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Abstract: Two-dimensional (2D) transition metal dichalcogenides alloys are potential materials in the application of photode-
tectors over a wide spectral range due to their composition-dependent bandgaps. The study of bandgap engineering is import-
ant for the application of 2D materials in devices. Here, we grow the Mo1−xWxSe2 alloys on mica, sapphire and SiO2/Si substrates
by chemical vapor deposition (CVD) method. Mo1−xWxSe2 alloys are grown on the mica substrates by CVD method for the first
time. Photoluminescence (PL) spectroscopy is used to investigate the effects of substrates and interlayer coupling force on the
optical bandgaps of as-grown Mo1−xWxSe2 alloys. We find that the substrates used in this work have an ignorable effect on the
optical bandgaps of as-grown Mo1−xWxSe2. The interlayer coupling effect on the optical bandgaps of as-grown Mo1−xWxSe2 is lar-
ger than the substrates effect. These findings provide a new way for the future study of the growth and physical properties of 2D
alloy materials.
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1.  Introduction

Two-dimensional  (2D) materials,  such as black phosphor-
us (BP)[1], topological insulators[2], transition metal dichalcogen-
ides (TMDs) materials[3–8], have become popular research top-
ics  since  graphene  was  discovered  by  Novoselov et  al.  in
2004[9].  TMD-layered  materials  with  graphene-like  structures
have potential applications in digital electronics, optoelectron-
ics  devices  and  thermoelectrical  fields  due  to  their  outstand-
ing electronic, optical, and thermal properties. TMD-layered ma-
terials, such as MoSe2 and WSe2, have strong light-matter inter-
actions and broad-band light absorption, and are promising ma-
terials  for  use  in  constructing  various  photodetectors[10, 11].
However,  several  works  have  reported  that  binary  TMD-
layered materials may introduce defects, such as chalcogen va-
cancies. Unfortunately, these defects usually serve as localized
deep-level  defect  states[12–14],  which have an enormous influ-
ence  on  the  photoresponse  of  photodetectors.  Yao et  al.[13]

have reported that localized deep-level defect states can be ef-
fectively suppressed by alloys.

Both  theoretical  and  experimental  studies[15–21] indicate
that layered-TMD alloys have bandgaps that can be tuned by
adjusting  the  composition  of  the  corresponding  atoms.
Moreover,  the  thermodynamic  properties  of  layered-TMD  al-
loys  are  theoretically  more  stable  than  their  binary  counter-
parts.  Thus,  layered-TMD  alloys,  which  have  composition-de-
pendent bandgaps, are able to extend the use of 2D materials
in  photodetectors  over  a  wide  spectral  range.  However,  cur-
rently, only several TMD ternary alloys, such as MoSe2(1−x)S2x

[20, 22],

WS2xSe2−2x
[23], Mo1−xWxSe2

[24–28], and Mo1−xWxSe2
[17, 29, 30], have

been studied experimentally. There is still no systematic study
on the Mo1−xWxSe2 alloys due to the difficulty of their synthes-
is.

In  this  work,  the  Mo1−xWxSe2 alloys  are  synthesized  on
mica, sapphire and SiO2/Si substrates by the chemical vapor de-
position (CVD) method. The Mo1−xWxSe2 alloys are first synthes-
ized on the mica substrates by the CVD method. The effects of
substrates  and  interlayer  coupling  force  on  the  as-grown
Mo1−xWxSe2 alloys are then investigated by an atomic force mi-
croscope  (AFM),  Raman  spectroscopy  and  photolumines-
cence (PL) spectroscopy. The results show that the as-used sub-
strates  have  negligible  effects  on  the  bandgaps  of  the
Mo1−xWxSe2 alloys, while the interlayer coupling effect on the
optical bandgaps of Mo1−xWxSe2 alloys is greater than the sub-
strates.

2.  Result and discussion

The  Mo1−xWxSe2 alloys  are  prepared  on  different  sub-
strates  and  are  synthesized  using  the  CVD  method.  The  de-
tails are introduced in the method section. A schematic of the
CVD growing setup is  shown in Fig.  1(a).  The size of  Mo1−xWx

Se2 alloys  on  SiO2/Si  substrates  as  a  function  of  the  growing
time  is  illustrated  in Fig.  1(b),  which  reveals  that  the  size  of
Mo1–xWxSe2 alloys increases with the incremental growth time
within 25 min. Raman spectroscopy is a fast and accurate but
nondestructive  tool  to  study  material  structures  and  proper-
ties[31, 32].  The  Raman  spectra  of  Mo1−xWxSe2 alloys  on  differ-
ent substrates are shown in Fig. 1(c). The prominent peaks oc-
curring  around  241  cm-1 are  the  A1g Raman  modes  of  as-
grown Mo1−xWxSe2 alloys. The inset in Fig. 1(c) shows the weak
E2g

1 peaks  of  Mo1−xWxSe2 alloys  on  different  substrates.  The
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A1g and  E2g
1 modes  of  Mo1−xWxSe2 samples  grown  on  the

three  different  substrates  have  negligible  differences  in  their
peak positions. AFM is the most effective means to identify the
number of layers of materials and study the surface structures
of samples. The AFM image in Fig. 1(d) shows the thickness of
the  as-grown  Mo1−xWxSe2 alloy  is  about  0.9  nm,  which  indic-
ates  that  the  as-grown  Mo1−xWxSe2 alloy  is  a  monolayer.  The
inset image with homogeneous color contrast in Fig. 1(d) indicates-
that the as-grown sample has a flat and uniform surface. TEM

characterization technique is a powerful tool to study the crys-
tal structures and composition information of 2D materials[33].
The low-resolution TEM image in  the bottom left-hand panel
of Fig.  1(e) clearly  shows  that  the  Mo1−xWxSe2 sample  on  the
copper grid meshes with the triangular shape. The sample in-
side  the  blue  rectangle  is  chosen  for  element  mapping  and
HRTEM  (high-resolution  transmission  electron  microscopy).
The  Mo,  W,  Se  element  mapping  images  in  the  bottom  left-
hand panel  of Fig.  1(e) show the as-grown Mo1−xWxSe2 alloys
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Fig.  1.  (Color online) The synthesis and characterization of Mo1−xWxSe2  alloys.  (a)  Schematic of  the chemical  vapor deposition setup for
Mo1−xWxSe2 alloys. (b) The time-dependent size curve of the Mo1−xWxSe2 alloys grown by CVD on SiO2/Si. The insets show the triangle shape of
the as-grown Mo1−xWxSe2 alloys with different size. The scale bar is 5 μm. (c) The Raman spectra of as-grown Mo1−xWxSe2 alloys on different sub-
strates. (d) AFM image of the as-grown Mo1−xWxSe2 alloys. The AFM result shows that the thickness of the as-grown Mo1−xWxSe2 is about 0.9 nm.
(e) TEM result of as-grown Mo1−xWxSe2 alloys. The bottom left shows the low-resolution TEM image and the bottom right shows the Mo, W, Se
element mapping images of as-grown Mo1−xWxSe2 alloys. The top view shows the HRTEM image of as-grown Mo1−xWxSe2 alloys, the scale bar is
2 nm. The distance along the crystal plane (100) is 0.285 nm. The top right-hand inset of HRTEM image shows the corresponding selected area
electron diffraction pattern (SAED), which demonstrates the as-grown Mo1−xWxSe2 samples have the hexagon structure. The IFFT image in the
bottom left-hand inset clearly demonstrates the result. (f) The EDX image of the as-grown Mo1−xWxSe2 alloys. This image shows the Mo1−xWxSe2

alloys with the different stoichiometric ratio of Mo and W.
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contain the Mo, W and Se atoms and indicate the uniform distri-
bution of Mo, W, and Se atoms in the samples. The HRTEM im-
age in  the top view of Fig.  1(e) shows the clear  atomic  struc-
ture of as-grown Mo1−xWxSe2 alloys. The lattice constant of the
Mo1−xWxSe2 alloy is 0.285 nm, which is between the lattice con-
stant  of  MoSe2 (0.28  nm)[34] and  WSe2 (0.33  nm)[35].  The  top
right inset of HRTEM image shows the corresponding selected
area  electron  diffraction  pattern  (SAED),  which  demonstrates
that  the  as-grown  Mo1−xWxSe2 samples  have  hexagon  struc-
ture  with  good  crystallinity.  This  result  is  further  confirmed
with the IFFT image in the bottom left-hand panel inset. There

is  only  one  set  of  diffraction  pattern  in  the  SAED  image.  The
SAED image and Mo, W, Se element mapping images demon-
strate the as-grown samples are Mo1−xWxSe2 alloys rather than
the heterostructures and binary counterparts. The energy dis-
persive X-ray spectroscopy (EDX) can be used to measure the re-
lative content of the elements of materials. Fig. 1(f) shows the
EDX image of Mo1−xWxSe2 alloys with different stoichiometric
ratio  of  Mo  and  W.  The  stoichiometric  ratio  of  Mo  and  W
changes  from 0.1  :  0.9  to  0.9  :  0.1.  The  stoichiometric  ratio  of
Mo and W changes  from the mixture  ratio  of  WO3 and MoO3

powders used as the precursors in the CVD method.
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Fig.  2.  (Color  online)  The EDX and lattice mismatch images of  as-grown samples on different substrates.  (a–c)  show the EDX images of
Mo0.8W0.2Se2 alloys grown on SiO2/Si, sapphire, and mica, respectively. (d–f) show the lattice mismatch images of Mo1−xWxSe2 alloys on mica,
SiO2/Si, sapphire, respectively. The lattice mismatches of Mo1−xWxSe2 alloys with SiO2/Si, sapphire, and mica are about 51 %, 45 %, and 52 %, re-
spectively.
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Fig. 3. (Color online) The optical images of the as-grown Mo1−xWxSe2 on different substrates and the corresponding AFM images. The optical im-
ages of Mo1−xWxSe2 alloys grown on (a) SiO2/Si substrate, (b) mica substrate, (c) sapphire substrate. The scale bar is 5 μm. (d–f) show the corres-
ponding AFM images of the SiO2/Si, mica and sapphire, respectively. The RMS of the as-used SiO2/Si, mica and sapphire is 0.128, 0.058, and 0.137
nm, respectively. The scale bar is 0.5 μm.
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Figs. 2(a)–2(c) show the EDX image of Mo0.8W0.2Se2 alloys
on  SiO2/Si,  sapphire  and  mica,  respectively.  These  images
show that the substrates have no effect on the stoichiometric ra-
tio of the Mo0.8W0.2Se2 alloys. Figs. 2(d)–2(f) show the lattice mis-
match images of Mo1−xWxSe2 alloys on mica, SiO2/Si, and sap-
phire,  respectively.  The  lattice  mismatches  of  Mo1−xWxSe2 al-
loys with SiO2/Si, sapphire, and mica are about 51 %, 45 % and
52 %, respectively. Figs. 3(a)−3(c) show the optical images ob-
served by the optical microscopy of Mo1−xWxSe2 alloys grown
on SiO2/Si, mica, sapphire substrates, respectively. Optical micro-
scopy is the simplest and most effective method to character-
ize  the  layered  materials.  The  layer  number  of  the  materials
can be first identified by the optical microscope. Figs. 3(d)–3(f)
show  the  AFM  images  of  the  SiO2/Si,  mica,  and  sapphire,  re-
spectively.  The  root-mean-square  (RMS)  of  the  roughness  of
as-used SiO2/Si, mica and sapphire is 0.128, 0.058, and 0.137 nm,
respectively.  Thus,  mica  can  provide  the  smoothest  surface
among the three substrates for material synthesis.

PL spectroscopy is a direct method to characterize the op-
tical  bandgaps of 2D materials. Fig.  4(a) shows the PL spectra
of WSe2,  Mo1−xWxSe2 and MoSe2 on SiO2/Si substrates. The PL
spectrum of  Mo1−xWxSe2 located at  1543 meV is  in  the  range
between  that  of  WSe2 located  at  1592  meV  and  MoSe2 loc-
ated  at  1510  meV.  This  result  further  demonstrates  the  as-
grown samples are alloys. Fig. 4(b) show the PL spectra of mono-
layer  Mo1−xWxSe2 alloys  grown  on  SiO2/Si,  mica  and  sapphire

substrates. The changes of PL spectra of Mo1−xWxSe2 alloys on
these  three  substrates  are  merely  about  several  meV,  which
demonstrates  that  the  substrates  have  negligible  effects  on
the optical bandgaps of as-grown Mo1−xWxSe2 alloys. This find-
ing provides an instructive idea for the choice of substrates to
grow  the  alloys  by  CVD  method. Figs.  4(c)–4(e) show  the  PL
spectra of Mo1−xWxSe2 alloys with different layers on sapphire,
mica and SiO2/Si, respectively. The bandgaps redshift as the lay-
er numbers of the samples increase, which demonstrates that
the  interlayer  coupling  effects  related  to  the  layer  numbers
have large effects  on the optical  bandgaps of  Mo1−xWxSe2 al-
loys. Fig. 4(f) show the corresponding thickness-dependent PL
spectra  of  Mo1−xWxSe2 alloys  on  SiO2/Si,  mica  and  sapphire
from Figs. 4(c)–4(e). The peak position variations of Mo1−xWxSe2
alloys with different thickness are larger than the Mo1−xWxSe2
alloys growing on different three substrates. Our results demon-
strate that the interlayer coupling effect  on the optical  band-
gaps of Mo1−xWxSe2 alloys is greater than the substrates effect.

3.  Conclusion

In  conclusion,  Mo1−xWxSe2 films  are  synthesized  on  sap-
phire,  mica  and  SiO2/Si  substrates  by  the  CVD  method.  The
AFM, Raman and PL characterization techniques are used to as-
certain  the  monolayer  nature  of  the  as-grown  samples.  The
EDX spectra show the adjustable stoichiometric ratio of the 2D
alloy materials synthesized by the CVD method. The TEM res-
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Fig. 4. (Color online) The PL characterization of the as-grown Mo1−xWxSe2 alloys. (a) The PL image of the WSe2, Mo1−xWxSe2 and MoSe2 grown on
SiO2/Si substrates. (b) The PL image of monolayer Mo1−xWxSe2 alloys grown on SiO2/Si, mica and sapphire. (c), (d) and (e) show the PL spectra of
Mo1−xWxSe2 alloys with different layers on sapphire, mica and SiO2/Si, respectively. The dashed lines in (c–e) help clearly to distinguish the vari-
ation tendency of the bandgaps over the thickness (f) Thickness-dependent PL spectra of Mo1−xWxSe2 alloys on SiO2/Si, mica and sapphire sub-
strates.
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ults  indicate  the  high  quality  and  homogeneity  of  the  as-
grown samples. The Raman and AFM results show the rough-
ness  of  the  substrates  have  a  negligible  effect  on  the  E2g

1 of
the  Mo1−xWxSe2 alloys.  The  PL  results  indicate  that  the  sub-
strates have negligible effects on the bandgaps of Mo1−xWxSe2

alloys  and  also  show  that  the  interlayer  coupling  effect  re-
lated  to  the  layer  numbers  on  the  optical  bandgaps  of
Mo1−xWxSe2 alloys  is  larger  than  the  substrates  effect.  These
findings prove a new way for the future study of the growth dy-
namics and physical properties of two-dimensional materials.
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Appendix A

Synthesis of Mo1−xWxSe2 films: Mo1−xWxSe2 films are syn-
thesized in a CVD furnace (Thermo Scientific Lindberg/Blue M
Moldatherm)  with  a  one-inch  diameter  quartz  tube.  Se
powders  (99.99  %,  Sigma-Aldrich)  put  in  a  quartz  boat  are
placed upstream at the edge of the furnace. The mixture MoO3

powders  (99.9  %,  Sigma-Aldrich)  and  WO3 powders  (99.9  %,
Sigma-Aldrich)  are  put  in  the  center  of  the  face-to-face  sub-
strates. The substrates (mica, sapphire, 300 nm SiO2/Si) with a
mixture of MoO3 and WO3 powders are put on a quartz sheet
and are then placed in the heating center. The velocity of carri-
er  gas  argon  (Ar)  is  kept  for  80  to  100  standard  cubic  centi-
meters per minute (sccm) after purifying the system with 200
sccm Ar for 30 min. The furnace is heated to 900 °C with a heat-
ing rate of 20 °C/min and keeps at 900 °C for 15 min. After the
growth process is completed, the furnace is cooled to room tem-
perature.

Characterization: Optical  images  are  obtained  by  using
an optical microscope (OLYMPUS BX41M-LED). Raman spectra
and  PL  spectra  are  tested  by  using  a  Raman  spectroscopy
(Horiba, LabRAM HR-800) with a laser excitation wavelength of
532 nm.  The grating for  Raman spectra  is  1800 I/mm and for
PL  spectra  is  300  I/mm.  The  laser  beam  is  focused  on  the
samples to a diameter of ~ 2 μm by a × 50 objective. The laser
power  is  adjusted  at  a  power  of  ~  3.7  mW  to  minimize  the
laser-induced  thermal  effect.  EDX  characterization  is  carried
out on an FEI XL30 ESEM facility with the acceleration voltage
of 10 kV. The surface morphology and layer numbers are charac-
terized by AFM technique (MicroNano D-5A). TEM samples are
prepared  by  using  a  PMMA  assisted  transfer  technology.  The
TEM images are recorded at 200 kV on a JEOL 2100F.
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