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ABSTRACT: Monolayer molybdenum disulfide (MoS2)
has attracted great interest due to its potential applications
in electronics and optoelectronics. Ideally, single-crystal
growth over a large area is necessary to preserve its
intrinsic figure of merit but is very challenging to achieve.
Here, we report an oxygen-assisted chemical vapor
deposition method for growth of single-crystal monolayer
MoS2. We found that the growth of MoS2 domains can be
greatly improved by introducing a small amount of oxygen
into the growth environment. Triangular monolayer MoS2
domains can be achieved with sizes up to ∼350 μm and a
room-temperature mobility up to ∼90 cm2/(V·s) on SiO2.
The role of oxygen is not only to effectively prevent the
poisoning of precursors but also to eliminate defects
during the growth. Our work provides an advanced
method for high-quality single-crystal monolayer MoS2
growth.

Two-dimensional (2D) crystals of transition metal dichalco-
genides (TMDs) are an emerging class of materials with

unique properties, making them useful as building blocks for
novel electronic and optoelectronic devices.1 For example,
monolayer molybdenum disulfide (MoS2), a representative
TMD, has been demonstrated to be very promising for field
effect transistors (FETs),2 spin and valley devices,3 photo-
detectors,4 memristors,5 and piezotronics.6 Recently, to obtain
an electronic-level monolayer MoS2, various approaches have
been developed, including exfoliation from the bulk material,7

chemical vapor deposition (CVD),8 and metal−organic CVD.9

In particular, the CVD approach has potential in low-cost and
scaled-up production; thus it has attracted much research
interest. However, regardless of different CVD precursors and
growth recipes, the MoS2 monolayer is composed of non-
uniform separated triangular domains, with the largest single
triangular domain of ∼123 μm.8b Although polycrystalline films
can be obtained on either SiO2 or sapphire substrates, the
crystalline grains are typically <1 μm, and the carrier mobility is
rather low due to the presence of a large amount of domain

boundaries.8c,d Therefore, the growth of large MoS2 single
crystals is highly desired.
Here, we report the successful growth of large-grain and high-

quality monolayer MoS2 on c-face sapphire via an oxygen-
assisted (OA) CVD method. The presence of a small amount of
oxygen during growth can largely suppress the MoS2 nucleation
density and meanwhile prevent poisoning of the MoO3
precursor10 to enable large domain growth. The resulting
single-crystal monolayer triangle MoS2 domains have the largest
size of ∼350 μm and a room-temperature (RT) mobility of ∼90
cm2/(V·s) on SiO2; both characteristics are the highest ever
reported.
The growth of MoS2 was carried out in a modified CVD setup

as depicted in Figure S1. Unlike the widely used setup in which
substrates are put face-down above theMoO3 source, the present
setup uses a three-zone furnace for the growth (see experimental
details in the Supporting Information). Prior to the growth
process, sapphire substrates (c-face) were first rinsed in acetone
and isopropanol and then annealed in a vacuum at 1100−1200
°C for 3 h to clean the surface. After annealing, a clean and
atomically flat surface is obtained (refer to Figure S2). The
surface structure of c-face sapphire has the same symmetry as the
MoS2 lattice structure, thus facilitating the epitaxial growth of
single-crystal MoS2. 100-sccm Ar and a small amount of O2 were
used as carrier gas, and the growth pressure was kept at 0.5 Torr.
Typical temperatures of sulfur, MoO3, and the substrate are kept
at 115, 530, and 850 °C, respectively, during growth. Figure 1a−c
shows optical microscopy images of MoS2 grown on sapphire
substrates for 30 min with the O2 flow rate varying from 0 to 2
sccm. From the atomic force microscopy (AFM) image in Figure
1a, we can clearly see that a large amount of MoS2 particles were
grown on both the substrate and MoS2 when no oxygen carrier
gas was introduced. As a comparison, a uniform and 100%
coverage monolayer MoS2 film was achieved with 1-sccm O2
introduced into the growth chamber (Figure 1b). The zoomed-in
AFM image of Figure 1b shows that the substrate is fully covered,
clean (contamination-free), uniform (wrinkle-free), and ultraflat,
with a surface roughness∼0.1 nm. Those terraces showing in the
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image reflect the stepped surface of c-face sapphire, as shown in
Figure S3. These results suggest that the small amount of oxygen
could etch off unsteady nuclei and suppress the growth of
nanoparticles or nanotubes.11 The chemical composition of the
monolayer MoS2 film was confirmed by X-ray photoelectron
spectroscopy (XPS; see Figure S5).
With further increasing the O2 flow rate to 2 sccm, the side

length of triangular domain can be as large as ∼350 μm, with a
lateral growth rate of ∼12 μm/min (Figure 1c). To our
knowledge, ∼350 μm is the largest lateral size of 2D MoS2 single
crystals ever achieved. The clean surface of these MoS2 domains
reveals that the adsorption of vaporized precursors on the MoS2
basal plane is not allowed for additional layer growth under this
growth condition. The MoS2 edges are only reactive to facilitate
the enlargement of MoS2 domains. Note that those small and
dense MoS2 nuclei are formed during the cooling-down stage of
the growth process. It is also found that the nucleation density
and the maximum domain size of as-grown MoS2 drop gradually
when the O2 flow rate is further increased from 3 to 5 sccm
(Figure 1d−f).
Raman and photoluminescence (PL) spectra of as-grown

MoS2 samples are shown in Figure 1g,h. The characteristic
Raman peaks of MoS2 grown with O2 locate at 384.6 cm

−1 (in-
plane E2g mode) and 404.3 cm−1 (out-of-plane A1g mode). As a
comparison, they are at 383.0 and 407.8 cm−1 for samples grown
without O2. This narrower frequency difference between the two
Raman peaks (Δ) in the former case is ∼20 cm−1, suggesting the
monolayer nature.12 The PL spectra of the MoS2 samples grown
with O2 show a single sharp excitonic A peak at ∼660 nm (1.88
eV). The strong PL intensity and narrow full width at half-
maximum indicate insignificant defect formation and the
monolayer nature of MoS2.

8b,13

To see the effect of oxygen during the growth, we investigated
the MoS2 growth under 2-sccm O2 flow rate with various growth
durations (Figure S8). The average side lengths (l) of the MoS2
domains are plotted as a function of growth duration (Figure 2a).
We can see that the nucleation density of MoS2 grains is very low
at the beginning (Figure S8a). With increasing growth duration, l
increases (Figure S8b−f). Typically l ≈ 125, 275, and 350 μm
after growth for 10, 20, and 30 min, respectively. Notably, a
further increase of growth duration would lead to etching of the
as-grown domains, as seen by the gradually decreasing domain
sizes (Figure S8g−i) and the etched triangular pits as well (Figure
S9). In particular, the as-grown MoS2 domains can be almost
completely etched off after 60 min growth. Besides, the aligned
triangular pits in a single domain also indicate the single-crystal
nature of these domains.
During growth, MoO3 is reduced by sulfur to facilitate MoS2

deposition on substrate surface.8f It has been demonstrated that
the anisotropic oxidative etching of MoS2 is closely related to
temperature, and oxidation at 400 °C results in complete
conversion to MoO3.

14 In our growth process, a small amount of
O2 is mixed in Ar as carrier gas, and the nucleation density of
MoS2 is substantially decreased through etching off of unsteady
nucleus and chemical oxidation of its edges, where the Mo and S
atoms become MoO3 and SO2 gas molecules. Thus, the growth
process is accompanied by the O2 etching effect.
The relationship between the rates of pure growth/etching of

MoS2 domains and growth duration is demonstrated in Figure
2b. The blue line shows that the growth rate is nearly constant in
the early growth process (<15 min), and then it gradually
decreases. The etching rate is assumed to be constant, depending
only on the oxygen flow rate. As a result, the growth of MoS2 is
only allowed when the growth rate is higher than the etching rate
(blue I region). Notably, on further increase of the growth
duration (>30 min), the etching dominates, and the MoS2
domains start to shrink dramatically (red II region).
In spite of the etching effect, oxygen helps by preventing the

sulfurization of the MoO3 source and guarantees its continuous
evaporation during growth. As we all know, MoS2 has a higher
melting point than MoO3; once the MoO3 source is sulfured,
evaporation stops at the temperature mentioned above. This is a
typical source poisoning process which should be avoided.10

During our growth process, the MoO3 source is protected by
oxygen and can evaporate continuously to prevent poisoning.
The long lifetime of the MoO3 source enables us to effectively
grow MoS2 with very large domain sizes.

Figure 1. Growth of monolayer MoS2 films and large domains at
variable oxygen flow rates. (a−f) Optical images of MoS2 grown on
sapphire for 30 min with O2 flow rate ranging from 0 to 5 sccm. The side
length of the triangular domain is∼350 μm in panel c. The insets in (a−
c) are AFM height images of MoS2 grown on sapphire under different
O2 flow rates (0−2 sccm). A height profile was extracted along the
dashed line shown in panel c. The single domain thickness is ∼0.65 nm,
equal to a monolayer thickness. (g,h) Typical Raman (g) and
photoluminescence (h) spectra of as-grown MoS2 with (red) and
without (black) O2 carrier gas, respectively.

Figure 2. Effect of oxygen on the domain size at various growth
durations. (a) Evolution of the size of single-crystal MoS2 domains as a
function of the growth duration. The blue and red lines represent the
fitting curves. The error bars indicate the variation in size. Typical MoS2
domains grown on sapphire under 2-sccm O2 with various growth
durations are presented in Figure S8. (b) Dependence of pure growth
rate and etching rate of MoS2 domains on the growth duration. Domain
size = growth duration × (growth rate − etching rate). The blue I and
red II regions represent dominant growth and etching during the growth
process, respectively.
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To clarify the structure of monolayer MoS2 domains on
sapphire, we carried out transmission electron microscopy
(TEM) characterizations. An optical image of a single-domain
MoS2 sample transferred onto a TEM grid is shown in Figure 3a.
With aberration-corrected annular dark-field scanning trans-
mission electronmicroscopy (ADF-STEM), we are able to image
the atomic structure of single-crystal MoS2 domains, as shown in
Figure 3b. The brighter/dimmer areas correspond to Mo/S
atoms. From these high-resolution images, we can see that the
single-crystal MoS2 domain has a nearly perfect lattice structure
and that vacancies, topological defects, and dislocations are rarely
seen. The selected area electron diffraction (SAED) patterns
acquired from six representative areas in TEM grid windows
overlaid by the single domains marked by 1−6 are shown in
Figure 3c−h. Hexagonal diffraction spots confirm the presence of
MoS2, and all of the spots have the same crystallographic
orientations, displaying a single-crystalline lattice structure of the
MoS2. We looked at many other domains and found similar
results. The high crystal quality of MoS2 domains is attributed to
the synergistic effect of the growth and etching.15

To evaluate the electrical properties of our single-crystal MoS2
domains, we transferred these largeMoS2 domains from sapphire
onto 300 nm thick SiO2 substrates by wet chemical etching (see
Supporting Information). The typical optical microscopy and
AFM images show that the surface of as-transferred single-
domain MoS2 on SiO2 is very clean and flat (Figures 4a,b and
S12). The AFM image shows that there are only a few particles
and wrinkles on the flat surface. FET devices (schematic shown
in Figure 4c) were then fabricated and annealed at 450 °C for 4 h
in an argon and hydrogen mixture for photoresist residual
removal and better contact before electrical measurements in a
vacuum. Figure 4d,e shows the output and transfer characteristics
of a typical device. The device shows typical n-type behavior, and
linear I−V curves demonstrate ohmic-like contact under low

bias.16 The maximum Ion/Ioff ratio is >107 at RT, and the
threshold voltage is around −20 V. In this study, the single-
domainMoS2 FET is configured in a global back-gated geometry.
The electron mobility of the device is calculated according to the
standard FET model used previously (see Supporting
Information).17 The obtained electron mobility of OACVD-
created single-crystal MoS2 device can be as high as∼90 cm2/(V·
s), which is about double the mobility (45 cm2/(V·s)) reported
for an exfoliated or CVD grown MoS2 domain.

2 It is reported
that the sulfur vacancies could trap electrons, acting as charged
scattering centers and reducing the electron mobility.18 In our
samples, the high mobility indicates very low sulfur vacancies, in
agreement with the TEM characterizations. These results suggest
that our MoS2 has much better crystal quality than previous
exfoliated2 or CVD MoS2 (Table 1).
We also investigated the growth of MoS2 on amorphous

substrate, e.g., 300 nm SiO2 on Si, to demonstrate the
effectiveness of the OACVD growth method. The optical images
and corresponding AFM images of MoS2 grown under different
O2 flow rates are shown in Figure 5.Without the assistance of O2,
a polycrystalline monolayer of MoS2 with homogeneous domain
size of ∼500 nm can be achieved. The growth follows typical 2D

Figure 3. Structural characterizations of single MoS2 domains. (a)
Optical image of the MoS2 domain transferred onto a TEM grid. (b)
Atomic resolution ADF-STEM image of monolayer MoS2, with the
structural model overlaid. The bright and gray spots indicate
molybdenum and two stacked sulfur atoms, respectively. (c−h) SAED
patterns acquired from different areas on the TEM grid labeled 1−6.
These SAED data confirm the single-crystalline nature of the MoS2, as
they show the same set of six-fold-symmetric diffraction points.

Figure 4. Transferred monolayer MoS2 single-domain FET devices.
(a,b) Optical image and AFM image of a triangle MoS2 single domain
transferred onto SiO2/Si substrate. (c) Schematic of the monolayer
MoS2 FET device structure. (d) Output characteristics of the device
with gate voltages sweeping from−20 to 50 V. Inset: optical image of the
device. Device channel length is ∼20 μm. (e) Transfer characteristics of
the device with gate voltages sweeping from −50 to 50 V and bias
varying from 0.25 to 1.25 V. The on/off ratio is ∼107, and Vth ≈ −20 V.

Table 1. Comparison of VariousMoS2 FETs Fabricated on Si/
SiO2 Substrates

a

aLPCVD, low-pressure chemical vapor deposition; MOCVD, metal−
organic chemical vapor deposition; APCVD, atmospheric-pressure
chemical vapor deposition.

Journal of the American Chemical Society Communication

DOI: 10.1021/jacs.5b10519
J. Am. Chem. Soc. 2015, 137, 15632−15635

15634

http://pubs.acs.org/doi/suppl/10.1021/jacs.5b10519/suppl_file/ja5b10519_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b10519/suppl_file/ja5b10519_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b10519/suppl_file/ja5b10519_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b10519/suppl_file/ja5b10519_si_001.pdf
http://dx.doi.org/10.1021/jacs.5b10519


growth, i.e., nucleation, growth, and coalescence, as reported in
our previous work.8c However, after introduction of 0.2-sccmO2,
regular triangular domains appear with a side length of ∼2 μm.
The nucleation density ofMoS2 decreases with further increasing
O2 flow rates to 0.5, 1, and 2 sccm, and the corresponding side
length of triangular domains can be as large as ∼10, ∼20, and
∼40 μm (Figure S13). Besides, the surface of as-grown MoS2 is
clean and free of etched triangular pits (Figure 5g−j). MoS2
domain size increases nearly linearly with growth duration
varying from 3, 6, 8, 10, to 14 min (Figure S14).
We have successfully grown uniform monolayer MoS2 films or

large triangular single-crystal domains via OACVD. By
introducing O2 carrier gas, the nucleation density of MoS2 can
be substantially decreased. Triangular single-crystal MoS2
domains are obtained with side length of ∼350 μm, the largest
reported to date. The effect of oxygen during the growth process
is systematically demonstrated as an etching reagent, along with
preventing poisoning of the MoO3 precursor powder source.
The high RT electronmobility and TEM images of as-transferred
MoS2 demonstrate the ultrahigh quality with relatively low
density of defects. Our developed OACVD technique can also be
successfully engaged for MoS2 growth on an amorphous
substrate. These high-quality large MoS2 domains and
continuous films provide a promising material platform for
applications in electronics and optoelectronics.
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Figure 5. Domain size and shape evolution of MoS2 on SiO2 tuned by
oxygen carrier gas. (a−e) Optical images of MoS2 grown on SiO2 for 10
min under distinct oxygen flow rates of 0, 0.2, 0.5, 1, and 2 sccm,
respectively. (f−j) Corresponding AFM images. A height profile was
extracted along the dashed line shown in panel h. The single domain
thickness is ∼0.8 nm, equal to a monolayer thickness. The shape
transfers from roundness in panel f, with size 500 nm in diameter, to
triangles in panels g−j, with side lengths ∼2−40 μm.
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