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       The intense interest in graphene as the prototype 2D electronic 
material has recently been complemented by the investigation of 
layered transition metal dichalcogenides (TMD), notably MoS 2  
and MoSe 2 . These materials provide the favorable mechanical 
properties of graphene, but exhibit a direct bandgap without 
the need for nanostructuring, [  1,2  ]  chemical functionalization, [  3  ]  
or the application of a strong electric fi eld to bilayers. [  4,5  ]  Here 
we present a simple synthetic route to produce single-layer 
MoS 2(1–x) Se 2x  fi lms with an arbitrary S/Se ratio. This allows us 
to tune the direct optical gap continuously between the values 
of single-layer MoS 2  (1.87 eV) and MoSe 2  (1.55 eV). 

 The electronic structure of 2D TMD monolayers of the 
form MX 2  (M  =  Mo, W; X  =  S, Se) differs signifi cantly from 
that of graphene. While the latter is a semi-metal with a linear 
energy dispersion near the K point in the Brillouin zone, the 
monolayer TMD sheets have direct bandgaps of 1–2 eV, with 
valence band maxima and conduction band minima at the K 
point. [  6–8  ]  Excitons and charged excitons (trions) [  9,10  ]  can be cre-
ated in TMD monolayers by optical excitation, while the use of 
circular polarized light has been shown to produce long-lived 
valley polarization. [  11–13  ]  The ability to tune continuously the 
bandgap of this distinctive class of atomically thin materials 
through the growth of S/Se alloys opens many new possibili-
ties for basic studies and device concepts. In addition to opti-
mizing the bandgap for applications in electronic and photonic 
devices made from a single alloy layer, the availability of a 

class of materials with tunable gaps will also permit the fabri-
cation of novel heterostructures. The impact of such bandgap 
engineering in traditional III-V semiconductors on both fun-
damental studies of electron transport and on applications 
from high-performance transistors to lasers is well known. 
The recent development of a synthetic route for single-layer 
Mo 1–x W x S 2  material, [  14  ]  as well as the investigation of strained 
MoS 2  (bi-)layers [  15,16  ]  were inspired by this objective. Here we 
show that control of the chalcogen composition allows a wider 
tuning range of the bandgap. Using the capabilities for alloy 
growth presented in this paper, the formation of both vertical 
and lateral heterostructures of monolayers of MoS 2(1–x) Se 2x  of 
differing composition should be possible. 

 Several methods have been developed to prepare atomically 
thin fi lms of MoS 2  that complement the exfoliation of bulk 
crystals. These approaches include chemical vapor deposition 
(CVD) using MoCl 5  or MoO 3  and S as sources, [  17–20  ]  laser-based 
thinning, [  21  ]  plasma thinning, [  22  ]  liquid exfoliation, [  23–26  ]  gra-
phene assisted growth, [  27  ]  and the sulfurization of molybdenum 
fi lms prepared by e-beam deposition [  28  ]  or dip coating. [  29  ]  
Thicker fi lms of MoS 2  and MoSe 2  [  30  ]  have been grown by 
numerous CVD techniques. For growth of monolayers of MoS 2 , 
the methods typically lead to single-layer triangular or hex-
agonal islands several microns in size, as well as to elongated 
areas of single-layer fi lm on the order of 100 microns in length. 

 In our synthesis, we make use of organic precursors for both 
sulfur and selenium, combined with the MoO 3  as a source for 
molybdenum. We use thiophenol dissolved in tetrahydrofuran 
as sulfur source and add diphenyl-diselenide to the solution 
to adjust the sulfur/selenium ratio. We place the growth sub-
strate, typically a Si(110) wafer covered by a 300 nm SiO 2  layer, 
in the center of a tube furnace. The substrate can be positioned 
directly on top of a boat carrying MoO 3  powder. Alternatively, 
in order to achieve more homogeneous fi lms, we can support 
the substrate by a Mo-mesh above a fl at Mo shim covered by 
MoO 3  powder (typically: 0.3 g). ( Figure   1 a provides a schematic 
representation of the growth system, a photograph of which 
is included in the supporting material.) Growth is achieved by 
injecting the liquid chalcogen source ( ∼  1mL) via a long syringe 
needle near the process region of the tube furnace at 650–700  ° C 
and then immediately switching off the heating of the furnace. 
Growth has been achieved over a temperature range of 50  ° C 
using tube furnaces with both 1″ and 2″ process tubes. Both 
the oxygenate solvents and post-growth (after the furnace has 
cooled to 500  ° C) application of H 2  gas are necessary to avoid   DOI:  10.1002/adma.201304389  
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formation of a carbonaceous deposit on the metal dichalcoge-
nide monolayer. The presence of such a carbonaceous layer is 
revealed by Raman spectroscopy and causes quenching of the 
fi lm’s photoluminescence (PL) (although Raman spectroscopy 
indicates that a monolayer TMD fi lm is formed). Photographs 
of the 2 cm  ×  2 cm SiO 2 /Si substrates (that we typically use 
in fi lm growth) with MoS 2  and MoSe 2  fi lms are shown in 
Figure  1 b,c.  

 The sulfur-rich TMDs fi lms are found to grow as single 
layers of larger lateral extent than selenium-rich ones, with 
pure MoSe 2  yielding the smallest single-layer fi lms. The growth 
process favors sulfur incorporation; thus, the Se:S ratio in 
the source solution needs to exceed that of the desired fi lm 

composition. For instance, our MoS 1.69 Se 0.31  sample (vide infra) 
was grown using a Se:S mole fraction of 1:0.7. 

 Figure  1 d,e shows optical and atomic force microscopy 
(AFM) images of the resultant fi lms, which resemble those 
found in prior CVD growth of MoS 2 . [  17–20,31  ]  Because of the 
growth on an insulating substrates and our lack of a sele-
nium-compatible transfer method, no electron microscopy is 
available. 

  Figure   2 a shows room-temperature (RT) PL spectra for a 
series of MoS 2(1–x) Se 2x  fi lms of different composition. These 
measurements were performed using a laser operating at a 
wavelength of 532 nm (Coherent Verdi), a spectrometer with 
a 1200 lines/mm grating, and a liquid-nitrogen cooled CCD 
detector (Princeton Instruments SPEC-10). The samples range 
from pure MoS 2 , with a PL emission peak at 1.87 eV, to pure 
MoSe 2 , with a PL peak at 1.54 eV. The spectra reveal reasonably 
sharp and bright PL features. We only evaluated sample areas 
that show strong PL indicative of monolayer fi lms. The chem-
ical composition of the samples is obtained from the relative 
intensity of the S 2p and Se 3p features measured using X-ray 
photoelectron spectroscopy (XPS). The XPS measurements are 
performed with excitation by Al-K  α   radiation. The emitted elec-
trons are analyzed by a hemispheric analyzer (Scienta R300), 
which has a spatial acceptance of 0.7 mm  ×  0.5 mm. Because of 
uncertainty in the alignment of the XPS spot with the center of 
the homogeneous area of the fi lm, we estimate an uncertainty 
of   Δ x   =   ± 0.1 in the inferred composition of the MoS 2(1–x) Se 2x  
alloys  

 The variation of the optical gap with the composition of the 
MoS 2( x –1) Se 2 x   alloy monolayers is presented in Figure  2 b. The 
results are based on the A exciton emission energy in PL spectra 
such as those in Figure  2 a. We fi nd a monotonic increase of the 
optical gap with the fraction of sulfur in the fi lm. 

 In order to understand the possible microstructure of our 
fi lms, we perform density functional theory (DFT) calcula-
tions using supercells consisting of (6  ×  6) TMD unit cells 
in a periodic arrangement (further details in the supporting 
information). For each sulfur-to-selenium ratio, we set up 
supercells that place the sulfur and selenium atoms in dif-
ferent relative locations on both the top and bottom chalcogen 
plane; we then identify the arrangement with the lowest for-
mation energy. Most of MoS 2(1–x) Se 2x  structures are found to 
have a very slight negative formation energies (for  x   =  1/3, 1/2, 
and 2/3, the formation energies are the lowest at −6, −7, and 
−5 meV per MoS 2(1–x) Se 2x  unit), indicating the preference for 
these structures over the segregation of MoS 2  and MoSe 2  even 
at zero temperature. This behavior has been analyzed in detail 
in earlier studies .  [  32   ,   33  ]  Given the infl uence of entropy, random 
alloys are expected to be highly stable at elevated temperatures. 
Phonon frequencies at the Brillioun zone center for the cases 
 x   =  1/3, 1/2, and 2/3 calculated with VASP [  34  ]  and Phonopy [  35  ]  
codes confi rm the absence of unstable modes, again indicating 
that the MoS 2(1–x) Se 2x  alloy structures are stable against phase 
separation. 

 For each optimized structure, we calculate the electronic 
band structure to fi nd a direct band gap for all cases. As in 
prior DFT work, [  32  ]  our calculations underestimate the band 
gap (MoS 2 : 1.68 eV/1.55 eV, MoSe 2 : 1.45 eV/1.28 eV excluding/
including spin-orbit interactions). The calculations, we note, 

      Figure 1.  a) Schematic representation of the growth process. A sub-
strate is suspended above MoO 3  powder in a tube furnace heated to 
650–700  ° C in nitrogen, at which point the liquid chalcogen precursors 
are injected. b,c) Optical images of MoS 2  and MoSe 2  fi lms, respectively. 
A single-layer MoS 2  fi lm covers the entire substrate, except the dark area 
at the bottom. Homogeneous single-layer growth of MoSe 2  is found in 
the circled area of the substrate, with the purple area being empty and 
the bright area carrying a thick fi lm. d) optical micrograph of the area 
near an edge of a MoS 2(1–x) Se 2x  fi lm with 1.8 eV optical bandgap. On 
the left, individual (mostly triangular) islands are visible. On the right, 
the fi lm becomes continuous and presumably contains many rotational 
domains. e) representative AFM image of the area near the edge of an 
alloy fi lm showing triangular single-layer islands (top,  ∼ 0.8 nm in height) 
that merge into a continuous fi lm (bottom). 
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different compositions. On the scale of the 
overall tuning range of the optical bandgap, 
virtually no spatial variation is discernible. 
The emission map of Figure  3 c provides 
higher energy resolution and shows the 
variation of the optical bandgap across 
regions of 70  μ m  ×  70  μ m area (top) and a 
5  μ m  ×  5  μ m (bottom) size. We fi nd a mean 
value of 1.713 eV and a variation of  ± 2 meV 
for the data on the larger spatial scale, for 
which the excitation spot size was  ∼ 5  μ m in 
diameter. For the map with fi ner (0.5  μ m) 
spatial resolution, we observe a variation of 
 ± 5 meV in the emission energy. Several fac-
tors may contribute to the variation in emis-
sion energy, including substrate-induced 
changes in doping or strain. If we attribute 
the entire variation to changes in local alloy 
composition, then based on the near-linear 
variation of the bandgap with composition 
(Figure  2 b), the PL results would imply a 

 ± 1% compositional variation on the larger and  ± 3% variation 
on the fi ner length scale.  

 The PL maps shown in Figure  3 c at higher spatial resolu-
tion (lower panel) appear to reveal the presence of individual 
crystalline domains of the monolayer fi lm. These grains exhibit 
dimensions on the micron scale, in agreement with the AFM 
images in Figure  1 e. To characterize this aspect of the alloy fi lm 
further and to refi ne our results on the local variation of the 
PL emission energy, we also investigated the peripheral region 
of the alloy fi lm where individual monolayer islands are readily 
identifi ed in optical contrast images ( Figure   4 a). In this region, 

also omit excitonic corrections, which are relevant for the 
experimental optical transition energies. The computed band 
gaps scale approximately linearly with the S/Se ratio, both with 
and without the inclusion of spin-orbit interactions (see sup-
porting material). Although the numerical values of the gaps do 
not agree quantitatively with the stoichiometric compounds, we 
expect the linear variation with alloy composition to be a robust 
result. We have accordingly represented the theoretical predic-
tion by a linear variation (Figure  2 b) between the experimental 
values of the optical bandgaps of MoS 2  and MoSe 2 . We note 
that the statistical distribution of chalcogen atoms in the mate-
rial may contribute to the observed deviation 
from a linear behavior in the PL emission 
energies with composition. In lower-dimen-
sional materials like our 2D fi lms, such sta-
tistical fl uctuations are typically more signifi -
cant than in 3D alloys. In particular, the fi nite 
diffusion length of the excitons [  18  ]  may lead 
to emission being enhanced from regions of 
the fi lm with high local Se content (due to 
statistical variations) and a reduced effective 
bandgap. (See supporting material.) 

 To further examine the homogeneity of 
the grown fi lms, we obtained spatial maps 
of the optical emission spectra of several 
samples of different composition. The meas-
urements were performed using a Horiba 
LabRam instrument with 10x/100x objec-
tives for mapping of areas larger/smaller 
than 50  μ m  ×  50  μ m, respectively.  Figure   3 a 
shows a typical set of PL spectra acquired on 
a 5  μ m grid across a 20  μ m  ×  20  μ m area. No 
meaningful variation is observed. To extract 
the optical bandgap from the spectra, we sub-
tract a linear background and fi t the emission 
peak to a Gaussian form. The resulting spa-
tial maps are displayed in a false color repre-
sentation in Figure  3 b for alloy fi lms of three 

      Figure 3.  (a) PL spectra obtained on a regular grid across a 20  μ m  ×  20  μ m area of a 
MoS 0.42 Se 1.58  alloy monolayer. (b) False color spatial maps of the optical bandgap obtained by 
fi tting PL spectra like those in (a) with a Gaussian function. Compared to the range of achiev-
able optical band gaps, no meaningful spatial variation in the emission energy is observed. 
(c) The spatial variation of the optical bandgap across a 70  μ m  ×  70  μ m area (top) and a 
5  μ m  ×  5  μ m area (bottom) on a MoS 1.69 Se 0.31  fi lm using a spot sizes of  ∼ 5  μ m and 0.5  μ m, 
respectively. On the larger scale the variation is  ± 2 meV; this would corresponds to  ∼   ± 1% of 
variation in composition. On the fi ner scale, where individual crystalline domains are visible, 
the variation is  ±  5 meV ( ∼   ± 3 % variation in composition). 

      Figure 2.  (a) Normalized RT PL spectra for MoS 2(1–x) Se 2x  fi lms of different composition. 
(b) Variation of the photon energy of the PL emission peak as a function of sample composi-
tion, as determined by XPS. (The inset shows a representative XPS spectrum of the Se 3p and 
S 2p peaks). The black line indicates a linear variation between the values of the stoichiometric 
compounds as found in our DFT calculations. 
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 Unlike the bandgap, which is expected to vary smoothly with 
composition, the vibrational behavior of alloys is seen to be 
more complex than that of the stoichiometric compounds. The 
spectra represent typical “two-mode behavior” (2MB) [  38  ]  and do 
not imply phase separation. Similar behavior is observed in the 
S/Se alloy of CdS x Se 1–x , [  39,40  ]  as well as in well-studied alloys such 

the growth consists primarily of individual triangular islands of 
several microns in size. In accordance with previous studies on 
CVD fi lms of MoS 2 , [  18  ]  we associated these islands with single-
crystal domains. Figure  4 b provides a spatial map of the PL 
center energy obtained for a single triangular island. We fi nd 
that the overall PL energy of the island closely matches that 
of the adjacent fi lm. There is a slightly increased/decrease of 
PL photon energy at the outside edges and inside of the island 
( ± 15 meV), respectively. The presence of isolated edges, absent 
in the continuous fi lms, may enhance the variation in the PL 
emission energy for the islands. In any case, fl uctuations of 
 ± 2 meV,  ± 5 meV, or even  ± 15 meV represent a small fraction 
of the total tuning range of 320 meV and are indicative of the 
large-scale homogeneity and the absence of signifi cant phase 
segregation in our fi lms.  

 As a further characterization of our alloy fi lms, we have meas-
ured the temperature dependence of the PL. The MoS 0.42 Se 1.58  
monolayer of  Figure   5  exhibits typical behavior, with the optical 
gap  E g   decreasing with temperature. The results can described 
using the semi-empirical formula of O'Donnell et al. [  36  ] (1):

Eg (T) = Eg (T = 0) − S 〈�T〉 [coth(〈�T〉/2kB T ) − 1  (1)    
  The fi t to Equation 1 implies an optical band gap at zero tem-

perature  E g  ( T   =  0)  =  1.70 eV, an electron-phonon-coupling param-
eter of  S   =  1.98, and an average acoustic phonon energy of < h– ω  >  =  
17.0 meV for MoS 0.42 Se 1.58 . These values compare reasonably with 
the results for pure MoS 2  (1.86 eV, 1.82 and 22.5 meV) and MoSe 2  
(1.64 eV, 1.93, 11.6 meV) reported by Tongay  et al . [  37  ] .  

 We have measured Raman spectra of fi lms of different compo-
sitions ( Figure   6 a) by means of the same instrument and excita-
tion wavelength (532 nm) as used for the PL measurements. The 
experimental Raman spectra of the MoS 2(1–x) Se 2x  monolayer fi lms 
show two distinct sets of features, with one set related to MoS 2 -
like E 2g  and A 1g  modes at around 400 cm −1  and the other set 
related to the corresponding MoSe 2 -like features near 240 cm −1 .  

      Figure 5.  (a) PL spectra for a MoS 0.42 Se 1.58  fi lm (orange in Figure  2 a) at 
different temperatures between 277 and 5 K. All spectra are scaled to the 
same height. (b) The exciton emission energy as a function of the tem-
perature of the fi lm. The fi t (solid line) is described in the text. 

      Figure 4.  a) Optical image of several triangular islands adjacent to the 
MoS 2(1–x) Se 2x  fi lm in Figure  1 . b) Spatial mapping of the PL emission 
energy of one of the islands, as measured with 200 nm step size using 
a 100x objective and 532 nm excitation. The island exhibits the lowest 
photon energy at its center, which rises slightly toward the perimeter. 
The color scale corresponds to a variation of 30 meV in the emission 
photon energy. 
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less than 50 cm −1 , one observes “one-mode behavior” with a 
continuous shift of phonon frequencies with composition. [  45  ]  

 We have also performed spatial mapping of the Raman 
response across the area shown in the bottom of Figure  3 c (i.e., 
over a grid at 0.5  μ m spacing). Figure  6 b is the hypersurface 
created by plotting the Raman spectra against a coordinate indi-
cating the spatial location on the sample. The spectra are nor-
malized to the intensity at 400 cm −1 ; the pronounced feature on 
the right is the substrate SiO 2  mode. No meaningful variation of 
the Raman spectra with position is discernible, in good agree-
ment with the homogeneity found for the PL signal in Figure  3 c. 

 In conclusion, we have shown the ability to grow alloy mon-
olayer fi lms of MoS 2(1–x) Se 2x  of arbitrary composition through 
control of the S/Se ratio of the organic precursors used in the 
growth process. Photoluminescence, Raman, and AFM meas-
urements show a high degree of homogeneity of the fi lms, and 
theoretical studies strongly support the stability of the alloy 
fi lms against phase separation. The band structure of the alloy 
fi lms can be tuned continuously with composition, and both 
the experimental and theoretical studies show that the mate-
rial exhibits a direct gap for all alloy compositions. The room-
temperature optical bandgap is found to vary smoothly between 
the limits of 1.87 eV (for pure single-layer MoS 2 ) and 1.55 eV 
(for pure single-layer MoSe 2 ). Future studies will address the 
electrical transport properties of monolayer MoS 2(1–x) Se 2x  fi lms 
of different composition.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  

      Figure 6.  a) Raman spectra measured for MoS 2(1–x) Se 2x  fi lms of different selenium content 
 x . The pronounced feature near 520 cm −1  arises from the SiO 2  substrate vibrations. While 
the peak patterns for the pure materials are simple and sharp, the patterns for alloy fi lms are 
broader and more complex. The evolution is understood in terms of two-mode behavior, as 
discussed in the text. b) Three-dimensional representation of the Raman spectra as a function 
of location on a 0.5  μ m grid covering the same location as the bottom part of Figure  3 c. 
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