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CVD synthesis of Mo;.,)W,S, and MoS,(;.jSe, alloy monolayers
aimed at tuning the bandgap of molybdenum disulfide

Wenting Zhang,” Xiaodong Li,* Tongtong Jiang,” Jianglugi Song,” Yue Lin,” Lixin Zhu © and Xiaoliang
Xu'™®

As a rising star in two-dimensional (2D) layered materials, transition metal dichalcogenides (TMDs) have attracte !
tremendous attention for their potential applications in nanoelectronics, optoelectronics and photonics. Driven by the
high standards of practical devices, alloying theory has been proposed for modulating electronic structure of Tivic.
materials as well as their physical and chemical properties. So far, however, very limited alloy materials can be synthes -
by chemical vapor deposition (CVD) and very limited band gap range can be achieved. Here, for the first time, we reporta
one-step CVD strategy for the growth of ternary alloy Mo;.W,S; monolayers (ML) on SiO,/Si substrates with controllahle
composition. Both Mo;,9W,S, and MoS;1.Sey alloy materials with high crystallinity were synthesized in this wor .
Therefore, the bandgap photoluminescence (PL) can be broadening from 1.97 eV (for ML-WS,) to 1.55 eV (for ML-MoSe;).
Further, the density functional theory calculations were performed to reveal the important role of alloying in tailoring tt 2

electronic structure of 2D materials.

Introduction

Undoubtedly, graphene synthesized experimentally for the
first time in 2004 has brought the dramatic revolution to the
field of materials and condensed matter.* With the deeper
and broader research about it,u some other novel two-
dimensional (2D) materials have aroused the great interest of
the researchers, due to their special physical and chemistry
properties, peculiar structures and anticipated potential
applications. The typical representative of these thriving 2D
materials including the insulating hexagonal boron nitride (h-
BN) which can provide an atomically flat surface and has
proven to be the best substrate materials.® 2 In addition, the
semiconductor transition metal dichalcogenides (TMDs) whose
band gap depends on the thickness also host excellent
mechanical properties similar to graphene. In some degree,
the emergence of these ultrathin 2D layered materials has
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complemented the zero band gap shortcomings of graphen
which has seriously retarded its application in digital circuit.
and low-power electronics. X Especially in the rich library c.
TMDs, different members such as WS, ~2.0 eV, WSe,~1.6_
eV,22 MoS,~1.8 eV, MoSe, ~1.55 eV, MoTe, ~1.0 eV,
and WTe; ~1.0 ev,2 always possess different direct band gap
when their thickness thinning down to the monolayer (ML)
Benefit from this character, they are expected to be .. -
promising candidate for building the atomically thin layered
devices such as field-effect transistors,M optical sensors and
some other (opto—)electronics.M

So far, considerable efforts have been dedicated to the
preparation and application of ML-TMDs materials. It is widelv
believed that a major opportunity for TMDs and their mor @
in the tunability of band gap
continuously.M Before this, alloying materials with differer -
band gap is an important strategy in the band gap engineering
of bulk semiconductors and 0D/1D nanomaterials. So, takir 1
into account the similarities in atomic structure and properties
of the TMDs family members (MX,: M = Mo, W; X =S, Se, Te .
it is possible to create a mixed alloy system with a tunable
band gap and not suffer from phase separation.ﬂ Recentl ,
the large-area monolayers MoS,/MoSe,/WS,/WSe, have bee.,
synthesized by the chemical vapor deposition (CVD).M Th .
scale of the monolayer film even reaches the centimetet
length. Thus suggests that CVD is the most efficient methoc o

synthesize the binary ML-TMDs with practical applied val:

versatile applications lie
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unlike the bad reproducibility and low throughput of the
traditional mechanical/chemical exfoliation or hydrothermal
synthesis.M However, as far as we know, ML-MoS;(;.,Sexis
the only ternary alloys synthesized successfully by CVD to date,
which means the band gap of TMDs can only be tuned
between 1.55 eV (ML-MoSe,) and 1.8 eV (ML-Mo0S,) arbitrarily.
In order to incorporate TMDs into more rational applications,
it is imperative to further broaden the tunable range of TMDs
by CVD.

In this study, the high-quality ternary alloy of ML-Mo(1.,)W,S,
was synthesized by one-step CVD process for the first time.
Both Raman and photoluminescence (PL) spectra, as well as
the transmission electron microscopy (TEM) indicated that
these achieved ML-Mo(;.4W,S, are of high crystalline quality
and remarkable PL emission as good as the mechanical
exfoliation samples.ﬂ’ﬂ The band gap of ML-Mo;.4yW,S, could
be tuned precisely between 1.83 eV (ML-MoS,) and 1.97 eV
(ML-WS,) by changing the ratio of Mo/W compositions.
Combining with the ML-MoS;1.,Se,,, the final tunable range of
TMDs band gap was broaden from 1.55 eV (ML- MoSe;) to
1.97 eV by CVD synthesis.

Experimental section

Synthesis of Mo(;,)W,S, monolayers: The home-built CVD
system was used to synthesize the ternary alloy ML-Mo;.
wW,S,, Fig. 1a gives the schematic representation. The whole
process took place in a quartz tube using a dual-zone
horizontal tubular furnace to control the supply rates of
chalcogenide and metal source independently. The quartz boat
loaded with sulfur fine powder (99.5%) was placed in the
center of first heating zone, while another boat loaded with a
mixture of MoO; (99.99%) and WO03(99.99%) powder was
placed in the second heating zone at downstream. The growth
substrate (a Si substrate covered with a 285 nm SiO, layer) was
positioned directly on top of it. The distance between two
quartz boats was about 20 cm which had been demonstrated
to be a suitable distance. Before heating, the tube was
pumped down to the lowest attainable pressures in the system
(about 100 mTorr), then ultrahigh purity argon gas (99.99%)
was introduced to remove oxygen residue and some other
sources of contamination from air. The two heating zones of
furnace were then heated to the certain temperature within
30 min (750 °C for the mixture of MoO3; and W03, 150 °C for S),
keeping the raw materials under the respective constant
temperature for about 15 min, followed by natural cooling
down. The flow rate of Ar during the whole growth process
was set to 25 sccm.

Synthesis of MoS;(;.,)Se;, monolayers: As for ML-MoS;(;.ySe,y,
the mixed powder of S and Se (99.99%) were used as source of
chalcogenide combined with MoO; as sole metal source.
Moreover, considering the different melting points of
materials, the growth temperature changed to 680 °C for
MoOj; and 280 °C for the mixture of S and Se powder, while the
other experimental parameters remain the same.
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Characterization

Optical microscopy (OM, Leica DM4000M) was used to make 3
preliminary judgment about the location, shape and laye.
number of the prepared samples. Then the scanning electro .
microscope (SEM, JSM-6700F) was used to further characteriz_

the microstructures and morphologies. Atomic fc.cc
microscopy (AFM, SPA-300HV &SPI3800N) gave the mor:
accurate information about the thickness and surface

roughness of the samples. Transmission electron microscog *
(TEM, JEOL JEM-ARM200F) was used directly to identify the
crystal structure and quality, which was operated at a\»
acceleration voltage of 200 kV. Finally, both Raman and P!
measurements were performed on LabRAM HR800 under
ambient condition at room temperature, the excitation source
was an Ar-ion laser with wavelength centered at 532 nm an i
the power was 2 mW so that no observable samples heating.

Results and discussion

In this work, both the ternary alloy of ML-Mo;.4yW,S; and * .-
MoS;1-x)Se,x  were successfully synthesized with tunable
compositions by CVD. Compared with the traditional
mechanical exfoliating method, this simple CVD synthes's
could effectively reduce the surface contamination. The final
crystal structure of the as-synthesized alloy samples is simil:
to ML-MoS, described in Fig. 1(b). Here, a hexagonal metal-
plane containing Mo (W) atoms surrounded above and belo.
by planes of chalcogen atoms (S/Se) in displaced hexagon: .
sites. Thanks to the isomorphism of MX, (MoS,/MoSe,/WS,.,
the hexagonal lattices structure did not be disturbed obvious!
by the introduction of doping elements.

(a) Furnace 1 Furnace 2

—> Si0,/Si

AT~ —

|

Quartz tube
Mo 05/W 05

S/Se powder

(b)
sﬂ‘iv
o
e © © o o
Si0, Si S Se Mo WV

Fig.1 (a) Schematic of the tube-furnace set-up employed in this work fi -
the growth of ternary alloy monolayers. (b) Schematic diagram of the two-
dimensional structures of ML-Mo;1.W,S; (left) and ML-MoSy;1-gSex (righ )

respectively.

The Optical microscopy (OM) images of the as-prepared M' -
Mo(1.WS; and ML-MoS;(1-ySe,, are given in Fig. 2(a) and (b,.
It provided one of the most intuitive approaches to identif

This journal is © The Royal Society of Chemistry 20xx
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Fig.2 (a)-(b) Typical optical images of the obtained ternary ML-Mo(;.4W,S,
and  ML-MoSy(1-9Sexx (c)-(d)
corresponding ML-Mo(1.,W,S, and ML-MoSy1-gSez. (e) AFM  height
topography of an ML-MoS;(1-,Se, triangle and the height profile showed
the thickness of*0.8 nm, as measured along the white line. (f) HRTEM

respectively. SEM morphology of the

image taken from an ML-Mo1.W,S, nanonsheet and the corresponding
SAED pattern which showing only one set of six-fold symmetry diffraction

spots.

the number of layers, based on the thickness dependent
contrast which can distinguish between the single- and multi-
layers on 285 nm SiO, /Si. As Fig. 2(a) and (b) show, these
achieved triangular nanosheets with the edge lengths ranging
from a few to dozens of microns. The bright nucleation sites
and thicker area in some triangles are noticeable similar to
what has been observed in the growth of pristine MoSz.ﬁﬂ
Fig. 2(c) and (d) are the typical scanning electron microscopy
(SEM) images. The remarkable chiaroscuro between samples
and substrate indicates that they nucleate randomly on the
substrate, and most of them are the isolated islands with
triangle-like morphologies which can be understood based on
the presence of an energetically preferred edge, i.e., the zigzag
edge.ﬁ One of typical MoS;(;-xSe;y triangles was selected to
perform atomic force microscopy (AFM) in order to make sure
the domains imaged by OM were monolayer. The line scan in
Fig. 2(e) indicates that the thickness is ~0.8 nm which is
comparable to the previous reports about exfoliated
monolayer samples.27 The homogeneous color contrast in AFM

This journal is © The Royal Society of Chemistry 20xx
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image indicates that the flake has flat and uniform surface
without any observable large scale absorbents or multilayer
growth. Furthermore, in order to identify the crystallinity

these nanosheets, we used a combination of TEM and electro’
diffraction techniques. The monolayer samples were firs
transferred onto TEM microgrids using a PMMA-assiste”
transfer technology, the dark-field image of a ML-Mo1.)W,{ .
nanosheet supported on holey carbon grid is given in
supporting information Fig. S1t. Fig. 2(f) shows th:
corresponding high-resolution TEM (HRTEM) image of the
nanosheet, which with a lattice fringe of 0.28nm, i1
accordance with the (100) lattice plane. The selected area
electron diffraction (SAED) pattern presents only one set of six-
fold symmetry diffraction spots (right in Fig. 3(f)), furthe.

confirming the high single-crystallinity with hexagon: .
structure of these achieved ML-Mo;.W,S, nanosheet:
Besides, to unambiguously determine the chemics

modulation of the samples, we performed elemental analys..
using energy dispersive X-ray spectroscopy (EDS) equippec
TEM. Both the EDX spectrum and elemental mapping images
of the typical Mo(;.4yW,S, nanosheet are given in Fig. S2t. " .._
results corroborated that the sample consisted of Mo, W, and
S elements, with the W mole fraction [x, W/(W+Mo)] of~_._
indicating the composition of the nanosheet as Moy oWy S,
Additionally, the detailed analysis about the microstructure
and elemental composition of the ML-MoS;(;-ySe,x hanosheet
are also given in Fig. S31-41, from which the similar conclusin
can be deduced.

We then use Raman spectroscopy to characterize th:
composition-dependent vibration modes of these alloy
monolayers, as shown in Fig. 3(a). Previously studies hav :
indicated that two kinds of characteristic Raman vibration
modes always can be found in 2D metal dichalcogenide, i.(
the out-of-plane vibration mode (A mode) and the in-plane
vibration mode (E mode). In our case, the molecular vibratic
modes of ternary alloy ML-Mo;.4W,S, and ML-MoS;;_gSe;
can be classified into two sets, to which one set related *' _
MoS,-like modes and the other related the WS,-like (or MoSe,-
like). The curves a-e in Fig. 3(a) describe the vibrational
behavior of composition modulated ML-Mo;_.4W,S, alloys wit*
the x decreased gradually from 1 (pure WS,) to O (pure MoS,,
Different from the “two-mode behavior” (2MB) of MoS;(x.1)7 _
aIons,3—1 there is little difference between frequencies ¢~
phonon modes in the pure MoS, and WS, (less than 50 cm’l,
So the MoS,-like and WS,-like A;, (Ezgl) shifted closer to eac’
other and then partially overlap. The two identifiable peak.
appeared in 355.5 em™® and 420.5 cm™ can be assigned to th-
WS,-like Ezgl and A;; mode respectively. While the other tw
peaks near 384 cm™ and 404 cm™ belong to the MoS,-like Ez,l
and A;; mode. As expected, the Raman spectrum of ML-Mo,
yW,S, changed with W content obviously. The MoS,-like A.
and Ezgl modes in alloys shifted to higher and lower energie.
respectively with increasing W content, leading to the larger
peak separation ("‘24cm'1) than that of the pure binal
compound ML-MoS,; (~20 cm'l) (the local amplification of this
area can be found in supporting information Fig. S5t). While
the WS,-like A;; and Ezgl modes shifted to lower and hig

J. Name., 2013, 00, 1-3 | 3
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the change of the peak position correspondingly. (b)-(c) Raman peak

intensity mapping at the WS,-like and MoSe,-like Ezgl mode respectively.

energies respectively and come close to the corresponding
modes of pure binary compound ML-WS, gradually, just as the
green dashed line depicted in Fig. 3(a). By investigating the
possible factors that contribute to stiffen or soften the
different vibration modes, three factors are particularly
notable for the phenomenon. First, the doped and host atoms
have different atomic weight (W atom is 1.92 times heavier
than Mo).2 This mass difference may directly cause the
change of vibration energy. Second, the size difference
between the two metal atoms would change the length of the
chemical bond. It has been reported that the bond length in
atomically thin WS, (~0.2401 nm ) is shorter than that in
atomically thin MoS, (~0.2417 nm ).ﬂ This may impact the
bond energy or even induce the local strain in system, all of
which would result in the movement of Raman peaks. Third,
two kinds of atoms possess the different electron affinity (W~
0.8163 eV, Mo~ 0.7473 eV).L7 It is directly related to the
change of molecular polarizability, which is considered to be
the key factor influencing the Raman signal. Therefore, the
above synchronous changes of physical chemical
properties are predominantly responsible for this
phenomenon. Compared with the slight movement of peak
position (less than 4 cm’l) in Raman spectrum, the change of
relative intensity is more obvious. Along with the gradual
increase of W content (from curves e to a), the relative
intensity of WS,-like modes has experienced the obvious
change from the weak to strong. While, the change tendency
of MoS,-like modes is just the reverse of it. The emergence of

and

4| J. Name., 2012, 00, 1-3

this phenomenon is physically expected since that the Raman
peak intensity is always proportional to the amount of
substance under the same test conditions. This furti
indicates that the feature of WS, in the ternary alloy is mor-
and more dominant with the increase of W doping.

In other side, the curves f-h in Fig. 3(a) give the Rara~
information about ML-MoS;1-ySe,« with the increase of S
content. For the MoSe,-like modes, the Ezgl mode locating at
low frequencies ~272 cm™ is absent or too weak to recogniz @
at the initial stage, and then gradually come into appearance
with the corresponding intensity increased. The other MoSe -
like A;; mode is too weak to distinguish in our case. What's
more, with the Se content increasing, the relative intensity or
MoS,-like Az and Ezg1 modes both decreased along with thc
peak position gradually moving down. This opposite chang .
tendency of the relative intensity within MoSe,-like and MoS_
like modes indicated the successful incorporation of S
content, which also agrees with the EDX characterization (Fig
S4t). The moving tendency of the peak position with
increase of Se content was depicted by the red and blue
dashed lines in Fig. 3(a). The interactions between S and __
atoms combined with the effects mentioned above are
considered to contribute to soften the S—-Mo related moc _.
and decrease their vibration frequency. This behavior .
consistent with the earlier reports.E

Comparing the Raman signal of two kinds of alloy material.
the relatively stronger WS,-like modes than MoSe,-like may h
due to the high alloying degree between W and Mo atoms.=*
Also, it is worth to emphasize again, in all of our ML-Mo(,
yW,S; alloy samples, both the MoS,-like and WS,-like vibration
modes are clear enough to be identified especially the tw)
prominent first-order Raman-active modes A;; and Ezgl.
However, for the samples obtained by mechanic |
exfollatlng,27 3232 the Raman spectrum is only dominated bv
three vibration mode peaks which may be caused by th:
serious overlap effect. From this we can speculate that both
the nature of two parent binary compound MoS, and WS, ~
be effectively kept. They also can friendly coexist without
serious interfere with each other in alloy samples. This could
be the main improvement of the samples synthesized by CVD
which may allow for more opportunities to further optimiz.
the performance of photoelectric device or some other fie'
Furthermore, we select the WS,-like Ezgl mode at ~355.5 cm’”
and MoSe,-like Ezgl mode at ~272 c¢cm™ to plot the Rama.
intensity 2D mappings of ML-Mo;.(W,S, and ML-MoS;;_ySe:
respectively. As seen in Fig. 3(b) and (c), the intensity of tw.
triangle domains showed the absence of obvious fluctuation. !
suggests that our samples possess the high homogeneity an '
crystal quality without the noteworthy phase segregation. Th-
mappings of other modes are also given in supporting
information (Fig. S61), which further confirmed the
implementation of high quality alloy materials. From tho
foregoing, the vibrational behavior of alloys is seen to be more
complex than that of the stoichiometric compounds, and mor »
research needed to be devoted to understand the Raman
characterization.

This journal is © The Royal Society of Chemistry 20xx
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Fig.4 (a) Composition-dependent PL spectra of the ML-Mo(;.W,S; and ML-
MoS;(1-x)Sexx excited with a 532 nm argon ion laser. The PL intensity is
normalized by the maximum emission intensity (i.e., intensity of A exciton
emission). (b) DFT-calculated band structure of ML-MoS, (left) and ML-
Mo 15 WyS, (right) with x=0.25 .The direct gap is located at K point for both
of them. (c)-(d) Typical PL mappings of the single ternary nanosheet of ML-

Mo (1) WyS; and ML-MoS,(1-ySe respectively

Indisputably, Micro-PL spectroscopy is one of the most
effective methods for determining the optical band gap of 2D
materials. Here it was used to examine the modification of the
optical band gap which was a function of component in
ternary alloy monolayers. Fig. 4(a) gives the PL spectrum of
these two kinds of alloys simultaneously. One prominent peak
correspond to A exaciton (low energy one) emissions, another
broad peak located at short wave region correspond to B
exaciton (high energy one) emissions which has relative weak
intensity. These band-edge excitonic transitions attribute to
the valence splitting affected by the giant spin-orbit cou pIing,E
which is also a strong evidence of their direct bandgap
properties. With the increase of W composition (form curves d
to a in Fig. 4(a)), the PL emission peak blue shift constantly
until the upper limit of ~630 nm (~1.97 eV) for pure WS,. On

This journal is © The Royal Society of Chemistry 20xx
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the contrary, the introduction of Se (form curves e to i in Fig.
4(a)) made the PL emission red shift continuously starting from
~676nm (~1.83 eV) for pure MoS,. Both the Se and = °
components in the adjustment role of optical band gap i
obvious in the PL measurement.

To get insight into the composition-dependent electrcnis
structure of alloy monolayers, the ML-Mo(;.,)W,S, was chose t »

perform the density functional theory (DFT) calculations using
27, 36

the Vienna ab initio simulation package (VASP).=™ Th
projected augmented-wave pseudopotentials and the
exchange-correlation functional of Perdew, Burke ani
Ernzerhof (PBE) were employed.&ﬂ We constructed a single-

layer MoS, supercell to be the calculated model, and then
substituted 25% Mo atoms by W atoms randomly. The choicc
of the final structure based on whether the correlatio .
functions were close to that of a random alloy, so that th
physical properties of the truly random alloy can be we"
simulated. The calculated electronic band structures of ML
Mog 75Wg 25S,, together with that of pure ML-MoS, are shc

in Fig. 4(b). The DFT calculations indeed show that the defect-
free MoS, has a direct bandgap of 1.672 eV which
accordance with the earlier DFT calculations.? While, the
direct bandgap of ML-Mog75Wy(25S; is 1.686 eV with w_..
defined the conduction band minimum (CBM) and valenc
band maximum (VBM) both located at the K point. Although
the calculated bandgaps vary only by 0.14 eV, it proved the
the bandgap would be increased toward that of WS, with th
small amount of W incorporating into MoS,. The trend ir
bandgap variation with the component content matches we !
with the experimental observed PL spectrum in Fig. 4(a). The
above results demonstrated that alloying approach is effectiv @
to extend the range of band gaps, which will be beneficial for
optoelectronic applications.

PL mapping on the corresponding triangles in Fig. 3(b) and (¢)
were also performed by plotting the 2D spatial distribution ¢ ©
the PL center energy. The images were measured by stepping
a focused excitation laser (532 nm) across the samples ~ .
integrating the PL signal from each point, as shown in Fig. 4(c,
and (d). Two ternary alloy monolayers with a certain W or Se
concentration both showed the uniform light emission acros-
the whole microstructure, and virtually no compositione’
fluctuations related large spatial variation can be discerni’
From above all, optical studies demonstrated again the hig’
crystallinity and excellent optical properties of the synthesize '
ML-Mo1.9W,S;, and ML-MoS;-x)Se,,, which were consister
with the other characterization results of structural
composition in the preceding text.

anu

Conclusions

In summary, a simple one-step chemical vapor deposition (CV" |
approach was successfully used to synthesize ternary allc:
Mo1.WyS; (for the first time) and MoS;(;-xSe, with excellen*
uniformity and controllable composition. The microstructurc

thickness and crystallinity of the as-grown samples w~-~
measured by OM, SEM AFM and TEM, confirming that most ~*
triangular single-crystals are monolayers. Then Raman ana rvc

J. Name., 2013, 00, 1-3 | 5
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spectroscopy were used to analyze the characteristic peak
shifts, showing a high degree of homogeneity and stability of
the alloy samples against phase separation. Also, from Raman
signal, the CVD-synthesized ML-Mo(;.yW,S, was speculated to
be able to better retain the characteristics of the parent
materials than generated by mechanical exfoliating. More
importantly, both the experiments and theoretical simulations
showed that these 2D ternary alloys remain the direct
bandgap semiconductors with high photoluminescence
intensity. The optical bandgap values can be broaden to the
range of 1.97 eV~1.55 eV through controlling the ratio of
Mo/W or S/Se in precursors. The effective implementation of
bandgap engineering in these atomically thin 2D
nanostructures is of great significance to further optimize the
performance of nanoscale photoelectric devices, such as the
sensitivity, response rate and so on.
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