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genides (TMDs) have attracted tremendous attention in 
recent years owing to their unique properties and potential 
applications in the next generation electronic and opto-
electronics devices [1–3]. Typically, TMDs semiconductors 
have an indirect band gap in bulk and would transform into 
direct band gap semiconductor when they become mono-
layer, which gives them great advantages over zero band 
gap graphene. Monolayer molybdenum disulfide (MoS2), 
with a direct band gap of 1.8 eV, is one of the most exten-
sively studied TMDs materials because of its superior elec-
tronic properties and potential applications in nanodevices 
[4–9]. Previous studies also show its excellent physical and 
chemical properties, including ferroelectric gating, piezo-
electronic and gas-sensitive properties [10–15]. Like other 
2D materials, monolayer MoS2 can be obtained via tradi-
tional mechanical exfoliation as well as chemical vapor 
deposition (CVD) method [16–21]. While mechanical ex-
foliated monolayer MoS2 flakes display excellent electronic 
and optoelectronic properties, the small size and the low 
production of these monolayer MoS2 flakes hinder them 
from further development. Synthesis of large-area MoS2 
films have been reported in the past few years [22–27]. 
However, the preparation of large-size monolayer MoS2 
single crystals remain to be improved in view of its supe-
rior electronic and optoelectronic characteristics [28–31]. 
Furthermore, as the size of MoS2 single crystals increased 
to hundreds of micrometers, the device fabrication and 
modulation process would be simplified greatly. Moreover, 
controllable synthesis of large-size monolayer MoS2 single 
crystals is an important step toward practical applications 

ABSTRACT  Two-dimensional layered materials have attracted 
significant interest for their potential applications in electronic 
and optoelectronics devices. Among them, transition metal 
dichalcogenides (TMDs), especially molybdenum disulfide 
(MoS2), is extensively studied because of its unique properties. 
Monolayer MoS2 so far can be obtained by mechanical exfoli-
ation or chemical vapor deposition (CVD). However, control-
lable synthesis of large area monolayer MoS2 with high quality 
needs to be improved and their growth mechanism requires 
more studies. Here we report a systematical study on controlled 
synthesis of high-quality monolayer MoS2 single crystals using 
low pressure CVD. Large-size monolayer MoS2 triangles with 
an edge length up to 405 μm were successfully synthesized. The 
Raman and photoluminescence spectroscopy studies indicate 
high homogenous optical characteristic of the synthesized 
monolayer MoS2 triangles. The transmission electron microsco-
py results demonstrate that monolayer MoS2 triangles are single 
crystals. The back-gated field effect transistors (FETs) fabri-
cated using the as-grown monolayer MoS2 show typical n-type 
semiconductor behaviors with carrier mobility up to 21.8 cm2 

V−1 s−1, indicating excellent electronic property comparing with 
previously reported CVD grown MoS2 monolayer. The MoS2 
FETs also show   a high photoresponsivity of 7 A W−1, as well as 
a fast photo-response time of 20 ms. The improved synthesis 
method recommended here, which makes material preparation 
much easier, may strongly promote further research and poten-
tial applications.

Keywords: controlled synthesis method, high-quality MoS2 
monolayer, growth parameters, photoresponse properties

INTRODUCTION
Two-dimensional (2D) layered transition metal dichalco-
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of MoS2. 
Here, we report a systematical study on low-pressure 

CVD growth of high-quality crystals of monolayer MoS2 
with grain sizes up to 405 μm, which also possess optical 
and electrical properties comparable to those of exfoliat-
ed MoS2 samples. The optical properties of the as-synthe-
sized monolayer MoS2 were characterized using Raman 
and photoluminescence (PL) spectroscopies. High-reso-
lution transmission electron microscopy (TEM) was then 
employed to carefully observe the crystal structures of the 
monolayer MoS2. Finally, plenty of back-gated field effect 
transistors (FETs) were fabricated to characterize the elec-
tronic and optoelectronic properties of the as-synthesized 
large-size crystals of monolayer MoS2. The calculated mo-
bility of the MoS2 FETs was measured up to 21.8 cm2 V−1s−1, 
which is higher than many previously reported CVD 
grown MoS2 monolayers. The MoS2 FETs also show a good 
photoresponsivity of 7 A W−1, as well as a fast photo-re-
sponse time of 20 ms. These results suggest that the large-
size crystals of monolayer MoS2 grown by our improved 
CVD methods may strongly promote further research and 
potential applications. 

EXPERIMENTAL SECTION

Growth of monolayer MoS2

The monolayer MoS2 was grown from MoO3 and sulfur 
on a clean Si substrate with 300 nm SiO2 in a traditional 
tube furnace under low pressure conditions. The schematic 
of the synthesis system is shown in Fig. 1a. A quartz boat 
carrying 100 mg MoO3 powder (99.95%, Alfa Aesar) was 
placed in the middle of the heating zone of the reacting 
furnace. A clean Si substrate with 300 nm-thick SiO2 layer 
was placed face down on the top of the quartz boat. Anoth-
er quartz boat containing 150 mg sulfur pieces (99.999%, 
Alfa Aesar) was placed near the argon inlet end. MoO3 and 
sulfur pieces were heated to the reaction temperature and 
the argon acted as the carrier gas. The furnace temperature 
was first raised up to 120°C and kept for 30 min. Then the 
MoO3 powder was heated to the reaction temperature at 
the rate of 30°C min−1. When the growth temperature was 
reached, the sulfur pieces were heated to 150°C. During the 
whole growth process, argon flow of 50 sccm was used to 
provide an inert atmosphere and carry the vapors of the 
precursor. Once the growth was finished, the system was 
quickly cooled down to room temperature. 

To synthesize large-size high-quality crystals of mono-
layer MoS2, we performed a series of CVD growth pa-
rameters and found the optimal parameter. According to 
previous studies on synthesis of monolayer TMDs and our 

experiments [28,32,33], growth temperature, inner pres-
sure of the furnace tube, and growth durations are the three 
main parameters that significantly influence the quality of 
the as-grown MoS2. In this case, the growth temperatures 
were adjusted in a range of 750 to 950°C, while the inner 
pressures of the furnace were changed from 0.5 to 10 kPa. 

Raman and photoluminescence characterization
The Raman and PL spectroscopy measurements were per-
formed via an Andor 500i spectrograph with a 532 nm 
laser. The    Raman curves were taken using a 1200 l mm−1 

grating for 30 s, while the PL curves were taken with a 600 
l mm−1  grating for 20 s. The Raman and PL mapping were 
conducted on the same instrument with the same laser line.

TEM sample preparation and characterization
A typical Cu micro grid was selected to carry the monolayer 
MoS2 samples. A 70 nm polymethyl methacrylate (PMMA) 
layer was spin-coated on the surface of MoS2 samples on the 
SiO2/Si substrate. Then the substrate was put into 2 mol L−1 
KOH solution to remove the substrate through etching the 
SiO2 epilayer and leave the PMMA film with MoS2 mono-
layers floating on the surface. The film was then transferred 
onto the Cu micro grid after several times of washing in 
deionized water and dried. Finally, the PMMA layer was 
removed by heating the Cu micro grid at 300°C for 6 h with 
an argon gas flow at atmospheric pressure. 

Device fabrication and measurement
The back-gated monolayer MoS2 FETs were fabricated di-
rectly on the SiO2/Si substrates. Firstly, a PMMA layer of 
200 nm was spin-coated on the surface of the monolayer 
MoS2. Electron beam lithography was then employed to 
pattern the electrical contacts to MoS2. Then 5 nm Ti and 
50 nm Au were deposited by E-beam evaporation. The 
MoS2 FETs were measured under ambient conditions us-
ing the silicon substrate as a back gate. All the electrical 
and photo-response properties were characterized using a 
Keithley 4200S semiconductor analysis instrument.

RESULTS AND DISCUSSION
The growth durations mainly affect the grain sizes and 
growth density of MoS2, so different reaction times were 
performed to find the most suitable growth time. Figs 1b 
and c show the optical images of monolayer MoS2 grown at 
optimized parameter. As can be seen, MoS2 flakes exhibit 
uniform triangular shape with edge lengths in the range of 
50–250 μm (Fig. 1b). Across different growths, the average 
edge lengths of triangle MoS2 varies from 100 to 300 μm, 
with individual triangles up to 405 μm (Fig. 1c) which are 
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significant larger than previous reported CVD grown MoS2 
triangles [17,28]. To the best of our knowledge, the MoS2 
triangle with edge length of 405 μm is the largest triangle 
reported so far. More importantly, our large-size MoS2 tri-
angles almost have no bilayers patches or multilayer nu-
cleus, which indicates that the almost perfect monolayer 
MoS2 triangles are likely to achieve extraordinary optical 
and electronic properties. Fig. 1d shows a continuous and 
homogeneous large-area MoS2 film formed on the SiO2/
Si substrate, the tweezers’ scratch on it made the fuchsia 
substrate be in sight. Fig. 1e is a typical atomic force mi-
croscopy (AFM) image which shows the step height of the 
MoS2 triangle is about 0.69 nm. The measured height is in 
agreement with the thickness of the monolayer MoS2, con-
firming that the as-grown MoS2 triangles are monolayer.

I n the present study, various growth parameters have 
been performed to explore the growth mechanism and to 
find the optimal parameter. Among the various growth be-
haviors, we highlighted the edge length of MoS2 triangles, 
through which we could identify how the growth parame-
ters functioned. Based on available literature and our pre-
vious systematical experiments [33], we found that growth 
temperature is the one influenced the most. Therefore, 
we firstly performed a systematic investigation of the in-
fluence of source temperature (mainly the temperature of 
MoO3 powder) on the morphology of the as-grown MoS2 at 
a tube pressure of 1 kPa and a fixed growth time of 10 min. 

In brief, sulfur pieces were put into a quartz boat near the 
argon inlet-end and a homemade heater was used to melt 
it, while another quartz boat carrying MoO3 powder was 
located in the downstream of the furnace tube. The SiO2/
Si substrate was put on the quartz boat with SiO2 side fac-
ing downwards. Argon was flowing at the rate of 50 sccm 
through the entire reaction. 

At low source temperature (also the substrate tempera-
ture and reaction temperature) of 750°C, no visible MoS2 
monolayers can be observed on the substrate under optical 
microscope (Fig. 2a). However, there are tiny monolayers 
with edge lengths less than 1 μm come in sight when char-
acterized with scanning electron microscope (SEM). When 
the temperature rose to 800°C, a great deal of monolayer 
MoS2 triangles with average edge length of 35 μm are ob-
served under the optical microscope (Fig. 2b). The size of 
the monolayer MoS2 triangles keeps increasing as the reac-
tion temperature reached 850°C. Uniform and morphology 
perfect monolayer MoS2 triangles with average edge length 
of 203 μm distributed on the substrate were observed, as 
shown in Fig. 2c. However, as the temperature went on in-
creasing to 900°C, the size of triangles did not tend towards 
larger. The average edge length of these triangles is about 
90 μm (Fig. 2d), so is the triangles synthesized at the tem-
perature of 950°C (Fig. 2e, the average edge length is about 
50 μm). The summary of the edge length of MoS2 triangles 
grown at different growth temperatures is shown in Fig. 2f. 
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Figure 1  Schematic of the synthesis and morphology characterization of the large-size monolayer MoS2. (a) Schematic of the synthesis process for MoS2. 
(b) A typical optical image of the as-synthesized monolayer MoS2 triangles on SiO2/Si substrate, the scale bar is 200 μm. (c) Optical image of a large-size 
monolayer MoS2 triangle, the measured edge length is 405 μm. (d) Optical image of monolayer MoS2 film with a tweezers’ scratch, the scale bar is 50 μm. 
(e) AFM image of a monolayer MoS2 triangle with a measured thickness of 0.69 nm, the scale bar is 2 μm.
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As can be seen, the optimal growth temperature is around 
850°C, with individual triangles up to 405 μm. These results 
also indicate that the higher source temperature makes the 
growth react more rapidly, as well as the sublimation rate 
of MoO3. The higher reaction rate causes the triangles to 
grow faster, while higher sublimation rate may cause the 
MoO3 vapor pressure lower since more reactant powder 
is sublimated and flows away before the reaction starts, 
which in turn leads to less nucleation density and smaller 
triangle size. Before the source temperature reaches 850°C, 
the reaction rates increasing with temperature impacts the 
reaction predominantly, and the size of triangles becomes 
larger with temperature increasing. When the temperature 
rises to 900°C and over, the main impact factor are the fast-
er sublimation rate and lower MoO3 vapor pressure, caus-
ing the size of the synthesized triangles smaller and many 
cracks occurred on the monolayer MoS2 triangles (Fig. 2e, 

inset SEM image). 
After the study of the optimal growth temperature, we 

then explored the influence of tube pressure on the mono-
layer MoS2 triangles at the growth temperature of 850°C. 
As shown in Figs 2g–k, the tube pressure did have influence 
on the size of monolayer MoS2 triangles. In general, with 
reaction temperature and other reaction parameters fixed, 
higher tube pressure leads to higher MoO3 vapor pressure 
and higher concentration of crystal nucleus. Under lower 
tube pressure of 0.5 kPa, monolayer MoS2 triangles with an 
average edge length of ~57 μm scattering on the substrate 
can be observed (Fig. 2g). By increasing the tube pressure 
to 1 kPa, the average size of the monolayer MoS2 triangles 
increases to ~203 μm (Fig. 2h).  The sizes of the monolayer 
triangles decrease to 112 μm while the tube pressure ris-
ing to 3 kPa (Fig. 2i). As the tube pressure reached 5 kPa, 
large amounts of multilayer nucleus and flakes appeared 
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Figure 2  Effects of growth temperature and pressure on the sizes of the monolayer MoS2 triangles. (a–e) Optical images of MoS2 samples grown at growth 
temperature of 750, 800, 850, 900 and 950°C, respectively. Scale bars are 100 μm. The inset in (a) is an SEM image, showing tiny MoS2 triangles. The 
scale bar is 5 μm. The inset in (e) is an SEM image, showing cracks in monolayer MoS2 triangles. The scale bar is 5 μm. (f) The correlation of average 
edge lengths of monolayer MoS2 triangles with various growth temperatures. (g–k) Optical images of MoS2 samples grown under tube pressure of 0.5, 1, 
3, 5, 10 kPa, respectively. Scale bars are 100 μm. (l) The correlation of average edge length of monolayer MoS2 triangles with different growth pressures.
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on the middle of the growth substrate, with monolayer tri-
angles (average edge size ~41 μm) grown on the edge of 
the growth substrate. Meanwhile, the density of monolayer 
MoS2 triangles is higher (Fig. 2j). When the tube pressure 
reached 10 kPa, nearly the entire growth substrate was cov-
ered by multilayer flakes and bulk MoS2 (Supplementary 
information, Fig. S1), only a handful of monolayer trian-
gles (average edge size ~21 μm) can be observed on some 
marginal areas of the substrate (Fig. 2k). In general, the 
optimal tube pressure is 1 kPa at the growth temperature 
of 850°C and reaction time of 10 min. Lower tube pressure 
makes the MoO3 power sublimates faster and leads to lower 
MoO3 vapor pressure, thus reducing the MoS2 nucleation 
density and the triangles’ sizes. On the contrary, higher 
tube pressure increases the MoS2 nucleation density and 
the triangles’ sizes, while polycrystalline films and multi-
layer flakes may appear when the tube pressure is too high.

Spectroscopic techniques such as Raman and PL were 
employed to further characterize the quality of the as-
grown MoS2 samples. Fig. 3a shows five MoS2 triangles with 

edge lengths of 60, 150, 190, 260 and 330 μm, respectively. 
These MoS2 triangles were characterized using Raman and 
PL spectroscopies with a 532 nm laser. The Raman spectra 
results are shown in Fig. 3b. As can be seen, each Raman 
spectra has two obvious peaks, the in-plane vibrational 
mode E1

2g (at about 381.5 cm−1) and the out-of-plane vibra-
tional mode A1g (at about 402 cm−1). The spectra curves 
corresponding to five different sizes of MoS2 triangle sam-
ples show no obvious difference. The gap between E1

2g peak 
and A1g peak is 20.5 cm−1, which is in consistent with previ-
ously reported gap of CVD grown monolayer MoS2 trian-
gles [34], indicating that the as-grown MoS2 triangles are 
homogeneous monolayers, in spite of different sizes and 
different batches. The PL spectra examining results (Fig. 
3c) of the five MoS2 triangle samples all show strong peaks 
at the wavelength of about 683 nm, which is corresponding 
to the 1.82 eV direct band gap in monolayer MoS2. Uniform 
Raman and PL mapping signals (Figs 3e and f, respectively) 
from a commonly selected individual MoS2 triangle (Fig. 
3d) further reveal the homogeneous nature of these MoS2 
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Figure 3  Raman and PL spectroscopy characterization of the as-synthesized monolayer MoS2 triangles with different sizes. (a) Optical images of the 
monolayer MoS2 triangles of different sizes marked with dashed white triangles. The scale bar is 100 μm. (b) Raman spectra recorded from the five MoS2 
triangles presented in (a). The gaps between the two characteristic peaks are 20.5 cm−1. (c) PL spectra recorded from the five MoS2 triangles presented in 
(a), showing the characteristic peaks at 680 nm. (d) A typical optical image of a monolayer MoS2 triangle and its corresponding Raman intensity mapping 
(e) at the 402.5 cm−1. PL intensity mapping (f) at the wavelength of 680 nm. The scale bars are 10 μm. (g) High-resolution TEM image of the as-grown 
MoS2 triangle, with inset diffraction pattern. The scale bar is 5 nm.
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triangles. In order to investigate the crystal structure of the 
as-grown MoS2 samples, high-resolution TEM was utilized 
to analyze the crystal structure of the MoS2 triangles. As 
shown in Fig. 3g, the TEM results demonstrate that these 
MoS2 triangular islands are single crystals. 

To further evaluate the electronic properties of these 
as-grown monolayer MoS2 triangles, back-gated FETs 
were fabricated on the Si substrate with 300 nm of SiO2. 
The source and drain electrodes were defined by E-beam 
lithography and 5 nm Ti/50 nm Au were deposited onto 
the surface through E-beam evaporation subsequently. A 
typical transfer and output characteristics of the fabricated 
MoS2 FETs are shown in Figs 4a and b. It can be clearly seen 
that the MoS2 transistor exhibits an n-type semiconductor 
behavior, which is in consistent with previous report [5]. 
The mobility of the MoS2 FETs was calculated using the 
equation [35] 

 ds

g 0 ds

d
d

I L
V WC V

   ,

where L and W are the length and width of the MoS2 chan-
nel, and C0 is the capacitance per unit area of the SiO2 layer. 
The calculated carrier mobility of the MoS2 FET was ~21.8 
cm2 V−1 s−1, suggesting excellent transporting property 
compared with previously reported back-gated FETs fabri-
cated by CVD grown monolayer MoS2 [6,22,25]. 

Moreover, the obtained drain current on/off ratio of our 
device is up to 107, which is also higher than the previously 
reported value. These excellent electronic properties fur-
ther confirm that the as-grown monolayer MoS2 triangles 
are nearly perfect single crystals in high uniformity because 
there are few grain boundaries or other defects scattering 
the carriers while transporting [31].

After successful characterization of the electronic prop-
erties of the MoS2 device, a laser with wavelength of 550 nm 

was employed to investigate its photoresponse. Figs 5a and 
c show the transfer and output characteristics of the MoS2 
device under the laser illumination. The photocurrent can 
be calculated using Iph = Iilluminated − Idark. According to the 
result in Figs 5b and c, the calculated photocurrent of the 
device is about 7 × 10−7 A. While the incident laser power 
was 20 mW mm−2, the calculated photoresponsivity is 7 A 
W−1 at a −15 V gate voltage and a 1 V drain voltage. The 
time-resolved photo-response of the monolayer MoS2 FET 
measured by alternatively switching on and off of the laser 
illumination is shown in Fig. 5d. As can be clearly seen, 
when exposed to the 550 nm laser, the drain current Ids in-
creases sharply and gets stabilized at a constant value; when 
the laser is cut off, the drain current Ids drops down to the 
original value immediately. The response time of the device 
was about 20 ms and the recovery time was about 55 ms 
(Fig. S2), which indicates that the photoresponse perfor-
mance of the as-grown MoS2 is excellent for photodetector 
[7,35].

CONCLUSIONS
In summary, we have systematically studied the growth 
mechanism of monolayer MoS2 and controlled synthesized 
high quality monolayer MoS2 single crystals with the edge 
size up to 405 μm on SiO2/Si substrate. The Raman and PL 
spectroscopy results demonstrate that the as-synthesized 
monolayers are highly homogeneous. The electronic and 
photoresponse properties of the monolayer MoS2 single 
crystals were evaluated using back-gated FETs. The aver-
age carrier mobility of the MoS2 is about 21.8 cm2 V−1 s−1, 
and the on/off ratio is up to 107, fairly good compared to 
previously reported MoS2 monolayer back-gated FETs. 
The response time upon a 550 nm laser is less than 20 ms. 
Moreover, the introduced controlled synthesis method of 
large area MoS2 monolayer single crystals with high mo-
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bility and fast photoresponse may pave the way for future 
applications in optoelectronics devices. 
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高质量单层MoS2的可控合成及其在微纳电子方面的应用
杨小年, 李强, 胡国锋, 王泽高, 杨振宇, 刘兴强, 董明东, 潘曹峰

摘要    二维层状材料由于其在光电器件方面的潜在应用引起了广泛关注, 二硫化钼（MoS2）是其中研究最多的材料之一. 单层二硫化钼可通过机
械剥离或者化学气相合成的方法制备, 但是与石墨烯相比, 大面积且高质量的单层二硫化钼单晶的可控合成仍然有待提高. 本文报道了一种可控
合成大面积高质量单层MoS2单晶的方法, 合成出了边长达405 μm的单层二硫化钼三角形. 对产物进行了光谱表征, 结果表明其光学性质十分均
匀, 透射电镜表征结果表明产物是单晶结构. 基于单层MoS2的场效应晶体管（FET）表现出良好的电学性能, 其载流子迁移率高达21.8 cm2 V−1 s−1, 
光响应度为7 A W−1, 响应时间仅为20 ms. 此合成方法使单层MoS2的制备更加简易可靠, 可促进其进一步研究及应用.
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