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The electronic and optical properties of transition-metal dichalcogenide (TMD) materials are
directly governed by their energy gap; thus, band-gap engineering has become an impor
tant topic recently. Theoretical and some experimental results have indicated that these
monolayer TMD alloys exhibit direct-gap properties and remain stable at room temperature,
making them attractive for optoelectronic applications. Here, we systematically compared
the two approaches of forming MoSoySe(1-x) monolayer alloys: selenization of MoS; and
sulfurization of MoSe». The optical energy gap of as-grown chemical vapor deposition MoS,
can be continuously modulated from 1.86 eV (667 nm) to 1.57 eV (790 nm) controllable by
the reaction temperature. Spectroscopic and microscopic evidences show that the Mo-S
bonds can be replaced by the Mo-Se bonds in a random and homogeneous manner. By
contrast, the replacement of Mo-Se by Mo-S does not randomly occur in the MoSe; lat-
tice, where the reaction preferentially occurs along the crystalline orientation of MoSe; and
thus the MoSe,/MoS; biphases are easily observed in the alloys, which makes the optical
band gap of these alloys distinctly different. Therefore, the selenization of metal disulfide
is preferred and the proposed synthetic strategy opens up a simple route to control the
atomic structure as well as optical properties of monolayer TMD alloys.

Keywords: transition-metal dichalcogenides, MoS,, MoSe,, WS,, WSe,, band-gap tuning, layered materials,

two-dimensional materials

INTRODUCTION

Two-dimensional transition-metal dichalcogenide (TMD) mono-
layers quickly emerge due to their promising properties, including
moderate carrier mobility values (Radisavljevic et al., 2011; Kaasb-
jergetal.,2012), good bendability, and direct band gaps (Mak et al.,
2010; Splendiani et al., 2010; Wang et al., 2012). These advantages
could be beneficial to many applications such as low-power elec-
tronics (Radisavljevic et al., 2011; Yu et al., 2012; Lin et al., 2013),
flexible applications (Pu et al., 2012, 2014), optoelectronic devices
(Bernardi et al., 2013; Oriol et al., 2013; Tsai et al., 2013; Zhang
et al., 2013; Hsu et al., 2014), and catalysis (Chang et al., 2014).
Since the optical responsivity and conversion efficiency at different
wavelengths in optoelectronic devices are dominated by the opti-
cal band gap of the TMD monolayer, band-gap engineering has
become one of the research focuses. It has been reported that the
optical band gap of TMD monolayers can be modified by strain
engineering (Fengetal., 2012; Lu etal., 2012; Pan and Zhang, 2012;
Peelaers and Van de Walle, 2012; Hui et al., 2013) or the formation
of heterojunction TMD layers (Ghorbani-Asl et al., 2013). Alter-
natively, monolayer TMD alloys such as MoyW;.«S, have been
obtained by mechanical exfoliation from the corresponding TMD
solid solutions (Chen et al., 2013). The recent breakthrough in
the chemical vapor deposition (CVD) growth of MoS;, WSe;, and
WS, monolayers (Lee et al., 2012, 2013; Huang et al., 2014) has
stimulated the direct growth of monolayer TMD alloys. Several

recent manuscripts have shown that MoS,cSe;(;_y) is obtainable
through the gas phase reaction of MoO3 with the mixture of S and
Se (Gong et al., 2013; Li et al., 2014; Mann et al., 2014). These
preliminary works prove the theoretical prediction that TMD
monolayer alloys are stable at room temperature (Jiang, 2012).
However, large variations in atomic composition from flakes to
flakes are expected owing to the difficulty to precisely control the
S and Se vapor diffusion in a CVD furnace. A scalable method to
synthesize monolayer TMD alloys with controllable optical energy
gaps is still urgently needed for practical applications.

In this contribution, we show that both the CVD-grown molyb-
denum and tungsten dichalcogenides monolayer flakes can be
selenized or sulfurized at high temperatures. The optical band gap
of the obtained MoSSey and WS,Se, monolayers ranges from
1.57 to 2.0 eV. Spectroscopic and microscopic results suggest that
the replacement of Mo—S by Mo—Se occurs more homogeneously
compared to the replacement of Mo—Se by Mo-S. It is suggested
that the selenization of metal disulfides is more favorable in the
synthetic control of the compositions and optical properties for
monolayer TMD alloys.

MATERIALS AND METHODS

SYNTHESIS OF MONOLAYER TMD

The CVD-grown MoS;, MoSe;, WS;, and WSe, monolayers were
synthesized based on several previous reports (Lee et al., 2012,
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FIGURE 1 | (A,D) Schematic illustration of the experimental set-up for
the selenization/sulfurization process, where the inlet gas carries the
vaporized selenium (sulfur) to the heated MoS, (MoSe;) flakes and
optical micrographs for the (B,E) as-synthesized MoS,/MoSe,, and
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(C,F) selenized (sulfurized) MoS,/MoSe, (at 800°C) on sapphire
substrates. AFM images for the MoS,/MoSe, flakes before and after
selenization (sulfurization) (at 800°C) are shown as insets in OM
images.

2013; Lin et al., 2012; Huang et al., 2014). Taking monolayer MoS,
single crystals as an example, c-plane sapphire (0001) substrates
(Tera Xtal Technology Corp.) were first cleaned in a piranha solu-
tion [H,SO4/H, 05 (70:30)] at 100°C for 1 h. Substrates were then
placed in the center of a 4” tubular furnace on a quartz holder. The
MoO3 powders (0.6 g; Sigma-Aldrich, 99.5%) in an Al, O3 crucible
were placed next to the sapphire substrates. The S (Sigma-Aldrich,
99.5%) powders were placed at the upstream position, where the
schematic illustration of the growth system was described else-
where (Zhang et al., 2013). The furnace was first heated to 150°C at
10°C/min rate with 70 sccm Ar at 10 torr and annealed for 20 min,
then ramped to 650°C at 25°C/min rate and kept for 20 min. Sulfur
was heated separately by heating belt to 170°C when the furnace
reached 400°C. After growth, furnace was slowly cooled to room
temperature.

SELENIZATION (SULFURIZATION) PROCESS

The as-grown monolayer MoS, (MoSe;) and WS, (WSe;) single
crystal flakes were selenized (sulfurized) in a hot-wall furnace at
600, 700, 800, and 900°C. Briefly, as-grown MoS; (MoSe;) and
WS, (WSe;) monolayers on sapphire were placed in the center
of the quartz tube. The selenium (sulfur) powders were placed at
the upstream position and heated to 270°C (160°C) with a sep-
arate heating belt. The furnace was heated to 600, 700, 800, and
900°C at 30°C/min rate and kept for 2 h for reaction. After sel-
enization (sulfurization), the furnace was slowly cooled to room
temperature.

CHARACTERIZATIONS

Photoluminescence spectra were performed with a green light
(532 nm) laser and 0.9 NA of objective lens (spot size: 0.7 pm).
Raman spectra were collected in a NT-MDT confocal Raman
microscopic system (laser wavelength 473 nm and laser spot size
~0.5um). The Si peak, 520 cm™ !, was used as reference for
wavenumber calibration. The atomic force microscopy (AFM)
images were performed in a Veeco Dimension-Icon system. The
transmittance spectra of the MoS; flakes were obtained using a

JASCO-V-670 UV-Vis spectrophotometer. Chemical configura-
tions were determined by X-ray photoelectron spectroscope (XPS,
Phi V5000). XPS measurements were performed with an Mg Ka
X-ray source on the samples. The energy calibrations were made
against the C 1s peak to eliminate the charging of the sample
during analysis.

RESULTS AND DISCUSSIONS

As described in the Section “Materials and Methods,” the trian-
gular monolayer TMD flakes with a lateral size up to several tens
of microns can be obtained by our proposed CVD method and
it has been adopted by many other groups (Amani et al., 2013;
Zhao et al., 2013). In order to tune the electronic structures and
optical band gaps of TMD monolayers, we perform the seleniza-
tion/sulfurization in a hot-wall furnace at various temperatures.
The schemes in Figures 1A,D illustrate the experimental set-up
for the selenization and sulfurization processes, respectively, where
the inlet gas (a mixture of Ar and H;) carries the vaporized sele-
nium or sulfur to the heated MoS, or MoSe, flakes. It should
be noted that hydrogen gas is required in the process to avoid
the oxidation of MoS; or MoSe;, by residual oxygen or unavoid-
able oxygen leaking from the environment. Figures 1B,E show the
optical micrographs for the as-synthesized MoS, and MoSe, on
sapphire substrates before selenization or sulfurization. Those for
the selenized MoS; and sulfurized MoSe; at 800°C are displayed
in Figures 1C,F, respectively. There is no obvious change in size
and shape of the MoS; (MoSe;) flakes after selenization (sulfu-
rization). The AFM image for the MoS, (MoSe;) flakes before
and after selenization (sulfurization) at 800°C is shown in inset
of each OM image. Note that the slight changes in thickness after
selenization or sulfurization are within the AFM measurement
errors.

The Raman spectra for the MoS; (MoSe;) flakes before and
after selenization (sulfurization) at different temperatures are
shown in Figure 2. No significant changes are observed for
the MoS; (MoSe;) samples after selenization (sulfurization) at
600°C, where the MoS,; (MoSe; ) characteristic peaks, 385.6 (286.3)
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FIGURE 2 | Raman spectra for the (A) MoS, and (B) MoSe, flakes
before and after selenization/sulfurization at different temperatures
are shown.

cm~! for Eé mode and 405.8 (241.1) cm™! for A1z mode, are
predominant in both as-grown and 600°C-reacted samples. As the
temperature increases to 700°C, both MoS; and MoSe; flakes after
respective selenization and sulfurization exhibit several uniden-
tified peaks at around 200-300 cm ™!, which are likely attributed
to the vibration from the partially selenized Mo-S or sulfurized
Mo-Se structures and worth further investigations in the future.
When the process is performed at 800°C (750°C), MoS; (MoSe;)
flakes start to be converted to MoSe; (MoS,), which is evidenced
by the presence of the Raman Eig (A1g) and Ajg (Eig) modes of

MoSe; (MoS;) at 287.1 (383.1) cm™! and 239.0 (405.4) cm ™!,
respectively (Tonndorf et al., 2013; Su et al.,, 2014). It should be
mentioned that in Figure 2A, the weak shoulder and unassigned
peak occurred at around 249.8 cm™! for the selenization process,
which implies that the quality of MoSe; is still not perfect. When
the selenized temperature of MoS; reaches 900°C, the perfect Aq
and Eég peaks are shown at 242.2 and 289 cm~!. Meanwhile, the
shoulder peak completely disappears and no MoS; feature peaks
are observed, indicating the selenization process is successful. On
the other hand, the MoSe, flakes sulfurized at 800 and 900°C
exhibit two sharp MoS; Raman peaks. Hence, we could confirm
that both MoS; and MoSe;, can be successfully converted to each
other at a higher process temperature.

X-ray photoemission spectroscopy was utilized to character-
ize the chemical bonding structures of these monolayer flakes.
Figure 3 displays the detailed XPS scans for the Mo, S, and Se
binding energies for the as-grown MoS; (MoSe;) and those after
selenization (sulfurization), where the magnitude of each profile
was normalized for easier comparison. From Figure 3A, the peaks
at 232.5 and 229.3 eV represent the Mo 3ds/; and Mo 3ds/; bind-
ing energies for Mo** (Majumdera and Takoudis, 2008). The S
2p1/2 and S 2psy; orbital of divalent sulfide ions (S*7) are iden-
tified at 163.3 and 162.1eV (Wang et al., 2013). Moreover, the
observation of a doublet peak (232.4 and 235.6 cm™!) indicates
the presence of MoOs. For selenization process, a weak doublet
peak of Se 3ds;, (55.3 cm™!) and Se 3ds;; (54.5cm™1) binding
energy appears even after a low temperature process (600°C),

which means that XPS is more sensitive than Raman in the
structural characterization for monolayer alloys. As the seleniza-
tion temperature increases, the doublet peak of Se 3d3/,, Se 3ds/,
becomes more dominant and the binding energy peak of S 2p;/,
and S 2ps/, gradually disappears. After 900°C selenization, the S
characteristic peaks are absent, further confirming that the MoS,
selenization process is successfully completed. Similarly, the results
for MoSe; sulfurization shown in the Figure 3B demonstrate that
MoSe; can be sulfurized to MoS, at 900°C. Both the selenization
and sulfurization processes take effects at the temperature higher
than 600°C.

We perform the photoluminescence measurements using
microscopically focused light (532 nm; spot size: 0.7 wm) to study
the optical properties of selenized MoS,. Figure 4A shows the
photoluminescence spectra collected for the samples before and
after selenization at different temperatures. The emission peak
wavelength 667 nm for the MoS; selenized at 600°C is still pretty
similar to the 668 nm peak of the pristine MoS; samples. The
peak wavelength for the sample selenized at 700°C is at 726 nm
and the wavelength continues to increase to 768 and 790 nm for
the samples selenized at 800 and 900°C, respectively. The emis-
sion wavelength (790nm) for the MoS, selenized at 900°C is
very close to the reported values from 792 nm (Tonndorf et al.,
2013) to 800nm (Kong et al., 2013) for the exfoliated mono-
layer MoSe;,. Figure 4B shows the optical absorption spectrum
for these samples. Two distinct absorption peaks at approximately
794.2 and 700.4 nm, identified as A and B excitonic absorptions
are observed and these peak positions are consistent with those
for exfoliated MoSe, (Tonndorf et al., 2013). It should be men-
tioned that A and B excitons are generated by the splitting of
valence band due to the spin—orbital splitting effect. It is obvious
that MoS, gradually transforms into MoSe, from 600 to 900°C.
By considering the photoluminescence, absorption spectra, and
Raman features, it is suggested that the 900°C selenized sample is
close to that of the reported MoSe, monolayer (Tonndorf et al.,
2013). Moreover, we present in Figures 4C,D the energy varia-
tion and the spin—orbital splitting vs. selenized temperature. The
optical energy gap gradually becomes lower with the tempera-
ture, consistent with the PL results. From the absorption peaks,
the spin—orbital splitting can be derived as 180 meV for MoS,
and 250 meV for MoSe;. The optical features in Figure 4 are in
line with the calculations by Komsa and Krasheninnikov (2012)
where the entropic contributions promote the mixing of MoS;
and MoSe; (Jiang, 2012), which is energetically more preferable
over the segregated phases in the mixture even at 300 K. The opti-
cal properties of MoSe; before and after sulfurization are shown
in the Figure 5. The emission peak at 804 nm for MoSe, sul-
furized by 600°C is also similar to that of the as-grown MoSe;.
The PL peak remains at 809 nm but becomes broader after sul-
furization at 700°C, which suggests that the MoSe; starts to react
with S at around 700°C. In clear contrast to the selenization of
MoS;, Figures 5A,B show that the PL and absorption features of
the MoSe; suddenly changes to MoS;-like when the sulfurization
temperature is equal to or higher than 750°C. The optical band
gap of the sulfurized MoSe, does not seem to be adjustable as
those obtained from the selenization of MoS,. The spin—orbital
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FIGURE 3 | XPS scans for the Mo, S, and Se binding energies for (A) the as-grown MoS, and those after selenization, and (B) the as-grown MoSe, and
those after sulfurization. The magnitude of each profile was normalized for easier comparison.
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FIGURE 5 | Optical properties of the MoSe; are collected before and
after sulfurization. (A) Photoluminescence spectra, where the peak at
694 nm was from the sapphire substrate. (B) Absorption spectra. (C) The
optical energy gap of (A,B), excitons, and PL peaks. (D) The spin-orbital
splitting derived from the absorption spectra.

splitting energy with the sulfurization temperature also shows the
same behavior.

In order to microscopically reveal the homogeneity of the
samples, some flakes are selected for visualization under TEM.
Figures 6A,B are the MoS, flakes after selenization at 600
and 700°C, respectively. Both Figures demonstrate that the

replacement of S by Se is random and homogeneous in the lat-
tice. It is noted that some replacement occurs at 600°C although
the Raman, PL, and absorption spectra do not show pronounced
changes as described before. After the MoS; is selenized at 700°C,
large numbers of S,, Sez, and S—Se are identified and the replace-
ment seems to be not only randomly located but also with some
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FIGURE 6 | TEM images of the MoS, flakes selenized at (A) 600°C and (B) 700°C and (C-E) MoSe, sulfurized at 700°C.
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identifiable triangle patterns. Since it is generally homogeneous
in location, the optical properties can be considered to origi-
nate from the MoSySey alloy. By contrast, Figures 6C-E show
the TEM images for the MoSe; flakes after sulfurization at 700°C.
The field is composed of two obvious MoS; and MoSe, domains,
where MoSSe domains are also found in some areas. In general,
the sulfurization seems to preferentially proceed through certain
directions, which are related to the crystal orientation. Since the-
oretical prediction suggests that the mixing of MoS; and MoSe,
is energetically more preferable over the segregated phases, the
formation of biphases is likely due to the kinetic factor. Mean-
while, the preferential formation of biphases in morphology can
also explain their distinctly different optical properties, where the
PL and absorption peaks are either dominated by MoS; or MoSe;,
depending on the degree of sulfurization.

In addition to molybdenum dichalcogenides, the same method
has also been utilized to selenize (sulfurize) the WS, (WSe;)
flakes, respectively. Figures 7B,C show the Raman and PL spec-
tra for the WS, flakes after selenization at various temperatures.
Similar to the case of MoS; selenization, we can see the grad-
ual increase in emission wavelength from 621 to 684 nm when
the selenization temperature increases from 600 to 850°C. How-
ever, when the temperature reaches 900°C, all the triangular flakes
are completely gone, which could be observed in Figure 7A.
Hence, it could infer that the thermostability of WS, is not
as good as MoS;. The consistent results are revealed in the
Raman spectra in Figure 8B, where the WS, peaks at 358 and
419cm~! gradually disappear and the WSe, peak at 279 cm™!
becomes pronounced with increasing temperature. On the flip
side, WSe;,, similar to MoSe;, could be fully and successfully
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FIGURE 7 | (A) Optical images, (B) Raman spectra, and (C) PL spectra for
the WS, monolayer flakes after selenization at various temperatures are
shown.

sulfurized. Figure 8A displays the AFM and OM images for the
WSe, flakes before and after sulfurization at 800°C. The Raman
spectra in Figure 8B reveal that the WSe; peaks located at 250 and
260 cm™! still remain at 700°C. When the temperature reaches
800°C, the Raman peaks from WS, are dominated, but PL peak is
still closer to WSe; emission. The PL results in Figure 8C sug-
gest that the sample is composed of biphase domains, similar
to the previously described sulfurization of MoS,. These sug-
gest that WSe; starts to but is not yet completely transformed
to WS,. Based on the PL results, the sulfurization of WSe,
starts to become pronounced when the temperature is higher
than 900°C.

To reveal the chemical composition, we estimate the S con-
tent in Figure 9 for each sample by the ratio between Mo-S
and (Mo-Se + Mo-S) based on XPS spectra (not shown here).
For example, the Mo—S percentage for the as-grown MoS; and
those selenized at 600, 700, 800, and 900°C is 100, 85.8, 26.2,
5, and 0%, respectively. The observed trend strongly agrees the
conversion of Mo—S to Mo-Se bonds. The solid line represents
the experimental results by Gong et al. (2013) and the dash line
is the theoretical results (Kang et al., 2013). It is clearly seen
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FIGURE 9 | The optical gap of selenization (square symbol) and
sulfurization (triangle symbol) with the variation of Sulfur composition
is shown. The experimental from Gong et al. (solid line) and theoretical
results (dash line) are for references.

that the experimental optical band gap is larger than the calcu-
lated gap. Most importantly, the conversion is governed by the
selenization temperature, indicating that the process is thermo-
dynamically controlled. However, due to the presence of biphase
domains, the PL peak position vs. S% for MoSe, sulfurization
exhibits distinctly different behavior compared to that for MoS,
selenization.
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CONCLUSION

In summary, we report that the CVD-grown TMD mono-
layer flakes can be successfully selenized and sulfurized with
a simple and straightforward method. The optical band gap,
ranging from 1.57eV (790nm) to 2.0eV (620 nm), is control-
lable by the selenization or sulfurization temperatures. TEM
analysis indicates that the Mo-S bonds can be replaced by
the Mo-Se bonds in a random and homogeneous manner.
By contrast, the replacement of Mo-Se by Mo-S does not
randomly occur in the MoSe; lattice, leading to the biphase
formation.
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