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Controllable synthesis of two-dimensional (2D) transition-metal dichalcogenides (TMDs) with tunable
bandgaps is vital for their applications in nanophotonics, due to its efficient modulation of the physical
and chemical properties of these atomic layered nanostructures. Here we report for the first time, the
controllable synthesis of spatially composition-modulated WS,,Se, 1, nanosheets and WS,—-WS,,Sexiq_y
lateral heterostructures by a developed one-step chemical vapor deposition (CVD) approach, as well as
the understanding of their growth mechanism. During the growth, the composition was optically tuned
along the plane of the atomic layered nanosheets through the precise control of evaporation sources.
Microstructure characterization confirms the chemical identity of the composition modulated
nanosheets, with S and Se contents gradually converting from the center to the edge. Local photo-
luminescence (PL) and Raman studies further demonstrate the position-dependent optical properties of
the as-grown nanosheets, with the PL peak and Raman modes shifting in a wide range along the whole
plane of the nanostructures, which are consistent with their tunable compositions and bandgaps.
This demonstration of composition-modulated nanostructures provides a beneficial approach for the
preparation of 2D semiconductor heterostructures and may open up a wide range of applications in
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Introduction

Since the first successful realization of graphene by mechan-
ical exfoliation in 2004," two-dimensional (2D) materials,
especially transition metal dichalcogenide (TMD) semi-
conductors, have attracted considerable attention due to their
unique optical and electrical properties and tremendous appli-
cation values in the past few years.> > As is known, the appli-
cation of semiconductor materials is closely related to their
bandgaps/compositions,”®*° an important task in the research
of TMDs is to precisely control the bandgaps/compositions of
the resulting materials to realize the desired function for
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nanoelectronics and optoelectronics.

potential applications in electronic/optoelectronic devices.
Alloy structures and heterostructures are two effective ways to
realize precise modulation of the electronic structures of
TMDs.*'* To date, lots of TMD alloys with homogeneous com-
positions have been synthesized, and the preparation of TMD
heterostructures has also achieved great progress during the
past few years, both of which already brought big innovations in
the field of nanoelectronics, optoelectronics, and photonics.*” *>
Thus, realization of heterostructures and the bandgap-modu-
lated alloys within a single TMD nanostructure is of great signifi-
cance in preparing 2D high-performance or new multifunctional
2D nanodevices, which would be a great benefit for the future
development of integrated devices and systems.

As important TMD semiconductors with better optical per-
formance, atomic layered WS, and WSe, have strong photo-
luminescence at room temperature with the spectral peak
positions at ~640 and ~760 nm, respectively. Meanwhile, the
similarity of the atomic structure between WS, and WSe,
makes them very easy to form alloyed structures, and the com-
position of the alloys can be optically modulated as theoreti-
cally predicted,*® which provides a vital basis for the prepa-
ration of composition-modulated alloy nanosheets and hetero-
structures. Here, we report the controllable synthesis of
spatially composition-modulated WS,,Se,(;_y) nanosheets and
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WS,-WS,.Sey1—y lateral heterostructures through a developed
source-moving chemical vapor deposition (CVD) method, with
the composition optically tuned along the plane of the
achieved nanosheets. From the center to the edge of a single
nanosheet, the chemical composition can not only be gradu-
ally tuned single-way or both-way as desired, but can also be
sharply tuned to form lateral heterostructures. Structural and
optical studies demonstrate the composition modulation of
the sheets, which exhibit composition/position-dependent
band edge emission and Raman mode shifting. These new 2D
semiconductor nanostructures may have potential applications
in integrated nanoelectronics and nanophotonics.

Experimental
Synthesis

A home-built optimized CVD system was used.**™*® A quartz
boat loaded with WS, powder was loaded at the center of the
furnace, and another boat loaded with Se powder was placed
in the upstream areas, which is far enough to the heating area
and can be shifted by a quartz rod driven by a step motor
through the magnetic force during the growth [Fig. S1(a)f]. A
long piece of SiO,/Si wafer (oxide thickness of ~300 nm) was
placed in the downstream of the furnace to collect the deposited
samples. Before heating, an Ar gas flow was introduced into the
system for 10 min in order to exhaust the air and maintain the
flow at 70 standard-state cubic centimeter per minute (sccm).
The furnace was then rapidly heated to 1100 °C in 35 min, and
slowly heated to 1150 °C in 5 min. After keeping the growth at
this temperature for several minutes, the furnace was then
cooled down to room temperature naturally.

Characterization

Structures, morphologies and compositions of the samples
were characterized with optical microscopy, Raman spectro-
scopy (WITec, alpha-300, 532 nm excitation), atomic force
microscopy (AFM) (Bruker Multimode 8) and transmission
electron microscopy (TEM) (FEI F20, voltage: 300 kV).

Results and discussion

Fig. 1 shows schematic diagrams. The WS, triangular
nanosheets are firstly synthesized to act as the seed for the
followed lateral growth of the 2D TMD nanostructures. During
the lateral growth, the heating temperature of the Se source
can be precisely controlled through the source-moving of the
Se source according to different fashions to obtain different
structures, including single-way composition graded structure
(), both-way composition graded structure (II) and composition
graded heterostructure (III). For structure I, the heating temp-
erature of the Se source is continually increased, covering the
whole lateral growth process. For structure II, the heating temp-
erature of the Se source is first increased and then decreased
during the growth, while for structure III, the Se source only
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Fig. 1 Schematic diagrams for the growth of single-way composition
graded WS,,Se,i_y (), both-way composition graded WS,,Sezq ) (I1)
and composition graded WS,-WS,,Se,q_) heterostructured (ll1)
nanosheets, respectively.

begins to evaporate after the WS, has grown big enough at the
late stage of the growth. More experimental details of the
growth are presented in the ESL.{ Photoluminescence (PL) and
Raman spectra were used to characterize the position-depen-
dent optical and structural modulations of these nanosheets,
which were conducted using a confocal Raman system (WITec,
alpha-300) with Ar ion laser (532 nm) excitation.

Fig. 2a shows an optical image of a representative sample
of structure I, which exhibits a typical triangular like
morphology. Fig. 2b shows the position-dependent PL spectra
collected at five different positions from the center to the edge
of a typical nanosheet (see the markers in Fig. 2a) with a

( _ A Laih
L RS
- . 1
] , 10
3 [ 2
1_/\ | 1
630 660 690 720 750 16% 200 300 400
al

°
I3
8
{

a.u.
N

Intensi
;&
Intensity (a.u.)

Wavelength (nm) man shift (cm”)

Fig. 2 (a) Microscopic optical image of two as-grown single-way com-
position graded WS,,Se,u_y) nhanosheets (scale bar, 2 pm), (b, c) posi-
tion-dependent PL and micro-Raman spectra of the nanosheet (see the
markers in (a)), respectively, and (d—f) the corresponding wavelength-
dependent PL mappings in the spectral regions of 685-695 nm,
700-710 nm, 715-725 nm, respectively (scale bar, 3 pm).
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uniform thickness of 2.15 nm, which indicates the trilayer
character of the sheet (Fig. S2t). All the spectra reveal single
emission bands, with the peak wavelength gradually shifted
from 685 nm at the center to 725 nm at the edge, which is well
consistent with the observed composition-dependent band
edge emission of TMD alloys.>® The gradual shift of PL peak
positions indicates that the as-grown nanostructures are com-
position modulated in the lateral direction. In addition to the
PL spectra, Raman spectra from the same nanosheet were also
collected. Fig. 2c shows the normalized position-dependent
Raman spectra of the sheet, scanning from the center (curve 1)
to the edge (curve 5), which display five main modes for most
WS, S€,(1—x) Nanosheets, which can be assigned to Ajgs-w)
mode (402-413 cm™"), Ajgise-w) mode (258-261 cm™), Exy(s-w)
mode (349-351 cm ™), Ajgs-w-se) mode (377-382 ecm™'), and
Ezgs-w) — LAs-w) T A1g(se-w) — LA(se-w) mode, respectively. All
the vibration modes shift to low frequency with relative inten-
sity evolution from positions 1 to 5 (see ESI Fig. S37). For
example, with the detection moving from the center to the
edge, the A;4s-w) mode shows a clear shift from 411.8 em™ to
402.8 ecm™', with the intensity gradually decreased from the
center toward the edge, and the Eygs-w) — LA w) T Aqgse-w) —
LAse-w) mode, the superposition of Ajgse-w) — LAse-w) and
Ezosw) — LAsw) also shows a systematic shift from
165.7 cm ™' to 148.0 em™', which is unique for WS,,Sesq_y
alloy nanosheets,** well confirming that the nanosheet is the
single-way graded WS,,Se;;—y). This transition of the mole-
cular vibration modes shows good agreement with the con-
tinuously modulated composition of the nanosheet. Fig. 2d-f
show the wavelength-selected PL mapping of the examined
nanosheet in the spectral regions of 685-695 nm, 700-710 nm
and 715-725 nm, respectively. Obviously, the short wavelength
area (685-695 nm) is mainly located at the center of the sheet,
while the long wavelength area (715-725 nm) is mostly located
around the edge of the structure. This observation agrees well
with the above results from position-dependent PL measure-
ments, and further demonstrates that the alloy nanostructures
are composition graded along the whole plane of the sheet
from the center to the edge.

Transmission electron microscopy (TEM) were used to
further study the structure and composition characteristics of
the achieved nanosheets. Fig. 3a shows a typically rough TEM
image of a single-way composition graded WS;.Sey:_y
nanosheet. Fig. 3b shows the energy dispersive X-ray (EDX)
spectroscopy spectra collected from three selected positions
along the arrow (points 1-3 in Fig. 3a), indicating that the
nanosheet is composed of the elements S, Se, and W, and the
ratio of S/Se decreases gradually from positions 1 to 3, con-
firming the existence of a laterally graded composition within
the as-grown nanosheets. Fig. 3c shows the energy dispersive
X-ray spectroscopy (EDS) line scan profiles of the elemental
distribution along the indicated arrow from the center to the
edge of the triangle area, as shown in Fig. 3a, which shows
that S is located more at the center region and is gradually
reduced from the center to the edge of the nanosheet, while Se
shows the opposite trend with a gradually increased content.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a) Typical TEM image of a single-way composition graded
WS,,Sezi_x nanosheet (scale bar, 1.5 pm) and (b) the corresponding
TEM-EDX profiles recorded at three selected positions (1-3) in the
sheet. (c) EDS line scan profiles of S and Se distributions, showing the
opposite variation trend from the center to the edge of the sample.
(d—f) The HRTEM images taken from the three different positions (scale
bars, 2 nm). Inset of (f) the SAED pattern of the nanosheets.

Fig. 3d-f show the high-resolution transmission electron
microscopy (HRTEM) images taken from the three different
positions along the nanosheet, corresponding to the positions
for the EDS analysis (see Fig. 3b), which shows that all the
examined positions are highly crystallized, with the measured
lattice plane spacing of 2.71, 2.73, and 2.76 A, respectively, in
agreement with the spacing between two neighboring
(100) planes of the composition modulated atomic layered
WS,,Se,1-y) alloys.>® The inset of Fig. 3f is the selected area
electron diffraction (SAED) pattern of the sheet, which shows a
clearly defined single set of diffraction spots, further demon-
strating the single-crystalline nature of the achieved 2D
structures without significant defects.

Based on the above achievement of single-way composition
modulation from the center to the edge of the WS,,Se;;_y)
nanosheets (structure I), both-way composition graded
WS,,Se,(—y) alloys (structure II) can also be achieved by con-
trolling the heating temperature of the Se source in a different
fashion, ie. it is first increased and then decreased during the
growth (see the experimental details in the ESIf). Fig. 4a
shows a typical optical image of the as-grown both-way compo-
sition graded WS,,Se,(;_y) nanosheets, with a uniform thick-
ness of 1.75 nm, which indicates the bilayer character of the
sheet (Fig. S4f). Fig. 4b shows the position-dependent PL
spectra of the sample, collected locally from five positions
from the center (point 1) to the edge (point 5) marked in

Nanoscale, 2017, 9, 4707-4712 | 4709
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Fig. 4 (a) Microscopic optical image of both-way composition graded
WS,,Sez_x nanosheets (scale bar, 3 pm). (b, c) Position-dependent PL
and micro-Raman spectra of the nanosheet indicated by the arrow in
(a), respectively, and (d) their corresponding Raman mode shift with the
positions. (e, f) The wavelength-selected PL mapping in the spectral
regions of 715-725 nm, 735-745 nm, respectively (scale bar, 2 pm).

Fig. 4a. The results show that the PL peak wavelength is first
gradually red-shifted from 718 nm (curve 1) to 742 nm (curve 3),
and then blue-shifted back to 722 nm (curve 5), which indi-
cates that the composition of the nanosheets is both-way
modulated, with the Se/S ratio first increased and then
decreased from the center to the edge of the nanostructure.
The formation of both-way composition graded WS,,Ses_x
nanosheets was further confirmed by the composition-depen-
dent vibration modes observed from the micro-Raman
measurements, as shown in Fig. 4c and d. The results show
that the intensities of Se-W related modes are gradually
increased and then decreased from the center to the edge of
the sheet, while the intensities of S-W related modes are first
decreased and then increased (Fig. 4d), and all the observed
vibration modes shift towards low frequency and then move
back to high frequency from the center to the edge (Fig. 4c).
The intensity and frequency shifting of the vibration modes
demonstrate that the both-way structural evolution is attribu-
ted to the composition graded modulation in the sheet. Fig. 4e
and f show the wavelength-selected PL emission mappings of
the examined nanosheet in the spectral regions of 715-725 nm
and 735-745 nm, respectively, showing that the short wave-
length region is located at both the center and the edge of the
nanosheet, while the long wavelength region is mostly located
between the center and the edge. This observation further
demonstrates that the WS,,Se,;_y) alloy sample is both-way
composition graded along the whole plane of the sheet from
the center to the edge.

More importantly, the composition modulated growth
can be further extended to realize composition graded
WS,-WS,,Se,(1—y) heterostructures (structure IIT) by forming a
WS, triangle before the evaporation of the Se source (see the
experimental details in the ESI}), and the optical image of the
achieved structures is shown in Fig. 5a, with the thicknesses of
1.75 nm (edge) and 2.4 nm (center) as shown in Fig. S5.f
Fig. 5b and c show the wavelength-selected PL mapping of the
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Fig. 5 (a) Microscopic optical image of the WS,-WS,,Sex;_x hetero-
structure (scale bar, 5 pm). (b, c) Wavelength-dependent PL mapping of
the selected area in (a) in the spectral regions of 660 nm, 690-703 nm,
respectively (scale bar, 2 pm). (d) Position-dependent PL spectrum of a
WS,—-WS,,Sex iy lateral heterostructure. (e) The PL peak change trend
along the arrow in (a).

selected area in the examined nanosheet (see the indicated
selected region in Fig. 5a) in the spectral regions of 660 nm,
and 690-703 nm, respectively, with the bottom part consisting
of a small part of WS, (Fig. 5b) and the middle part consisting
of the WS,,Se,(;_y alloy (Fig. 5¢). Fig. 5d shows the PL spectra
of the WS,-WS,,Se;;_y) heterostructured nanosheet, with nine
curves collected from positions 1 to 9 in a single sheet (see the
arrow in Fig. 5a). The peak wavelength of the emission band at
the central region (positions 1-4) is always consistent with the
near-band-edge energy of WS, (660 nm), while the peak wave-
length at the peripheral region (positions 6-9) is gradually
red-shifted from 686 nm to 703 nm. The spectra collected at
the interface region (position 5) exhibit two peaks, which
come from the emission of both the central and peripheral
regions simultaneously, indicating the heterostructure nature
of the nanosheet. The modulation of the PL peak position can
be more clearly seen in Fig. 5e, which reveals a sharp interface
at position 5, further demonstrating that the achieved
nanosheet is the WS,-WS,,Se;;_y) heterostructure. The
changelessness of Raman spectra from positions 1 to 4 and
the gradient change from positions 5 to 9 agree well with the
above conclusion from PL measurements (ESI Fig. S61).

From the above reported growth and characterization, it
can be noted that 2D composition graded WS,,Se;;_y) alloy
structures and WS,-WS,,Se;;_y) heterostructures can be
achieved by selectively controlling the evaporation of Se
sources. At the beginning of the growth for the structures
I and II, WS, nucleates on the SiO, substrate, forming the seed
for the followed lateral growth of the composition graded 2D
alloy nanostructures. Then, the edges of the pre-grown WS,

This journal is © The Royal Society of Chemistry 2017
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seeds act as the active nucleation sites due to the existence of
dangling bonds, leading to the lateral extension growth of the
nanosheets. After the Se powder starts to evaporate, the evapo-
rated Se vapour will be brought by the carrier gas to the
heating center. Then, the Se atoms react with the WS, flux at
the center of the furnace and partially substitute the S atoms
in the WS, molecules before nucleating at the edge sites of the
growing seeds, resulting in the growth of the composition
graded WS,,Se;;_y) alloy in the lateral direction of the
nanosheets (structure I). As the concentration of Se increases
with the time, more and more S atoms in WS, molecules in
the vapor will be substituted by Se atoms, leading to the
increasing ratio of Se in the alloy structures. If the Se precursor
atoms first increase and then decrease (via the control of the
heating temperature of Se powder) in the process of the growth
for the nanostructures, it would lead to the composition
modulating forth and back in the lateral direction of the sheet
(structure II). In the above two growth cases, as the WS, clus-
ters have high chemical activity and easy to react with the Se
vapor to form alloy seeds, the composition for the as-grown
seeds can be tuned by conducting the Se vapor at the initial
growth process. If the WS, nanoclusters have been grown to a
relatively large size nanosheet before the Se powder starts to
evaporate, the pre-formed WS, can work as a stable core (see
the central triangular in Fig. 5a) for the followed growth of the
high Se composition. Besides, S dimers can easily form in a
large size WS, nanosheet, which will increase the energy
barrier for the substitution of S atoms.*® Therefore, it is easy to
form the interface in the growth process III (see Fig. 1), and
achieve the composition graded heterostructure (structure III).
Meanwhile, the existence of S dimers will help to form the
inversion domain boundaries as reported.”®*" Because of the
lattice difference between WS, and WSe,, the formation of the
domain boundaries at the interface can stabilize the
nanosheet. The formation of such kinds of domain bound-
aries will change the atomic structure of the growing edges, for
example, from the zig-zag structure to the armchair structure,
which will lead to the change of the direction of the growth, as
shown in Fig. 5a. The continuous growth of the lateral WS,-
WS, Se5(1-x) heterostructures would realize the growth of alloy
structures and heterostructures in a single sample. If we pre-
cisely control the evaporation of the Se source, we can grow
periodic structures of modulated alloy structures and hetero-
structures in the same chip. Such a simple control will bring
great benefit to the development of the integrated nanoelectro-
nic devices.

Conclusions

In conclusion, spatially composition-modulated WS,,Sez_y)
nanosheets have been successfully grown using a developed
moving-source chemical vapor deposition method. Through
the in situ controlling of the evaporation rate of the Se source
during the lateral epitaxial process, the composition along the
lateral direction of the nanosheets can be continuously tuned

This journal is © The Royal Society of Chemistry 2017
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from WS, towards WSe, and even tuned back, or sharply tuned
from WS, to WS,,Se;(1_y) alloy, forming single-way composition
graded structure (I), both-way composition graded structure (II)
and composition graded heterostructure (IIT). Optical measure-
ments demonstrate that these composition-modulated
nanosheets can give position-related PL emission, with the peak
wavelength optically tuned between 660 nm and 745 nm. The
simple and precise preparation of such composition modulated
2D alloy nanostructures could find significant applications in
fundamental physical research and the construction of func-
tional electronic and photoelectric devices.
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