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ABSTRACT: Band gap engineering of atomically thin
two-dimensional layered materials is critical for their
applications in nanoelectronics, optoelectronics, and
photonics. Here we report, for the first time, a simple
one-step chemical vapor deposition approach for the
simultaneous growth of alloy MoS,,Se,(;_,) triangular
nanosheets with complete composition tunability. Both
the Raman and the photoluminescence studies show
tunable optical properties consistent with composition of
the alloy nanosheets. Importantly, all samples show a
single bandedge emission peak, with the spectral peak
position shifting from 668 nm (for pure MoS,) to 795 nm
(for pure MoSe,), indicating the high quality for these
complete composition alloy nanosheets. These band gap
engineered 2D structures could open up an exciting
opportunity for probing their fundamental physical
properties in 2D and may find diverse applications in
functional electronic/optoelectronic devices.
T ransition-metal dichalcogenides (TMDs), such as MoS,,
MoSe,, WS,, and WSe,, have recently attracted
considerable interest as a new class of atomically thin two-
dimensional layered materials (2DLMs), due to their atomically
thin geometry, unique electronic and optical properties, and
potential application integrated nanosystems.' > Unlike
graphene with a zero bandgap, these atomically thin 2D
materials possess direct bandgaps®' and could give light
emission at room temperature, which is important for both
electronic and optoelectronic applications. For MoS, and
MoSe,, the direct bandgaps are 1.856 and 1.557 eV,
respectively. To precisely control the band gap of these
2DLMs is of central importance for creating optoelectronic
devices with tunable spectral responses. Considering similarities
in the atomic structure of these two materials, it is possible to
create a mixed alloy system with a tunable band gap by alloy
composition.

Alloying semiconductors with different bandgaps have been
widely used in the bandgap engineering of bulk semi-
conductors. For applications in nanoelectronics and nano-
photonics, it is very important to achieve semiconductor
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nanostructures with continuously tuned bandgaps. Recent
advances in 0D and 1D ternary semiconductor structures
have shown that their bandgaps and light emissions can be
tuned gradually by changing their constituent stoichiome-
tries,”>>> while such studies are few for atomically thin 2D
systems. Theoretical calculations have shown that 2D alloys,
such as mixed ternary MoS,/MoSe,/MoTe, compounds, are
thermodynamically stable at room temperature, and their
composition may be continuously tuned between the
constituent limits.”* Very recently, composition-dependent
Mo, _W,S, monolayers have been achieved by exfoliating
strategy.” For the broad applications in integrated devices and
systems, direct growth of these bandgap engineered 2D
structures should be very important. However, the growth of
these composition controlled atomically thin 2D semi-
conductors has not been realized to date, to the best of our
knowledge. Here, using a simple one-step physical evaporation
process, we realized for the first time the simultaneous synthesis
of complete composition ternary MoS,,Sey;_,y alloy nano-
sheets. Structural and optical investigations demonstrated that
these achieved 2D semiconductors are of all high crystalline
quality and exhibit composition-dependent bandedge emission,
with the peak wavelength continuously tunable from around
668 nm (for pure MoS,) to 795 nm (for pure MoSe,).

The complete composition MoS,,Sey;_y) nanosheets were
synthesized through an improved CVD route,”® where a
temperature gradient is applied for the composition selection
and spatial separation which was well used for the growth of
composition tunable chalcogenide alloy nanowires in the
previous reports.””?® To prepare the ternary MoS,,Sey(1_y
nanosheets, an alumina boat loaded with MoO; powder was
placed into the heating zone of a quartz tube (Figure S1), and
another two boats loaded with sulfur and selenium powder
were placed at the upstream. Several pieces of Si substrates
(with 300 nm SiO,) were placed on the alumina boat with
MoO; powder. Before heating, an Ar flow was introduced into
the system, to ensure a favorable circumstance for the synthesis
of the sample. The furnace was then rapidly heated to 830 °C
and maintained at this temperature for 8 min, keeping the
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pressure inside the tube at 8 Torr. MoS,,Se;(;_,) nanosheets
with gradually changed composition were deposited on
different positions of SiO, surfaces along the length of the tube.

A typical scanning electron microscopy (SEM) image of a
representative sample shows that the achieved structures are
triangular nanosheets with the edge lengths of 30—80 um
(Figure la). Atomic Force Microscopy (AFM) studies reveal
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Figure 1. (a) Typical SEM morphology of the obtained ternary
MoS,,Sey(1—x) nanosheets. (b) TEM image of a part of a single ternary
nanosheet and a cross-section image edge (inset, scale bar S nm). (c)
Corresponding TEM-EDX profile of the sample. (d) HRTEM image
taken from (b) and its SAED pattern (inset).

that most of these triangular nanosheets have a thickness in
range of 1.65-2.29 nm (see Figure S2), corresponding to
bilayer to trilayer materials. Transmission electron microscopy
(TEM) combined with energy-dispersive X-ray spectroscopy
(EDS) were used to investigate the microstructure and
elemental composition of these nanosheets. Figure 1b shows
the TEM image of a typical nanosheet, which is broken partly.
The inset of Figure 1b is the cross-section image of the sample,
where the distance of the two parallel dark lines was measured
with a spacing of ~6.75 A, consistent with the layer separation
of MoS,,Se,(;_,) material. The EDX spectrum shown in Figure
1c demonstrates that the nanosheet consists of Mo, S, and Se
elements (the exhibited C and Cu elements are from the grid of
copper), with the S mole fraction [x, S/(S + Se)] of ~0.48,
indicating the composition of the nanosheet as
MoS;(g48)Sex052)- The EDX results of other representative
samples with different compositions are shown in Figure S3.
Figure 1d gives the corresponding high-resolution TEM
(HRTEM) image of the nanosheet, which demonstrates the
single-crystalline nature of the 2D structures, with a lattice
spacing of 0.278 and 0.161 nm, in agreement with the (100)
and (110) planes of the previously obtained MoS,(o45)S€3(052)
composition from the EDX analysis. The selected area electron
diffraction (SAED) pattern of the nanosheet (inset of Figure
1d) displays the lattice arrangement, further demonstrating the
high-quality hexagonal symmetry structures of these achieved
MoS,,Sey(;_,) nanosheets.
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Raman spectra can be used to characterize the composition
dependent vibration modes of these alloy nanosheets.” Figure
2a shows the normalized Raman spectra of the as-grown
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Figure 2. (a) Raman spectrum of the MoS,Se,_,) nanosheets
excited with a 488 nm argon ion laser. (b,c) S—Mo related modes
[Ezg(s—moy Aig(s-mo)] and Se—Mo related modes [A;yse—mo)
Ezg(se,Mo)] shift with S mole fraction decreases.

MoS,,Sey(;_,) nanosheets with composition x decreased
gradually from 1 (down-most, pure MoS,) to 0 (upmost,
pure MoSe,) excited with a 488 nm argon ion laser,
respectively. Most of the curves exhibit four modes, assigned
to the molecular vibration modes Ajgse-mo)y Eag(se-mo)
Ejg(s-Mo) and Ajgs o) respectively. From the curves a to I,
the intensity of the S—Mo related modes [Ey(s_o), Arg(s—mo)]
gradually decrease until they completely disappear, while the
Se—Mo related modes [Ajyse-mo)y Eag(se—mo)] are absent or
very weak at the initial stage and gradually come into
appearance with the corresponding intensity increased.

These molecular vibration mode transitions show good
agreements with the gradual decreased(increased) S(Se)
contents in these composition modulated MoS,,Sey(;_,y alloys.
At the same time, as shown in Figure 2b,c, with decreasing the
S molar fraction (from curves a to 1), all the vibration modes
(both the S—Mo related and the Se—Mo related) shift to low
frequency. As shown in Figure 2a, the Se—Mo related and the
S—Mo related modes are located at low and high frequencies,
respectively. With the increase of the Se content (from curves a
to 1), the interactions between S and Se atoms would soften the
S—Mo related modes and decrease their vibration frequency,
and at the same time the Se—Mo related vibrations would also
shift to the lower frequency as the effect of S atoms becoming
less and less until they arrive at the original mode positions of
the binary MoSe, compound.

Figure 3a shows the normalized photoluminescence (PL)
spectra of the obtained composition modulated MoS,,Se,(;_,)
nanosheets excited with a 488 nm argon ion laser. Curves (a—1)
are for the MoS,,Se,(;_,) nanosheets collected at temperature
of 830 to 796 °C, respectively, as shown in Figure 3b, where the
substrate position-dependent growth temperature and S molar
fraction (x) of the achieved nanosheets were given. All the
samples show single emission bands, with the spectral peaks
continuously shifted from 668 nm (for pure MoS,) to 795 nm
(for pure MoSe,), which is consistent to the band edge
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Figure 3. (a) PL spectrum of the complete composition MoS,,Se;(;_)
nanosheets and a typical PL mapping of a single ternary nanosheet
(the inset, scale bar, 7 um) excited with a 488 argon ion laser. (b)
Substrate position-dependent growth temperature and S molar
fraction (x) of the achieved nanosheets and (c) composition-
dependent (x) bandgaps of the achieved nanosheets.

transitions of ternary MoS,,Se;(;_,) thin films.' ' Figure 3c
gives the composition-dependent (x) bandgaps of the achieved
nanosheets. The solid line is the fitted values from the bandgap
relation for ternary semiconductor alloys:

Eg(x) = ng(MoSZ) + (1 - x)Eg(MoSez) — bx(1 — x)
(1)
Here E,(MoS;) is 1.856 eV and E,(MoSe,) is 1.557 eV. And
the band gap bowing parameter b = 0.05.°° The dots are the
experiment results obtained from PL peak position and EDX

composition analysis. Significantly, the experimental data are
well consistent with the prediction based on eq 1,
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demonstrating that the observed single PL emissions are all
originated from the bandedge emission, without any observed
defect-related emission bands. The inset of Figure 3a is a PL
mapping of a representative single ternary nanosheet, which
shows that the light emission is very uniform across the whole
microstructure. Together, these optical studies further demon-
strate the complete composition MoS,,Se,(;_,) nanosheets
exhibit high-quality optical properties, which are in good
agreements with the structural and composition investigations
described above.

In summary, atomically thin uniform 2D MoS,,Se;;_)
nanosheets have been simultaneously synthesized with
complete composition (0 < x < 1) tunability using a very
simple one-step temperature gradient assisted CVD route. The
achieved samples exhibit triangular shape with edge length up
to 80 um. Under laser excitation, the nanosheets collected from
difference growth temperature (different positions along the
length of the tube) show a consistent composition-related
Raman shift and PL emission. The nanosheets with variable
compositions all show single bandedge emission band, with the
spectral peak continuously tunable from ~668 nm (for pure
MoS,) to ~795 nm (for pure MoSe,). These achieved 2D alloy
nanostructures with high-quality crystallization could find
significant applications in tunable nanoscale photoelectric
devices at the near-infrared range.
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