
This document is downloaded from DR‑NTU (https://dr.ntu.edu.sg)
Nanyang Technological University, Singapore.

Monolayers of WxMo1－xS2 alloy heterostructure
with in‑plane composition variations

Zheng, Shoujun; Sun, Linfeng; Yin, Tingting; Dubrovkin, Alexander M.; Liu, Fucai; Liu, Zheng;
Shen, Ze Xiang; Fan, Hong Jin

2015

Zheng, S., Sun, L., Yin, T., Dubrovkin, A. M., Liu, F., Liu, Z., et al. (2015). Monolayers of
WxMo1－xS2 alloy heterostructure with in‑plane composition variations. Applied physics
letters, 106(6), 063113‑.

https://hdl.handle.net/10356/106979

https://doi.org/10.1063/1.4908256

© 2015 AIP Publishing LLC. This paper was published in Applied Physics Letters and is made
available as an electronic reprint (preprint) with permission of AIP Publishing LLC. The
paper can be found at the following official DOI: [http://dx.doi.org/10.1063/1.4908256]. 
One print or electronic copy may be made for personal use only. Systematic or multiple
reproduction, distribution to multiple locations via electronic or other means, duplication
of any material in this paper for a fee or for commercial purposes, or modification of the
content of the paper is prohibited and is subject to penalties under law.

Downloaded on 23 May 2023 11:18:32 SGT



Monolayers of WxMo1−xS2 alloy heterostructure with in-plane composition variations
Shoujun Zheng, Linfeng Sun, Tingting Yin, Alexander M. Dubrovkin, Fucai Liu, Zheng Liu, Ze Xiang Shen, and
Hong Jin Fan 
 
Citation: Applied Physics Letters 106, 063113 (2015); doi: 10.1063/1.4908256 
View online: http://dx.doi.org/10.1063/1.4908256 
View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/106/6?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Facile synthesis of MoS2 and MoxW1-xS2 triangular monolayers 
APL Mat. 2, 092514 (2014); 10.1063/1.4895469 
 
Resonance Raman scattering in bulk 2H-MX2 (M = Mo, W; X = S, Se) and monolayer MoS2 
J. Appl. Phys. 115, 053527 (2014); 10.1063/1.4862859 
 
Two-dimensional semiconductor alloys: Monolayer Mo1−xWxSe2 
Appl. Phys. Lett. 104, 012101 (2014); 10.1063/1.4834358 
 
Electrical performance of monolayer MoS2 field-effect transistors prepared by chemical vapor deposition 
Appl. Phys. Lett. 102, 193107 (2013); 10.1063/1.4804546 
 
Thermoelectric performance of MX2 (M = Mo,W; X = S,Se) monolayers 
J. Appl. Phys. 113, 104304 (2013); 10.1063/1.4794363 
 
 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:  155.69.4.4

On: Mon, 16 Mar 2015 07:02:59

http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1895375072/x01/AIP-PT/COMSOL_APLArticleDL_031115/COMSOL_Banner_Server-App_1640x440.png/6c527a6a713149424c326b414477302f?x
http://scitation.aip.org/search?value1=Shoujun+Zheng&option1=author
http://scitation.aip.org/search?value1=Linfeng+Sun&option1=author
http://scitation.aip.org/search?value1=Tingting+Yin&option1=author
http://scitation.aip.org/search?value1=Alexander+M.+Dubrovkin&option1=author
http://scitation.aip.org/search?value1=Fucai+Liu&option1=author
http://scitation.aip.org/search?value1=Zheng+Liu&option1=author
http://scitation.aip.org/search?value1=Ze+Xiang+Shen&option1=author
http://scitation.aip.org/search?value1=Hong+Jin+Fan&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.4908256
http://scitation.aip.org/content/aip/journal/apl/106/6?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/aplmater/2/9/10.1063/1.4895469?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/115/5/10.1063/1.4862859?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/104/1/10.1063/1.4834358?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/102/19/10.1063/1.4804546?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/113/10/10.1063/1.4794363?ver=pdfcov


Monolayers of WxMo12xS2 alloy heterostructure with in-plane composition
variations

Shoujun Zheng,1,2 Linfeng Sun,2 Tingting Yin,2 Alexander M. Dubrovkin,1 Fucai Liu,3

Zheng Liu,3 Ze Xiang Shen,2 and Hong Jin Fan1,2

1Centre for Disruptive Photonic Technologies, Nanyang Technological University, 637371 Singapore
2Division of Physics and Applied Physics, School of Physical and Mathematical Sciences,
Nanyang Technological University, 637371 Singapore
3School of Materials Science and Engineering, Nanyang Technological University, 639798 Singapore

(Received 30 December 2014; accepted 4 February 2015; published online 13 February 2015)

We report the fabrication of single-crystal monolayer WxMo1�xS2 alloy triangles using chemical

vapor deposition method. Raman and photoluminescence property are investigated in correlation to

the composition. In the monolayer triangles, the photoluminescence peak shifts continuously from

687.4 nm at the triangle center to 633.6 nm at the edge, corresponding to a switch from MoS2 to

WS2 across the heterojunction. This composition-graded alloy may have interesting functions in

broadband photodetection and multi-color light emission. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4908256]

Since the discovery of graphene, two-dimensional (2-D)

materials have attracted increasing attentions in recent years

due to their unique electrical and optical properties and

functions.1–3 Compared to graphene (near zero bandgap),

2-D transitional metal dichalcogenides (TMDs), such as

MoS2
4,5 and WS2,6 transit from indirect band gap in bulk

form to direct band gap in monolayers. Monolayer MoS2 is a

flexible and strong material with a high Young’s modulus,

comparable to stainless steel.3 Due to inversion symmetry

breaking in monolayer MoS2, transitions at K and K0 mo-

mentum space can be selectively excited by left circularly

polarized and right circularly polarized light which has

potential applications in valleytronics.7–9 Single crystal 2-D

TMDs have been synthesized by chemical vapor deposition

(CVD) method,10–12 which is so far the major method to

obtain large-scale monolayers of various types of TMDs.

Band gap engineering of TMDs monolayer for their

potential optical applications such as photodetectors can be

realized by applying strain,13 stacking of dissimilar TMDs,14

and doping. Forming heterojunctions of TMDs is another

route to tuning the optical and electrical properties. Theories

have predicted some interesting physical properties of verti-

cal stacked 2-D heterostructures with respect to individual

monolayers.14–17 For example, vertical stacked graphene/

WS2/graphene trilayers have shown enhanced photon

absorption and electron-hole creation, making them promis-

ing in efficient flexible photovoltaic devices.18 Graphene/h-

BN heterostructures have been fabricated on lithographically

patterned h-BN atomic layers.19 Recently, in-plane hetero-

structure TMDs such as MoS2�WS2,20 WS2�WSe2
21 and

MoSe2�WSe2
22 have been synthesized in one step by

CVD method. Position dependent photoluminescence (PL)

of monolayer WS2 has been reported23,24 which may be

caused by impurity. As for 2-DTMDs alloy materials, they

are theoretically predicted stable under ambient conditions.25

Selenium-doped MoS2 monolayer26 and MoS2xSe2(1�x) alloy27

were directly grown by CVD method to tune the monolayer

band gap. Mechanical exfoliated Mo1�xWxS2
28 and

Mo1�xWxSe2
29 monolayer alloys have also been obtained

with a continuous tuning of their band gaps. However,

WxMo1�xS2 alloy with variable band gap in monolayer by

CVD method has not been reported. Here, we demonstrate

our one-step CVD growth of a WxMo1�xS2 monolayer

alloy with position-dependent composition. Both PL and

Raman mapping results show that our samples are in-plane

composition-graded alloy across the MoS2-WS2 heterostruc-

ture that changes gradually from MoS2- dominated phase in

the center region to WS2-dominated phase near the edge.

Such heterostructures with alloyed interface differ from the

recently reported MoS2�WS2 heterojuction which have has a

distinct interface between the two phases.20 Realization of

such single-crystal monolayers with inhomogeneous bandgaps

could be important to the application in wideband photodetec-

tion and multi-color light emissions.

Our sample was grown by CVD method (see setup in

Fig. 1(a)) similar to previously reported procedure.23 MoO3

and WO3 powder were dispersed into ethanol, and then

dropped onto different places of Si/SiO2 (285 nm SiO2) surfa-

ces. The Si/SiO2 substrates were put into a one-end-sealed

FIG. 1. (a) CVD setup for the growth of MoxW1�xS2 alloy monolayers. (b)

SEM image of a general view of the obtained sample.
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small quartz tube, and the small tube was then pushed into the

center of a 25 mm-diameter quartz tube. 0.2 g sulfur was put

at the edge of quart tube. First, the tube was flushed by Ar gas

flow at 200 sccm for 15 min in order to eliminate air, then

maintained at an atmospheric pressure with continuous Ar

flow at 10 sccm. The furnace was then ramped to 550 �C in

10 min, then to 850 �C at rate of 5 �C /min, and finally main-

tained at 850 �C for 10 min. After the growth, the furnace was

switched off and cooled to room temperature naturally.

WxMo1�xS2 samples were found near to the WO3 source.

SEM characterization was conducted using field emission

scanning electron microscope with energy dispersive x-ray analy-

sis (JEOL JSM-6700F). Atomic force microscopy (AFM) and

scanning near-field optical microscope (SNOM) were measured

by a scattering-type system (Neaspec) at an excitation

wavelength of 11.2lm. Photoluminescence (PL) mapping at ex-

citation wavelength of 532 nm and 457 nm was obtained from a

WITEC CRM200 Raman system with 150 line mm�1 grating.

Raman mapping at excitation wavelength of 457 nm was meas-

ured on a WITEC CRM200 Raman system with 1800 line

mm�1 grating. Raman spectrum at excitation wavelength of

532 nm was obtained from a Renishaw Invia Raman microscope.

As the melting point of WO3 (1473 �C) is much higher

than that of MoO3 (800 �C), MoS2 is expected to grow first

followed by WS2 during the increase of furnace temperature.

A typical SEM image of the as-synthesized sample is shown

in Fig. 1(b), in which we can find numerous triangle-shaped

crystals. Microscopic optical image of one typical monolayer

triangle shows homogeneous contrast (Fig. 2(a)). However,

in SEM image taken from the same triangle (Fig. 2(b)), a

contrast between the center and edge part can be inspected

and a small triangle at the center is spotted. This contrast

indicates that the big triangle contains two kinds of materi-

als. From AFM measurement, the height of this triangle is

determined to be about 0.7 nm, which is uniform from the

edge to the center (Fig. 2(b)). Figure 2(c) is the AFM image

of one triangle. There is only a very slight difference

between the center and the edge part. Therefore, we may

conclude that this triangle is a single layer. In other words,

the heterostructure is formed in a lateral direction. Figure

2(d) is a SNOM phase image of the same triangle in Fig. 2(c)

recorded using an incident laser of 11.2 lm. The signal of

scattering-type SNOM is related to dielectric constant of

materials.29 The contrast of two colors in one triangle is

another evidence of the heterostructure, in addition to the

SEM image. More SNOM data of two triangles are presented

in supplementary material.30 Note that the intensity of

SNOM signal of some triangles is continuous from center to

edge, rather than a shape contrast, which is consistent with a

mixed composition from the center to edge.

It is further realized that this monolayer is not a

MoS2�WS2 two-phase heterojunction, but with a

WxMo1�xS2 alloy interface with varying composition. The

first evidence can be provided by Raman result. Figure 3(a)

is the optical image of one triangle alloy taken by the Raman

FIG. 3. Raman characterization with

the excitation wavelength of 457 nm.

(a) Optical image of one triangle. (b)

Raman spectra collected from 6 points

in (a). Raman intensity mappings of

the E1
2g mode of (c) WS2 and (d)

MoS2. Raman intensity mapping of the

corresponding A1g mode of (e) WS2

and of (f) MoS2.

FIG. 2. (a) Microscopic optical image of one MoxW1�xS2 triangle and (b)

the corresponding SEM image. A small triangle in the center region is visi-

ble. AFM height signal following the dashed line confirms the monolayer.

(c) AFM image of one triangle, and (d) the corresponding SNOM phase

image. The different contrast between the center and the edge indicates the

composition difference.
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CCD, and Fig. 3(b) shows the Raman spectra recorded from

six points marked in Fig. 3(a). We can clearly see that the

E1
2g mode and A1g mode shift from point 1 (at the edge) to

point 6 (at the center). Figs. 3(c) and 3(d) show Raman inten-

sity mappings of the peak centered at 356 cm�1 (E1
2g mode of

WS2) and at 384 cm�1 (E1
2g mode of MoS2), respectively.

The mappings by the A1g mode in Figs. 3(e) and 3(f) show

similar results. Based on these Raman intensity mapping

images, one may conclude that our sample is composed of

MoS2�WS2 two-phase heterojunction with a sharp interface.

In fact, it has been reported that the Raman spectra of

WxMo1�xS2 alloy by exfoliation still look similar to that of

MoS2 even when the x value reaches 0.42.28 It is important

to note that the Raman spectrum at each point in Fig. 3(b) is

different from each other. At point 1, the Raman shift of E1
2g

mode is 356.1 cm�1 and the A1g mode is 418.2 cm�1. From

point 1 to point 3, the intensity of A1g mode is unchanged,

but E1
2g mode decreases. At the center region (point 6), The

E1
2g mode of MoS2 locates at 384.5 cm�1 and the A1g at

404.0 cm�1. The difference between the two modes is

19.5 cm�1 which is consistent with the monolayer MoS2.31

At point 5, the difference (23.1 cm�1) becomes larger. At

point 4, which is the transition region between WS2 and

MoS2, the Raman spectrum shows three peaks which are

mixed with vibration modes of WS2 and MoS2. Our Raman

spectra of six points at Fig. 3(b) correspond very well to that

of WxMo1�xS2 alloy obtained by mechanical exfoliation.28

Therefore, it can be inferred that our sample is an alloy

heterostructure, rather than a distinction heterojunction. To

further confirm the alloy composition, Raman spectra were

also measured using the excitation wavelength of 532 nm.30

Point 1 and point 2 show WS2 like Raman spectra. However,

compared to pure WS2, two additional peaks are present

between the E1
2g and A1g modes of WS2. We propose that

Mo doping is responsible for two additional peaks. Raman

spectrum of Point 3 is composed of peaks from both MoS2

and WS2, but the later becomes very weak. At the central

region, Point 4 shows MoS2 like Raman spectrum but the

A1g mode is broader than that of pure MoS2. These data fur-

ther corroborate that our sample is composed of WxMo1�xS2

alloy heterostructure with different composition from center

to the edge of the triangle.

We now present and discuss the PL results. Due to the

transition from indirect band gap of bulk materials to direct

band gap of monolayer, both MoS2 and WS2 have strong PL

emissions in monolayers but with different PL peak positions

(band gap of MoS2� 1.85 eV and WS2� 1.98 eV).4,6 Figure

4(a) is one selected triangle used for PL characterization at

an excitation wavelength of 532 nm. As the PL intensity of

WS2 monolayer is approximately two orders of magnitude

that of MoS2 in our samples, the center of the triangle

appears dark (Fig. 4(b)). The difference in PL intensity in

our sample could result from the different defect concentra-

tions between the center region and edge part. In general, the

PL emission intensity of monolayer WS2 is drastically higher

than that of monolayer MoS2. And, this has been attributed

to higher concentration of defects or unintentional doping in

the monolayer MoS2 compared to WS2.6,32,33 By mapping

selectively the fitted PL intensity of the MoS2 spectra (Fig.

4(c)), we can clearly see that center region of the triangle is

close to MoS2. As for the mapping of the fitted peak intensity

of WS2,30 the image becomes undistinguishable from Fig.

4(b), which is unsurprising since the PL intensity of WS2 is

much stronger than that of MoS2. Figure 4(d) shows the PL

spectra selected from the six points, which present the

position-dependent peak position and intensity. Consistent to

the mapping, the PL intensity drops dramatically from point

1 to point 6, and the peak position simultaneously shifts

from 633.6 to 687.4 nm. At point 5 and point 6, the PL spec-

tra are characteristics of MoS2 (see the two peaks in inset of

Fig. 4(d)); however, peak A red shifts compared to the pure

MoS2 monolayer that we will discuss later. To show the shift

more clearly, the normalized spectra were presented in sup-

plementary material.30 It has been shown that the PL peak

position of TMDs alloy can shift continuously by tuning the

composition of different elements.27,29 Therefore, it is

FIG. 4. Photoluminescence characteri-

zation. (a) Optical image of one

WxMo1�xS2 triangle. (b) Panchromatic

PL image showing the intensity distri-

bution. (c) PL intensity mapping of

MoS2 fitting from (b). (d) PL spectra

collected from six points indicated in

(a). Inset shows the PL spectra at point

5 and point 6 with peak fitting. (e) PL

peak position as a function of the posi-

tion, together with data of pure WS2

and pure MoS2. The calculated x value

of the MoxW1�xS2 monolayer alloy is

also plotted.
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reasonable that the PL shift of our sample results from the

composition inhomogeneity at different positions of individ-

ual triangle. Similar PL spectra obtained by excitation with a

shorter-wavelength (457 nm) laser line show another peak

(peak B) that also shifts with location in the same trend with

peak A.30

Position dependent PL of pure WS2 monolayer has

been reported previously,23,24 in which the blue shift was

observed only near the edge and the shift was due to varia-

tion of the W to S atomic ratio.23 The PL redshift in our

study originates from composition inhomogeneity from the

edge region to the center; possible reason for this composi-

tion inhomogeneity is that WS2 and MoS2 are doped into

each other during the growth. Peak A and peak B of MoS2

and WS2 are the direct excitonic transitions at the Brillouin

zone K point from conduction band to valence band,5,34 due

to spin-orbit coupling in valence band. The position of peak

A of pure MoS2 in our sample is 675.4 nm, and 625.0 nm

for pure WS2 at the excitation wavelength of 532 nm. The

peak A position from the six points all deviate from that of

pure MoS2 or WS2, corresponding to different ratios of Mo

to W in the WxMo1�xS2 alloy region. The redshift at point

6 with respect to the pure MoS2 can be explained by the

Bowling effect in the monolayer WxMo1�xS2 alloy.28

Empirically, the PL peak position can be correlated to the

composition according to equation28

EWxMo1�xS2
¼ xEWS2

þ ð1� xÞEMoS2
� bxð1� xÞ:

The bowling factor b makes the equation nonlinear,

which is what we see in our results (Fig. 4(e)). In order to

estimate the composition of the alloy, a reasonable value of

b is needed. We assume the bowling factor to be 0.34 by set-

ting the highest value of the above quadratic equation equal

to our observed value of 687.4 nm (at point 6). Then, the

composition at all six points are calculated and plotted in

Fig. 4(e). Point 0 and point 7 represent the pure WS2 and

pure MoS2. We can see that x decreases gradually from the

edge region to the center. It is proposed that the composition

variation stems from a change in the precursor concentration

during the growth temperature rises up. Because of its lower

melting point, MoO3 sublimates first and give rise to the ini-

tial growth of MoS2-dominating composition near the center

region. Subsequently, further increasing temperature induces

the growth of WS2-dominating composition near the edge

region. Hence, MoxW1�xS2 alloy monolayer with inhomoge-

neous PL is obtained after the whole growth.

In conclusion, we have realized MoxW1�xS2 monolayer

alloy heterostructure with in-plane inhomogeneous composi-

tion using the conventional CVD method. It is proposed that

MoS2 grows first at the center followed by growth of

MoxW1�xS2 along the edge of MoS2. PL results show that

the monolayer heterostructure possesses position-dependent

band gap from center to edge, based on which the composi-

tion of the alloy has been calculated. MoxW1�xS2 alloy with

different band gap may have interesting applications as pho-

todetectors and multi-color light emitters.

This work was supported by the Ministry of Education

of Singapore (Grant No. MOE2011-T3-1-005).
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