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Bandstructure engineering using alloying is widely utilized for achieving
optimized performance in modern semiconductor devices. While alloying has
been studied in monolayer transition metal dichalcogenides, its application in
van der Waals heterostructures built from atomically thin layers is largely
unexplored. Here, heterobilayers made from monolayers of WSe, (or MoSe,)
and Mo, W, _,Se, alloy are fabricated and nontrivial tuning of the resultant
bandstructure is observed as a function of concentration x. This evolution is
monitored by measuring the energy of photoluminescence (PL) of the
interlayer exciton (IX) composed of an electron and hole residing in different
monolayers. In Mo, W, _ ,Se,/WSe,, a strong IX energy shift of 100 meV is
observed for x varied from 1 to 0.6. However, for x < 0.6 this shift saturates
and the IX PL energy asymptotically approaches that of the indirect bandgap
in bilayer WSe,. This observation is theoretically interpreted as the strong
variation of the conduction band K valley for x > 0.6, with IX PL arising from
the K — K transition, while for x < 0.6, the bandstructure hybridization
becomes prevalent leading to the dominating momentum-indirect K — Q
transition. This bandstructure hybridization is accompanied with strong
modification of IX PL dynamics and nonlinear exciton properties. This work
provides foundation for bandstructure engineering in van der Waals
heterostructures highlighting the importance of hybridization effects and
opening a way to devices with accurately tailored electronic properties.

1. Introduction

Van der Waals stacking allows unprece-
dented possibilities in combining differ-
ent atomically thin materials within a
single device as well as tuning of their
properties, by selecting different mono-
layer materials or by varying their rel-
ative twist angle. Thus, van der Waals
(vdW) heterostructures made from ver-
tically stacked atomically thin transition
metal dichalcogenides (TMDs) present a
powerful platform for development of novel
devices with widely tuneable properties!'~!
as well as for gaining new insights in the
physics of excitons!*?l and emergent exci-
tonic and quantum phenomena in moiré
superlattices.>'7] Most of the structures
studied so far (such as stacked monolayers
of MoSe, and WSe,) were so-called type-
I semiconducting heterostructures,'® ex-
hibiting the maximum of the valence and
the minimum of the conduction bands
in the adjacent layers. A prominent fea-
ture in type-II TMD heterostructures is
the formation of interlayer excitons (IX)
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with a hole and electron confined in different layers. The IX PL,
although observed most clearly at cryogenic temperatures, has
proven to be a sensitive probe of the novel physics in semicon-
ducting van der Waals heterostructures,!’2°] and will be utilized
in our work to monitor the properties of the studied TMD heter-
obilayers.

As well as the use of heterostructures, another very powerful
approach for accurate tailoring of the properties of semiconduc-
tor devices is the use of alloyed semiconductors. This approach
has been successfully applied in numerous applications, from
lasers to few-nm-sized transistors using traditional III-V, II-VI,
and group IV semiconductors.[?! This approach allows gradual
tuning of bandgaps as well as the whole bandstructure, allowing
to control carrier confinement and thus influence their transport
and optical properties. Numerous semiconducting alloys of lay-
ered materials have been demonstrated in the monolayer form
achieved both by direct synthesis and exfoliation from bulk,[??] in-
cluding Mo, W, _ Se, used in this work, where alloying was used
to control the valley polarization properties.?*?*] More recently,
alloying was successfully employed to tune the energy of in-
terlayer excitons!®’! in WS, , _,Se, /WSe,, and a direct-indirect
band transition in Mo, _ W, S, /MoSe, heterostructures has been
predicted theoretically.!¢]

In our work we study Mo, W,_, Se,/WSe, and
Mo, W, _,Se,/MoSe, heterostructures built from stacked
TMD monolayers in a wide range of composition x (Figure 1a).
In Mo, W, _,Se,/WSe,, we demonstrate tuning of ~130 meV
of the IX photoluminescence (PL) peak energy as a function of
x displaying two types of behavior: a fast tuning by ~100 meV
for x > 0.6 followed by an asymptotic dependence for x < 0.6,
where the IX PL energy asymptotically approaches that of the
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indirect bandgap in bilayer WSe,. A similar but less pronounced
tuning and saturation at the indirect bandgap of bilayer MoSe,
is observed for Mo, W, _,Se,/MoSe,. In Mo, W, _, Se,/WSe,,
concurrent with the transition between the two types of be-
havior, we also observe strong changes in the IX PL dynamics
and intensity: the PL lifetime shortens and intensity strongly
decreases for x < 0.6. The strong changes are also observed in
the power dependence of IX PL, where a typical blue-shift of the
IX PL peak!!® is strongly suppressed for x < 0.6. Our theoretical
analysis shows that the observed changes in the behavior occur
due to the bandstructure hybridization, leading to the shift of
the conduction band minimum in the heterobilayer from K
to Q valley for x ~ 0.6. The observed behavior thus signifies
the transition from the K — K configuration of the valence to
conduction band transition for x > 0.6 to the K — Q configuration
for x < 0.6.

2. Results

A set of 15 samples was studied, including heterobilayers (HBLs)
either fully encapsulated in hBN flakes or alternatively placed
on a relatively thick (of the order of 50 nm) hBN. The TMD
HBLs were fabricated from monolayers mechanically exfoliated
from bulk crystals. The alloy bulk crystals were provided by
HQ Graphene, where the material composition was accurately
measured in each bulk sample using energy dispersive X-ray
(EDX) microanalysis. The majority of HBLs were made with the
prominent crystal edges aligned within 0.5° accuracy, constitut-
ing structures with either near 0° or 60° crystal axis rotation (re-
ferred to as R- and H-stacking, respectively). For further exper-
iments we did not differentiate between R- and H-stacked het-
erobilayers and measured all fabricated samples. However, our
results imply that inadvertently the majority of samples that we
fabricated and studied were of the H-stacking configuration. To
understand why the yield of fabricated structures may have a ten-
dency toward one of the two orientations we go over the fabrica-
tion process in more detail in Note S1 (Supporting Information).

It is likely that the close to 60° or 0° alignment in our
HBL samples results in realization of the regime of lattice
reconstruction.?”-**) However, the method that we adopted for
reporting our PL data (summarized in Figure 2c) by averaging
PL spectra over 20-60 different locations on each measured HBL,
masks the influence of lattice reconstruction on exciton proper-
ties, for which we instead refer the reader to Ref. [30]. We also
note that lattice reconstruction influences the local shifts of the
IX energy.?8-3% However, these shifts are smaller than the IX and
band-edge energy shifts as a function of concentration x, and thus
only provide a detail in the overall trends of bandstructure mod-
ifications with alloy concentration, which we report here.

A schematic of a generic Mo, W, _, Se, /WSe, HBL is displayed
in Figure 1b, also showing IX formation with a hole localized
in WSe, and the electron in the alloy. A bright field (BF) micro-
scope image of a Mo, ¢sW,, ;5Se,/WSe, heterostructure is shown
in Figure 1c. The alloy monolayer area is highlighted with red
lines, while the edges of the WSe, flake are shown in green.
Figure 1d shows a PL image of this sample measured at room
temperature showing in yellow bright emission from the uncou-
pled monolayer WSe, and in purple dimmer emission from the
uncoupled monolayer Mo ;s W, ;5 Se,. Notably lower PL intensity
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Figure 1. Van der Waals heterostructures based on TMD alloy monolayers. a) Energy level diagram for a type-Il heterojunction formed by WSe, and
Mo, W, _ ,Se, monolayers. Direct excitons (DX) form in each layer, while interlayer excitons (IX) are created between electrons in the conduction band
(CB) of the alloy and holes in the valence band (VB) of WSe,. The IX energy is tuned by changing the Mo composition x in the alloy. b) Schematic of
the alloy HBL showing the IX electric dipole moment orientated perpendicular to the plane of the monolayers. c) Bright-field (BF) microscope image of
the HBL. The red line shows the Mo g5 W, 15Se, flake while the green line shows the WSe, flake. d) PL image of the HBL taken at room temperature.
PL quenching in the HBL region indicates efficient charge transfer between the monolayers. e) Low temperature (T = 10 K) PL map of the HBL in the
spectral region of IX PL (1.3-1.45 eV). Bright IX PL is detected from the HBL only. f) Low temperature (10 K) PL map of the HBL in the spectral region

of DX PL (1.45-1.7 eV). Scale bars for (c—f) 10 um. g) Low temperature (10K) spectrum measured for a Mog g5 W 15Se, HBL.

is observed in the heterobilayer region where the two monolayers
overlap. This arises from the quenching of the PL of the intralayer
exciton (referred to below as DX) due to the efficient charge
transfer between the layers. This shows efficient electronic cou-
pling between the TMD monolayers, and confirms the formation
of a type-1I heterostructure.>1-33]

Figure 1le,f shows PL maps of the same HBL acquired at a cryo-
genic temperature T = 10 K. The maps show integrated PL inten-
sity in the spectral ranges 1.3-1.45 eV in Figure le and 1.45-1.7
eV in Figure 1f. These ranges are selected based on the low tem-
perature PL spectra, with a typical example measured in the HBL
area shown in Figure 1g. In addition to a strong peak ~1.6 eV
corresponding to the intralayer exciton (DX) in Mo g W ;5Se,
and some lower intensity features arising from WSe,, additional
peaks are observed at low energy (labeled IX). These peaks corre-
spond to the interlayer exciton PL and are only observed within
the HBL area.

Before describing the properties of HBLs comprising alloy
monolayers, we briefly report optical properties of monolayer
and bilayer alloy TMDs themselves. Figure 2a shows PL spec-
tra for Mo, W, _,Se, alloy monolayers with different composi-
tion x. For 0.49 < x < 1, the PL spectra closely resemble that of
MoSe, with two narrow peaks attributed to neutral exciton, X,
(the spectral feature of A-exciton) and the corresponding charged
exciton or trion, X*. For x < 0.38, the PL peaks become much
broader, the X* peak becomes much less pronounced, and more
features appear at lower energies. This behavior is observed for
concentrations for which the lowest neutral exciton state in the
alloy transforms from optically bright as in MoSe, to optically
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dark as in WSe,, as previously predicted.l?***] We have further
studied reflectance contrast (RC) spectra from monolayers that
allows detection of high energy states, for example, B-excitons
(see Note S2, Supporting Information). The A-exciton energy ap-
pears almost constant at 1.650 eV for 0.49 <x < 1 with a weak in-
crease toward x = 1. For x < 0.49, the energy of A peak increases
eventually reaching 1.742 eV for monolayer WSe,. The observed
trend can be fitted by the quadratic Vegard’s law (Note S2, Sup-
porting Information; Figure 2c), adopted, for example, for alloys
of 11I-V semiconductors,**! revealing a bowing parameter b =
0.16, in close agreement with previous reports.*%”] Figure S2
(Supporting Information) shows that the B-exciton energy in-
creases more sharply with decreasing x from 1.877 to 2.185 eV
signifying a strong increase in the valence band spin-orbit split-
ting as the A-B exciton splitting changes from ~230 to ~340 meV.

Of high relevance to HBL studies presented in this work we
have also measured low T PL and RC for exfoliated Mo, W, _ . Se,
bilayers with different concentration of x (see Note S3, Support-
ing Information). The RC spectra show a similar behavior of A
and B exciton energies compared to monolayers. In Figure 2c,
we show a comparison between the A exciton peak positions in
monolayers (diamonds) and bilayers (triangles), where similar
parabolic trends are observed. However, a systematic red-shift
up to 40 meV of the peak positions with respect to the mono-
layers with the same x occurs.3® The PL data shows that the
momentum-indirect transition is always dominant in bilayers
(Note S3, Supporting Information), with its energy tuned by >
100 meV by changing the Mo composition of the bilayer alloy
Mo, W, _ . Se,.
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Figure 2. Optical spectra of intralayer and interlayer excitons in alloy monolayers and heterostructures. a) Normalized PL spectra measured at T = 10K
of Mo, W, _,Se, alloy monolayers with different Mo concentrations (x), showing the neutral exciton X, and the trion X* peaks. b) Normalized PL spectra
of the Mo, W, _,Se,/WSe, HBLs measured at 10K for different x. IXT and IX2 label the interlayer exciton PL and the PL peak at the indirect bandgap in
WSe, bilayers, respectively. c) Solid (open) squares show spectral positions of IX1 (I1X2) PL peaks in the alloy/WSe, HBLs. See text for discussion of
the x =0.21 HBL. Error bars show the spread in energy of multiple IX transition peaks measured in several HBL samples (see text for further details).
Diamonds (triangles) show X, (A-exciton) peak position in alloy monolayers (bilayers) measured using reflectance contrast. Solid light blue and red
lines are parabolic fits of the A-exciton peak energy in alloy monolayers and bilayers, respectively. The dashed red and blue horizontal lines correspond
to the IX1 PL peak in MoSe, /WSe, HBLs and the IX2 PL peak in WSe, homobilayers, respectively.

We now discuss the tuning of the interlayer exciton energy
in Mo, W, _,Se,/WSe, HBLs as a function of x. Figure 2b
shows normalized PL spectra measured for such structures at
T = 10 K in the energy range where IX PL is expected, as iden-
tified in Figure 1. Similarly to Figure 1g, features corresponding
to IX PL can be readily identified in the spectra of all structures
with x >0.21. Following the approach depicted in Figure 1, we
measured PL maps at low temperature on all the structures to
ensure that these features could be observed only in the regions
where the two TMDs overlap (see Note S4, Supporting Informa-
tion). For all HBLs with x >0.33, IX PL shows a spectrum with
two or more peaks, similar to those reported for MoSe,/WSe,
heterostructures.'18303940] The energies of these PL peaks in-
crease with decreasing x (see further peak analysis of the IX
spectra and a detailed discussion of the origin of the different
spectral features in Note S5, Supporting Information). The tun-
ing is pronounced for x up to 0.64 and exceeds 100 meV, but
then slows down and is less than 50 meV for the whole range of
x < 0.64.

For x = 0.33, these peaks practically merge into a single peak at
~1.5 eV. For x = 0.21, a peak at #1.51 eV provides a continuation
of this trend, while new structured PL appears at higher energy
at and above 1.54 eV. Similar high energy PL peaks are also ob-
served at ~#1.54 and 1.57 eV in the natural (as exfoliated) WSe,
bilayer!*!l (see the spectrum labeled 2L in the figure), while no
discernible PL occurs in this sample at lower energies, where IX
PL is observed in samples with x > 0. Except for the IX feature at
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~1.51 eV in the x = 0.21 structure, the spectra for the structures
with x = 0.21 and x = 0 are similar to the one reported for another
WSe, bilayer in Figure S3 (Supporting Information), measured
on a different sample.

Spectra similar to the ones reported in Figure 2b were mea-
sured on 20 to 60 points across each HBL. Notably, the PL inten-
sity averaged across the measured points of each HBL drops sig-
nificantly for x < 0.6 (see Note S6, Supporting Information). For
some values of x, we also made several samples where similar PL
measurements were carried out at multiple positions providing
similar results.

We note that PL data reported in Figure 2b show qualitatively
different spectra for different samples. Whereas the x = 0.93 and
x = 0.38 samples show a two-peak structure with the low-energy
peak exhibiting higher PL intensity, other samples exhibit two-
peak PL spectra with a more pronounced high-energy peak (see
further details of the fitting in Figure S8, Supporting Informa-
tion). This may indicate that the x = 0.93 and x = 0.38 samples
have a different stacking configuration from the rest.>#? To fur-
ther explore this possibility, in Note S5 (Supporting Information),
we present an explanation of the two-peak structure found in our
interlayer exciton PL measurements of Figure 2b supporting our
overall conclusion that most of the structures studied in this work
had a 60° mutual rotation of the alloy and WSe, monolayers,
i.e., displayed the H-stacking, which we believe was a result of
specifics of the fabrication procedure described in Note S1 (Sup-
porting Information).
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Figure 3. Time-resolved and power-dependent PL of interlayer excitons in Mo,W; _,Se,/WSe, heterostructures. a) Time-resolved PL traces of IX in
Mo, W, _ ,Se,/WSe, HBLs with different x measured at T = 10 K. Fitting with a single (x = 1, 0.49) or double (x =0.71, 0.21, 0) exponential decay are
shown with black lines. b) IX PL decay times as a function of x for Mo, W, _ ,Se, /WSe, HBLs extracted from the data in (a). The dashed line indicates the
temporal resolution limit given by the instrument response function (IRF) of the experimental setup. c) Energy shift of the IX peak in Mo, W, _,Se, /WSe,

HBLs with different x as a function of the excitation power.

The PL peak positions averaged over many measurements at
different locations within each HBL are presented in Figure 2c.
Here the squares show the average high energy peak posi-
tion of the IX1 PL (E,), ascribed in MoSe,/WSe, HBLs to the
momentum-direct K-K transition.l1394% The vertical bars show
the spectral extension of the PL intensity within a standard de-
viation from the average intensity, covering all the features ob-
served in the spectra near the IX energy. Overall, we observe
that E; changes with decreasing x by 130 meV from 1.38 eV for
MoSe, /WSe, to 1.51 eV for Mo, ,, W, ;o Se,/WSe,. This is in con-
trast to a weak dependence of the Mo, W, _, Se, bandgap (as can
be deduced from a weak dependence of the X exciton energy
presented in the same plot) for 0.5 < x < 1. Thus, in this range
of x the conduction band offset of Mo, W, _ . Se, with respect to
that of WSe, evidently experiences a much faster change, with
a shift by more than 100 meV, as can be deduced from the in-
crease of E, (assuming weak dependencies of the IX and DX
exciton binding energies on x).[}1 It is seen from Figure 2c that
the dependence of Ej; on x is nonlinear and asymptotically ap-
proaches 1.51 eV, close to the energy of the exciton transition at
the indirect bandgap in the homobilayer of WSe, marked IX2 in
Figure 2b and shown with open squares in Figure 2c.

We also fabricated several Mo, W, _ .Se,/MoSe, HBLs, where
a more complicated behavior is observed for 0.33 < x < 1,
with less distinct PL peaks in the range where IX PL is ex-
pected (see Note S7, Supporting Information). However, with
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increasing x, the main feature of the low energy PL response
asymptotically approaches the energy corresponding to PL at
the indirect bandgap in homobilayer MoSe,, similarly to the
Mo, W, _ Se,/WSe, HBLs.

In order to understand the nature of the low energy PL peaks in
the studied HBLs and to gain further insight in the properties of
the IX as a function of the alloy composition, we carried out time-
resolved and power-dependent PL measurements. The transient
PL decay signals measured for Mo, W, _,Se,/WSe, HBLs are
shown in Figure 3a. Each transient PL decay curve is measured
at the IX1 PL peak shown in Figure 2c. For Mo, ,; W,,;,Se, /W Se,
structure, we measure at the energy of 1.51 eV corresponding to
the energy of IX1 (solid square in Figure 2c). For the WSe, bi-
layer the measurement is carried out at the PL peak around 1.55
eV (IX2, open squares in Figure 2c).

It can be observed that the PL decay of the IX shortens pro-
gressively, decreasing from tens of nanoseconds in MoSe, /W Se,
down to hundreds of picoseconds in the Mo, ,; W, ,,Se,/WSe,
HBL and bilayer WSe,. The lifetime values extracted from ex-
ponential fits of the time-resolved PL curves are summarized in
Figure 3D as a function of the alloy composition (see further de-
tails on the results of the fitting in Note S8, Supporting Informa-
tion). As the alloys gradually become more chemically similar to
WSe,, the PLlifetime decreases by more than two orders of mag-
nitude, with the most abrupt change occurring for x < 0.4. The
fast decay times extracted for the WSe, bilayer are limited by the
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temporal resolution of the set-up (shown with a dashed line in
Figure 3b) and are in agreement with the 25 ps lifetime previ-
ously reported for WSe, bilayers.[**] Such a strong reduction of
the PL lifetime may arise from two related effects. First, a similar
effect has been observed in a gated bilayer WSe,,[**! where the ap-
plication of a vertical electric field induces an increase of the inter-
layer exciton lifetime, directly related to the enhanced spatial con-
finement of the carriers in the adjacent layers. In our case, grad-
ual tuning of the bandstructure towards that of a WSe, bilayer
should result in an increased spatial overlap of the electron and
hole wavefunctions, leading to interlayer excitons with shorter
lifetimes. On the other hand, as we discuss below, a gradual tran-
sition to the indirect bandgap semiconductor with decreasing x
should lead to strong nonradiative decay,*! as additionally evi-
denced by the reduction of the overall PL emission in HBLs with
small x (see Figure S11, Supporting Information).

Further confirmation of this interpretation is obtained from
the power dependence of the spectral position of the IX PL, which
can be used to assess the efficiency of the exciton—exciton in-
teraction between IXs. The IXs possess permanent dipole mo-
ments, aligned along the direction normal to the plane of the
device, resulting in enhanced repulsive dipolar exciton-exciton
interactions.['®! This gives rise to a blue-shift of the IX PL peak
energy at sufficiently high excitation density, i.e., for high IX den-
sities. Above a certain power, both the blue-shift and the PL inten-
sity saturate, due to the exciton-exciton annihilation processes.!*’!
Figure 3c shows experimentally measured blue-shift as a func-
tion of the power of a continuous-wave laser in several HBLs
with different x. We observe a maximum shift of 14 meV in a
MoSe, /W Se, structures at the excitation power of 80 uWin agree-
ment with previously reported values.['®! The shift progressively
decreases for smaller x and as the heterobilayer becomes more
similar to a homobilayer, the blue-shift gradually disappears. At
the same time, the power-dependences of PL intensities, show-
ing saturation for high Mo concentrations, become nearly linear
as x decreases (see Note S9, Supporting Information).

We believe that these observations support the conclusions de-
rived from the PL dynamics. For decreasing x, the electron and
hole within the IX-like particle become less localized in the in-
dividual layers. This will lead to a smaller dipole moment and
thus weaker exciton-exciton interaction and a reduced blue-shift.
At the same time, and possibly with a stronger influence on the
observed behavior, as the bandgap becomes indirect at small Mo
concentrations, the fast non-radiative decay (e.g., caused by car-
rier relaxation into the Q valley) prevents build-up of the exci-
ton population thus suppressing the exciton—exciton interactions
and the corresponding blue-shift.

3. Discussion

We now further analyze the PL data and interpret the asymptotic
behavior of the IX energy as a function of x. The conduction- and
valence band energy offsets between the WSe, and alloy layers
forming a given HBL, AE1 and AE2, can be computed by sub-
tracting the HBL bandgap from the intralayer bandgaps of the
W Se, and alloy layers, respectively (see the diagram in Figure 4a).
To this end, we estimate the HBL bandgap as the IX energy, and
the intralayer gaps by the corresponding direct exciton energies,
as obtained from PL measurements reported in Figure 2a,b. In
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this approximation, we are neglecting the exciton binding ener-
gies and their x dependences,!*}! thus incurring an error of the
order of tens of meV. The experimental x-dependent energy off-
sets AF1 and AE2 are reported in Figure 4a, where two distinct
trends can be observed for both curves, one for 0 < x < 0.6 and
another for 0.6 S x < 1.

The band offset trends measured for 0.6 < x < 1 can be ex-
plained by simple interpolation of the conduction and valence
band edge energies of the alloy, assigning a linear trend to the
latter, and a quadratic trend to the former with the same bow-
ing parameter measured for the direct A exciton in the alloy.l]
Such interpolation neglects the effects of hybridization between
the WSe, and alloy layers, and assumes that, as is the case in
MoSe,/WSe, (x = 1),[1340 the HBL bandgap remains at the K
point for all values of x. Full details of this approximation can be
found in Note S10 (Supporting Information). The resulting inter-
polations, shown with solid and dashed lines in Figure 4a, match
the experimental trends for AE1 and AE2 only for 0.6 Sx < 1, in-
dicating that interlayer hybridization in the HBL is weak for this
range of Mo compositions, and that, indeed, the HBL bandgap
remains at the K point. However, continuing the interpolation
down to x < 0.6 we find a clear and dramatic deviation from the
experimental values, where the predicted offsets (dashed lines in
Figure 4a) vanish for x = 0, while the experimental values (cir-
cles in Figure 4a) converge at a saturation value around 200 meV.
This deviation can be explained only if we consider major mod-
ifications to the HBL bandstructure for 0 < x < 0.6, such as a
transition to an indirect bandgap for the HBL, caused by strong
interlayer hybridization at the I" and Q points of the Brillouin
zone.[*8]

To explore this possibility, we have formulated simple Hamil-
tonians for interlayer hybridization of the WSe, and alloy bands
in the HBL, at the K (conduction and valence), I (valence) and
Q (conduction) points, with parameters based on density func-
tional theory calculations extracted from Ref. [29]. It is worth-
while mentioning that these models contain no free parameters.
Further model details can be found in Note 10 (Supporting In-
formation). Importantly, symmetry considerations!?’! dictate that
the model parameters differ for HBLs with interlayer angles close
to 0° and 60°. We have determined that the best match to the ex-
perimental data is obtained assuming HBLs with 60° alignment
(see Figure S18 and Note S10, Supporting Information), and limit
our discussion to that case. The corresponding predictions for the
band offsets AE1 and AE2, shown with red and black diamonds
in Figure 4a, give an excellent quantitative match to the experi-
mental data throughout the full range of compositions, and im-
portantly with the saturation value of #200meV at x = 0. The
model shows that the HBL conduction band edge migrates from
the K to the Q point for x < 0.65, whereas the HBL valence band
edge remains at the K point, as illustrated in Figure 4b, consistent
with recent theoretical reports for WSe, bilayers.[?! This results
in an indirect (K — Q) bandgap that changes the nature of the IX,
thus shedding light on the change of trend of AE1 and AE2, the
band offset saturation for x = 0, and the suppression of the IX
energy tuning with x for Mo concentrations below 0.65. More-
over, the quantitative agreement between the model and exper-
imental data strongly suggests that the samples studied are ap-
proximately H-stacked HBLs, with an interlayer twist angle close
to 60°.
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Figure 4. Band offsets of the Mo, W, _,Se,/WSe, HBLs. a) Band offsets of Mo, W, _,Se,/WSe, HBLs as functions of Mo composition x in the alloy
layers. The band offsets AET and AE2 are extracted as shown in the diagram in a from the experimentally measured PL peaks of IX in the HBLs and direct
excitons DXp,wse, in alloys and DXys, in WSe, measured in isolated monolayers. Experimentally measured AE1 and AE2 are displayed as filled red
and black circles, respectively. Red (black) solid and dashed lines show theoretical values for the conduction (valence) band offsets, obtained assuming a
direct HBL bandgap at the K point, and neglecting interlayer band hybridization. The experimental energy offsets deviate significantly from the predicted
trend for x < 0.6, suggesting strong interlayer band hybridization for that range of Mo concentrations. Empty diamonds show the theoretically predicted
trends for AET and AE2 when interlayer hybridization at the K, Q and I points of the Brillouin zone is considered, assuming an interlayer angle of 60°,
showing excellent agreement with the experimental data for all x values. b) Sketch of the x-dependent HBL bandstructure evolution, according to the
interlayer band hybridization model. Dashed (solid) lines indicate the monolayer (HBL) band energies. Whereas for x > 0.65 the HBL remains direct due
to weak hybridization at the K point, strong hybridization of conduction states shifts the conduction band edge to the Q point for x < 0.65, resulting in

an indirect K — Q bandgap, and a finite momentum for the IX.

We now briefly comment on the simultaneous observation of
IX1 peak and a high energy PL feature ~1.55 eV (similar to IX2
in bilayer WSe,) in the HBL with x = 0.21. While IX1 PL orig-
inates from the K — Q transition, as suggested above, the fol-
lowing options for the origin of the 1.55 eV feature may be pro-
posed. As can be deduced from the broad spectral features in
Moy ,; W, 54Se, /W Se, alloy mono- and bilayers, this material is
highly disordered. This may lead to occurrence of W-rich clus-
ters, which will locally behave as WSe, bilayers, thus giving rise
to PL at the IX2 energy. Another explanation, assuming a more
even distribution of Mo in the alloy is related to PL emission in-
volving I — Q transition, expected around 50 meV higher than
K — Q, and activated in this alloy either due to the increased dis-
order or a relatively high hole concentration.

4, Conclusions

In summary, we have demonstrated significant tuning of IX en-
ergy in Mo, W, _ Se,/WSe, and Mo, W, _,Se,/MoSe, alloy het-
erostructures by changing the Mo composition x. We use PL mea-
surements at 10 K, where we observe a shift of IX PL energy by
130 meV in Mo, W, _,Se,/WSe, as a function of x, as well as
an unusual asymptotic dependence of IX PL energy approaching
the homobilayer configuration. We show that this behavior stems
from strong hybridization between conduction states of the WSe,
and alloyed layers for x < 0.65, when the interlayer conduction
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band offset falls below ~250 meV, leading to a K — Q indirect
bandgap for the heterostructure, and thus changing the nature of
the IX. We probed the effects of such strong bandstructure mod-
ifications on IX also by means of time-resolved PL experiments
and by measuring PL power dependences, supporting our con-
clusion about the transition to an indirect bandgap in the HBLs
with x < 0.65. We also find similar effects in Mo, W, _, Se,/MoSe,
HBLs. As background information, we also extract detailed en-
ergy dependences of A- and B- excitons, A* trions and IX in
monolayer and bilayer Mo, W, _, Se, as a function of x.

This work demonstrates the potential of adopting TMD al-
loys in vdW heterobilayers to achieve continuous bandstructure
tuning, and fine band hybridization engineering. Tuning the A-
exciton energy and band-edge offsets using alloying provides an
additional probing approach for lattice reconstruction phenom-
ena, currently actively being discussed in theory and observed in
microscopy and optical spectroscopy experiments.[2’-30]

5. Experimental Section

Fabrication of alloy HSs:  High-quality fully encapsulated HBL samples
were fabricated using PMMA-assisted dry-peel transfer. To minimize con-
tamination, heterostructures were fabricated using a remotely controlled
micromanipulation setup placed inside an argon chamber with <0.1 ppm
0O, and H, 0. The bulk crystals were mechanically exfoliated onto a 90 nm
layer of PMMA coated on a silicon wafer. Monolayers were then identified
via optical microscopy, as well as through luminescence imaging in the
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dark-field configuration. Crystals that had adjacent straight edges at 0°,
60°, or 120° to one another (indicating one of the crystallographic axes)
were then selected and picked up onto an hBN film (less than around 10
nm thickness) held by a PMMA membrane. During the transfer of the sec-
ond TMD layer the edges were aligned to within 0.5° of the desired angle
and finally transferred onto another hBN film (less or around 20 nm thick-
ness) exfoliated onto an oxidized silicon wafer (70 nm SiO,) to achieve full
encapsulation. To prevent spontaneous rotation of the TMD layers and de-
terioration of MoSe, crystalline quality, exposure of the heterostructures
to temperatures greater than 70°C was avoided. See further details of the
fabrication procedure in Note S1 (Supporting Information).

Optical Measurements: The photoluminescence images of the hetero-
bilayer samples were acquired using a modified bright-field microscope
(LV150N, Nikon) equipped with a colour camera (DS-Vil, Nikon). The
near-infrared emission from the white-light source was blocked with a 550-
nm short-pass filter (FESH0550, Thorlabs), and a 600-nm long-pass filter
(FELHO0600, Thorlabs) was used to isolate the photoluminescence signal
from the sample.

Spectrally-resolved  photoluminescence and reflectance  con-
trast measurements were performed using a custom-built micro-
photoluminescence setup. For photoluminescence, the excitation light
centred at 2.33 eV was generated by a diode-pumped solid-state laser
(CW532-050, Roithner), whereas for reflectance contrast a stabilized
tungsten-halogen white-light source (SLS201L, Thorlabs) was used. The
excitation light was focused onto the sample using a 50x objective lens (M
Plan Apo 50X, Mitutoyo). The photoluminescence and reflectance con-
trast signals collected in the backwards direction were detected by a 0.5-m
spectrometer (HRS-500, Princeton Instruments) with a nitrogen-cooled
charge-coupled device camera (PyLoN:100BR, Princeton Instruments).
The photoluminescence signal was isolated using a 550-nm short-pass
filter (FELHO550, Thorlabs). The reflectance contrast spectra were derived
by comparing the spectra of white light reflected from the sample and the
substrate as RC(4) = (R(4) - RO(4))/(RO(4)), where R (RO) is the intensity
of light reflected by the sample (substrate). The room-temperature mea-
surements were performed in ambient conditions. The low-temperature
measurements were carried out using a continuous-flow liquid helium
cryostat, in which the sample was placed on a cold finger with a base
temperature of 10 K.

To acquire the PL decay of the IX in the entire set of samples, the emit-
ted photons were detected with an avalanche diode photodetector (APD)
(ID100-MMF50), with a timing resolution of ~40 ps, and a photon count-
ing card (SPC-130). A 638 nm pulsed diode laser (PicoQuant LDH) was
used as excitation source, with 80 MHz repetition rate, which resulted in
a instrument response function (IRF) with ~150 ps FWHM.

Supporting Information

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