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Bowing-alleviated continuous bandgap
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Abstract

Bandgap engineering of compound semiconductors and the fabrication of bandgap-modulated heterostructures are
important for enabling the development of modern optoelectronics. However, these engineering processes are
challenging for two-dimensional (2D) semiconductors of transition metal dichalcogenides, particularly on a large scale.
Herein, we report the wafer-scale homogeneous growth of composition-modulated WS,,5e5¢1. alloys with a
continuously tunable bandgap using metal-organic chemical vapor deposition. Well-optimized growth produces
monolayer films with excellent homogeneity over the entire wafer. The substitutional atomic chalcogen (S, Se)
concentration in WS,,5e51-y alloys is precisely controlled by varying the flow rate of the metal-organic precursors,
leading to a bandgap modulation from 1.67 to 2.05 eV, as determined from absorbance spectra. Notably, the optical
bandgap of WS,,5e51 alloys exhibits a nearly linear relationship with the chalcogen composition, implying a low
bowing effect. This bowing-alleviated bandgap modulation is attributed to the small lattice mismatch, strain
relaxation, and thermodynamic miscibility in the WS,,Ses- alloys, as confirmed by density-functional theory
calculations. Furthermore, the fabrication of hetero-multilayers by stacking differently alloyed films is demonstrated.
The produced heterostructure film exhibits a broad spectral absorbance distinct from that of the individual layers. The
findings of this study provide insights for the advancement of versatile design of functional 2D optoelectronics.

Introduction photodetectors, image sensors, solar cells, and light-
As atomically thin-layered semiconductors, two-  emitting devices. The most commonly investigated group-
dimensional (2D) transition metal dichalcogenides VI TMDs (MX;, M=Mo & W, and X =S & Se) have a

(TMDs) have recently attracted significant scientific and
industrial interest owing to their exceptional optical,
electrical, and mechanical properties'™. In particular,
their strong light—matter interactions and large exciton
binding energy at the 2D limit have made them promising
material candidates for flexible, transparent, and hetero-
geneously integrated optoelectronic devices such as
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wide bandgap energy range (1.6-2.0eV), as the precise
control of their bandgap energy is necessary for the design
versatility of 2D TMD-based optoelectronic devices®”. In
this context, various strategies for the bandgap engi-
neering of semiconducting TMDs have been reported,
including layer number control, heterostructure forma-
tion, strain engineering, and alloying® ''. Among these,
chemical alloying based on composition modulation
offers better thermodynamic control and stability and is
thus an effective approach for achieving continuous and
systematic bandgap engineering'>*%,

In conventional III-V compound semiconductors,
alloying-based bandgap engineering has been widely
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employed to control the optical properties and band
structure of heteroepitaxial thin films, thereby enabling
various optoelectronic devices, such as solar cells, light-
emitting diodes, and lasers'>~'7. However, bandgap tun-
ability has been limited due to the solubility limit and
miscibility gap in alloy compounds and the formation of
dislocations and precipitates during heteroepitaxy'®. In
contrast, TMD-based alloy films, which have continuously
tunable bandgap energy, can be easily formed by con-
trolling their substitutional composition owing to their
small lattice mismatch (~1%), strain relaxation by layered
structure, and thermodynamic miscibility'®>. Recently,
diverse synthetic methods based on two-step chemical
vapor deposition (CVD) processes involving the chalco-
genization (sulfurization and selenization) of predeposited
transition metals (Mo and W), transition metal oxides,
and solution precursors have been used to realize large-
scale 2D TMD alloy films'®~>'. Although these two-step
processes provide large-scale uniform TMD alloy films
(such as Mo, ,W,S, and MoS;i.Ses,), there remain
problems arising from the difficulties of fine-tuning the
composition and complexity of the growth processes. In
addition, metal-organic chemical vapor deposition
(MOCVD), a progressive CVD process, has been indust-
rially proven to be powerful for the atomic-scale precision
engineering of alloys and high crystalline growth of thin
films since it offers fine control of the flow rate and sur-
face reactions of the vapor-phase precursors® 2",

Herein, we report a one-step growth and in situ alloying
methods to produce a wafer-scale WS,,Sey(;.,) monolayer
with spatial homogeneity over the entire film using ver-
tical MOCVD with multiple vapor-phase precursors.
Fine-tuning the molar flow rates of sulfur and selenium
precursors during growth allowed the full-range compo-
sition tunability of WS,,Sey ;.4 alloys, wherein x varied
between 0 and 1. Notably, this enabled the linear mod-
ulation of the bandgap energy of the alloyed films with a
low bowing effect. Furthermore, hetero-multilayer films
comprising differently alloyed WS,,Seyq.,) monolayers
fabricated by artificial van der Waals (vdW) stacking
exhibited broad spectral absorption with multiple exciton
resonances.

Materials and methods
Wafer-scale growth of monolayer WS,,Se; 14

The monolayer WS,,Se,;.4) alloying films were directly
grown on a 2-inch SiO, (285 nm)/Si substrate in a home-
built MOCVD with a vertical cold-wall chamber and
independent gas pipeline manifold. Tungsten hex-
acarbonyl (THC, W(CO)s), diethyl sulfide (DES,
(C3Hs),S), and diethyl selenide (DESe, (C,Hs),Se) stored
in stainless bubblers were used as metal-organic pre-
cursors for the transition metal and chalcogens, respec-
tively. The 2-inch SiO,/Si substrate was loaded onto the
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graphite susceptor in the vertical reactor, heated to 600 °C
at 45°Cmin !, and post-annealed for surface cleaning.
After reaching the growth temperature, the gaseous THC,
DES, and DESe precursors were injected into the
MOCVD reactor in 500 sccm Ar (99.999%) and 5 sccm H,
(99.999%). The total growth time and reactor pressure
were 130 min and 50 Torr, respectively. In the MOCVD
process, the molar flow rate of THC was fixed at
8.35 x 10~ ** mole min ', but the molar flow rates of DES
and DESe were systematically and independently con-
trolled by changing the vapor pressure, line pressure, and
carrier gas (Ar, 99.999%) flows for the growth of the
WS,.Sexn.y alloying films with tunable bandgaps. After
the growth process, the WS,,Ses(;_4) films were naturally
cooled to room temperature and then unloaded from the
reaction chamber.

Optical characterization of monolayer WS,,Se; ;. alloys

A homemade optical spectrometer combined with a
532-nm continuous laser and monochromator (Andor,
303i) was utilized to measure the PL and Raman spectra
of the monolayer WS,,Se;;.,) alloys under ambient
conditions. The irradiated laser power and time were
120 pW and 5s, respectively. The PL and Raman signals
were collected on an objective lens (x100 magnification,
N. A.=0.9). The absorption spectra of the monolayer
WS,,Sexq.y alloying films, which were transferred onto
double-sided polished transparent c-sapphire substrates
by the dry-transfer method, were measured using a UV-
visible spectrophotometer (Agilent, 8453E) with a spectral
range of 190-1100 nm. The spatially resolved PL and
Raman mapping, sized 50 x 50 pmz, were obtained on the
X and Y axes by scanning the films on a motorized stage
(in an optical spectrometer).

Material characterization

AFM (Park systems, NX-10) and XPS (ULVAC-PHI, X-
Tool) were employed to characterize and analyze the
monolayer WS,,Se;q. alloying films. A double Cs-
corrected TEM (JEOL, JEM-ARM200F, 80kV operation)
was used for ADF-STEM imaging and EDX analysis. For
ADEF-STEM imaging, a convergence semiangle of 25 mrad
and an ADF detector angle range of 80—160 mrad were used.

Monte-Carlo simulation

The Monte-Carlo simulations were performed with
Python-based codes. The atomic sites of Se + Se, Se + S,
and S+ S locations were selected randomly with given
relative populations. Supplementary Fig. S6a shows a
representative result with relative populations of 25%
(Se+Se), 55% (Se+S), and 20% (S+S). They are
represented by a Voronoi diagram. The codes used for the
data are available from the corresponding authors upon
reasonable request.
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Density functional theory calculations

DFT calculations were performed as implemented in the
Vienna ab initio simulation package (VASP) code”.
Projector-augmented wave (PAW) pseudopotentials®”*®
and a kinetic energy cutoff of 500 eV were applied. The
Perdew, Burke, and Ernzerhof (PBE) functional within the
generalized gradient approximation (GGA) was used for the
exchange-correlation functional®®, and the vdW-D2 cor-
rection proposed by Grimme was used to describe the long-
range van der Waals interaction®'. The monolayer
WS,,Sexq. alloy configurations were generated in a
3 x 3 x 1 monolayer WSe, supercell by substituting S atoms
with Se. Up to ten random alloy configurations were con-
sidered. A vacuum layer thickness of 6.4 A was used. A T-
centered 2 x 2 x 1 k-point mesh in the 3 x3 x 1 supercell
was used for the Brillouin zone (BZ) summation. For the
WSs,Sexq.x alloys, the hexagonal lattice constant was
optimized by constraining the hexagonal lattice structure.
The local atomic configurations were relaxed to less than
0.001 eV A! in the Hellmann—Feynman forces.

Transfer and absorption measurements of mono-, bi-, and
trilayer WS,,Sey(1. alloys

To transfer the monolayer WS,,Ses(;) alloys onto the
transparent substrate, we adopted the dry-transfer process
method using a thermal release tape (TRT). First, PMMA
495K (Micro Chem.) was spin-coated on the as-grown
WSo,Sexq- film on the SiO,/Si substrate at 4000 rpm for
90s. The coated PMMA was then baked at 180°C for
10 min. TRT (Graphene Square, GA-TRT-01) was
attached to the PMMA/WS,,Sey (1. film, and the resul-
tant TRT/PMMA/WS;,Ses1.) was then mechanically
peeled from the SiO,/Si substrate. After separation, the
TRT/PMMA/W S;,Seq 1.y layer was stuck on the double-
side polishing c-sapphire, which was employed as the
transparent substrate and treated by O, plasma. The TRT
was released by heating at 110 °C for 2 min on a hot plate.
The PMMA was removed by dipping in acetone for
20 min, after which the sample was rinsed using IPA
solution. For the fabrication of the stacked trilayer alloy-
ing film with varying chalcogen compositions, the same
transfer method was repeated for the second and third
films. Absorption measurements of the mono-, bi-, and
trilayer alloying films were performed using a UV-
vis—NIR spectrophotometer (Agilent, Cary 5000) with a
spectral range of 175-3300 nm.

Results and discussion

The uniform wafer-scale synthesis of WS,,Sey ) alloys
was achieved by using a vertical MOCVD system. Figure 1a
represents the schematics of the vertical cold-wall
MOCVD equipped with a radio frequency (RF) induction
heater and independent gas line manifold for the wafer-
scale synthesis of composition-modulated WS,,Seyq
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alloy films with varying chalcogen (S, Se) contents. For the
composition-modulated growth of WS,,Sey () alloys with
varying chalcogen composition (x = 0-1), the chalcogen (S,
Se) concentration was finely controlled by varying the
molar flow rates of diethyl sulfide (DES, S precursor) and
diethyl selenide (DESe, Se precursor) stored in stainless
bubblers. The molar flow rates of DES and DESe were, in
turn, independently controlled by varying the vapor pres-
sure, line pressure, and carrier gas flow, while the molar
flow rate of tungsten hexacarbonyl (WHC, W precursor)
was fixed during the growth process. The detailed growth
process is described in the Experimental Methods section.

Figure 1b shows a photograph of the as-grown monolayer
WSy,Sex.5 alloy film fully covered on a 2-inch SiOy/Si
wafer. The representative WS,,Sex ) film shows a uniform
contrast on the entire substrate, indicating the homogeneity
of the film. The atomic force microscope (AFM) measure-
ment confirmed that the as-grown film exhibited a smooth
surface and ~1nm thickness, corresponding to that of
monolayer TMDs (Supplementary Fig. S1).

The controlled bandgap modulation of the WS,,Ses(;_4)
alloys was confirmed by optical characterization techni-
ques such as photoluminescence (PL) and absorption
spectroscopy. As the sulfur content (x) in the alloys
increased from 0 to 1, the PL peak positions of the films
continuously changed from 759 to 609 nm, corresponding
to the bandgap energy of monolayers, WSe, and WS,
respectively. The PL spectra exhibited a strong single peak
emission with a full-width at half maximum (FWHM) of
~33-46 nm (Fig. 1c and Supplementary Fig. S2). Similarly,
the UV-visible absorbance spectra of WS,,Sex.y) alloys
showed a tunable A exciton shift from 743 (WSe,) to
604 nm (WS,) with varying relative sulfur compositions
(Fig. 1d and Supplementary Fig. S3), which is consistent
with the previously reported values for pure monolayers
WSe, (729nm) and WS, (620 nm)**. In addition, the
spatially resolved PL peak position mapping images of
monolayer WS,,Seyq.,) alloys with different chalcogen
compositions showed high optical uniformity over the
entire area (Fig. le). To further validate the wafer-scale
uniformity of alloy films, PL and Raman spectra were
obtained at different positions over the entire wafer
(Supplementary Fig. S4). The PL peak positions of the
WS,, WSggSeiis, and WSe, films are 6129 +2.1,
718.6 £ 1.6, and 761.9 + 1.8 nm, showing small variations
of 1.1%, 0.8%, and 0.9% inhomogeneity ((max-min)/aver-
age), respectively. This further implies that the alloy films
with composition-modulated bandgap energies had a
homogeneous chalcogen composition throughout the
entire wafer without any significant structural disorders or
additional phases.

Furthermore, we investigated the influence of compo-
sition alloying upon substitution of chalcogen (S, Se)
atoms on the lattice vibration behaviors of alloy
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Fig. 1 Wafer-scale growth and bandgap tunability of WS,,Se,1.,) monolayer alloys. a Schematics of the vertical MOCVD system equipped with
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height profile. ¢, d Normalized photoluminescence (PL) (c) and absorbance (d) spectra of WS,,Sex.y monolayers with a full range of chalcogen
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compounds via Raman measurements using a 532-nm
laser as the excitation source (Fig. 2). The Raman spectra
of all synthesized WS,,Se;(;.) monolayers were domi-
nated by four basic Raman modes: E  resulting from the
in-plane displacement of S and Se atoms with respect to
the W atoms, A, associated with the out-of-plane vibra-
tions of S and Se atoms, longitudinal acoustic (LA) pho-
nons involving the in-plane collective movements of

atoms, and the alloying mode combined with the sulfur
and selenium atoms®>**, Varying the relative chalcogen
compositions resulted in evolutional peak shifts, and the
corresponding extension and reduction of the lattice
vibration modes for WS,,Ses(;.) alloys were observed. In
pure WSe, (x =0), the main Raman peak was observed at
248.2 cm ™, known as the superposition of the E(I') and
A'}(T) modes. In addition, the 3549 cm™' (2LA(M) +
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E()) and 417 cm™! (A'(T)) modes appeared mainly in
pure WS, (x=1). Upon alloying, the 2LA(M) mode
continuously shifted from 258.8 (pure WSe,;) to
3529cm ™' (pure WS,), and we also observed newly
evolved modes from 380.3 (WSe,-rich phase) to
384.5cm ' (WS,-rich phase) in the WSo,Sexa . alloys,
attributed to the disorder-activated peak®®. In addition,
the superposition of E(M)-LA(M) of WS, and A’;(M)-
LA(M) of WSe, shifted from 131.7 to 176.3cm ' upon
increasing the sulfur concentration in the WS,,Ses;. )
alloys; separating the peak positions for the signals ori-
ginating from each mode was difficult. The above-
mentioned Raman peaks were gradually changed by
tuning the chalcogen compositions, as shown in Fig. 2b
and Supplementary Table S1. The systematic blueshifts in
the Raman peaks could be attributed to the changed mass
and distorted bond length upon substituting Se atoms in
the WS,,Ses(1.4) lattice with §%>3¢, In addition, according
to the Raman maps of the A'}(I) peak position of

WS,.Sex.yy with different sulfur compositions (Fig. 2c),
the alloyed films exhibited small spatial fluctuations in the
Raman peak position over the entire measured area.
When x = 0.23, the largest standard deviation of 3.1 cm ™"
corresponds to less than 1% of the average values of
Raman peaks. Furthermore, to validate the wafer-scale
uniformity, Raman spectra were obtained at different
positions over the entire wafer (Supplementary Fig. S4).
Both alloyed and non-alloyed films showed spatial
homogeneity with similar spectra regardless of the mea-
sured position on the wafer. Particularly, for the
WSo.525€;1 15 film, the standard deviation of LA(M) modes
was measured to be 1.4 cm™}, which is only 0.5% of the
average values. These results indicate the macroscopic
uniformity of MOCVD-grown WS,,Sey . alloys.

The atomic-level substitution of the chalcogen atoms in
the alloyed film was further confirmed by using annular
dark-field scanning transmission electron microscopy
(ADF-STEM). The high-resolution STEM image of
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WSo,Sexq-x) showed a hexagonal patterned arrangement
of the atoms, similar to that in the monolayer TMDs. In
addition, according to the false-color DF-TEM images
(Supplementary Fig. S5), the alloyed WSgg,Se; g and
non-alloyed WS, films show similar average grain sizes of
41 £ 14 and 54 + 26 nm, respectively, close to the grain
sizes attained by previous studies for MOCVD-grown
TMD monolayers (typically from a few tens of nan-
ometers to a few micrometers)?>*’. Each atom in the
high-resolution STEM image could be distinguished by its
brightness and contrast (Fig. 3a). The brightest spots in
the image corresponded to the W atoms (solid orange
circle) because the atomic number of W (74) is larger than
that of S (16) and Se (34) atoms. The Se + Se atoms (solid
green circle) were relatively brighter than the Se +S (sky
blue solid circle) and S+ S atoms (solid yellow circle).
Their atomic configurations were distinct from each other
in the atomic image (top of Fig. 3b) and line profile of
ADF intensity (bottom of Fig. 3b). Based on the counted
histogram of ADF intensities of all the elements in the
ADF-STEM image, the S composition was determined to
be 47.7% (Fig. 3c). To further quantify the nanoscale
heterogeneity, the STEM data were deeply analyzed
(Supplementary Figs. S6 and S7). Supplementary Fig. S6a
shows an experimental STEM image of WSg 9¢Se; 04 With
a Voronoi pattern overlay. The color overlay displays the
distribution of Se + Se (yellow), Se + S (green), and S+ S
(darker green) sites in the observed image, confirming
that S and Se are intermixed at the atomic scale. As
additionally shown in Supplementary Fig. S6b, the simu-
lated distribution of Se and S sites based on Monte-Carlo
simulation in the case of the maximum tendency of
intermixing is comparable to the experimentally mea-
sured distribution. Any possible correlation between Se
and S sites over a short range was further checked by
calculating the relative occupancy for S+S sites and
Se + Se sites (Supplementary Fig. S7). We find that there
is a slight short-range correlation in which the same
chalcogen sites tend to gather with slightly higher prob-
ability. For example, for Se occupancy sites, the prob-
ability that its nearest neighbor site is occupied by the
same Se sites is ~1.8 times higher than that of the S site
(Supplementary Fig. S7b, c). Similarly, the nearest neigh-
bor sites of S sites are occupied by S sites 1.8 times more
likely compared to Se sites. Correlation behavior func-
tions can be fitted with f(x) = Ae /7 4 1, where A is the
fitting parameter and 7 corresponds to a correlation
length scale. The observed short-range correlation dis-
appears at ~2 nm (Supplementary Fig. S7c). These results
confirmed the substitutional alloying of the WS,,Ses(;_
film without any phase separation between WS, and
WSe,.

To verify the atomic binding state of W 4f, S 2p, and Se 3p
of WS,,Seyq.4 alloys, we conducted X-ray photoelectron
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spectroscopy (XPS) using a conventional X-ray source (Al
Ka radiation), wherein the spectra were obtained by fitting
with a Gaussian—Lorentzian function and Shirley back-
grounds (Supplementary Fig. S8). With increasing sulfur
concentration, the peaks of the W 4f5,, and W 4f;, binding
energies gradually shifted to higher energies, i.e., from 33.50
to 34.25eV and 31.38 to 32.13 eV, respectively (Fig. 3d).
This phenomenon meant that the binding state of tungsten
could be effectively changed by modulating the S/Se ratio
because of the difference in the electronegativity of the S
and Se atoms, leading to its bond with W atoms. Moreover,
the chemical binding states of S 2p and Se 3p were sys-
tematically magnified or diminished by changing the S/Se
ratio, as shown in Fig. 3e. For quantitative analysis, the
accurate atomic concentration (%) of S was calculated using
the following equation:

ISXFSe
Cs = 100x —>" 7% 1
S Isx Fse + Ise x Es (1)

where I and /s, are the integrated peak intensities of S
2p3/ and Se 3psy, respectively, and Fs (0.4453) and Fs,
(0.8493) are the relative sensitivity factors for S and Se,
respectively'®*®, From these XPS results, we confirmed
that the S compositions varied between 0 and 100%,
corresponding to the changing amount of chalcogen
precursors during the growth of WS,,Sey;., alloys
(Supplementary Table S2 and Supplementary Fig. S9).

From the TEM and XPS analyses, we examined the
relationship between the optical bandgap energies and
chalcogen compositions in the WS,,Se,; 4 alloys (Sup-
plementary Table S3). To exclude a mixed signal origi-
nating from domains with different compositions®>*,
TEM-EDS analysis with 20-nm resolution was carried out,
providing statistical data of sulfur composition for the
alloyed samples. The experimentally determined optical
bandgap exhibited a nearly linear dependence on the
sulfur composition, as shown in Fig. 4a. The optical
bandgap energy for ternary semiconductor alloys can be
described by the following bowing equation™:

Eq(x) = ngVS2 +(1- x)Egvse2 —bx(1 —x) (2)

where E3'> and E}/5* are the bandgap energies of WS,
and WSe,, respectively, and x and b are the sulfur
composition and bowing parameter, respectively. The
bowing parameter was derived by fitting to Eq. (2) and
was determined to be 0.07 £0.07 eV. This vanishingly
small bowing parameter of MOCVD-grown WS;(;_4)Sesx
alloys coincides well with previous experiments for CVD-
grown WSy _ySea, and MoSy(1_4)Sesy alloys42. Such a low
bowing effect is explained by the fact that the energy
bandgap (the conduction-band minimum and valence-
band maximum) of TMD monolayers is mainly affected
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(e) core levels measured from WS,,Sey (1. monolayer alloys as a function of binding energy. All XPS plots were fitted by the Gaussian-Lorentzian

function and Shirley backgrounds.

by the d-electron orbitals on transition metal atoms®®, In  the transition metal alloys showed relatively large bowing
addition, the lattice constant of chalcogen alloys tends to  parameters of 0.25eV for Mo, W,S,* and 0.15eV for
increase almost linearly with composition, leading to the Mo, W,Se,™ because the competition in constructing
linear dependence of bandgap energy. On the other hand, the band edges from two different metal atoms causes
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Fig. 4 Continuous energy bandgap modulation of the WS,,Se,(1. alloys with a low bowing effect. a-d Experimental (a) and DFT (b) optical
bandgaps, calculated miscibility energies (c), and hexagonal lattice constants (d) of WS,,Sex.y alloys as a function of sulfur composition (x). The
open triangles and squares represent the experimental bandgap data at the particular sulfur composition obtained from the XPS and EDS
measurements, respectively. The error bars indicate the standard deviation obtained from measuring more than nine positions. The open circles are
calculated data points for the bandgap energy (b), miscibility energy (c), and lattice constant (d). The solid red lines are parabola fitting curves
according to the bowing equation, giving bowing parameters of 0.07 + 0.07 eV, 0.06 +0.01 eV, and 0.02 A for the experimentally obtained bandgap
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pronounced bowing behavior. In addition, note that
WSy1-x)Sea, alloys exhibit much lower bowing para-
meters than bulk alloys such as GaAs;_,Sb, (1.43 eV)®
and Al,_Ga,N (0.94 eV)*® owing to the strain relaxation
originating from low dimensionality and the similar
electronegativities of 2.58 and 2.55 for S and Se,
respectively®.

The experimentally confirmed bowing alleviation was
further studied by density functional theory (DFT) calcu-
lations. Although DFT is known to underestimate the
bandgap, it can describe the bandgap changes. As shown in
Fig. 4b, the resultant bandgap evolution with alloying
showed negligible bandgap bowing (0.06 eV) because of the
small distortion energy of WS,,Ses(;.), originating from
the nearly same bond lengths as those for W-S and W-Se
in the alloys®*”*®, The calculated miscibility energies of
WS,.Sex.y alloys are plotted in Fig. 4c as a function of

sulfur composition (x). The convex hull showed negative
energy, indicating the stable formation of the WS,,Sexq
alloys without any structural phase transition. Electron
localization by the anionic (SySep.x) alloying disorder
was expected to be small because the band edges were
mainly contributed by the cationic W. The optimized
hexagonal lattice constants of WS,,Sey ;.4 are plotted in
Fig. 4d as a function of x. They also exhibited a nearly
linear relationship with a small bowing parameter of 0.02 A
between those of WS, and WSe,. These experimental and
theoretical results implied that systematic bandgap engi-
neering with full-composition tunability in 2D TMD
compounds could be achieved by atomic-scale substitu-
tional alloying without any significant detrimental defects
or structural disorders during MOCVD growth.

We further demonstrated the capability of fabricating
hetero-multilayers via artificial vd W stacking of differently
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Fig. 5 Hetero-multilayers of differently alloyed WS,,Se,(1.y films via artificial vdW stacking. a A schematic of the vertical layer-by-layer
assembly of three-layer WS,,Se,(; ) heterostructures comprising different S compositions. 1% layer: WS;7,5€1 s, ond layer: WSy 155€08s, 31 layer:
WS 765€0.24. The black, yellow, and green balls represent W, S, and Se atoms, respectively. b Photograph of 1-L (left), 2-L (middle), and 3-L (right) films
transferred onto sapphire substrates. The scale bar is 1 cm. c-e Corresponding UV/Vis absorption (c), Raman (d), and PL (e) spectra of hetero-
multilayer WSy,Se5¢1- films. The solid black, red, and blue lines correspond to 1-L, 2-L, and 3-L WS,,Sei- films, respectively.
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alloyed monolayers. Figure 5a shows a schematic of ver-
tically stacked WS,,Ses(;.,) hetero-multilayers. To fabri-
cate hetero-multilayer films on transparent c-sapphire
substrates, we adopted the dry-transfer method, which
uses thermal release tape. This process is known to cause
less film damage than the wet-etching method, which uses
a strong acid (HF) or base (KOH)?. Figure 5b shows the
optical microscopy images of the WS,,Ses;.,) hetero-
multilayer films with different S compositions of 36, 56,
and 88% (1-L (S 36%), 2-L (S 36+ 56%), and 3-L (S
36 + 56 + 88%) films), fabricated by repeating the transfer

process (see the Methods section for details). As shown in
the absorbance spectra (Fig. 5¢), the hetero-multilayers
exhibited multiple local absorbance maxima originating
from exciton resonances in each alloyed film. The abso-
lute light absorption per unit thickness could be further
increased by enhancing light—matter interactions with
optical structures such as cavities*®, superlattices®, and
plasmonic nanostructures®. In addition, all the char-
acteristic vibration modes in the Raman spectra of hetero-
multilayers (Fig. 5d) appeared as a result of the super-
position of vibration modes of the individual layers. These
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results indicated that each layer preserved its monolayer
characteristics even after stacking. Furthermore, the dis-
tinctive exciton peaks in the PL spectra (Fig. 5e) resulted
from the constituent layers (728, 689, and 641 nm for
WSo725€1.28 WS112S€08s, and WSy 76Seq .24, respectively)
that appeared progressively during the stacking of the
monolayers. However, due to interlayer charge transfer
processes, the PL intensities of the heterostacked film
were quenched compared to those of individual films>.
All the results demonstrated that the fabrication of arti-
ficially stacked hetero-multilayers offered an additional
route to modulate the optical properties of alloyed TMD
films in a controlled manner.

Conclusion

We demonstrated the wafer-scale growth and sys-
tematic bandgap engineering of WS,,Se;(;.,) monolayer
alloys with full-composition tunability by controlling the
molar flow rates of vapor-phase precursors using our
home-built MOCVD system. Varying the relative ratio of
substitutional chalcogen atoms led to the controlled
modulation of both chemical composition and optical
bandgap, as confirmed by several characterization tech-
niques, including absorbance, PL, Raman, TEM, and XPS
measurements. Notably, the experimentally determined
bandgap and composition exhibited a nearly linear rela-
tionship, indicating a low bowing effect, consistent with
the theoretical calculations. Furthermore, we modulated
the optical properties of the artificially stacked hetero-
multilayers to allow for broader light absorption with
multiple exciton resonances compared to that of the
individual alloyed monolayers. The wafer-scale growth
and bandgap engineering of 2D TMD alloys developed in
this study present a viable approach for the functional
implementation of various optoelectronics based on 2D
semiconductors.
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