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Growth of ‘W’ doped molybdenum
disulfide on graphene transferred
molybdenum substrate
Vijayshankar Asokan 1,2, Dancheng Zhu1, Wei Huang1, Hulian Wang1, Wandong Gao1,
Ze Zhang1 & Chuanhong Jin 1
In the present study, a novel method has been carried out to grow tungsten (W) doped molybdenum
disulfide (MoS2) on the graphene transferred TEM grid in a chemical vapor deposition (CVD) setup.
Tungsten trioxide (WO3) has been used as a source for ‘W’ while ‘Mo’ has been derived from Mo based
substrate. Different experimental parameters were used in this experiment. Higher gas flow rate
decreases the size of the sample flake and on other side increases the dopant concentrations. The
interaction mechanism between Mo, S, W and oxygen (O) have been explored. The influence of oxygen
seems to be not avoidable completely which also imposes effective growth condition for the reaction
of Mo with incoming sulfur atoms. The difference in the migration energies of Mo, WO3, S clusters on
the graphene and the higher reactivity of Mo clusters over other possibly formed atomic clusters on
the graphene leads to the growth of W doped MoS2 monolayers. Formation of MoS2 monolayer and
the nature of edge doping of ‘W’ is explained well with the crystal model using underlying nucleation
principles. We believe our result provide a special route to prepare W doped MoS2 on graphene substrate
in the future.
Recent research of two-dimensional (2D) transition metal dichalcogenides (TMDs) materials, and its successful
integration into the devices opens up a new direction in applications1–20. Molybdenum (Mo) and tungsten (W)
based dichalcogenides are two such representatives of well-defined family of structurally and chemically ordered
2D compounds. The basic crystal structure of 2D TMDs materials consists of hexagonally packed atomic layers,
with chalcogenide–metal–chalcogenide arrangements in the trigonal prismatic or octahedral coordination21.
Alloying is widely used due to its ability to accurately controlling doping concentrations which determines the
physical and chemical properties of materials19,22 and hence comparatively better than other band gap engineering
processes (such as strain, chemical functionalization, etc.). Isoelectronic doping can be also useful in suppressing
the detrimental effect of defects created during the growth of TMDs monolayers and hence increases photoluminescence efficiency which paves the way for the TMDs materials to find its applications in opto-electronic devices22,23.
In present research, we have considered W-doped molybdenum disulfide (MoS2). Tungsten doping into
the MoS2 in a continuum compositional range MoxWx−1S2 for 0 ≤ x ≤ 1 is energetically favorable mainly due to
two reasons: 1) both MoS2 and WS2 possess the same hexagonal parent structure and 2) a comparable Shannon
Prewitt crystal radius, 0.790 Å (Mo4+) vs 0.800 Å (W4+) and a well-matched lattice constant19,24. The monolayers
of MoS2 are intrinsically n-type, while WS2 and WSe2 are intrinsically p-type, and their energies are mainly contributed by their d-orbitals of tungsten. Since both Mo and W possess different d-orbitals, the band gap engineering can be done by the doping of W atoms into MoS222,23.
Even though, W-doped MoS2 have been successfully obtained by mechanical exfoliation, it is found to be inappropriate in the practical implementation into devices. On the other side, chemical vapor deposition (CVD) found
to be successful in the growth of large area MoS2 monolayers. In a traditional CVD setup, the sulfur (S) powder is
mostly used as a reductant source. The ‘S’ vapor partially reduce volatile MoO3−x/MoO2−x/WO3−x, and increases
the probability of MoS2 or WS2 monolayer formation depends on the metal precursors used25–28. The difference
in their respective vapor pressures of Mo and W precursors establish the difficulties in achieving the controlled
supply of ‘W’ atoms for the synthesis of W doped MoS2 alloy and hence extra care must be taken into an account22.
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Figure 1. (a) Schematic of chemical vapor deposition experimental set-up. Typical low magnification ADFSTEM images of (b) MWS-1a, (c) MWS-1b and (d) MWS-1c. Scale bar: 200 nm.

Previous researches have been conducted using Mo solid thin films prepared by thermal evaporation29,30, electron beam evaporation31,32, sputtering33 and then sulfurization continued either in the second step of experiment
or in a specially designed system33, in all the cases the resulting MoS2 layers were dependent on the thickness
of deposited thin films and so far, produced only MoS2 monolayers without any possible doping. In this work,
the sulfurization of Mo and then doping of W into MoS2 on the graphene have been carried out in a single and
simple CVD set-up (refer Fig. 1a). We have used Mo based substrate as a source for ‘Mo’ and WO3 powder as a
source for ‘W’. MoS2 monolayers are expected to grow first in this process, due to the higher chance for Mo to
react with incoming ‘S’ atoms compared to ‘W’ atoms, and hence, ‘W’ atoms reach after the formation of MoS2
monolayer will find its place as dopant atoms at Mo lattice site. Direct observation of such alloy structure at the
atomic scale is essential to understand and to further control the wide range of its behavior, and hence, graphene
has been chosen as a substrate and placed on TEM grid to prevent the loss of small atomic clusters during the
traditional transfer process when it grows on SiO2, or sapphire or mica34. In addition, the formation of graphene
and transition metal doped heterostructures is very interesting, owing to the combination of high mobility and
transparency of graphene and the exceptional optical properties of MoS218,35.

Results and Discussions

To verify the possibilities of ‘Mo’ to be derived from Mo based substrate and to evaluate the interaction mechanism of Mo with S and Mo with W, the experiments with different parameters (refer Table 1) were conducted
using typical CVD set-up shown in Fig. 1a. A typical low magnification annular dark-field (ADF) scanning transmission electron microscope (STEM) images of MWS-1a, MWS-1b and MWS-1c are displayed in Fig. 1(b–d),
respectively. The flakes in MWS-1a (Fig. 1b) are identified to grown at a scale of 70–200 nm, and most of them are
in uniform orientation.
MWS1-b (Fig. 1c) contains the flakes around 75–250 nm. MWS-1b contains nanostrips and other polygons,
while MWS-1a contains mostly with triangles while other polygons are rarely found. Transformation of triangular, hexagonal flakes to a layer with different morphologies through the collision of neighboring structures usually
observed in 2D materials growth25,36.
MWS-1c (Fig. 1d) shows it contains triangles in a large distribution, while almost formed in multi-layer or
layer over layer growth. The flakes are grown at a scale of 50–80 nm, much smaller compared to MWS1-a. Flow
rate of carrier gas, Ar 400 sccm, reduces the growth propagation while increases the nucleation density (Fig. 1d),
compared to the flow rate, Ar 300 sccm (Fig. 1b). The growth temperature 875 °C seems to impose the best condition for the evolution of triangles, however, the argon flow rate decides the high-quality growth.
Growth of monolayers on graphene also seems to be influenced by the underlying substrate and on the
graphene synthesis techniques37. In all our present experiments, the underlying substrate is TEM grids and the
graphene for all these experiments were transferred to TEM grids grown on the same copper foil, and hence there
were no variation of influence based on the substrate principles.
At relatively lower temperature, that is at 825 °C, for the sample MWS-1b (Fig. 1c), the sulfurization in the initial period is difficult, leading to the variation of Mo:S ratio and the MoS2 becomes unsaturated38. Mo-terminated
zig-zag (Mo-zz) will always grow faster than S-terminated zig-zag (S-zz)39–41, and the relatively lower temperature
would increases the differences in the rate of edge growth, and leads to the other morphologies38 than the triangles and hexagons, in this case its nanostrips (Fig. 1c). At the same time, with the increase in flow rate of carrier
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Figure 2. A typical atomic-scale ADF-STEM images of MWS-1a, MWS-1b and MWS-1c are displayed in (a),
(b) and (c), respectively. MWS-1c contains highly concentrated W doping at the edges of MoS2 layers compared
to MWS-1a and MWS1-b. (d) The experimental image of a selected region of W doped MoS2 structure within
MWS-1a and the corresponding line profile. (e–h) The simulation images and the corresponding line profiles.
The intensity of line profile in (d) matches with the line profile in (f) confirms that the W atoms are doped into
the MoS2 monolayer.
gas, S-concentration is relatively higher40, and with the variation of Mo:S ratio, with S-rich environment, the rate
of growth between two edges, Mo-zz and S-zz would be small, results in a small triangle with truncated shape39,41.
On an average, 20–25 flakes have been counted to every 5 μm circumference region of TEM grid in MWS-1a
samples, while MWS-1b sample contains less than 10 flakes, rest is filled with polygons and MWS1-c sample
contains more than 75–100 flakes, however identifying individual flakes are hard as it contains mostly a layer over
layer growth.
An atomic-scale resolution ADF-STEM images of MWS-1a, MWS-1b and MWS-1c are displayed in Fig. 2(a–c).
All three images show the distribution of W doping within a monolayer, effective doping around the corners of a
flake, while the interior part without any effective doping. The experimental image (Fig. 2d) of a selected region of
W doped MoS2 structure within MWS-1a (Fig. 2a). And the corresponding line profile together with simulation
data (Fig. 2(e–g)). The intensity of line profile in Fig. 2d matches with the line profile in Fig. 2f confirms that the
W atoms are doped into the MoS2 monolayer. During the STEM characterization, it is already evaluated that there
is no displacement of atoms of higher intensity confirms those atoms are alloy atoms and not probably ‘Mo’ or ‘W’
add atoms. QSTEM simulation42 have also been employed to validate it. Intensity profile of marked region (green
arrow) in Fig. 2d illustrating MWS1-a sample matches well with Fig. 2g intensity profile, confirms that those
bright atoms are W alloy into MoS2 monolayers.
An atomic-scale resolution ADF-STEM images of MWS-1b is displayed in Fig. 3a and an approximate area
within green rectangular and blue square regions marked in Fig. 3a are illustrated in Fig. 3b and c respectively.
Inset in Fig. 3b display a FFT of the shown region which portrays a single crystalline nature of a monolayer, all
three shows the distribution of W doping within a monolayer, effective doping around the corners of a flake, while
the interior part without any effective doping. From the analysis of 25 atomic-scale images of all the three samples
(MWS-1a, MWS-1b and MWS-1c), it is calculated that at an average (Fig. 3d). W dopant atoms are distributed to
25 atomic rows on the top edge of flakes in MWS-1a samples (marked in orange rectangle) while the dopant atom
distributions are up to 12 atomic rows on the side edges of flakes (marked in green rectangle). In samples MWS-1b
and MWS-1c, dopant atoms are distributed to 45 and 40 atomic rows, respectively, on the top edges of flakes, while
on side edges of flakes, the distribution is up to 15 and 10, respectively. Hence, higher carrier gas flow rate not only
increased the dopant concentration, also increased number of layers, while mostly of layer-over layer formation.
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Figure 3. (a) An atomic-scale resolution ADF-STEM images of MWS-1b is displayed and an approximate area
within green rectangular and blue square regions marked are illustrated in (b) and (c), respectively. Orange
rectangle also depicts the region of top-edge doping, and the green rectangle depicts the region of side-edge
doping. Inset in (b) display a FFT of the shown region which portrays a single crystalline nature of a monolayer, all
three shows the distribution of W doping within a monolayer, effective doping around the corners of a flake, while
the interior part (c) portrays with no dopants. (d) Histogram of the amount of the top and side corner atoms.

Atomic-scale ADF-STEM images and crystal model of some small atomic clusters of MoS2 (MWS-1c) are
displayed in Fig. 4(a,b). Of more than 30 samples we checked, most samples in small size are MoS2 monolayer
clusters without W atom doping. Only one W atom was found which was marked in Fig. 4a (Arrowed). This result
confirms that in this growth process, MoS2 was prepared first. The formation of MoS2 nanoflakes and monolayers
are also possible in the growth temperature range of 700–750 °C, as evident from the reported elsewhere13,41, we
suspect these small clusters might be formed during the cooling stage, at which point, Mo and S are still energetically active species to react and grow further, while W atoms does not have a chance to find its energetically active
position in the already formed MoS2 structures.
To further elucidate the contribution of Mo atoms (clusters) derived from Mo-based substrate into the reaction
and to discuss the role of oxygen in the monolayer formation mechanism, low magnification ADF-STEM images
and Energy dispersive X-ray spectroscopy (EDS) mapping of as-synthesized MoS (Fig. S1) and MoWO (Fig. S2).
MoS sample possess irregular and small sized particles (Fig. S1a), while MoWO sample consists mostly of regular
shaped bright particles (Fig. S2a). Sulfurization of Mo/TEM grid without WO3 precursor does not produce any
MoS2 monolayer flakes, suggests partial pressure environment formed by the addition of W-O(x)/WSxO(3−x) is
necessary for optimum experimental condition to grow MoS2. EDS mappings (refer Fig. S2(b–e) for MoS and Fig.
S2(b–e) for MoWO) shows the common trend in both the samples, Mo signals are stronger in the core. S and W
signals for respective MoS and MoWO samples are detected in the larger area, extended to outer shell.
According to these results, we could discuss the microscopic growth process of W doped MoS2 (Fig. 5). The
availability of ‘O’ may play an important role during this special CVD growth process. Oxygen (O) in these reactions are probably derived from the residue happened to form during chemical-wet transfer of graphene into
TEM grid from copper substrate, residual atmosphere and the oxidation of molybdenum. In the traditional CVD
process, the excess oxygen may cause the etching of MoS243 and play a major role in the particles or fullerene
structure formation as reported earlier in few works41,44. In this process, more oxygen is required to form MoOx
clusters first.
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Figure 4. (a,b) An atomic-scale ADF-STEM image and crystal model (right side) of two small atomic clusters
of MoS2 in MWS-1c. Arrow pointing the region in first cluster (a) depicts a single W atom doping.

Figure 5. The general growth mechanism of W- doped MoS2.
After sulfurization (in the case of MoS sample), Mo clusters possibly forms an amorphous alloy which possess
octahedral or tetrahedral co-ordination45,46. Due to this complexity in its structure, it requires large energy to
change its geometry to evolve as two-dimensional hexagonal network45,47. Speaking in terms of partial pressure
environments, higher S partial pressure environment would lead to the fullerene structure, lower S partial pressure leads to oxy-sulfide particles48. In this case, promoter such as WO3 in its reduced form W-O(x)/WSxO(3−x)
probably needed to reduce the complex structure as in the case of MoS and provides suitable S partial pressure
environment to form two-dimensional hexagonal network of MoS2.
In step 2, at the high temperatures between 825–875 °C, Mo get oxidized and forms thermally active MoO3
structures together with Mo clusters which is not oxidized. Due to the differences in the surface free energy
of graphene (around 46.7 mJ/m2)49 and Mo (around 2.92–3.34 J/m2)50, metal atoms migrating on graphene is
expected to form molecular clusters on graphene51,52, which is more reactive with sulfur and oxygen than the Mo
atoms and W-O(x) clusters, and hence readily reacts with the incoming sulfur atoms (Step 3)31,33. The reductant
source ‘S’ vapor involves simultaneously in reducing WO3. Owing to its lower vapor pressure, an intermediate
compound WSxO(3−x) is expected to form (Step 3)53.
In Fig. 5, WSxO(3−x) is depicted in its simple cluster form WSO2 for an easy understanding. MoS2 monolayer
in its triangular form starts to grow first and the intermediate product WSxO(3−x), together with few individual
Mo and S clusters are at the near-edge site of MoS2 (Step 4). In the following reaction step, WSxO(3−x) reduces and
W atoms replace Mo at its lattice sites because of the shortage of Mo due to the reduced diffusion of Mo atoms
(Step 5)54.
SciEntific Reports | (2018) 8:7396 | DOI:10.1038/s41598-018-25796-9
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Main furnace
temperature (°C)

Sulfur
Growth time
temperature (°C) (mins)

Ar flow
(sccm)

Sample
name

875

250

15

300

MWS-1a

825

250

15

300

MWS-1b

875

250

15

400

MWS-1c

875

250

15

300

MoS*

875

—

15

300

MoWO$

Table 1. Parameters used for the preparation of MWS-1 samples are given here. *No WO3 is used, only
sulfurization of graphene/Mo-TEM grid was carried out. $No sulfur is used. Only WO3 was heated over which
graphene/Mo-TEM grid placed face down.

In summary, W-doped MoS2 monolayer structures on graphene have been synthesized using Mo atoms (clusters) derived from Mo based substrate. Comparing to the growth temperatures, 875 °C and 825 °C, the former
case provides high-quality and uniform triangular MoS2 monolayers with less concentrated W doping, while in
the latter case, even though the concentration of W doping among the individual triangular monolayer structures
is similar as in the case of former one, merged monolayer structures with irregular shape have been found in
majority. Nucleation density is large at lower temperature, however, the probability of finding individual triangles
is lesser. The size of flake grown in lower temperature experiment is also larger. Variation in carrier gas flow conditions (400 sccm) have been done to verify the tuning possibilities of dopant metal atoms into the MoS2 monolayers and found that the dopant atoms are distributed up to 60 atomic rows, while in other experiments with
carrier gas flow condition of 300 sccm, the dopant atoms distribution is up to maximum of 40 atomic rows (in
both temperatures, 875 °C and 825 °C). Higher gas flow rate also decreases the size of the flakes and on other side
increased the dopant concentrations. The interaction mechanism between Mo, S, W and O on the graphene and
the formation of MoS2 monolayer and the nature of edge doping of ‘W’ have been briefly discussed. The influence
of oxygen seems to be not avoidable completely and also impose effective growth condition for the reaction of
Mo with incoming sulfur atoms. Doping is effective in all the growth conditions and in all structures irrespective
of the morphologies, from small clusters to nanostrips indicate the successful nature of doping mechanism. This
method of using graphene transferred TEM grid substrate could give us a new idea to prepare TMDs alloys (Re,
Ta) in the future.

Methods

Sample preparation. Graphene films grown on polycrystalline copper foils were transferred onto molybdenum (Mo) based TEM grids using a standard PMMA-assisted wet-chemistry transfer process. The TEM grids
with graphene facing downwards were mounted onto a home-built ceramic carrier and 1 mg of Tungsten trioxide
(WO3) precursors (Sigma-Aldrich, 99%) placed on the silicon wafer. Quartz boat carrying silicon wafer and TEM
grid at its center were loaded into the CVD chamber.
Within a typical CVD process, the furnace was firstly heated to 300 °C in 10 mins and hold for additional
10 mins, and then increased to its growth temperature, 825 °C/875 °C in 45 mins. Just 2 mins before the main CVD
furnace reaches its growth temperature, 300 mg of sulfur (S) source (Aladdin, 99.999%) were heated (reaches
250 °C in 2 mins) from the separate heating belt in upstream. The whole system was maintained at their respective
temperatures for 15–20 mins (growth time) and then cooled down to room temperature naturally. Argon (Ar)
flow was maintained throughout an experiment at the rate of 300–400 sccm. The experimental conditions to
prepare set of samples is shown in Table 1. Here, typically followed a process as did for MWS-1, and carried out a
sulfurization for 15 mins without using WO3 source material and the sample is named MoS and another experiment conducted using WO3 alone without sulfurization, that is, after the main temperature reaching 875 °C and
the system was kept for 15 mins and naturally cooled down and the sample is named MoWO.
STEM characterization.

Low magnification annular dark field – scanning transmission electron microscopy (ADF-STEM) images were first obtained with FEI Technai F20 to have a preliminary check over the samples
and high resolution atomic-scale ADF-STEM images were captured using FEI Chemi-STEM Titan G2 which was
equipped with a probe-side spherical aberration-corrector and operated at an acceleration voltage of 200 kV. The
convergent semi-angle for illumination was set to 24 mrads with a probe current of 50–70 pA, and the collection angle was 50–100 mrads. Energy dispersive X-ray spectroscopy (EDS) was carried out on a Bruker super-X
detection system.

Data availability. The datasets generated during and/or analyzed during the current study are available from
the corresponding author on reasonable request.

References

1. Wang, Q. H., Kalantar-Zadeh, K., Kis, A., Coleman, J. N. & Strano, M. S. Electronics and optoelectronics of two-dimensional
transition metal dichalcogenides. Nat Nano 7, 699–712 (2012).
2. Xu, M., Liang, T., Shi, M. & Chen, H. Graphene-Like Two-Dimensional Materials. Chemical Reviews 113, 3766–3798, https://doi.
org/10.1021/cr300263a (2013).
3. Tang, Q. & Zhou, Z. Graphene-analogous low-dimensional materials. Progress in Materials Science 58, 1244–1315, https://doi.
org/10.1016/j.pmatsci.2013.04.003 (2013).

SciEntific Reports | (2018) 8:7396 | DOI:10.1038/s41598-018-25796-9

6

www.nature.com/scientificreports/
4. Rao, C. N. R., Ramakrishna Matte, H. S. S. & Maitra, U. Graphene Analogues of Inorganic Layered Materials. Angewandte Chemie
International Edition 52, 13162–13185, https://doi.org/10.1002/anie.201301548 (2013).
5. Jariwala, D., Sangwan, V. K., Lauhon, L. J., Marks, T. J. & Hersam, M. C. Emerging Device Applications for Semiconducting TwoDimensional Transition Metal Dichalcogenides. ACS Nano 8, 1102–1120, https://doi.org/10.1021/nn500064s (2014).
6. Bhimanapati, G. R. et al. Recent Advances in Two-Dimensional Materials beyond Graphene. ACS Nano 9, 11509–11539, https://doi.
org/10.1021/acsnano.5b05556 (2015).
7. Feng, W. et al. Synthesis, properties and applications of 2D non-graphene materials. Nanotechnology 26, 292001 (2015).
8. Gupta, A., Sakthivel, T. & Seal, S. Recent development in 2D materials beyond graphene. Progress in Materials Science 73, 44–126,
https://doi.org/10.1016/j.pmatsci.2015.02.002 (2015).
9. Rao, C. N. R. & Maitra, U. Inorganic Graphene Analogs. Annual Review of Materials Research 45, 29–62, https://doi.org/10.1146/
annurev-matsci-070214-021141 (2015).
10. Schwierz, F., Pezoldt, J. & Granzner, R. Two-dimensional materials and their prospects in transistor electronics. Nanoscale 7,
8261–8283, https://doi.org/10.1039/C5NR01052G (2015).
11. Yazyev, O. V. & Kis, A. MoS 2 and semiconductors in the flatland. Materials Today 18, 20–30, https://doi.org/10.1016/j.
mattod.2014.07.005 (2015).
12. Lv, R. et al. Transition Metal Dichalcogenides and Beyond: Synthesis, Properties, and Applications of Single- and Few-Layer
Nanosheets. Accounts of Chemical Research 48, 56–64, https://doi.org/10.1021/ar5002846 (2015).
13. Li, X. & Zhu, H. Two-dimensional MoS2: Properties, preparation, and applications. Journal of Materiomics 1, 33–44, https://doi.
org/10.1016/j.jmat.2015.03.003 (2015).
14. Hong, J. et al. Exploring atomic defects in molybdenum disulfide monolayers. Nature communications 6, 6293 (2015).
15. Joice Sophia, P. et al. Photonics and optoelectronics of two-dimensional materials beyond graphene. Nanotechnology 27, 462001
(2016).
16. Bich, H. N. & Van Hieu, N. Two-dimensional hexagonal semiconductors beyond graphene. Advances in Natural Sciences:
Nanoscience and Nanotechnology 7, 043001 (2016).
17. Li, M.-Y., Chen, C.-H., Shi, Y. & Li, L.-J. Heterostructures based on two-dimensional layered materials and their potential
applications. Materials Today 19, 322–335, https://doi.org/10.1016/j.mattod.2015.11.003 (2016).
18. Pierucci, D. et al. Large area molybdenum disulfide- epitaxial graphene vertical Van der Waals heterostructures. Scientific Reports 6,
26656, https://doi.org/10.1038/srep26656 (2016).
19. Tedstone, A. A., Lewis, D. J. & O’Brien, P. Synthesis, Properties, and Applications of Transition Metal-Doped Layered Transition
Metal Dichalcogenides. Chemistry of Materials 28, 1965–1974, https://doi.org/10.1021/acs.chemmater.6b00430 (2016).
20. Zhong, L. et al. 2D materials advances: from large scale synthesis and controlled heterostructures to improved characterization
techniques, defects and applications. 2D Materials 3, 042001 (2016).
21. Chhowalla, M. et al. The chemistry of two-dimensional layered transition metal dichalcogenide nanosheets. Nat Chem 5, 263–275
(2013).
22. Wang, Z. et al. Chemical Vapor Deposition of Monolayer Mo1−xWxS2 Crystals with Tunable Band Gaps. Scientific Reports 6, 21536,
https://doi.org/10.1038/srep21536 (2016).
23. Li, X. et al. Suppression of Defects and Deep Levels Using Isoelectronic Tungsten Substitution in Monolayer MoSe2. Advanced
Functional Materials, 1–10, https://doi.org/10.1002/adfm.201603850 (2016).
24. Dumcenco, D. O., Chen, K. Y., Wang, Y. P., Huang, Y. S. & Tiong, K. K. Raman study of 2H-Mo1−xWxS2 layered mixed crystals.
Journal of Alloys and Compounds 506, 940–943, https://doi.org/10.1016/j.jallcom.2010.07.120 (2010).
25. Ji, Q. et al. Epitaxial Monolayer MoS2 on Mica with Novel Photoluminescence. Nano Letters 13, 3870–3877, https://doi.org/10.1021/
nl401938t (2013).
26. Zhang, Y. et al. Controlled Growth of High-Quality Monolayer WS2 Layers on Sapphire and Imaging Its Grain Boundary. ACS Nano
7, 8963–8971, https://doi.org/10.1021/nn403454e (2013).
27. Rong, Y. et al. Controlling sulphur precursor addition for large single crystal domains of WS2. Nanoscale 6, 12096–12103, https://doi.
org/10.1039/C4NR04091K (2014).
28. Shi, J. et al. Controllable Growth and Transfer of Monolayer MoS2 on Au Foils and Its Potential Application in Hydrogen Evolution
Reaction. ACS Nano 8, 10196–10204, https://doi.org/10.1021/nn503211t (2014).
29. Wang, X., Feng, H., Wu, Y. & Jiao, L. Controlled Synthesis of Highly Crystalline MoS2 Flakes by Chemical Vapor Deposition. Journal
of the American Chemical Society 135, 5304–5307, https://doi.org/10.1021/ja4013485 (2013).
30. Heo, S. N., Ishiguro, Y., Hayakawa, R., Chikyow, T. & Wakayama, Y. Perspective: Highly ordered MoS2 thin films grown by multi-step
chemical vapor deposition process. APL Materials 4, 030901, https://doi.org/10.1063/1.4943288 (2016).
31. Zhan, Y., Liu, Z., Najmaei, S., Ajayan, P. M. & Lou, J. Large-Area Vapor-Phase Growth and Characterization of MoS2 Atomic Layers
on a SiO2 Substrate. Small 8, 966–971, https://doi.org/10.1002/smll.201102654 (2012).
32. Tarasov, A. et al. Highly Uniform Trilayer Molybdenum Disulfide for Wafer-Scale Device Fabrication. Advanced Functional
Materials 24, 6389–6400, https://doi.org/10.1002/adfm.201401389 (2014).
33. Tao, J. et al. Growth of wafer-scale MoS2 monolayer by magnetron sputtering. Nanoscale 7, 2497–2503, https://doi.org/10.1039/
C4NR06411A (2015).
34. Liang, T. et al. Synthesis and fast transfer of monolayer MoS2 on reusable fused silica. Nanoscale 9, 6984–6990, https://doi.
org/10.1039/C7NR01755C (2017).
35. Roy, K. et al. Graphene–MoS2 hybrid structures for multifunctional photoresponsive memory devices. Nature Nanotechnology 8,
826, https://doi.org/10.1038/nnano.2013.206 (2013).
36. Ta, H. Q. et al. Stranski–Krastanov and Volmer–Weber CVD Growth Regimes To Control the Stacking Order in Bilayer Graphene.
Nano Letters 16, 6403–6410, https://doi.org/10.1021/acs.nanolett.6b02826 (2016).
37. Liu, X. et al. Rotationally Commensurate Growth of MoS2 on Epitaxial Graphene. ACS Nano 10, 1067–1075, https://doi.org/10.1021/
acsnano.5b06398 (2016).
38. Wan, W. et al. Temperature‐Related Morphological Evolution of MoS2 Domains on Graphene and Electron Transfer within
Heterostructures. Small 13, 1603549, https://doi.org/10.1002/smll.201603549 (2017).
39. Wang, S. et al. Shape Evolution of Monolayer MoS2 Crystals Grown by Chemical Vapor Deposition. Chemistry of Materials 26,
6371–6379, https://doi.org/10.1021/cm5025662 (2014).
40. Liu, H. et al. Role of the carrier gas flow rate in monolayer MoS2 growth by modified chemical vapor deposition. Nano Research 10,
643–651, https://doi.org/10.1007/s12274-016-1323-3 (2017).
41. Zhu, D. et al. Capture the growth kinetics of CVD growth of two-dimensional MoS2. 1, 8, https://doi.org/10.1038/s41699-017-0010-x
(2017).
42. Koch, C. T. Determination of core structure periodicity and point defect density along dislocations. (2002).
43. Lv, D. et al. Atomic process of oxidative etching in monolayer molybdenum disulfide. Science Bulletin 62, 846–851 (2017).
44. Cain, J. D., Shi, F., Wu, J. & Dravid, V. P. Growth Mechanism of Transition Metal Dichalcogenide Monolayers: The Role of SelfSeeding Fullerene Nuclei. ACS Nano 10, 5440–5445, https://doi.org/10.1021/acsnano.6b01705 (2016).
45. Schneidmiller, R., Bentley, A., Hornbostel, M. D. & Johnson, D. C. The Use of Ternary Cations to Control Nucleation: Avoiding
Binary Compounds as Reaction Intermediates. Journal of the American Chemical Society 121, 3142–3149, https://doi.org/10.1021/
ja983405g (1999).

SciEntific Reports | (2018) 8:7396 | DOI:10.1038/s41598-018-25796-9

7

www.nature.com/scientificreports/
46. Bertram, N. et al. Experimental and theoretical studies on inorganic magic clusters: M4X6 (M = W, Mo, X = O, S). Chemical Physics
Letters 396, 341–345, https://doi.org/10.1016/j.cplett.2004.08.057 (2004).
47. Nielsen, L. P., Christensen, S. V., Topsøe, H. & Clausen, B. S. Changes in metal–sulfur bond energy in promoted and unpromoted
molybdenum catalysts. Catalysis Letters 67, 81–85, https://doi.org/10.1023/A:1019090227019 (2000).
48. Ji, Q., Zhang, Y., Zhang, Y. & Liu, Z. Chemical vapour deposition of group-VIB metal dichalcogenide monolayers: engineered
substrates from amorphous to single crystalline. Chemical Society Reviews 44, 2587–2602, https://doi.org/10.1039/C4CS00258J
(2015).
49. Wang, S., Zhang, Y., Abidi, N. & Cabrales, L. Wettability and Surface Free Energy of Graphene Films. Langmuir 25, 11078–11081,
https://doi.org/10.1021/la901402f (2009).
50. Che, J. G., Chan, C. T., Jian, W. E. & Leung, T. C. Surface atomic structures, surface energies, and equilibrium crystal shape of
molybdenum. Physical Review B 57, 1875–1880 (1998).
51. Zhou, Z., Gao, F. & Goodman, D. W. Deposition of metal clusters on single-layer graphene/Ru(0001): Factors that govern cluster
growth. Surface Science 604, L31–L38, https://doi.org/10.1016/j.susc.2010.03.008 (2010).
52. Gong, C. et al. Metal Contacts on Physical Vapor Deposited Monolayer MoS2. ACS Nano 7, 11350–11357, https://doi.org/10.1021/
nn4052138 (2013).
53. van der Vlies, A. J., Kishan, G., Niemantsverdriet, J. W., Prins, R. & Weber, T. Basic Reaction Steps in the Sulfidation of Crystalline
Tungsten Oxides. The Journal of Physical Chemistry B 106, 3449–3457, https://doi.org/10.1021/jp0138734 (2002).
54. Yoshida, S. et al. Microscopic basis for the band engineering of Mo1−xWxS2-based heterojunction. Scientific Reports 5, 14808, https://
doi.org/10.1038/srep14808 (2015).

Acknowledgements

This work was financially supported by the National Science Foundation of China under Grants 51772265,
51472215, 5171165024 and 61721005, the National Basic Research Program of China under Grants
2014CB932500 and the 111 project under Grant B16042.The work on electron microscopy was done at the Center
of Electron Microscopy of Zhejiang University.

Author Contributions

C.J. conceived the study; V.A., D.Z., W.H., H.W. and W.G. performed the experiments; V.A. D.Z. W.H. and
C.J. analyzed the data and co-wrote the manuscript. All the authors participate in the manuscript editing and
reviewed the manuscript.

Additional Information

Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-25796-9.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2018

SciEntific Reports | (2018) 8:7396 | DOI:10.1038/s41598-018-25796-9

8

