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T
wo-dimensional (2D) transition-metal
dichalcogenides (TMDs) have poten-
tial applications in water splitting,

optoelectronics and nanoelectronics for
their special edge effect, superior optical
and electrical properties.1�6 Both theoreti-
cal calculation and experimental work have
shown that the band gap of 2D TMDs alloys
can be tuned in a wide spectrum range
by changing the composition.7,8 Several
approaches have been developed to syn-
thesize 2D alloys, such as mechanical exfo-
liation of the bulk alloy crystals,9,10 chemical
vapor deposition (CVD),11�13 and physical
vapor deposition (PVD).14 CVD and PVD
can produce large single crystal domains
and continuous films of 2D alloys, which
are more preferred for spectroscopic and

electrical investigations.15�17 The primary
challenge in the synthesis is to precisely
control the composition as well as the do-
main size and the edge orientation.1,4,18�22

In CVD growth of MoS2 monolayers via

sulfurization of MoO3, sulfur pressure can
affect the morphology of MoS2 mono-
layers,23,24 in which MoS2 monolayers with
the straight edges and the inward curving
edges, corresponding to Mo-zigzag and
S-zigzag edge orientations, respectively,
have been obtained.25

Previously, we reported direct PVD
growth of MoS2(1�x)Se2x monolayer alloys
but with limited Se content (x = 0�0.40).14

The difficulty for synthesizing MoS2(1�x)Se2x
monolayer alloys with high Se content
arises from decomposition of MoSe2 to
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ABSTRACT Transition-metal dichalcogenide (TMD) monolayer

alloys are a branch of two-dimensional (2D) materials which can

have large-range band gap tuning as the composition changes.

Synthesis of 2D TMD monolayer alloys with controlled composition

as well as controlled domain size and edge structure is of great

challenge. In the present work, we report growth of MoS2(1�x)Se2x
monolayer alloys (x = 0.41�1.00) with controlled morphology

and large domain size using physical vapor deposition (PVD).

MoS2(1�x)Se2x monolayer alloys with different edge orientations

(Mo-zigzag and S/Se-zigzag edge orientations) have been obtained

by controlling the deposition temperature. Large domain size of MoS2(1�x)Se2x monolayer alloys (x = 0.41�1.00) up to 20 μm have been obtained by

tuning the temperature gradient in the deposition zone. Together with previously obtained MoS2(1�x)Se2x monolayer alloys (x = 0�0.40), the band gap

photoluminescence (PL) is continuously tuned from 1.86 eV (i.e., 665 nm, reached at x = 0.00) to 1.55 eV (i.e., 800 nm, reached at x = 1.00). Additionally,

Raman peak splitting was observed in MoS2(1�x)Se2x monolayer alloys. This work provides a way to synthesize MoS2(1�x)Se2x monolayer alloys with

different edge orientations, which could be benefit to controlled growth of other 2D materials.
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Mo3Se4 at high temperatures. So a Se-rich condition
is necessary to inhibit the decomposition.26,27 Here, by
adding Se vapor during PVD, we have obtained
MoS2(1�x)Se2x monolayer alloys with Se content x of
0.41�1.00. Further, the MoS2(1�x)Se2xmonolayers with
large domain sizes and different edge orientations
(Mo-zigzag and S/Se-zigzag edge orientations) have
been obtained by tuning the deposition parameters
(such as the temperature gradient in the deposition
zone and the deposition temperature).

RESULTS AND DISCUSSION

Figure 1a illustrates the growth process. Se powders
were put in the upstream of the furnace with tempera-
ture about 300 �C. MoS2 and MoSe2 powders were put
in the first and second zones, respectively, and directly

vaporized at high temperatures (950�965 �C). SiO2/Si
substrates (oxide thickness of ∼270 nm) were put in
the deposition zone with lower temperatures (T ∼
600�770 �C). By fine controlling growth conditions,
such as evaporation temperature, temperature gradi-
ent in the deposition zone, and the deposition tem-
perature (Supporting Information Figure S1), we grew
large-size high-crystalline MoS2(1�x)Se2x (x = 0.41�1.00)
monolayers directly on SiO2/Si substrates. Figure 1b
shows a typical optical image of as-grown MoS0.78Se1.22
monolayers.
The Se composition in MoS2(1�x)Se2x monolayers

was determined by X-ray photoelectron spectroscopy
(XPS, Supporting Information Figure S2). Atomic
force microscopic (AFM) imaging showed a height of
around 0.8 nm for as-grown MoS0.78Se1.22 monolayers

Figure 1. (a) Illustration of three-zone furnace setup for MoS2(1�x)Se2x (x = 0.41�1.00) monolayer growth. (b) Optical image,
(c) AFM image, (d) polarized Raman spectra, and (e) PL spectrum of as-grown MoS0.78Se1.22 monolayers.

Figure 2. Spectroscopic characterizations of MoS2(1�x)Se2x monolayers. (a) Raman spectra, (b) PL spectra of MoS2(1�x)Se2x
monolayers (x = 0.00�1.00). (c) Plots of Raman frequency shift against the Se composition x in MoS2(1�x)Se2xmonolayers. (d)
Plots of A-, B-exciton emission energy ofMoS2(1�x)Se2xmonolayers against the Se composition x. The data of Se composition x
(x = 0.00�0.40) is similar to our previous reported data.14
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(Figure 1c). Five intense Raman peaks were ob-
served from MoS0.78Se1.22 monolayers (Figure 1d).
The 402 cm�1 peak (active only at Z(XX)Z) is assigned
to MoS2-like A1g mode. The 373 cm�1 (active at both
Z(XX)Z and Z(XY)Z) is assigned to MoS2-like E2g mode.
The peaks at 219 and 267 cm�1 (active only at Z(XX)Z
configuration) are assigned to MoSe2-like A1g modes.
The Raman peaks at 276 cm�1 (active at both Z(XX)Z
and Z(XY)Z) is assigned toMoSe2-like E2g. MoS0.78Se1.22
monolayer showed strong PL emission at about
750 nm (i.e., 1.65 eV, Figure 1e), indicating the direct
band gap nature.
Raman and PL mapping were conducted to investi-

gate the composition homogeneity of MoS0.78Se1.22
monolayer domains (Supporting Information Figure S3).
PL emission at 750 nm and Raman peak at 268 cm�1

shows homogeneous intensity within the same indivi-
dual domains. For different domains, PL peak wave-
length and Raman peak frequency show a variation of
(2 nm and (1 cm�1, respectively, indicating homo-
geneous composition within a large area.
Figure 2a shows composition dependent Raman

spectra of MoS2(1�x)Se2x monolayers. The MoSe2-
related Raman branches and MoS2-related Raman
branches are well separated. There is splitting of
MoSe2-like A1g and MoS2-like E2g, which is similar to
that in MoS2(1�x)Se2x bulk crystals.28 The splitting
arises from different coordination configurations of
Se/S aroundMo. Figure 2c shows composition-dependent
Raman frequencies. In detail, the low-frequency MoSe2
A1g mode continuously shifts from 241 to 219 cm�1 as
the Se composition x changes from 1.00 to 0.40. The
high-frequency MoSe2-like A1g continuously shifts
from 241 to 275 cm�1 as the Se composition x changes
from 1 to 0.1. The MoSe2-like E2g

1 shifts from 287.1 to

281.9 cm�1 as the Se composition changes from 1 to
0.64. The MoS2-like A1g mode shifts from 403.0 to
399 cm�1 as the Se composition x changes from 0.0
to 0.43. The MoS2 E2g mode continuously shifts from
384.1 to 373.5 cm�1 as the Se composition x changes
from 0.0 to 0.43.
Figure 2b shows PL spectra of as-grownMoS2(1�x)Se2x

(x = 0�1.00) monolayers. The emission energy can be
continually tuned from 1.86 eV (665 nm) to 1.55 eV
(800 nm). Plots of A-, B-exciton emission energy against

Figure 3. Tuning domain size of MoS2(1�x)Se2x monolayers by changing the temperature gradient in the deposition zone.
Morphologies of MoS0.78Se1.22 triangles obtained at temperature gradient of (a) 60, (b) 50, (c) 40, and (d) 35 �C/cm.
(e) Schematic illustration of the growth process. (f) The domain size of as-synthesized MoS0.78Se1.22 monolayer domains
against the temperature gradient in the deposition zone.

Figure 4. TEM imagingofMoS0.78Se1.22monolayers. (a) TEM
image and (b) HRTEM image of MoS0.78Se1.22 monolayers.
The inset in panel (a) is an optical image of MoS0.78Se1.22
monolayers. (c) SAED pattern for the MoS0.78Se1.22 mono-
layer in panel (a), in which the higher intensity ka spots
correspond to theMo sublattice, and kb spots correspond to
the S/Se sublattice. (d) Schematic illustration of atomic
structure for the MoS0.78Se1.22 domain in panel (a).
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the Se composition x were shown in Figure 2d. As the
Se composition x increases, PL emission wavelength
shows a redshift. The band gap bowing effect in
MoS2(1�x)Se2x monolayer alloys is not significant
(bowing parameter ∼0.046 eV, Figure 2d).
The growth process of 2D monolayers on substrates

involves nucleation and growth. In the nucleation
process, supersaturation is the most important param-
eter. In the growth process, several steps are involved,
including adsorption/desorption of monomers, diffu-
sion and reaction (Figure 3e). In our PVD experiments,
supersaturation can be controlled by temperature
gradient in the deposition zone. Figure 3a�d shows
optical images of as-prepared MoS0.78Se1.22 mono-
layers at different deposition gradients. At high tem-
perature gradients, supersaturation is larger and
more nucleation is expected, which results in smaller
MoS0.78Se1.22 monolayer domains. At low temperature
gradients, supersaturation is small and less nuclea-
tion is expected, which results in large MoS0.78Se1.22
monolayer domains. For example, at lowest tem-
perature gradient of our system (∼35 �C/cm),
MoS0.78Se1.22 monolayers with size of more than 10 μm
were obtained.
TEM and selected area electron diffraction (SAED)

were conducted to characterize the edge orientation
of as-grown monolayers. Figure 4a,b shows TEM
images of a MoS0.78Se1.22 triangle. The HRTEM image
(Figure 4b) shows (100) lines with spacing of 0.28 nm
and (110) lines with spacing of 0.16 nm. The SAED
pattern (Figure 4c) shows only one set of hexagon
spots, indicating single-crystal nature of the
MoS0.78Se1.22 domain. The inset image in Figure 4c

was a line profile through experimentally measured
diffraction spots. According to reference work,25 ka
spots with higher intensity correspond to the Mo
sublattice (indicated by the arrows in a), and kb spots
with lower intensity correspond to the dichalcogenide
(Se, S) sublattice (indicated by the arrows in b). This
infers that the edge orientation of the triangle should
be along Mo-zigzag direction (Figure 4d). Similar ex-
perimental data for MoSe2 monolayers is shown in
Supporting Information Figure S4.
At different deposition temperatures (temperature

gradient fixed at 35 �C/cm), different morphologies of
MoS0.78Se1.22 monolayers were observed (Figure 5a).
Triangles with straight edge were obtained at low
temperatures such as 630 �C (Figure 5d). At inter-
mediate temperatures such as 670 �C, hexagons with
straight edges were obtained (Figure 5c). At high
temperatures such as 750 �C, triangles with inward
curving edges were obtained (Figure 5a). Similar
experimantal results were also observed in the
growth of MoSe2 and MoS2 monolayers (Supporting
Information Figure S4), suggesting that the morphol-
ogy is only dependent on the deposition temperature
but not on the composition. TEM and SAED charac-
terizations revealed that the straight edges of
MoS0.78Se1.22 triangles obtained at 630 �C are along
Mo-zigzag edge orientation. The inward curing edges
obtained at 750 �C is along S/Se-zigzag edge orienta-
tion. The preferred edge orientation observed at
different deposition temperatures (i.e., at different
deposition positions) may related to different chemi-
cal potentials of Se (μSe) along the deposition
zone.23,29,30

Figure 5. SEM images of MoS0.78Se1.22 domains obtained at different deposition temperatures: (a)∼750, (b)∼700, (c)∼670,
and (d) ∼630 �C (temperature gradient fixed at 35 �C/cm). (e) Schematic illustration of different morphologies at deposition
temperatures. (f) Proposed structures for domains obtained at different deposition temperatures.
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CONCLUSION

We have successfully grown MoS2(1�x)Se2x (0.41 e x

e 1.00) monolayer alloys with controlled size and edge
orientation via tuning PVD parameters. Larger MoS2-
(1�x)Se2x monolayer domains (10�20 μm) can be ob-
tained at lower temperature gradients in the
deposition zone. At a fixed temperature gradient, low-
er deposition temperatures can give domains with the

Mo-zigzag edges, while higher temperatures can give
domains with the S/Se-zigzag edges. Moreover, com-
position-dependent Raman behavior in MoS2(1�x)Se2x
alloys has also been investigated. Raman splitting was
observed in MoS2(1�x)Se2x monolayer alloys. This work
gives insight for PVD growth of 2D TMD alloys with
controlled composition, large domain size and specific
edge orientation.

METHODS
Sample Growth. MoS2(1�x)Se2x (x = 0.41�1.00) monolayers

were synthesized by evaporation of MoSe2 powders (Sigma-
Aldrich, 99.95%, 40 μm) put in the first zone and MoS2
powders (Sigma-Aldrich, 99%, < 2 μm) in the second heating
zones. Se powders (Sigma-Aldrich, 99.999%, 40 μm) were put
in the upstream of the furnace with the temperature about
300 �C. The loading of Se, MoS2 and MoSe2 powders was
usually 10�100 mg. The SiO2/Si substrates (oxide thickness of
∼270 nm) were put in the deposition zone which was
between the second zone and the third zone. The deposition
zone was at temperature of 600�770 �C. The temperature
gradient was tuned from ∼60 to ∼35 �C/cm by setting the
temperature of the third zone in the range of 250�350 �C.
The SiO2 /Si substrates were annealed at 800 �C for 8 h. The
carrier gases were Ar (2 sccm) and H2 (1 sccm). The pressure
of the growth systemwas∼14 Pa. The growth time was about
15 min.

Characterization. Optical images were taken on an Olympus
BX51 microscope using a 100� objective. Tapping mode
AFM was done on a DI 3100 multimode microscope. SEM
imaging was done on a Hitachi S4800. Raman and PL spectra
were measured on a JY Horiba HR800 micro-Raman spectro-
scope (514 nm excitation) under ambient conditions. XPS
was done on an Axis Ultra system. The monolayers were
transferred on to TEM microgrids. TEM images and SAED
patterns were acquired on a Tecnai G2 F20 U-TWIN operated
at 200 kV.

In the polarized Raman experiments, the parallel polariza-
tion, i.e., Z(XX)Z configuration, was measured by placing an
analyzer between edge filter and detector, in which the polar-
ization direction of the scattered light was parallel to that of the
incident laser. The cross-polarization, i.e., (Z(XY)Z) configuration,
wasmeasured by placing a half-wave plate in the laser path and
placing an analyzer between edge filter and detector in the
signal path. The intensity and peak position of the PL and
Raman peaks were fitted by Gaussian and Lorentzian functions,
respectively.
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