOH reacts with
MoO3 at high temperature and forms sodium molybdate
droplets, which increase the mobility of the source on the
substrate). We found that the amount of the introduced
NaOH considerably affects the MoS2 morphology and
orientation distribution on the sapphire substrate. The
length of aligned MoS2 ribbons can reach up to 400 μm.
This study provides a novel idea for preparing 2D
TMDCs ribbon and promotes the application of TMDCs
in high-performance devices.

EXPERIMENTAL SECTION

CVD growth of monolayer MoS2
The S, MoO3 powders mixed with the NaOH crystal and
the substrate were placed in different heating zones in the
furnace. The temperature of S, MoO3, and the substrate
were 180, 700, and 850°C, respectively. Moreover, the
carrier gas was 100 sccm of Ar, and the pressure was
maintained at approximately 15 kPa during the growth.
The furnace rapidly cooled down to room temperature
after 8 min of growth.

Characterizations
A scanning electron microscope (SEM, Zeiss Super 55)
with a voltage of 1.5 kV was used to collect SEM images.
Raman spectra were detected by a Thermo-Fisher DXR
532 nm Filter Micro-Raman system. Atomic force mi-
croscopy (AFM, Bruker Dimension Icon) was conducted
by tapping mode in air. Photoluminescence (PL) spec-
troscopy was performed using a WITec alpha300RS

spectrometer equipped with a 532 nm excited line. PL
spectra were collected under a laser power of ∼0.433 mW
with the integration time of ∼10 s. The energies of the PL
maps were centered at the A-exciton peak. Surface ana-
lysis of the catalysts was performed by X-ragy photo-
electron spectroscopy (XPS) using a Thermo-Fischer
ESCALAB 250X photoelectron spectrometer. The spectra
were recorded using monochromated X-ray irradiation
Al Kα (hv=1486.7 eV) and a 180° double-focusing
hemispherical analyzer with a six-channel detector. In the
XPS measurements, the binding energies of the photo-
emission spectra were calibrated against the C 1s peak of
adventitious carbon at 284.8 eV. A JEM-2100F field
emission transmission electron microscope (TEM) with
an acceleration voltage of 200 kV was used to collect high
resolution TEM (HRTEM) images.

Fabrication of MoS2 Hall devices
The standard electron beam lithography was performed
to fabricate the Hall bar structure device (10 nm Ti/
100 nm Au), with sapphire as the substrate, the width of
the MoS2 channel of 1.5 μm, and the length of the MoS2
channel of 2.2 μm.

Fabrication of MoS2 photodetector devices
The physical vapor deposition (thermal evaporation) was
conducted to fabricate the device with a 150 μm-wide
active channel and a length of 2 mm. The substrate was
sapphire, and 50 nm-thick Au layers were coated on the
surface as a pair of electrodes.

RESULTS AND DISSCUSION

Characterizations of aligned MoS2 ribbons
The growth of monolayer MoS2 ribbons was achieved via
the NaOH-assisted CVD. Highly polished and clean C-
plane sapphire, with a miscut orientation of C-axis [0001]
and tiled M-axis of 0.2°±0.1°, was selected as the sub-
strate. The setup, a three-temperature zone CVD tube
furnace, was used for the CVD growth as illustrated in
Fig. 1a. A typical optical image of MoS2 ribbons with
certain orientation on sapphire is shown in Fig. 1b. The
widths of MoS2 ribbons are several microns, and the
lengths are approximately 80 µm. Fig. 1c shows the SEM
image of the MoS2 ribbons, and the independent ribbons
appear as parallel. Fig. 1d shows the AFM topography
image of the synthesized MoS2 ribbon. The synthesized
MoS2 ribbon is monolayer with a thickness of 0.95 nm.
The XPS spectra further proved those ribbons are MoS2.
As shown in Fig. 1e, Mo 3d has two peaks at 229.5 and
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232.5 eV, corresponding to the double peaks of Mo 3d5/2
and Mo 3d3/2, respectively. The peak at 226.7 eV is at-
tributed to S 2s. The results are consistent with the re-
ported values of MoS2 crystals [30–32]. In addition, the
peak value of the Na 1s was detected on the surface of
substrate as shown in Fig. 1f, indicating that Na com-
pounds were generated in the reactant.
Two methods were used to investigate the single crys-

talline properties of the aligned MoS2 ribbons. First, the
ribbons were transferred onto the copper grid to conduct
the TEM test. Fig. 2a shows the low-magnification TEM
image of MoS2 ribbons. Selected area electron diffraction
(SAED) was further used to characterize the single crystal
structure of MoS2 ribbons. Four positions marked by 1, 2,
3 and 4 on the ribbon in Fig. 2a were selected. Fig. 2b–e
show that the SAED patterns at these four positions. They
all have six-fold symmetry and are completely coincident
with no off-angle, indicating that the MoS2 ribbon is a
single crystal. Etching techniques have been widely used
to detect the quality and crystallinity of 2D materials,
especially for graphene and TMDC materials [33–35].
Yamamoto et al. [36] introduced oxygen treatment to
MoS2 thin films and found uniform orientation of tri-
angular holes appearing on the surface of the thin film.

Herein, a similar strategy was implemented to detect the
crystallinity of the whole ribbon in the range of hundred
microns from the orientation of etching pits. Samples
were etched for 20 min at 500°C with 0.1% oxygen with
200 sccm. Fig. 2f shows the low-magnification SEM image
of the ribbon after etching. The emergence of etching
stripes is attributed to the large difference in thermal
expansion coefficient between MoS2 and sapphire [37].
The presence of strain reduces the stability of the ribbon
and creates cracks under oxygen etching conditions.
Fig. 2g reveals the high-magnification diagram of the red
box area in Fig. 2f. The triangular etching holes remain in
uniform orientation, indicating that the synthesized MoS2
ribbon is a single crystal.
We also evaluated the electrical and optical properties

of MoS2 ribbons on the sapphire substrate. The electrical
transports were measured by fabricating the Hall bar
structure devices on the ribbon. As shown in Fig. 3a, the
resistance of the Hall devices was plotted as a function of
magnetic field, which was measured at 300 K, and the
embedded diagram in Fig. 3a shows the device structure.
The carrier mobility of the ribbon was obtained under
the changing magnetic field from the standard Hall
equation:

Figure 1 (a) Schematic illustration of CVD setup for MoS2 ribbon growth. (b) Typical optical image of MoS2 ribbons grown with the assistance of
NaOH. (c) SEM image of the MoS2 ribbons. (d) AFM topography image of monolayer MoS2 ribbon. The inset is the height profile plotted alone a
white line. (e) XPS spectra of the Mo 3d and S 2s regions for monolayer MoS2 ribbons. (f) XPS spectra of the Na 1s region of the sapphire surface after
reaction.
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where RH represents the Hall coefficient, σ is the electrical

conductivity, β is the magnetic field, L is the length of
channel, W represents the width of channel, RXY is the
Hall resistance, and RXX is the longitude resistance. As

Figure 2 (a) Low-magnification TEM image of the MoS2 ribbon. (b–e) Corresponding MoS2 SAED patterns of different positions as marked by 1, 2,
3, 4 in Fig. 2a. (f) Low-magnification SEM images of monolayer MoS2 ribbon after O2 etching at 500°C. (g) High-magnification SEM images of the red
box area in Fig. 2f, showing the triangular etching holes with uniform orientation.

Figure 3 Evaluation of the electrical and optical properties of MoS2 ribbons on sapphire. (a) Typical resistance of the MoS2 Hall bar structure
measured at 300 K under varying magnetic fields, where the inset shows an optical image of the device. (b) Carrier mobility of the ribbons under the
changing magnetic field. (c) Optical image of the photoresponse device. (d) Photoresponsivity of the MoS2 ribbon under different wavelengths.
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shown in Fig. 3b, the measured carrier mobility is ap-
proximately 150 cm2 V−1 s−1 at room temperature, in-
dicating that the monolayer MoS2 ribbon has a perfect
electrical property. For the photodetector, the photo-
responsivity (R) and the range of test spectra are im-
portant parameters that evaluate the ability of converting
the light signals into electrical signals. Rλ is defined as

R I
P= , (2)Ph

light

where I I I=ph illumination dark is the photocurrent, Plight is
the power of incident laser, and Rλ is the photo-
responsivity measured in the unit of mA W−1. Fig. 3c
shows the device structure. The photoresponsivity values
at different wavelengths calculated using the Equation (2)

are shown in Fig. 3d. When the wavelength exceeded
750 nm, the photoresponsivity value was almost negli-
gible because the incident energy was insufficient to sti-
mulate the photon transition. When the wavelength was
550 nm, the photoresponsivity value was 103 mA W−1,
which was similar to the value reported in previous stu-
dies [38,39].

Mechanism of the VLS growth of MoS2 ribbons

Effects of NaOH concentration on the morphology and
orientation of MoS2 ribbons
The amount of NaOH influenced the morphology and
orientation of the MoS2 ribbons. Fig. 4a–h are the optical

Figure 4 Changes in MoS2 morphology and orientation with the increase in the amount of the introduced NaOH. (a) Without NaOH: oriented
triangular MoS2 domains with a size of 10 μm. (b) Very low NaOH content (1.5 mg): the size of triangular MoS2 domains increased to 50 μm and
appeared disordered, with the disordered domains marked by blue. (c) Low NaOH content (2.5 mg): oriented MoS2 ribbons with the length of
300 μm. (d) More NaOH content (4 mg): aligned MoS2 ribbons and a small fraction of disordered ribbons. (e) Increase in growth temperature: the
majority of MoS2 ribbons were aligned. (f) Continue to increase NaOH content (7 mg): proportion of aligned ribbons decreased and the width of the
ribbons increased. Ribbons marked by red started to appear disordered. (g) Much more NaOH content (10 mg): disordered ribbons with their widths
increased. (h) Excess NaOH content (14 mg): MoS2 triangle with huge size and random directions. (i) The oriented MoS2 ribbons on monolayer MoS2
film.
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images of MoS2 ribbons grown with the increase in
NaOH amount. Fig. 4a describes the triangular MoS2
domains without the introduction of NaOH and the
molybdenum-sulfur ratio is 5 mg:200 mg. The triangular
MoS2 epitaxially grows on the sapphire substrate and has
a size of 10 μm. The dominant edge orientations are 0°
and ±60° with the ratio of 1:1. The strong van der Waals
interaction between MoS2 and sapphire controlls the
lattice orientation of MoS2. In Fig. 4b, minimal amount of
NaOH was introduced during the experiment. Before the
growth process, 1.5 mg NaOH was mixed with 5 mg
MoO3 powders and kept other growth conditions un-
changed. The morphology of MoS2 remained triangular,
but the MoS2 domains had considerable breakthrough in
size. Alkali metal cations can promote the lateral growth
of MoS2. The majority of single crystal MoS2 remained
oriented on the substrate, but a small fraction of domains
appeared disordered as marked by blue in Fig. 4b. When
the NaOH content was increased (2.5 mg NaOH and
5 mg MoO3), the oriented MoS2 ribbons appeared on the
substrate, as shown in Fig. 4c. The ribbons exhibited three
main directions on the substrate with a ratio of 1:1:1, and
the included angle was 120° or 60°. Additional char-
acterizations are shown in the Supplementary informa-
tion (Fig. S1). In Fig. 4d, as the NaOH content continued
to increase (4 mg NaOH and 5 mg MoO3), the arrange-
ment of MoS2 ribbons changed from oriented to aligned
on the sapphire. Only a few ribbons marked with red lines
arranged in other directions. As shown in Fig. 4e, a large
range of aligned MoS2 ribbons were obtained by in-
creasing the growth temperature. In Fig. 4f, when higher
amount of NaOH was introduced to the reaction (7 mg

NaOH and 5 mg MoO3), the proportion of aligned rib-
bons decreased and the width of the ribbons increased. In
local area, some ribbons marked by red started to appear
disordered. In Fig. 4g, the number of ribbons decreased
and they exhibited random directions when the NaOH
content continued to increase (10 mg NaOH and 5 mg
MoO3). In Fig. 4h, when the NaOH content was excessive
(14 mg NaOH and 5 mg MoO3), only large triangular
MoS2 domains and continuous films were obtained on
the sapphire. The size of triangular MoS2 domains was up
to 100 μm, but they exhibited random directions. As
shown in Fig. 4i, the oriented monolayer MoS2 ribbons
could also be acquired on the MoS2 continuous films in
the sample of Fig. 4h; their predominant growth direc-
tions were 60° or 120°. SEM, AFM, and Raman char-
acterization results are shown in Fig. S2. Li et al. [28]
found that the oriented ribbons were induced by the
orientation of the underlying MoS2 crystal.

Interaction between MoS2 and sapphire
PL and Raman spectra were conducted under different
amounts of NaOH to determine the growth mechanism
of MoS2 ribbons via the NaOH-assisted CVD. The strain
in MoS2 ribbons and the interaction with the substrate
were analyzed by comparing the shifts in peaks of PL and
Raman spectra.
As shown in Fig. 5a, the PL spectra of MoS2 were ob-

tained at room temperature. With regard to the oriented
triangular MoS2 domains obtained without the in-
troduction of NaOH in Fig. 4a, an A-exciton peak at
1.88 eV was observed. This peak is the typical PL peak
position of CVD-grown MoS2. By comparison, the PL

Figure 5 PL and Raman characterizations of MoS2 ribbons and triangles. (a) The PL spectra of aligned MoS2 ribbons show red shift when NaOH was
introduced. (b) Comparison of Raman spectra between MoS2 ribbons and triangles. The spectra of oriented triangle, oriented ribbon, and aligned
ribbon are shown by blue, red, and black curves, respectively.
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peak of the aligned MoS2 ribbons in Fig. 4e shows a red
shift of 40 meV. Liu et al. [40] systematically character-
ized the CVD-grown MoS2 by PL spectroscopy and re-
vealed that the tensile strain in MoS2 domains can be
identified by the shifting of PL peak. Density functional
theory (DFT) calculations also established the linear re-
lationship between the PL peak shifting and the strain
variations in MoS2, and the linear coefficient was ap-
proximately −44 meV per % strain (negative sign in-
dicates redshift). Conley et al. [7] and Castellanos-Gomez
et al. [41] measured the linear coefficients between the PL
peak shifting and strain in MoS2 and found that they were
about −45 and −36 meV per % strain, respectively. Ac-
cording to the above calculation and experimental results
reported previously, the aligned monolayer MoS2 ribbons
possibly suffered from approximately 1% tensile strain
compared with oriented triangles.
E2g

1 and A1g are the two main active modes in Raman
spectra of MoS2. E2g

1 mode corresponds to the in-plane
vibration and A1g represents the out-of-plane lattice ex-
pansion [42]. The two vibration modes provide the in-
formation on the strain in the samples and the strength of
van der Waals interaction between MoS2 and the sub-
strate. Raman characterizations of the oriented triangular
MoS2 domain, oriented MoS2 ribbon and aligned MoS2
ribbon in Fig. 4a, c, e were conducted. The results are
shown in black, red, and blue curves in Fig. 5b.
Comparison of the blue and red curves indicated very

small difference in the position of Raman characteristic
peaks between the oriented MoS2 ribbons and the or-
iented triangular MoS2 domains, revealing that MoS2
suffered from the consistent strain in both cases. In
Fig. 5b, a red shift of E2g

1 from 386 cm−1 to 384 cm−1

occurs, by comparing the blue and black curves. When
tensile strain was applied to monolayer MoS2, the E2g

1

mode would experience red shift or even split [43]. The
red shift of E2g

1 suggests that the aligned MoS2 ribbons
suffered from considerable tensile strain, which may be
caused by the thermal and lattice mismatch between
MoS2 and the sapphire substrate. Rice et al. [44] linearly
fitted the relationship between the peak position shifting
and strain based on DFT, and found that the red-shift
coefficient of monolayer MoS2 E2g

1 mode was −2.1 cm−1

per % strain. Wang et al. [45] conducted micro-Raman
spectroscopy of MoS2 on flexible matrix polyethylene
terephthalate under controllable uniaxial tensile strain,
and confirmed this linear results. In Fig. 5b, the peak of
the aligned monolayer MoS2 ribbon shows a red shift of
2 cm−1, which is subjected to 1% tensile strain. The results
of Raman and PL are consistent, further verifying the

tensile strain in the aligned MoS2 ribbons.
Zhou et al. [46] suggested that the out-of-plane Raman

vibration depended on the interactions with the adjacent
material; the shift of A1g showed the strength of the van
der Waals interaction between MoS2 and the substrate. As
shown in Fig. 5b, A1g displays red shifts from 405.7, 406.1
to 404 cm−1 by comparing the blue, red and the black
curves. We concluded that the oriented triangular MoS2
domains in Fig. 4a and the oriented MoS2 ribbons in
Fig. 4c exhibited stronger van der Waals interactions with
the substrate. By contrast, the aligned MoS2 ribbons
showed weak van der Waals interaction with the sap-
phire. The weakening of the interaction should be related
to the changes in MoS2 shape and orientation.

Growth models of aligned MoS2 ribbons
Without NaOH, the CVD growth of MoS2 exhibited a
typical VSS growth mode. S and MoO3 are transported
through the gas phase to the surface of the sapphire
substrate to form atomic-level monolayer MoS2 clusters
[9]. The MoS2 clusters maintain a certain degree of ro-
tation/translation with respect to the surface due to the
weak van der Waals interaction with the substrate at the
initial stage of growth [47]. In the end, those clusters are
pinned down in the most stable orientation with the
substrate when they reach a certain size. As shown on the
left side of Fig. 6a, the triangular MoS2 domains exhibit
two preferential orientations of 0° and 60° parallel to the
sapphire substrate direction [11−20].
The introduction of NaOH causes the growth me-

chanism to transfer to VLS deposition. A possible reac-
tion route is as follows:
MoO3 + 2NaOH → Na2MoO4 (L) + H2O, (3)
Na2MoO4 (L) + 5S → MoS2 + Na2S + 2SO2. (4)
MoS2 ribbons form on the substrate when the

Na2MoO4 droplets crawl on the surface [9]. The assis-
tance of Na+ reduces the reaction energy required for the
generation of MoS2 [24,20]. The MoS2 clusters grow ra-
pidly, and not enough time is available to adjust the or-
ientation relationship with the sapphire substrate like in
the VSS mode. Consequently, the original epitaxial re-
lationship between MoS2 and the sapphire substrate is
broken. The introduction of NaOH offsets the most stable
arrangement of MoS2 on the substrate so as to change the
interactions with sapphire, resulting in the shifts of Ra-
man and PL characteristic peaks.
The orientation of MoS2 ribbons on C-plane sapphire

can be divided into two cases, namely, oriented and
aligned arrangement. In the first case, the MoS2 ribbons
are oriented on the substrate in three directions with an
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included angle of 60° or 120°, as shown in Fig. 4c. The
diagram of the oriented MoS2 ribbons on the (0001)
surface of sapphire is given on the right side of Fig. 6a.
Compared with the arrangement of the oriented trian-
gular MoS2 domains, the growth directions of the ribbons
are along the center to the vertex of triangular MoS2, and
the angles between the ribbons and the sapphire [11−20]
direction are ±30° and 90°. This result is determined by
the mechanism of the crystal growth. The CVD growth of
MoS2 is a typical anisotropic growth. MoS2 grows fast in
these three directions, and thus the ribbons are oriented
in these three directions. Regardless of the oriented MoS2
ribbons or oriented triangular MoS2 domains on sap-
phire, the oriented growth is determined by a single
epitaxial relationship between the sapphire and MoS2 in
the strongest direction. The small lattice mismatch and
the van der Waals interaction between MoS2 and the
sapphire play key roles. Similar to the growth of tin-
doped indium oxide (ITO) nanowires on yttria-stabilized
zirconia substrate reported by Shen et al. [48], in the gold

nanoparticle-catalyzed VLS growth mode, the growth
direction and crystallization orientation of ITO were af-
fected by the epitaxial relationship between nanowires
and substrate.
In the second case, the MoS2 ribbons are aligned on the

sapphire substrate. We focused on the growth mechanism
of the aligned MoS2 ribbons in this case. To eliminate the
influence of airflow on the directions of the synthesized
MoS2 ribbons, we adjusted the angle between the airflow
and substrate during growth. However, we found that the
MoS2 ribbons still grew in a fixed direction on the sub-
strate. Thus, this determined aligned growth direction
was controlled by the sapphire substrate itself. More de-
tails are shown in Fig. S3.
AFM was used to characterize the surface of the C-

plane sapphire. The surface morphology image of a 1 μm
× 1 μm area is shown in Fig. 6b. The surface shows steps
due to the small miscut induced during the cutting of the
sapphire boule [49]. The step height is about 0.21 nm and
the width is 70 nm. Fig. 6c is a typical AFM height image

Figure 6 Growth models of MoS2 ribbons. (a) Schematic diagram of epitaxial growth of oriented triangular MoS2 domains and ribbons on the (0001)
surface of sapphire. (b) Atomic steps on the sapphire substrate. (c) AFM image of the aligned MoS2 ribbons with small width. The thickness of the
ribbon is 1 nm. (d) AFM image of the red box area, showing the atomic steps on the MoS2 ribbons. (e) AFM image of surface morphology at the
junction of MoS2 ribbons and substrate marked by blue box in (c). (f) Growth schematic diagram of the aligned MoS2 ribbons. (g) Low-magnification
SEM image of bi-directional MoS2 ribbons after oxygen etching. (h) High-magnification SEM image of the red box area in (g), showing the oxygen
etching holes with upward direction. (i) High-magnification SEM image of the yellow box area in (g), showing the downward oxygen etching holes.
The bars in (b–d) are the height profiles plotted along the white lines.
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of the MoS2 ribbon. The thickness of the ribbon is 1 nm,
indicating a monolayer MoS2 ribbon. Fig. 6d shows the
surface morphology of a 1 μm × 1 μm area marked by red
box in Fig. 6c. The surface is atomically flat with atomic
steps because the MoS2 ribbon replicates the step struc-
tures inherent in sapphire. Most importantly, we found
that the step direction was parallel to the direction of the
MoS2 ribbon. To explore this orientation relationship, the
surface morphology at the junction of MoS2 ribbon and
the substrate marked by blue box in Fig. 6c was also
characterized. As shown in Fig. 6e, the direction of the
steps on the substrate, the direction of MoS2 ribbons and
the step direction on the surface of MoS2 ribbons are
completely parallel. To visualize this parallel relationship,
we selected a small-width MoS2 ribbon for measurement
and different widths of ribbons were measured as shown
in Fig. S4. Therefore, the growth of the aligned ribbons
along the sapphire step was proved to be universal. The
formation mechanism of the aligned MoS2 ribbons was
mainly related to the guiding effect of the C-plane sap-
phire surface steps caused by miscut.
The schematic growth diagram of the aligned ribbons is

given in Fig. 6f. The competition between lattice-directed
and nanostep directed modes during single-walled carbon
nanotube (SWNT) growth has been observed on both
sapphire and quartz substrates [50,51]. Owing to the in-
troduction of the increased amounts of NaOH, the
fluidity of Na2MoO4 droplet was further enhanced, re-
sulting in rapid crawling of the droplets along the steps.
When S vapor were dissolved into the Na2MoO4 droplets
until saturation, MoS2 clusters were precipitated at the
steps and MoS2 ribbons grew along the steps. However, in
the direction perpendicular to the step, the energy re-
quired for growing across the step was higher and the
growth rate was slower than growing along the step di-
rection [52]. With the increase in the amount of the in-
troduced NaOH, the van der Waals interaction between
MoS2 and sapphire became weaker. Nanostep directed
mode was dominant, and the guided growth of MoS2
ribbons changed from six directions to bi-directions.
Thus, step-guided ribbons were obtained. The coopera-
tion and competition between the two modes resulted in
the disordered ribbons in Fig. 4d, f. David et al. [53]
reported the VLS growth of aligned GaN nanowires on
different sapphire planes by introducing nanosteps, which
was named as the graphoepitaxial effect. The growth
mechanism of aligned MoS2 ribbons is similar to the
graphoepitaxial effect. The existence of steps breaks the
van der Waals epitaxial relationship between MoS2 and
sapphire, which can induce the ribbons to grow with

different epitaxial relationships and crystallizations.
We found that the growth direction of the adjacent

ribbons was in opposite directions. Additional char-
acterizations are shown in Fig. S5. Oxygen etching was
performed to detect the orientation relationship of the
two adjacent MoS2 ribbons. Fig. 6g is the low-magnifi-
cation SEM image of the aligned ribbons after oxygen
etching. Fig. 6h, i are the high-magnification SEM images
of red and yellow box areas in Fig. 6g, respectively. The
direction of etching holes in these two areas are opposite
with a difference of 180°, suggesting that the orientation
relationship between the two adjacent MoS2 ribbons is
similar to that of oriented triangular MoS2 domains with
the orientation of 0° and 60°. In addition, MoS2 nanor-
ibbons are not obtained on the sapphire substrate. A
possible reason is that the introduction of NaOH en-
hances the lateral growth speed of MoS2. The eutectic
intermediate containing alkali molybdate and molybde-
num oxides has a low melting point, which could facil-
itate their mobility and lateral growth [21], weakening the
epitaxial control from substrate and graphoepitaxial guide
from surface steps. Thus, the triangular MoS2 domains
with large size and random arrangements were obtained
when a large amount of NaOH was introduced.

CONCLUSION
In summary, we successfully prepared MoS2 ribbons on
sapphire substrates via the NaOH-assisted CVD method.
The amount of the introduced NaOH played an im-
portant role in controlling the morphology and orienta-
tion of MoS2. This process can realize continuous
adjustment from oriented triangular domains to oriented
MoS2 ribbons induced by van der Waals interaction, and
to aligned MoS2 ribbons induced by surface steps and
large-sized triangular MoS2 domains. The aligned MoS2
ribbons have high electronic mobility and perfect optical
response. The possible growth mechanism of the aligned
MoS2 ribbons was also analyzed. Our work advances the
fundamental research on MoS2 ribbons and their appli-
cations in electronics and optoelectronic devices. The
present study also propels the realization of an array of
devices.
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蓝宝石衬底上NaOH辅助CVD法制备有序单层
MoS2条带
胡诗珂1,2†, 李晶1,2†, 展肖依1,2, 王爽1,2, 雷龙彪1,2, 梁逸俭1,2,
康鹤1,2, 张燕辉1,陈志蓥1,隋妍萍1,姜达1,于广辉1,2*,彭松昂3,
金志3, 刘新宇3

摘要 本文报道了一种在蓝宝石衬底上NaOH辅助化学气相沉积
(CVD)生长有序排列单层MoS2条带的方法. MoS2条带具有优良的
单晶性, 其载流子迁移率为~150 cm2 V−1 s−1, 在550 nm波长下的光
学响应为103 mA W−1. 单层MoS2条带在蓝宝石衬底上具有两种生
长方式, 其中一种为受层间范德华力以及晶格影响的取向生长, 另
一种为受蓝宝石台阶约束的平行生长. NaOH的引入量对MoS2形态
与取向起重要作用, 可以实现从取向性三角形晶畴, 受衬底晶格影
响的取向MoS2条带, 受衬底台阶约束的平行条带, 再到大尺寸杂乱
取向三角形晶畴的连续可调. 本文的结果有利于推动MoS2的基础
研究及器件应用, 也为合成其他一维和二维纳米结构开辟了新途
径.
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