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Two-dimensional MoS2 attracts much attention because of its potential application in electronic

and optoelectronic devices at present. However, the preparation of large and uniform single crystal

MoS2 nanosheets is still a challenge, which restricts its further application. Herein, monolayer

single crystal MoS2 nanosheets with large and uniform grain size have been synthesized by

chemical vapor deposition using a double-tube system. Within the main growth area, the grain size

reaches 146 lm on the substrate of SiO2/Si, and the portion of MoS2 nanosheets with grain size

between 50 lm and 100 lm is up to 78%. Meanwhile, the grain size keeps constant in the direction

perpendicular to the tubes and changes slightly in the parallel direction. This is attributed to the

concentration distribution of intermediate product MoO3�x in the one-side sealed inner tube set in

a quartz tube, i.e., the double-tube system, which provides a way to the controllable and uniform

synthesis of large monolayer single crystal MoS2 nanosheets. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4968582]

Two-dimensional (2D) transition metal dichalcogenides

(TMDs) materials have attracted considerable attentions

because of their potential in electronic and optical applica-

tions.1,2 As a typical TMD with a direct bandgap of 1.8 eV,

monolayer MoS2 has been studied extensively in the past

decade and is widely used in Field Effect Transistor (FET),3

photocatalysis,4 nanogenerator,5 and sensors.6 Since the elec-

trical and optical properties of MoS2 are influenced by the

number of layers and grain boundaries,7 great efforts have

been exerted to synthesize monolayer MoS2 with different

methods, such as mechanical exfoliation,1 liquid-phase exfolia-

tion,8 and chemical vapor deposition (CVD).6,9–11 Among

these methods, CVD is regarded as a potential method to syn-

thesize monolayer MoS2 with a large grain size in low cost

and in a large scale.12 During the preparation, the concentra-

tion of intermediate product MoO3�x is crucial to the forma-

tion of MoS2 and is affected by many parameters.13 Previous

studies have been focused on the effect of temperature,14 ambi-

ent pressure,7 gas flow,15 and source materials.16 However, the

influence of the concentration of the intermediate product

MoO3�x on the growth of monolayer MoS2 adjusted by the

equipment structure has not been studied. In this work, mono-

layer MoS2 nanosheets with a large and uniform grain size

have been prepared in a large scale through a double-tube tech-

nology. The influences of source concentration on the concen-

tration of MoO3�x and the growth of monolayer MoS2 have

also been studied in theory.

MoS2 grains were synthesized via the reaction of solid

MoO3 and S precursors. The reaction is governed by the

equations6,7,11,13

MoO3 þ x=2 S ! MoO3�x þ x=2 SO2; (1)

MoO3�x þ ð7� xÞ=2 S ! MoS2 þ ð3� xÞ=2 SO2: (2)

The reaction proceeded at 850 �C in a double-tube sys-

tem, which is composed of a one-side sealed inner tube and

an outer quartz tube, as illustrated in Fig. 1(a). Compared

with the previous work, the substrate was placed at the wind-

ward of MoO3 source rather than leeward or top of MoO3.

Fig. 1(b) is an optical image of MoS2 grains grown on a

SiO2 (300 nm)/Si substrate. The grain size of MoS2 is

146 lm. It is the largest grain size of monolayer MoS2 grown

on the SiO2/Si substrate so far. The monolayer MoS2 with a

large grain size was directly synthesized on the substrate, and

further fabrication of devices can be done on this readily avail-

able SiO2/Si substrate without any transference of MoS2 grain.

The atomic force microscope (AFM) image in Fig. 1(c) shows

that the surface of MoS2 grain is smooth and the AFM height

profile in the inset reveals that the thickness of the MoS2 nano-

sheet is about 0.8 nm, which corresponds with the thickness of

monolayer MoS2 based on the previous report.17 To confirm

the layer number of the grain, Raman characterization is also

carried out using a 532 nm laser at room temperature. The

result shown in Fig. 1(d) exhibits two characteristic bands

at 383.1 cm�1 with the full-width-half-maximum (FWHM)

values of 6.0 cm�1 and 402.3 cm�1 with the FWHM values of

4.2 cm�1, which correspond with Raman active modes of in-

plane (E2g
�1) and out-of-plane (A2g) vibrations, respectively.

The difference in frequency between the two vibration modes

is 19.2 cm�1, which correlates with the results of monolayer

MoS2 grains.11 Meanwhile, the optical property of MoS2 grains

is characterized by photoluminescence (PL) spectrum at room

temperature (Fig. S1(a)). A strong PL scatter is observed, and

the intensity peak at 1.84 eV is in accordance with the band

energy of monolayer MoS2. Both the results confirm that the

MoS2 grains are monolayer.a)E-mail: qinyong@lzu.edu.cn
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Fig. 2(a) is an optical image of a sample. The area cov-

ered by MoS2 is divided into nine parts and numbered in

sequence. Fig. 2(b) is scanning electron microscopy (SEM)

images of MoS2 grain in Areas 1–9. The result shows that

the MoS2 grains grow densely. The size of the grains has a

distribution between 40 and 100 lm and displays an excel-

lent uniformity along the Y-axis direction. Meanwhile, the

layer number of a random spot locating on MoS2 nanosheets

FIG. 1. Growth of large-grain MoS2:

(a) The schematic illustration of the

experimental set-up. The coordinate is

a right-hand coordinate system. (b)

The optical image of the obtained tri-

angular MoS2 grains. (c) The AFM

image of monolayer MoS2 on the

SiO2/Si substrate. (The inset is an

AFM cross-sectional profile along the

line indicated in (c), which shows the

thickness of MoS2 is 0.8 nm.) (d)

Raman spectrum of the MoS2 grain on

the SiO2/Si substrate.

FIG. 2. (a) The optical image of MoS2

on the SiO2/Si substrate. The area

is divided into nine parts. (b) SEM

images of MoS2 grain in Areas 1–9. (c)

The size distribution of monolayer

MoS2 grains.
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in each of the nine areas is characterized by Raman spectrum

and shown in Fig. S1(b). The difference between two typical

peaks corresponds with that of monolayer MoS2 in all nine

spectra. Fig. 2(c) shows the statistical distribution of the

grain size of monolayer MoS2 nanosheets in Fig. 2(b)

according to the previous reported approach.18 Statistical

result shows that the MoS2 grains with the grain size

between 50 lm and 100 lm occupy 78% of the total area of

the MoS2 grains, a higher degree of uniformity of the grain

size compared with previous works synthesized on the SiO2/

Si substrate.17,18

In order to clarify the relationship between the concen-

tration of the intermediate product MoO3�x and the forma-

tion of monolayer MoS2, distributions of MoS2 nanosheet’s

grain size along the X and Y axes are counted and shown in

Figs. 3(a) and 3(b), respectively. An increase of grain size

along the negative X axis and a uniform grain size along the

Y axis are observed. The variations of grain size are sup-

posed to be related to the concentration distribution of the

intermediate product MoO3�x, which results from the con-

centration distributions of MoS2 and S source along the cor-

responding directions.

To further study the concentration distribution in tube

and its influence on the growth of monolayer MoS2 nano-

sheets, the finite element method is used to simulate the con-

centration distributions of MoS2 and S sources according to

diffusion equations (Fig. 3(c)). MoO3 source is located at the

left side (sealed side) of the inner tube, while S is located

at the right side of the outer tube. Details of the simulation

are explained in the supplementary material. It is widely

supposed that an appropriate increase of concentration of

MoO3�x would lead to the increase of grain size of MoS2.11,19

In our work, the concentration of MoO3�x is controlled by a

one-side sealed inner tube. This inner tube can increase the

concentration of sources by inhibiting their outward diffusion,

which results in the gradient distribution of intermediate’s

concentration. Hence, the nucleation and growth of MoS2 can

be controlled easily. According to the numerical simulation,

on the one hand, the concentration of MoO3 and S is uniform

along Y axis, which leads to the uniformity of grain size along

this direction. On the other hand, the concentration of S

remains almost constant while that of MoO3 increases along

the negative X axis, which leads to the increase of grain size

along this direction. To further clarify the advantage of this

double-tube system, the concentration distributions in the con-

ventional setups (an inner tube with both sides opened or only

outer tube) are compared with that in the double-tube system,

shown in Fig. S3. It is evident that the concentration of MoO3

and S is larger and that of S is much more uniform in double-

tube system than that in the conventional setups. However,

when the concentration of MoO3�x further increases and

exceeds a threshold, the nucleation is promoted and polycrys-

talline MoS2 films or rectangular particles rather than mono-

layer nanosheets with large grain size are generated, which

are shown in Fig. S2.

In summary, we synthesized monolayer MoS2 with uni-

form and large grains by the CVD method in a double-tube sys-

tem. The grain size of single monolayer MoS2 on SiO2/Si

reaches 146 lm, and the portion of MoS2 grains with size

between 50 lm and 100 lm is up to 78%. The experimental

results and a numerical simulation show that by the double-

tube system, the concentration of intermediate product MoO3�x

can be controlled easily, which is of great importance to the

growth of monolayer MoS2 with large and uniform grain size.

FIG. 3. The influence of source con-

centration on MoS2 grain size: (a)

Distributions of grain sizes along the

X axis and (b) along the Y axis. (c)

Numerical simulation of the source

concentration distribution in tubes.

Origin in (a) and (b) is based on the

coordinate in Fig. 2(a).
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See supplementary material for synthesis method and

numerical simulation.
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