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S
ince the discovery of graphene in
2004,1 atomically thin two-dimensional
(2D) materials have attracted broad

interest in recent years because of their
unique structures, versatile physical proper-
ties, and potential applications.2�8 Toward
applications in digital electronics and op-
toelectronics, sizable and tunable band
gap is essential. So far, current 2D materials
have limited choices of band gaps (0 eV
for graphene, 5.8 eV for hexagonal BN
monolayer,9 1.9 eV for MoS2monolayer,10,11

2.1 eV for WS2 monolayer12). Many efforts,
such as electrical gating,13 functionaliza-
tion,14 strain,15 and dielectric screening,16

have beenmade to tune the band gap of 2D

materials. Still, very limited band gap range
has been achieved.
Alloying materials with different band

gaps has been widely used in the band
gap engineering of bulk semiconductors.17

Whether alloying can be used to engineer
the band gap of 2D materials is still un-
known because no atomically thin 2D alloy
was obtained. One work on a 2D Ga�Si
monolayer bound on a Si(111) substrate
showed only localized electronic states but
no electronic mixing.18 However, theoreti-
cal calculations have shown that 2D alloys,
such as hexagonal BNC monolayer19,20 and
transition-metal dichalcogenide monolayer
alloys,21 could have composition-dependent
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ABSTRACT

Band gap engineering of atomically thin two-dimensional (2D) materials is the key to their applications in nanoelectronics, optoelectronics, and photonics.

Here, for the first time, we demonstrate that in the 2D system, by alloying twomaterials with different band gaps (MoS2 andWS2), tunable band gap can be

obtained in the 2D alloys (Mo1�xWxS2 monolayers, x = 0�1). Atomic-resolution scanning transmission electron microscopy has revealed random

arrangement of Mo and W atoms in the Mo1�xWxS2 monolayer alloys. Photoluminescence characterization has shown tunable band gap emission

continuously tuned from 1.82 eV (reached at x= 0.20) to 1.99 eV (reached at x= 1). Further, density functional theory calculations have been carried out to

understand the composition-dependent electronic structures of Mo1�xWxS2 monolayer alloys.
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band gaps. Therefore, experimental work is needed to
assess the electronic structure of 2D alloys.
Experimental effort has been made on BNC alloys.

However, BN and graphite are immiscible22 so that
as-synthesized BNC films showed separated BN and
graphene domains, and no band gap tuning was
observed.23 The 2D layered transition-metal dichalco-
genide alloysmay have better intermiscibility andwere
predicted to be stable.21 Several layered transition-
metal dichalcogenide bulk alloys have been syn-
thesized,24,25 such as Mo1�xWxS2 and Mo1�xWxSe2,
suggesting good thermodynamic stability for the cor-
responding 2D alloys.
Here, we have exfoliated the first family of atomically

thin 2D alloys (Mo1�xWxS2 monolayers) and observed
composition-dependent band gap photoluminescence
(PL) from the monolayer alloys (1.82 to 1.99 eV). A
bowing26 was observed in the composition-dependent
band gap emission of Mo1�xWxS2 monolayer alloys.
Density functional theory (DFT) calculations have
shown tunable band gap and band gap bowing for
2D Mo1�xWxS2 alloys, matching well with experimental
results.

RESULTS AND DISCUSSION

Similar to MoS2 and WS2,
27 Mo1�xWxS2 alloy has a

layered structure,28 and each layer consists of two
hexagonal S atom layers and a sandwiched Mo/W
atom layer. The Mo or W atom sits in the center of
a trigonal prismatic cage formed by six S atoms
(Figure 1a). The atomic arrangements of Mo and W
atoms in monolayer alloys were imaged by scanning
transmission electron microscopy (STEM). Figure 1b
shows a typical atomic-resolution STEM image of a
Mo0.47W0.53S2 monolayer. The W content was deter-
mined by energy-dispersive X-ray spectroscopy (EDX)
of the bulk crystals (Supporting Information Table S1).
Due to its large Z number, the W atom has a larger
annular dark-field (ADF) contrast and then is brighter
than the Mo atom,29 which is more clearly seen in the
image after fast Fourier transform (FFT) filtering
(Figure 1c). Electron energy loss spectroscopy (EELS)
characterization on individual atoms further confirmed
that the brighter spots, showing two split O2,3 EELS

peaks at 40�50 eV, wereW atoms and the dimer spots,
showing one broad N2,3 EELS peak at 40�50 eV, were
Mo atoms (Figure 1d, EELS of MoS2 and WS2 shown in
Figure S1).30 By direct counting of the numbers of Mo
and W atoms in STEM images, the W content x can be
directly calculated (0.53, with a total of 597 Mo and W
atoms counted), consistent with the W content value x
of the bulk crystals (0.53, determined by EDX). The
arrangements of Mo and W atoms in the monolayer
alloy are random (Figure 1b,c), which can be further
quantified by a set of short-range order parameters
Ri,

31 generally defined by Ri = 1 � (pBA,i/mA) for AB
binary alloys, where pBA,i is the probability that the B
atom's ith nearest atom should be A atom (i is an
integer), mA is the atom ratio of A atoms; Ri ranges
from 1 � (1/mA) to 1, while 0 generally corresponds
to random arrangement of A and B. Analysis of the
STEM image (Figure S2) gives Ri values of 0.01, �0.02,
�0.03, 0.04 for i = 1�4, respectively, revealing random
arrangement of Mo andW atoms in the alloy. Systema-
tic STEM imaging and disorder analysis for other
Mo1�xWxS2 monolayer alloys (0< x < 1) showed similar
results.30

Optical imaging and atomic force microscope (AFM)
imaging were used to identify and locate Mo1�xWxS2
monolayers on Si/SiO2 substrates (oxide thickness of
300 nm). The Mo1�xWxS2 monolayers showed a red
contrast of 8 to 12% and height of 0.7�1 nm (Figure 2a,
b and Figure S3 for Mo0.47W0.53S2, and Figure S4 for
other Mo1�xWxS2 monolayers). The measured height is
slightly larger than the interlayer separation (∼0.6 nm)
in Mo1�xWxS2 bulk crystals,

32,33 which could be due to
adsorbates on the monolayers. Raman and PL map-
ping showed layer-dependent spectroscopic proper-
ties of Mo1�xWxS2 (Figure 2c�f for Mo0.47W0.53S2
and Figure S5 for other Mo1�xWxS2 monolayers and
bulk materials), which is similar to that observed
for MoS2

10,11 and WS2.
12,34 Taking Mo0.47W0.53S2 as an

example, from bulk to monolayer, the MoS2-like E2g
1

Raman mode35 at ∼383 cm�1, associated with the in-
plane vibration of molybdenum and sulfur atoms,24

upshifted by ∼1.5 cm�1. Note that the WS2-like E2g
1

Raman mode at ∼350 cm�1 (ref 35) is not obvious in
Mo0.47W0.53S2 (Figure 2e) but stronger in Mo1�xWxS2

Figure 1. Structure of Mo1�xWxS2 monolayer. (a) Top view of Mo1�xWxS2 monolayer and a side view of a unit cell. (b) STEM
image of Mo0.47W0.53S2 monolayer. (c) STEM image in panel (b) after FFT filtering, showing two types of atoms with different
contrasts. (d) EELS of two individual atoms indicated as “1” and “2” in panel (c), showing EELS characteristics ofW (top) andMo
(bottom), respectively. The blue lines are original EELS spectra, and the green lines are spectra after background subtraction.
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with larger W compositions (Figure S5). The A1g Raman
mode at ∼416 cm�1, associated with the out-of-plane
vibration of sulfur atoms,24,36 downshifted by∼6 cm�1

in monolayer form (Figure 2e). Raman spectra of
Mo1�xWxS2 monolayers with different W composition
are shown in Figure S6. Both A1g and E2g

1 show two-
mode behaviors,37 in which, from end materials (MoS2
and WS2 monolayers) to alloys, MoS2-like and WS2-like
A1g (E2g

1 ) shift closer to each other but do not merge.
Further work is needed to understand the two-mode
behavior for both A1g and E2g

1 in Mo1�xWxS2 mono-
layers. Note that the WS2 monolayer showed higher
Raman intensity than other Mo1�xWxS2 monolayers
(Figure S6), which is due to resonance effect (laser
energy of 2.41 eV, close to B exciton energy of 2.36 eV
for WS2 monolayer).
While no PL emission or weak PL emission was

observed for Mo0.47W0.53S2 bulk and few-layers, in-
tense PL emission was observed for the Mo0.47W0.53S2
monolayer (Figure 2d,f). This indicates the transition
from an indirect band gap material in its bulk and
few-layer forms to a direct band gap semiconductor
when thinned to monolayer form. The two PL peaks
of Mo0.47W0.53S2 monolayer and few-layers are as-
signed to the so-called A exciton (low energy one)
and B exciton (high energy one) emissions,28 which are
corresponding to band-edge excitonic transitions split
by the valence band spin�orbit coupling.10,11,28

The band gap of Mo1�xWxS2 monolayers could
be tuned by MoS2 or WS2 composition, which was
evidenced by PL measurements. As W composition x

increases, the A exciton emission (∼1.8�2.0 eV) red
shifts and then blue shifts (Figure 3a). The B exciton
emission (∼2.0�2.4 eV) continuously blue shifts
(Figure 3b). Figure 3c plots the emission energy against
W composition, in which the A exciton emission can be
continuously tuned from 1.82 (reached at x = 0.20) to

1.99 eV (reached at x = 1) and the B exciton emission
can be tuned from 1.98 (reached at x = 0) to 2.36 eV
(reached at x = 1). The valence band spin�orbit
coupling changed from 0.14 to 0.37 eV (Figure S7).
The band gap emission energy of Mo1�xWxS2mono-

layers is smaller than the linear combination of that
of MoS2 andWS2, that is, EPL,Mo1�xWxS2 < (1� x)EPL,MoS2þ
xEPL,WS2, which is the so-called bowing effect as
observed in many bulk semiconductor alloys.17,38 The
band gap emission energy bowing of Mo1�xWxS2
monolayers can be described by

EPL;Mo1 � xWxS2 ¼ (1 � x)EPL;MoS2 þ xEPL;WS2 � bx(1 � x)

(1)

,where b is the so-called bowing parameter. By fitting
the experimental data with eq 1, a bowing parameter
b of 0.25 ( 0.04 eV can be obtained for A exciton
emission (Figure 3c). The B exciton emission also
showed a bowing parameter b of 0.19 ( 0.06 eV
(Figure 3c). The small difference between bowing
parameters for A, B exciton emissions may indicate
a weak bowing in composition-dependent valence
band spin�orbit coupling. Additionally, the A exciton
energy, corresponding to excitonic transition energy
at K point, is similar for both Mo1�xWxS2 monolayers
(1.82�1.99 eV) and bulk (1.83�1.95 eV28). Considering
large exciton binding energy for MoS2 and WS2 mono-
layers (>1 eV),39,40 the fundamental band gap of
Mo1�xWxS2 monolayers should be much larger than
the corresponding direct band�band transition at K
point in Mo1�xWxS2 bulk. This could be due to interac-
tion of an electron (or hole) with the induced surface
charge,41 similar to that inMoS2 and BNmonolayers.39,42

To further understand the composition-dependent
electronic structure of Mo1�xWxS2 monolayers, includ-
ing the origin of the emission energy bowing, DFT
calculations were conducted for the monolayer alloys.

Figure 2. Optical, AFM, Raman, and PL characterizations of Mo0.47W0.53S2 monolayer, few-layers, and bulk. (a) Optical image
of exfoliatedMo0.47W0.53S2flakes on Si/SiO2 substrate.Monolayer region is labeled as “1L”. The inset shows red color intensity
along the red dashed line, giving a contrast of (184�167)/184 = 9.2% for the 1L. (b) AFM image of the same Mo0.47W0.53S2
flakes in panel (a). The inset shows the height profile along the blue dashed line. (c) Raman (400�425 cm�1) and (d) PL
(1.7�2.25 eV) mapping of the Mo0.47W0.53S2 flakes. (e) Raman and (f) PL spectra of Mo0.47W0.53S2 monolayer (1L), bilayer (2L),
trilayer (3L), and bulk samples. Two PL peaks are assigned to A and B excitons.10 The sharp peaks marked by * in (f) were the
Raman peaks from Si substrate and Mo0.47W0.53S2 flakes.
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In order to model Mo1�xWxS2 alloys, Mo and W atom
configurationswere randomly generated (a configuration

for Mo0.5W0.5S2 in a 6� 6 supercell shown in Figure 4a).
To analyze the electronic structure of random alloys,

Figure 3. Composition-dependent PL emission from Mo1�xWxS2 monolayers. (a,b) PL spectra of Mo1�xWxS2 monolayers with
differentWcompositions x. ThePL intensity is normalizedby themaximumemission intensity (i.e., intensity ofA excitonemissionat
1.8�2.0 eV). The spectra were excited by 514.5 nm for x = 0�0.61 and 457.9 nm for x = 0.66�1. The peaks marked by * are Raman
peaks of Si substrates. (c) Composition-dependent emission energies for A and B excitons. The red and black lines are parabola
fittings for composition-dependent energy of peaks A and B, giving a bowing parameter b of 0.25 ( 0.04 and 0.19 ( 0.06 eV,
respectively.

Figure 4. DFT calculations ofMo1�xWxS2monolayers. (a) Structure of a 6� 6 supercell ofMo36�nWnS72 (n=18, corresponding
to Mo0.5W0.5S2) in the a�b plane. (b) EBS of monolayer, bilayer, and bulk materials of Mo0.5W0.5S2. The different kB vectors in
the primitive cell are represented by a thin vertical line. Red areas represent the SFs A(kB, E) at each kB point, and the light blue
shaded areas represent the SFs' bandwidth for the valence band and conduction band. The primitive cell's first Brillouin zone
with three high symmetry points is also shown in the inset. (c) Composition-dependent Eg of Mo1�xWxS2 monolayers. The
error bars represent the standard deviation of Eg calculated from eight different W atom configurations for each W
composition x. The red line is the parabola fitting, giving a bowing parameter b of 0.28( 0.04 eV. (d) Energy shift of HOMO
and LUMOofMo1�xWxS2monolayers as a function ofW composition x. Parabola fitting (red line) gives bowingparameter b of
0.28( 0.04 eV for LUMO. Theblack line is a linearfit forHOMOshift. (e) PercentageofWprojectedDOS (PDOS) inHOMO (black
triangles) and LUMO (empty red triangles) with different W composition x. The red and black lines are parabola and linear fit,
respectively. (f) Charge density distribution of HOMO and LUMO for MoS2 and WS2 monolayers in the a�c plane.
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we employed a method43,44 that transformed the large
supercell's eigenstates into an effective band structure
(EBS) in the primitive cell. This unfolding procedure can
be described by a spectral function (SF) of continuous
variable energy E as reported in ref 44. In Figure 4b, the
EBS calculations revealed the transition from indirect
band gaps for Mo0.5W0.5S2 bulk and bilayer forms to a
direct band gap for themonolayer form. Calculations on
all Mo1�xWxS2 monolayers with other W compositions
also showed direct band gaps, which is consistent with
the observed intense PL emissions from all Mo1�xWxS2
monolayers.
To model the band gap changes with W composi-

tion, eight different configurations for each W compo-
sition with larger supercells (9 � 9) were used in
calculations (Figure S8). The average Eg values as well
as standard deviations are plotted in Figure 4c as a
function of W composition. It is encouraging to find that
the trend for bandgapsas a function ofWcomposition is
very consistent with the experimental data. The band
gaps of Mo1�xWxS2 monolayers first decreased slowly as
W composition increased, then a turning point showed
up at x around 0.3, after that, the band gaps rose quickly
until that ofWS2was reached. Thebowingparameterb is
0.28( 0.04 eV by fitting the calculated Eg, matchingwell
with the value from PL experiments (0.25 ( 0.04 eV).
To gain insight into the band gap bowing of

Mo1�xWxS2 monolayer alloys, the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) positions in Mo1�xWxS2
monolayers were plotted (Figure 4d and Table S2).
A large bowing effect (b = 0.28 ( 0.04 eV) was found
for LUMO while there was no bowing for the HOMO.
So the band gap bowing of the Mo1�xWxS2 monolayer
alloys originates from bowing of the LUMO energy
level. The percentage of W projected density of states
(PDOS) in HOMO and LUMO is plotted in Figure 4e as
a function of W composition x. It was found that the
W PDOS in the HOMO increased linearly with W

composition, while that in LUMO exhibited a bowing
effect. To understand this, we compared the frontier
orbital composition of MoS2 and WS2 monolayers.
From Figure 4f, it can be seen that the contribution
of metal elements to HOMO is identical for MoS2 and
WS2, both are dxy and dx2�y2 orbitals. As to LUMO, the
major contribution of metal is the dz2 orbital in MoS2
but dxy, dx2�y2, and dz2 orbitals in WS2. Combining
Figure 4e,f, we explained the bowing effect of the
LUMO as follows: (i) W atoms contributed to the HOMO
directly in the alloys due to identical orbital composi-
tion for MoS2 and WS2, resulting in a linear shift of the
HOMO energy level withW composition. (ii) Because of
different orbital compositions in the LUMO and higher
LUMO energy of WS2, W atoms contributed less to the
LUMO and the energy level shifted up less, and then
LUMO bowing occurred. The different contribution of
W atoms to theHOMOand LUMOcan be clearly seen in
the frontier orbital and PDOS analysis (Figure S9 and
Table S3).

CONCLUSION

In conclusion, a series of transition-metal dichalco-
genide monolayer alloys (Mo1�xWxS2, x = 0 to 1 with a
step of∼0.1) have been cleaved from their bulk crystals.
STEM imaging showed random distribution nature of
theMo andWatomarrangements inMo1�xWxS2mono-
layer alloys. Both PL experiments and DFT simulations
showed that the band gap of Mo1�xWxS2 monolayers
can be tuned by changing theW composition. The band
gap of Mo1�xWxS2 monolayers showed a large bowing
effect, attributed to different LUMO compositions of
MoS2 and WS2 and then LUMO bowing in Mo1�xWxS2.
The realization of band gap tuning in atomically thin 2D
alloys and various choices of layered transition-metal
dichalcogenides with minimal lattice mismatch but
versatile electronic properties5,45 could allow wide-
range band gap tuning and then burst applications of
2D materials in nanoelectronics and optoelectronics.

METHODS

Sample Preparation. Mo1�xWxS2 single crystals were grown by
the chemical vapor transport method described in refs 24 and
28. X-ray analysis confirmed 2H-type structure for all Mo1�xWxS2
single crystals. Mo1�xWxS2 monolayer and few-layer samples
were mechanically exfoliated on Si/SiO2 (300 nm SiO2) sub-
strates from bulk Mo1�xWxS2 single crystals using a similar
technique as employed for graphene.1

Characterization. The location, shape, and layer number of
Mo1�xWxS2 flakes were determined by combination of op-
tical contrast and atomic force microscopy (AFM) imaging
(Figure S3 and Figure S4). Optical images were taken on an
Olympus BX51 microscope using a 100� objective. Red
contrast is defined by (IR,substrate � IR,sample)/IR,substrate, where
IR,substrate is the red channel intensity on the substrate and
IR,sample is the red channel intensity on the sample. Tapping
mode AFM was done on a Veeco IIIa or a DI 3100 multimode
microscope.

The exfoliated monolayers were transferred onto transmis-
sion electron microscope (TEM) microgrids for STEM-EELS char-
acterizations. A JEOL 2100F TEM with the DELTA corrector was
operated at 60 kV for STEM-EELS experiments, which carries
20 pA current within 0.1 nm probe. GIF Quantum was used for
spectroscopy. The convergence angle for the incident probe
was set to 30 mrad, while the EELS collection angle was around
45�60mrad. The acquisition time for each spectrum is typically
0.01 s. FFT filtering of STEM images was conducted in ImageJ.

Raman and PL measurements were done on a JY Horiba
HR800 micro-Raman spectroscope under ambient conditions at
room temperature. The laser power was ∼0.4 mW for 514.5 nm
excitation and ∼0.2 mW for 457.9 nm excitation; 1800 and
600 lines/mmgratingswereused inRamanandPLmeasurements,
respectively. Lorentzian peak function was used in Raman peak
fitting, and Gaussian peak function was used in PL peak fitting.

DFT Calculation. Band structure calculations of Mo1�xWxS2
monolayers were performed with the real-space projector-
augmented wave method46 in the local density approximation47
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as implemented in the Vienna ab initio simulation package
(VASP).48 The experimental structure of the bulk MoS2, which
has a lattice constant of 3.1602 Å,27 was used in first principles
calculations. The energy convergence criteria for the elec-
tronic self-consistent cycle was set to 10�5 eV, and an energy
cutoff of 400 eV was used for plane waves throughout
our calculations. In order to model the full band structure
ofMo1�xWxS2monolayer alloys, we built a supercell of 3� 36 =
108 atoms, which is made up of 6 � 6 primitive cells. In the
band structure calculation of Mo0.5W0.5S2 bilayer and bulk in
Figure 4b, supercells with two Mo0.5W0.5S2 layers on the c-axis
were used. The procedure of unfolding large supercell's eigen-
states into an effective band structure (EBS) in the primitive cell
was described by a spectral function (SF) of continuous variable
energy E:44

A(kB, E) ¼ Σm, njÆKBmjkBnæj2δ(Em � E) (2)

where the |kBnæ and |KBmæ (n and m are for band indices) are the
Bloch states in the primitive cell and supercell, respectively.
In particular, the different local environments in the alloy will
be reflected in a finite width of A(kB,E) in both arguments kB and E.
With the supercell determined for a set of {kB} and over a wide
range of energies, we can obtain the alloy EBS.

For calculation of the composition-dependent band gap
of Mo1�xWxS2 monolayer alloys, a supercell made up of 9 � 9
primitive cells was used. For a given composition of W,
eight configurations were generated by randomly distributing
W atoms in the supercell in substitution of Mo atoms. Owing to
the two-dimensional structure of the monolayer Mo1�xWxS2,
vacuum energy level was obtained along the lattice c-axis
by the electrostatic potential calculation (Figure S10), which is
similar to the approach used to derive work function in the thin
slab calculation.49,50
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