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In this work, we form alloyed transition-metal dichalcogenides (TMDs), Mo1–xWxSe2, through a hydrothermal
synthesis procedure. Due to the identical effective ionic radius of the cations, the common-anionic alloys did not
experience any lattice strain. A complete series of the common-anionic TMD alloys could thereby be synthe-
sized; their nanosheets were formed by a liquid exfoliation method. The electronic properties of the alloyed
nanosheets in their monolayer, bilayer, and trilayer forms were recorded separately through scanning tunneling
spectroscopy (STS) in an extremely localized manner. From the STS studies, which have a correspondence to the
density of states of the semiconductors, we have deliberated on their electronic properties and commented on the
band edges of the nanosheets in the alloy series. The transport gap of the alloys in their monolayer, bilayer, and
trilayer forms exhibited band-gap bowing, and also a layer-number-dependent bowing coefficient. That is, the
bowing phenomenon interestingly occurred only in the few-layered TMD alloys and diminished to finally vanish
in thicker nanosheets. The conduction band has been found to be responsible for such a nonlinear behavior of the
transport gap; the results could be explained in terms of the molecular orbitals which form the band. The results
have established a coherent description of the band-gap tuning in atomically thin 2D TMD alloys.
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I. INTRODUCTION

Transition-metal dichalcogenides (TMDs) have received
a great deal of attention in a variety of applications due to
their interesting light-matter interactions [1–4]. They possess
a layered structure bound through a van der Waals (vdW)
force between the layers and accordingly exhibit thickness-
dependent physical phenomena. For example, their band gap
changes from an indirect nature in multilayered nanosheets
to a direct one in the monolayer limit [5,6]. The TMDs that
are primarily studied have an MY2 form where M represents
a transition metal, such as Mo or W, and Y is a chalcogen
amongst S, Se, and Te [7–9]. This has led to compounds like
MoS2, MoSe2, and MoTe2, and their tungsten counterparts for
studies on their electronic properties and device characteris-
tics thereof.

In recent years, alloyed TMDs have been studied in depth
for such properties [1]. The identical symmetry of the crys-
tal structure in different TMDs made it possible to form
mixed-alloy systems with an adjustable band gap that is often
phase-separation-free [10,11]. In the series of alloyed TMDs,
MoS2(1−x)Se2x was the first proposed material using density-
functional theory (DFT) calculations; the mixed TMDs were
referred to as 2D random alloys [12]. Soon, other alloys in the
series, such as MY2(1−x)Y ′

2x (M = Mo, W, and Y, Y ′ = S, Se,
Te) were proposed and a phase diagram was drawn to show
a bowing in the lattice constant due to a lattice mismatch
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between the anionic constituents (the effective ionic radii of
S4−, Se4−, and Te4− are 184, 198, and 221 pm, respectively);
by employing the cluster expansion method and the special
quasirandom structure approach, the alloys in their monolayer
form were proposed to possess a continuously tunable direct
band gap along with bowing in the band gap [13]. Mono-
layers of such materials were accordingly formed through a
chemical vapor deposition (CVD) method and a superlinear
composition-dependent photocurrent was observed in the de-
vices based on the alloys [14].

Soon, alloying at the metal site was proposed [15,16];
Mo1−xWxS2 single crystals were grown by the chemical va-
por transport method. Although Mo1−xWxS2 alloys possess
a minimal lattice mismatch (effective ionic radii of Mo4+ and
W4+ are 65 and 66 pm, respectively), their photoluminescence
characteristics showed a band-gap engineering with tunable
emission [15]. DFT studies in such materials inferred a band-
gap bowing phenomenon in the monolayer of Mo1–xWxS2

and attributed lowest unoccupied molecular orbital (LUMO)
bowing to be the rationale of such a behavior [15]. Optical
spectroscopy studies also yielded a bowing behavior in the
optical band gap [17,18], although they probed the ensemble
of the nanosheets on a larger area. Since the band gaps of the
TMDs and alloyed TMDs vary with the layer number, optical
spectroscopy would hence yield convoluted results clubbing
the properties from different number of layers. Moreover, they
will provide the optical band gap instead of the individual
energies of the two band edges [17,18].

Electrical transport in a monolayer- and few-layered
Mo1–xWxS2 alloys was also investigated [19]. With
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suppression of deep-level defects upon alloying [20], the
Mo1–xWxS(Se)2 alloys have possessed a minimal lattice
mismatch and thereby an absence of lattice strain and
spin-orbit engineering as well [21]. More recently, a few
groups reported electronic properties of the alloyed TMDs
on a localized scale through scanning tunneling spectroscopy
(STS). STS studies of common-cationic alloys, WS2(1−x)Se2x

in their nanosheet forms, when grown through a physical
vapor deposition (PVD) method, showed an inhomogeneous
surface with respect to the WS2 domain, WSe2 domain, and
defect-related areas [22]; such an inhomogeneity is expected
due to a strain appearing due to a lattice mismatch between the
constituents. In alloys of MoxW1−xS2 at the monolayer form,
the binding energies exhibited a nonmonotonic behavior with
the composition [23]. The Mo1–xWxS(Se)2 alloys remained
an ideal homogenous system for a range of optoelectronic
applications since the constituents do not embed any lattice
mismatch [24,25].

In the reports of Mo1–xWxS2 and Mo1–xWxS(Se)2 al-
loys [and MY2(1−x)Y ′

2x as well], PVD, CVD, pulsed laser
deposition, and molecular-beam epitaxy (MBE) methods
were considered. In this context, a hydrothermal reaction,
solvothermal treatment, and Schlenk line synthesis are among
the most cost-effective and facile synthesis processes. We
hence considered a hydrothermal synthesis procedure to form
a complete series of common-anionic Mo1–xWxSe2 alloys fol-
lowed by liquid exfoliation to create nanosheets of the TMD
alloys. Electronic properties of the series of TMDs, in their
monolayer, bilayer, and trilayer forms, were probed separately
in an extremely localized scale through STS to deliberate on
their electronic properties. The STS studies have allowed us to
comment on the band edges and a possible band-gap bowing
of the nanoflakes as a function of their layer number. We
have observed that the bowing effect is pronounced in the
monolayered alloys and reduced with the growing number
of layers. We accordingly have observed a layer-number-
dependent band-gap bowing coefficient in the alloyed TMDs
and thereby a complete description of band edges and band
gap in the alloys.

II. MATERIALS AND METHODS

A. Materials

Selenium powder (99.99%), sodium tungstate dihydrate
(Na2WO4·2H2O, � 99.0%), sodium molybdate dihydrate
(Na2MoO4·2H2O, � 99.0%), and N-methyl-2-pyrrolidone
(NMP, � 99.0%) were purchased from Sigma-Aldrich Chem-
ical Company. Sodium borohydride (NaBH4, � 95.0%) and
N,N-dimethylformamide (DMF, � 99.0%) were procured
from Merck Life Science Private Limited. Cetyltrimethylam-
monium bromide (CTAB, > 98.0%) was bought from Tokyo
Chemical Industry Co. Ltd. All of the compounds were stored
in a nitrogen-filled glove box and used without additional
purification.

B. Synthesis

The Mo1−xWxSe2 powders were prepared by using a one-
step hydrothermal process. As a selenium source, 0.4 g of
selenium powder was dissolved in DMF along with 0.2 g of

NaBH4 and stirred for 2 h. Sodium molybdate dihydrate and
sodium tungstate dihydrate in a measured ratio were dissolved
in deionized water as the source of molybdenum and tungsten,
respectively, and stirred for 2 h. CTAB was added to the thor-
oughly mixed solution and the stirring process was continued
till the pH value exceeded 8.0. Thereafter, the mixed solution
was placed in a Teflon-lined hydrothermal autoclave and kept
at 220 ◦C for 48 h. The autoclave was then cooled to room
temperature and the solution was filtered. A black precipi-
tate could be collected and washed with deionized water and
ethanol several times. The black powder was collected and
dried in a 60 ◦C oven for 24 h. Finally, the samples were
annealed in a nitrogen atmosphere at 400 ◦C for 3 h to improve
their crystallinity. By varying the ratio between the molybde-
num and tungsten sources, we have formed the Mo1−xWxSe2

series with a targeted x = 0.2, 0.4, 0.6, and 0.8 apart from the
end members, that is, MoSe2 and WSe2.

The alloyed TMDs and the end members were exfoliated in
a 500-W probe sonicator operated at a frequency of 20 kHz;
a cycle time of 11 s with a duty cycle of 73% was used to
exfoliate the TMD powders, which were dispersed in 20 mL
of NMP (2 mg/mL). For each composition, the sonication pro-
cess was continued for 10 h; the temperature of the centrifuge
tube used for the sonication was kept below 5 ◦C throughout
the exfoliation process. The dispersion was then allowed to
settle overnight. The top three-fourths of the supernatant were
slowly decanted and then centrifuged at 2500 rpm for 15 min.
Finally, the supernatant was collected for further investigation
towards morphological and spectroscopic characterizations of
the TMD nanoflakes.

C. Characterization

The exfoliated alloyed TMDs were characterized
through usual routes. X-ray diffraction (XRD) patterns
of Mo1−xWxSe2 in their powder forms were recorded with a
Rigaku SmartLab x-ray diffractometer equipped with a Cu
Kα (λ = 1.54 Å) source. Their Raman spectra were recorded
in a Horiba Jobin Yvon Raman triple-grating spectrometer
system (model No. T64000); a diode-pumped solid-state
laser provided 532.0 nm (power density of 0.5 mW μm−2) as
the excitation source. The size distribution and morphology
of the nanosheets exfoliated from the bulk powder samples
were studied using a JEOL transmission electron microscope
(TEM) operated at 200 kV. For TEM imaging of the exfoliated
nanosheets, a drop of their ultradilute dispersion was put on
carbon-coated copper grids and dried in vacuum overnight.
The nanosheets of the alloyed TMDs were also characterized
using x-ray photoelectron spectroscopy (XPS) with Omicron
XPS equipment (serial No. 0571).

Scanning tunneling spectroscopy of the alloyed TMDs
in their nanosheet forms was recorded in ambient condi-
tions using a scanning tunneling microscope (STM, Nanosurf
easyscan 2). As the bottom electrode, a highly oriented py-
rolytic graphite (HOPG) was used. A drop of the dispersion in
NMP containing the nanosheets was cast on a freshly cleaved
HOPG substrate; they were dried overnight in a nitrogen-filled
glove box. The STM tips were formed through an oblique
cut of a Pt/Ir (80:20) wire having a diameter of 0.25 mm.
The tip was approached under a feedback loop to achieve a
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FIG. 1. (a) XRD patterns of Mo1−xWxSe2 for different tungsten contents targeted during the synthesis process. (b) TEM image (with a
targeted tungsten content, x = 0.6), and (c) (HR)-TEM image of the alloyed TMD. Inset of (c) shows the simulated atomic pattern by using
GATAN software. (d) EDX spectrum of the Mo1−xWxSe2 (x = 0.6) nanoflakes with the elements’ atomic percentages.

set current of 0.5 nA at 1.5 V; the set point minimized the
tip-induced band-bending effect which often perturbs the band
edges. STM topographies were recorded at a constant current
mode at the tip-approach condition. Tunneling current versus
voltage characteristics (I–V) were recorded in the −2.0 V to
+2.0 V region upon disabling the feedback loop. Differential
tunnel conductance (dI/dV ) spectra were derived from the
I–V characteristics. Since monolayered, bilayered, trilayered,
and multilayered sheets were formed during the exfoliation
process, line profiles were drawn on each nanosheet prior
to recording tunneling current versus voltage characteristics.
With the thickness of a monolayer of MoSe2 and WSe2 being
known, the line profiles provided the number of layers in a
nanosheet before STS was derived on that particula sheet.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the XRD patterns of Mo1−xWxSe2 (tar-
geted x = 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0) powders. The alloyed
TMDs, like the end members of the series, were crystalline
and had returned significant patterns with clear peak positions.
The crystalline phases of MoSe2 and WSe2 are consistent with
earlier reports for the hexagonal phase of the TMDs [26,27].
Since they have mostly identical crystal structures and space
groups, they have returned similar spectra. The alloys ac-
cordingly also yielded indistinguishable patterns implying the
absence of other phases with the metals and the chalcogen.
The full width at half maximum of the peaks also did not vary;
the alloyed TMDs and the end members formed through the
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hydrothermal process had hence similar crystallite sizes. The
results hence imply the success of the hydrothermal synthesis
process in forming the alloyed TMDs.

The microstructures and chemical markup of the exfoli-
ated TMD nanosheets were investigated using TEM images.
Figure 1(b) shows a typical TEM image of 2D Mo1−xWxSe2

(with a targeted tungsten content, x = 0.6) nanosheets and
the distribution of random-shaped flakes indicating that the
liquid exfoliation process was successful in forming a large
number of nanosheets. The images of other nanosheets have
been placed in the left column of Fig. S1 in the Supplemental
Material [28]. The image clearly demonstrates that the flakes
were in the domain of ∼100 nm and less. Such smaller flakes
were formed during the liquid exfoliation process due to a
breakdown of intralayer covalent bonds in addition to the
untying of the weak interlayer van der Waals force between
the layers. When a nanosheet was probed for a high-resolution
(HR)-TEM image [Fig. 1(c)], the crystalline character of the
alloyed TMD could be seen in the form of distinctive lattice
planes. The separation between arrays of atoms was 2.87 Å,
which is consistent with the reported results [29].

To know the constituent components of the exfoliated
TMD alloys, we recorded energy dispersive x-ray (EDX)
spectroscopy. Figure 1(d) and the right column of Fig. S1
(Supplemental Material [28]) show EDX spectra and the
atomic percentages of molybdenum, tungsten, and selenium
in the exfoliated nanosheets. The achieved atomic percent-
ages, which mostly matched the targeted percentage for all
the alloys, have been tabulated in Table S1 in the Supple-
mental Material [28]. The achieved atomic percentages are
being used for further deliberations. The distribution of the
three elements for a particular alloy composition has been
presented in Fig. S2 in the Supplemental Material [28]. The
results provide compelling evidence towards the formation of
alloys through the hydrothermal synthesis process.

The formation of Mo1−xWxSe2 alloys was further con-
firmed by Raman spectroscopy. Figure 2(a) shows the Raman
spectra for the Mo1−xWxSe2 alloys with all compositions
(x = 0.0 to 1.0 in steps of 0.2). While MoSe2 returned its
signature peak at 238.7 cm−1, which represents the out-of-
plane A1g mode, WSe2 exhibited the mode at 250.1 cm−1. The
results match the reports from the respective materials formed
through other synthesis methods [30]. In fact, the frequencies
could be fitted to a modified random-element-isodisplacement
model and would yield composition-dependent force con-
stants. In the Raman spectra of the alloys, the vibration of the
A1g mode could be seen to shift monotonically [Fig. 2(b)].
Appearance of a single peak in the alloys (rather than two
peaks of the end members) and the peak shifting linearly with
the alloy composition imply that Mo1−xWxSe2 alloys indeed
formed instead of a MoSe2-WSe2 two-phase system. Even
when the tungsten content was as high as 0.39 or 0.56, the
signature of MoSe2 or WSe2 did not appear in the Raman
spectra. The spectra hence show the success of the alloyed-
TMDs’ formation through the hydrothermal synthesis route.

To deliberate if the valence states of the elements ap-
plicable in MoSe2 and WSe2 were retained in the alloys
and the dichalcogenides were indeed formed, we present the
XPS spectrum of a typical alloy, Mo1−xWxSe2 with x = 0.56
(Fig. S3 in the Supplemental Material [28]). While a survey

FIG. 2. (a) Raman spectra of Mo1−xWxSe2 alloys with different
tungsten contents. (b) Shift of the out-of-plane A1g mode as a function
of the tungsten content achieved in the alloys.

spectrum is shown in Fig. S3(a), high-resolution spectra in
regions representing binding energies of molybdenum, tung-
sten, and selenium are shown in Figs. S3(b) through S3(d).
The survey spectrum shows peaks representing binding ener-
gies of the three elements and also of the adventitious carbon.
The high-resolution spectra yield (1) definite peaks of Mo(IV)
3d5/2 and 3d3/2 at 228.7 and 231.8 eV, respectively; (2) promi-
nent peaks at 32.3, 34.4, and 37.9 eV representing W(IV)
4 f7/2, 4 f5/2, and 5p3/2, respectively; and (3) binding energies
of Se 3d5/2 and 3d3/2, which are attributed to divalent sele-
nium ions, at 54.3 and 55.1 eV, respectively. The XPS analysis
thereby confirms the presence of molybdenum, tungsten, and
selenium in the alloy; the analysis also infers that the valence
state of binary TMDs was retained in the Mo1−xWxSe2 alloy
as well.

We then put the nanosheets of the alloyed TMDs in an STM
to probe their density of states (DOS). We kept in mind that
the exfoliation process resulted in nanosheets having different
thicknesses: monolayers, bilayers, trilayers, and also higher
number of layers. We also kept in mind that the electronic
properties of the TMDs depend on the layer number in the
nanoflakes [31,32]. In STM, since individual nanosheets are
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probed in an extremely localized manner, we first determined
their thickness. To do so, we recorded the STM topography
of nanoflakes for each composition of the alloyed TMDs.
We then drew line profiles on the STM topography of each
nanoflake. The thickness of a nanosheet provided an estimate
of the number of layers in the nanosheet. Expectedly, the
thickness was found to be a multiple of the monolayer’s thick-
ness. Since the thickness of a monolayer of MoSe2 or WSe2 is
known to be in the 0.6–0.7-nm range, we could thereby select
a monolayer (or a bilayer or a trilayer) to probe their DOS.
In Fig. 3(a), we present STM topographies of monolayers as
evidenced from line profiles on the nanoflakes [Fig. 3(b)]. In
the figures, we have clubbed images for all compositions, that
is, Mo1−xWxSe2 for all the achieved tungsten contents, and
their line profiles. Atomic resolution images of the nanoflakes
have also been added in the respective images. The images
show that the material possessed the anticipated periodicity
and structure. The line profiles on STM topographies allowed
us to determine the thickness of a monolayer. In Fig. 3(c), we
have plotted the thickness as a function of tungsten content
in the alloy. The figure clearly shows that the thickness of
the monolayer ranged between 0.67 and 0.73 nm. In the same
manner, bilayered- and trilayered nanoflakes were selected to
probe their DOS. STM topographies, high-resolution images,
line profiles, and composition-dependent thickness of bilayers
and trilayers are shown in Figs. S4 and S5 in the Supplemental
Material [28], respectively. While the thickness of bilayered
nanoflakes varied between 1.22 and 1.35 nm, the trilayers had
a thickness ranging from 2.02 to 2.13 nm, as inferred from
line profiles on STM topographies.

Upon identifying monolayered nanoflakes through the line
profiles of STM topographies, we have recorded tunneling
current versus voltage characteristics on those nanoflakes.
Such characteristics enabled us to probe the electronic proper-
ties of each individual nanosheet. From the tunneling current
spectroscopy, we have derived differential tunnel conductance
(dI/dV ) versus tip-voltage characteristics, which have a cor-
respondence to the DOS of the semiconductors. As the bias
was applied to the tip, the first peak in the positive voltage
spectrum closest to 0 V (corresponding to Fermi energy, EF )
inferred the withdrawal of electrons from the semiconductor
and thus its valence-band (VB) edge. Similarly, the first peak
in the negative voltage closest to 0 V indicated electron injec-
tion to an available energy level of the material, that is, the
conduction-band (CB) edge [33,34]. Each dI/dV spectrum
thereby provided a set of CB- and VB edges with respect to
the EF . To compensate for the extremely localized mode of
measurement, we recorded STS at many different points on
each nanoflake. We hence could obtain a set of CB- and VB
energies. We thereby drew a histogram of the two energies;
the bin size of the histograms was set to the square root of the
number of data points, as is customary in statistics. The peak
energies in the histograms finally provided the band edges of
the nanoflakes with respect to the EF , and also the type of
electronic conductivity of the nanosheets.

In Fig. 4(a), we have collated one typical dI/dV spectrum
for each alloy composition. The histograms of band energies
are shown in Fig. 4(b). With EF being aligned to 0 V, the plots
show an n-type nature of electronic conductivity in MoSe2.
The conductivity turned to a p type in WSe2. Such inferences

were drawn from a comparison between the separations of
CB- and VB edges from EF . From the histograms, we could
also derive the transport gap of the alloyed TMDs. For the
end members and the alloys, the transport gap was higher than
the reported optical band gap [35,36] due to the involvement
of a high exciton binding energy in the latter parameter. In
Fig. 4(c), we have plotted the transport gap as a function
of tungsten content in the alloys. The gap increased from
1.90 eV in MoSe2 to 2.48 eV in WSe2. The transport gap
of the monolayer matched well with those of the MoSe2 and
WSe2 nanosheets formed using the MBE method [37,38].
The values are much higher than that of possible air-induced
adsorbates [39] on the nanoflakes, ruling out their effect in
the measurements. The variation of the transport gap was
quadratic in nature. The transport gap of an alloy was lower
than that expected from a linear relationship. Such behavior
is termed band-gap bowing and is seen as a deviation from
Vegard’s law, which states that the lattice parameter of a
substitutional solid solution varies linearly between the lattice
parameter values for the components. In the band gap of an
alloy, a term is accordingly subtracted from the linear depen-
dence as

Eg(x) = xEg(1) + (1 − x)Eg(0) − bx(1 − x). (1)

Here, the transport gap of an alloy Eg(x) is related to the
gap of the end members, Eg(0) and Eg(1) with “b” being the
bowing coefficient.

Bowing in the band gap often arises due to lattice strain
developed during the alloying process [13]. In the present
system, the alloying process in forming Mo1−xWxSe2 would
not induce a lattice strain since the metals have nearly
the same effective ionic radius (Mo4+: 65 pm; W4+: 66
pm). To deliberate on the rationale of the band-gap bowing in
Mo1−xWxSe2, we shall have to look at the orbitals responsible
for forming the bands of the TMDs. The CB edge of the TMDs
is usually formed with the d2

z orbitals of the cation (metal)
and the px and py orbitals of the anion (chalcogen) atoms.
The VB edge, on the other hand, is predominantly formed by
the cation’s dxy and dx2−y2 orbitals and the anion’s px and py

orbitals. Typically, the d2
z orbitals of the cation are the major

contributor to the variation of the CB edge of the TMDs.
The interaction between various cations is weak since the d2

z
orbital spans along the out-of-plane-, that is, the z, direction.
Due to lower energy of molybdenum’s d2

z orbital than that
of tungsten’s, along with a limited intercation coupling, the
CB edge of the alloys is localized to the molybdenum atoms
even at very low molybdenum content [13,15]. As a result,
even a small amount of molybdenum in the alloys causes
the band gap of Mo1−xWxSe2 to rapidly shift towards that
of MoSe2. Hence, the CB energy in the Mo1−xWxSe2 alloy
varies nonmonotonically and shifts quickly toward the CB
edge of MoSe2 [Fig. 4(d)]. Conversely, the dxy and dx2−y2

orbitals are strongly connected to each other since these states
are extended in the x-y in-plane direction. Regardless of the
constituents, such coupling delocalizes the wave function and
causes the distribution of the VB edge to be nearly uniform
over the cation content in the alloys. As a result, the VB
energy tends to vary almost linearly with the tungsten compo-
sition [Fig. 4(d)]. Combining the nonlinear dependence of the
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FIG. 3. (a) STM topographies of Mo1−xWxSe2 nanoflakes in their monolayer form along with their atomic-resolution images. (b) Line
profiles on the nanoflakes. The achieved tungsten content, x, has been quoted in the figures. (c) Thickness of a monolayer as a function of the
achieved tungsten content.

CB edge and the linear behavior of the VB edge as a function
of the tungsten content, the band gap of the Mo1−xWxSe2

nanoflakes in their monolayer forms thereby displays a large
band-gap bowing [Fig. 4(c)]. Within this context, our findings

are quite intriguing since the MoSe2 and WSe2 are isostruc-
tural and the effective ionic radii of molybdenum and tungsten
are nearly identical to cause any lattice strain in the alloys
[40,41].
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FIG. 4. (a) dI/dV vs tip voltage; (b) histogram of the CB and the VB energies with respect to Fermi energy (EF ) from STS studies of
Mo1−xWxSe2 monolayer nanosheets with varying tungsten content. (c) Variation of the transport gap with the achieved tungsten content in
Mo1−xWxSe2. The line represents a quadratic fit to the transport gap. (d) Composition dependence of CB and VB energies in the alloys with
respect to the EF .

Likewise, we have identified the bilayered and trilayered
nanoflakes of the alloyed TMDs, separately. We have im-
aged STM topographies and identified the thickness of the
nanoflakes from the line profiles. As stated, the thickness of
bilayered nanoflakes varied from 1.22 to 1.35 nm; the trilayers
had a thickness ranging from 2.02 to 2.13 nm, as inferred
from line profiles on STM topographies. We then proceeded
to measure the DOS of the semiconductors from tunneling
current spectroscopy. In Figs. S6 and S7 in the Supplemental
Material [28], we have provided one typical dI/dV spec-
trum for each alloy composition and the histograms of band
energies for the bilayered and trilayered nanoflakes, respec-
tively. The band edges were thereby derived from dI/dV
spectroscopies and histograms of CB- and VB edges. In
Fig. 5(a), we have presented the variation of the transport
gap with the tungsten content in monolayered, bilayered, and
trilayered Mo1−xWxSe2 for comparison. The composition de-
pendence of CB- and VB energies in the alloys with respect to
the EF is shown in Fig. 5(b). The figures show that the MoSe2

nanoflakes retained their n-type nature in bilayered and tri-

layered nanoflakes as well; the WSe2 nanoflakes similarly
exhibited a p-type character. The transport gap in bilayered
and trilayered alloys also yielded a band-gap bowing. The CB
edge continued to contribute towards observing a band-gap
bowing in the alloyed TMDs; the nonlinear dependence of
the CB edge with the composition however weakened. The
bowing parameter, b, accordingly decreased from 0.42 in
monolayers to 0.04 in trilayers. It seems that the composition-
dependent band gap turns to a linear relationship at thicker
layers and in the bulk of the alloyed TMDs. A diminish-
ing band-gap bowing in thicker nanoflakes may have arisen
due to the involvement of d2

z orbitals of the cations (along
the out-of-plane z direction) in determining the CB edge. In
multilayered TMDs, the wave function delocalizes along the
z direction and the variation of the CB edge hence turned
linear with the tungsten composition. It may be recalled that
the VB edge continued to vary linearly with the composi-
tion due to a delocalization of the wave function along the
x-y plane. The transport gap of the alloys in their thicker
nanoflakes hence tended to vary linearly with the composition.
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FIG. 5. (a) Variation of the transport gap with tungsten content in
Mo1−xWxSe2. Results from nanoflakes having monolayers, bilayers,
and trilayers are being compared. The line represents a quadratic fit
to each of the cases. (b) Composition dependence of CB- and VB
energies in the alloys with respect to the EF .

IV. CONCLUSION

In conclusion, we have successfully formed a series of
Mo1−xWxSe2 alloys through a hydrothermal synthesis route.
The alloys were exfoliated to obtain nanoflakes which con-
tained monolayers, bilayers, trilayers, and so forth. Through
the localized nature of measurements in STS, we recorded the
DOS of the nanoflakes in their monolayer, bilayer, and tri-
layer forms, separately. We accordingly derived CB- and VB
edges of those nanoflakes and drew composition-dependent
band edges and transport gaps of the alloyed TMDs. While
MoSe2 nanoflakes exhibited n-type conductivity, it changed
to p type in the alloys and also in WSe2 nanoflakes. In mono-
layered nanoflakes, the transport gap increased from 1.90 eV
in MoSe2 to 2.48 eV in WSe2, nonlinearly. The transport
gap exhibited a band-gap bowing as a deviation of Vegard’s
law. The bowing phenomenon interestingly occurred only in
few-layered TMD alloys and diminished to finally vanish in
thicker nanosheets. A complete band diagram in the common-
anionic TMD alloys in their monolayer, bilayer, and trilayer
forms has been drawn and the contribution of the two band
edges in yielding the band-gap bowing has been derived. With
the STS results showing that the VB in the alloys varied
linearly with the composition, the bowing in the transport gap
of such alloys has been explained in terms of the nonlinear
dependence of the CB with the composition.

The data that support the findings in this paper are available
from the corresponding author upon reasonable request.
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