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We report light emission around 1 eV (1240 nm) from heterostructures of MoS, and WSe, transition
metal dichalcogenide monolayers. We identify its origin in an interlayer exciton (ILX) by its wide spectral
tunability under an out-of-plane electric field. From the static dipole moment of the state, its temperature
and twist-angle dependence, and comparison with electronic structure calculations, we assign this ILX to
the fundamental interlayer transition between the K valleys in this system. Our findings gain access to the
interlayer physics of the intrinsically incommensurate MoS,/WSe, heterostructure, including moiré and
valley pseudospin effects, and its integration with silicon photonics and optical fiber communication
systems operating at wavelengths longer than 1150 nm.
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Introduction.—Heterobilayers of two different semicon-
ducting transition metal dichalcogenide (TMDC) mono-
layers (MLs) of the M X, family (with M = Mo, W; X = S,
Se) have recently been the subject of intense research.
These studies are motivated both by probing the novel
electronic and optical properties of these systems and by
their potential for diverse device applications. As MLs,
TMDCs exhibit strong light-matter interactions [1-5],
dominated by tightly bound excitonic states [6]. Their
stacking results in a rich variety of new physical processes,
including ultrafast charge, spin, valley, and energy transfer
[7], effects associated with the relative crystallographic
orientation (twist angle) between the layers, such as moiré
patterns [8—15] and, importantly, the emergence of inter-
layer exciton (ILX) states [16]. In such ILXs, an electron in
one monolayer is bound to a hole in the other, separated by
the van der Waals interlayer separation f,qw =~ 0.65 nm
[11]. Produced by efficient charge- and valley-transfer
processes [17] and exhibiting long population [18] and
valley [19,20] lifetimes, these ILXs could be key compo-
nents for future applications of such heterostructures in
(spin, valley, and optical) information processing and
energy conversion. ILX light emission has been the subject
of several recent investigations, primarily in MoSe, /WSe,
heterostructures [14-16,21-23], which emit in the 870—
940 nm (1.32-1.42 eV) range. Importantly, it has been
demonstrated that due to their static dipole moment, the
emission energy of such ILXs is tunable by means of out-
of-plane electric field [21,23], thus establishing a signature
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of ILX emission that distinguishes it from other intralayer
or defect-related states. Together with theoretical work
(e.g., Refs. [9,24]), the study of the MoSe,/WSe, hetero-
structure has advanced the understanding of interlayer
interactions in these systems. The wavelength range
beyond 1150 nm, required for silicon photonics and optical
fiber communications (OFC), has, however, remained
inaccessible with this family of materials.

The MoS,/WSe, heterostructure, the focus of the
present investigation, differs from MoSe,/WSe, by its
significant mismatch in lattice constant (3.8% compared
with just 0.3% [25]), and by its larger band offsets [25]. It
has been examined as an electronic diode [26], a photo-
voltaic device [26,27], a photodiode [28], and as a light-
emitting diode [29] in the visible range. However, the
underlying nature of ILXs in this system has yet to be fully
understood. ILX emission has been reported at wavelengths
around 770 nm (1.6 eV) [30-32]. This energy lies above the
interlayer energy gap (between the valence band edge in
WSe, and the conduction band edge in MoS,) inferred
from scanning tunneling spectroscopy (STS) measure-
ments [11,12], transport measurements [33], and predicted
theoretically [25]. Hence, it is not compatible with an
excitonic transition between those band edges. This dis-
crepancy has been resolved by associating the observed
emission at 770 nm with a momentum-indirect 1LX,
coupling the MoS, conduction-band edge with local
minima in the WSe, valence band edge [31]. The nature
of this state was revealed by demonstrating that the
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corresponding emission exhibits only a weak twist-angle
dependence and is suppressed at low temperatures [31].
Very recently, a lower-energy emission feature was reported
at around 1120 nm in a nanocavity laser demonstration
[34]. It was hypothesized to originate from an ILX [34], but
without further investigating its properties or supplying
direct evidence to confirm this assignment.

Here we show that the fundamental ILX, associated with
band-edge states at the corners of the Brillouin zone (BZ) of
the constituent layers (K /-K valleys), does indeed emit at a
longer wavelength, around 1240 nm (1.0 eV). We prove
this by demonstrating the linear Stark effect tuning asso-
ciated by the large electric-dipole moment of the ILX
[21,23]; under the application of a static out-of-plane
electric field, we observe tuning over a range of 80 meV
(90 nm). The inferred magnitude of the electric-dipole
moment of the ILX also reflects the localization of the
electron and hole wave functions in opposite layers of the
heterostructure, characteristic of the K/-K valley states.
This momentum-space configuration of the observed ILX
is further identified through measurements of the depend-
ence of the ILX emission on temperature and relative
crystallographic alignment of the two layers (twist angle),
as well as through electronic band-structure calculations.
The elucidation of the basic electronic or optical properties
of this model 2D heterostructure opens a pathway to
explore the rich underlying physics of these intrinsically
incommensurate heterostructures, such as the coupling of
the valley pseudospin degree of freedom in the two layers
and the influence of moiré patterns. Further, the observation
of the fundamental ILX in this system will facilitate the
combination of the optoelectronic functionality of 2D
heterostructures with silicon photonics and with optical
fiber communication in the O band (1260-1360 nm).

Results.—Electronic structure calculations: We have
performed ab initio calculations to predict the energy of
the fundamental ILX associated with the K/-K points of
the BZ of the two constituent layers. Density functional
theory (DFT) was used with GW corrections to determine
the quasiparticle bands of a slightly stretched MoS,/WSe,
structure, as described in Supplemental Material S1 [35]. In
Figs. 1(a)-1(b), we present the calculated unfolded DFT
band structure of each layer in the heterostructure, which is
the basis of the calculation of the K-K and K-I" interlayer
energy gaps. The results indicate that the smallest interlayer
gap appears between the K points in both materials,
between the WSe, valence band and the MoS, conduction
band, reflecting a type-II band alignment consistent with
previous measurements [11,12,20,26,52]. Based on an
estimated ILX binding energy of 0.3 eV [24,53], we predict
the energy of the ILX to be around 1.0-1.1 eV, with an
electron residing at the K/-K valley in MoS, and a hole at
the K/-K valley in WSe,.

The momentum indirect K-I" transitions are expected to
lie at significantly higher energies, consistent with previous
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FIG. 1. Theoretical description of the electronic structure of the
MoS, /WSe, heterostructure. (a) The calculated band structure (at
the DFT level of theory) unfolded onto the primitive BZ of MoS,.
The color represents the degree of localization of states within the
MoS, layer (light green, yellow, and red indicate stronger
localization of the band states in the layer.) (b) The same for
the WSe, layer. (c) Schematic representation of the band align-
ment in a MoS,/WSe, heterostructure. The configuration for the
momentum-direct fundamental exciton investigated in this work is
shown by the dashed dark green oval. The momentum-indirect
exciton involving the I' point, where the states are hybridized
across the layers, is indicated by the teal oval. The arrows show
charge transfer processes leading to the formation of the ILXs.

reports [31]. In addition, the calculation [Figs. 1(a)-1(b)]
shows the hybridization of the nearly degenerate valence
band states in the two layers around I', consistent with
previous reports about MoSe,/WSe, and MoS, /graphene
heterostructures [54-57]. In the MoS,/WSe, system,
hybridization of states at the I" point renders the K-I'
transition a mixed inter- or intralayer transition, yielding an
ILX with a reduced static electric-dipole moment. The
electronic states in K/-K valleys, which are relevant for
the fundamental ILX, are shown to be fully localized in the
different layers (bright colors along the band of either WSe,
or MoS,, but not both). Hence, they are expected to
produce an ILX with a dipole moment of p = t 4we, with
e representing the elementary charge. The resulting band
alignment, and excitonic emission energies (of both intra-
and interlayer excitons) are summarized in Fig. 1(c). The
intralayer excitons in isolated MoS, and WSe, monolayers
have energies around 1.9 and 1.65 eV, respectively, at room
temperature. Upon optical excitation of intralayer excitons,
charge transfer [curved arrows in Fig. 1(c)] leads to the
rapid creation of ILXs and the strong quenching of intra-
layer exciton photoluminescence (PL). It also supports the
formation of the previously reported momentum-indirect
exciton, with an energy around 1.6 eV (dashed teal oval),
which involves the hybridized I'-valley states of WSe,
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valence band (gray arc) [31]; the lowest-energy ILX as
identified in this work, with both the electron and hole in
the K/-K valleys, is designated by the dashed dark
green oval.

Observation of infrared emission:  For our experimental
studies, several MoS,/WSe, heterostructures were fabri-
cated, both with and without encapsulation by insulating
hexagonal boron nitride (hBN) layers. Some of the
encapsulated samples were also equipped with top and
bottom graphite gate electrodes. Thin flakes of graphite
(DragonScale), hBN (National Institute for Material
Science, Japan), and MLs of WSe, (HQ Graphene
and Columbia University, USA) and MoS, (2D
Semiconductors) were exfoliated from bulk crystals on
polydimethylsiloxane (PDMS) stamps. The TMDC MLs
were identified based on their optical contrast and PL.
Subsequently, the heterostructures were stacked layer by
layer using a dry-transfer technique [58], with each step
followed by vacuum annealing at 150°C for 2 h. The
crystallographic axes of the TMDCs were aligned judging
by their sharp edges, yielding an alignment of the layers
within a few degrees around 0° or 180°. Electrical contacts to
the semiconducting layers were realized by transferring
elongated graphite flakes, to which we made electrical
contact by evaporated metal layers patterned by electron-
beam lithography. The thickness of hBN encapsulating
layers, required for the modeling of the gating electric
fields, was determined by atomic force microscopy. The
optical measurements were performed in vacuum in a
cryostat at temperatures between 20 and 295 K.

The visible and infrared (IR) PL spectra of the hetero-
structures were examined using a confocal microscope system
(excitation spot size ~1 pum) and a spectrometer (Jobin Yvon
iHR550) equipped with both a silicon CCD camera (Synapse)
and an InGaAs array (Spectrum One), capable of measuring
visible and 900-1700 nm light, respectively.

Figure 2(a) compares the room-temperature PL spectra
from the isolated MLs and from the MoS,/WSe, hetero-
structure for hBN-encapsulated sample El. We used
excitation at 532 nm and 633 nm for measurements in
the visible and IR ranges, respectively, with an intensity of
170 W/cm?. As expected from their staggered band align-
ment [Fig. 1(c)], the PL associated with the monolayers in
the visible spectral range is strongly quenched in the
heterostructure due to rapid charge transfer processes. In
the IR range, however, we observe pronounced emission at
0.97 eV (which shifts to an energy of 1.02-1.05 eV at
cryogenic temperatures). The experimental data have been
calibrated so that the vertical scale can be compared across
the full spectral range (see Supplemental Material S2 [35]).
A broad and weak background around 1.1 eV associated
with emission from the silicon substrate [59] was sub-
tracted from the traces. A microscope image of sample E1
is presented in Fig. 2(b). The inset shows a spatial map of
the emission at 20 K in the spectral region around 1.0 eV,
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FIG. 2. Infrared emission of the MoS,/WSe, heterostructure.
(a) Room-temperature PL spectra for isolated MoS, and WSe,
monolayers compared with the heterostructure in both the visible
and IR ranges. Emission from WSe, (blue) is scaled down by a
factor of 50 for comparison with the other spectra. The intensity
scale applies for both visible and IR spectral ranges. (b) Micro-
scope image of the corresponding heterostructure. The red, blue,
and dashed black boundaries, respectively, delineate the MoS,
ML, the WSe, ML, and the region of the spatial map of the 1200—
1250 nm IR emission shown in the inset. (c) Temperature
dependent PL spectra for unencapsulated sample Ul. Temper-
atures range from 20 to 295 K, as indicated. (d) The same for
encapsulated sample E2.

obtained using galvanometrically controlled mirrors to scan
across the sample. We find that the IR emission is observed
across the entire heterostructure region but is not seen from
either ML separately.

The identified emission peak around 1.0 eV is very
robust. Figures 2(c)-2(d) show, respectively, IR emission
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spectra of unencapsulated sample Ul and encapsulated
sample E2 (both supported on the same quartz substrate)
and taken at various temperatures from 20 to 295 K (for
excitation at 633 nm, 890 W/cmz). Emission from the
encapsulated sample E2 is observable at room temperature
and increases in strength with decreasing temperature (see
Supplemental Material S3 for similar behavior of sample
El [35]). The emission from sample Ul also grows with
decreasing temperature. We attribute the increased emis-
sion at reduced temperature to the expected growth in the
fraction of ILXs with momenta that are small enough to
allow radiative recombination, potentially in combination
with some localization effect that helps to bridge the 3.8%
of momentum mismatch between the band extrema, as
discussed below [60,61].

The widths of the emission lines, which are as broad as
30-50 meV even at low temperatures, and their multipeak
structure suggest the presence of spatial inhomogeneity in
the ILX energy. Spatial modulation of the ILX energy is
expected from the moiré pattern arising from the incom-
mensuration of lattices of the two monolayers [14], perhaps
also influenced by sample imperfections and defects.
Evidence for spatial localization of the ILXs is provided
by excitation-intensity dependent PL studies (Supplemental
Material S4 [35]). These measurements show signatures of
PL saturation with increasing intensity, as well as modi-
fication in the relative intensities of the various peaks. The
results are compatible with the behavior expected for
spatially confined ILXs, with their reduced density of
states, rather than with additional peaks arising, for
example, from exciton-phonon coupling [62]. Further,
lateral confinement of the ILX should broaden its distri-
bution in momentum space to accommodate the momen-
tum mismatch between the MoS, CB minimum and WSe,
VB maximum to achieve efficient radiative recombination
at low temperatures. The apparent blueshift of the emission
peak with increasing excitation intensity has been attributed
to charge-transfer-induced changes to the band offset [63]
or to dipole-dipole repulsion between ILXs [23,64] (which
can be enhanced by a localizing potential, but is not
expected to result in multi-peaked spectrum on its own).
Further insight into the nature of the fine structure of the
ILX spectrum and its relation to moiré effects should
emerge from further study of the dependence of the ILX
emission spectra on twist angle, temperature, excitation
intensity, and optical polarization.

Electrical tunability of the ILX emission energy: To
show unequivocally the interlayer nature of the emitting
state, we examine the spectral tunability of the emission
under the application of an electric field perpendicular to
the plane of the heterostructure. The structure used for these
measurements (sample E3) consists of a MoS,/WSe,
heterostructure encapsulated by insulating hBN layers,
sandwiched between transparent conducting graphite gates
[Fig. 3(a)]. This configuration allows us to apply modest
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FIG. 3. (a) Schematic representation of the gated device used to
apply an out-of-plane electric field to the MoS,/WSe, hetero-
structure. The electron-hole pair of the ILX, split between the two
different layers, gives rise to a static electric-dipole moment
(green arrow) that is responsible for a linear Stark shift of the
exciton energy under an applied electric field (purple arrows).
(b) False-color map of the PL spectra measured as a function of
voltage applied between the gates (top horizontal axis) and the
corresponding electric field strength (bottom horizontal axis)
within the heterostructure. The left and right vertical axes are the
corresponding emission energy and wavelength. The dashed line
shows a linear fit to the emission energy with applied electric
field. The slope yields a dipole moment p = 0.6 ¢ nm.

and opposite bias voltages to the gates (up to £3.5 V) to
produce large electric fields across the heterostructure
with minimal charge injection. Figure 3(b) presents the
measured evolution of the IR PL spectrum (at 20 K,
470 W/cm? excitation intensity at 633 nm) as a function
of voltage difference between the gates (top horizontal
axis). The corresponding electric field £ in the hetero-
structure (bottom horizontal axis) was calculated using
previously reported out-of-plane dielectric constants for the
TMDCs and the hBN layers (Supplemental Material S5
[35]). We observe strong and linear tuning of the ILX
emission energy. The tuning range of ~80 meV for the ILX
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is limited on the negative side by the emergence of
undesired charging effects, as discussed in Supplemental
Material S6 [35]. In contrast, emission from the intralayer
excitons, arising from states without an electric-dipole
moment, exhibits no observable shift in energy with
applied electric field.

We extract the shift of the ILX energy as a function of the
applied field from Gaussian fits to the emission spectra. The
resulting tuning of the IL.X energy with bias voltage reflects
the linear Stark effect, as expected for a charge separated
ILX state possessing a finite electric-dipole moment p. The
energy of the ILX transition should then vary with the
applied electric field £ as Ae = —p - E. By fitting the slope
of the experimental ILX tuning curve, we infer a dipole
moment of p = 0.6+ 0.0l enm, pointing towards the
WSe, layer [Fig. 3(a)]. Accounting for the uncertainty in
the dielectric constants of the materials in the structure
(Supplemental Material S5 [35]), we obtain an ILX dipole
moment of p = 0.5-0.8 enm. This value matches that
expected for an ILX consisting of an electron located in
the MoS, monolayer and the hole located in WSe, mono-
layer, separated from one another by the full interlayer
spacing of approximately 0.65 nm [11]. Such strong field
tuning of the feature is incompatible with emission from a
state localized in either ML or at the interface and directly
proves the interlayer character of the state. The wide
electrical tunability of the emission in the IR is also, we
note, attractive for diverse photonics applications.

Discussion.—The experimental results presented above
provide direct evidence for the identification of a new ILX
state lying in the infrared, far below the optical gap of each of
the constituent MLs. Its gate tunability further reveals an
electric-dipole moment corresponding to charge separation
across the two layers, as expected for an interlayer state. The
observed emission energy is also compatible with our
theoretical study of the expected lowest energy ILX state.
This indicates that the new ILX state identified here involves
an electron in the K (or -K) valley of MoS, and a hole in the
K (or -K) valley of WSe,. This momentum-space assign-
ment of the ILX state is also supported by additional
experimental observations. First, the large ILX dipole
moment deduced from the Stark effect measurements is
expected for the layer-localized electrons and holes as they
exist near the K and -K points [11,25], as opposed to other
momentum-space states (e.g., the I" or X points) that should
experience significant interlayer hybridization. Second, to
further confirm the momentum-direct character of the ILX
states, we prepared and examined a few samples with
intentionally misaligned crystallographic orientations; they
showed almost no IR emission (Supplemental Material S7
[35]), consistent with the expected sensitivity to lattice
alignment for radiative recombination of a momentum-
direct ILX [61]. Finally, our temperature dependence
measurements, showing enhanced emission at low temper-
atures, suggest that the observed ILX involves the band

edges, located at the K and -K points of the BZ, like the well-
documented ILX of MoSe,/WSe, heterostructures [16].
Altogether, this ILX completes the interlayer exciton spec-
trum of MoS,/WSe, heterobilayers, so far investigated
only for momentum-indirect ILX (coupling the K and the
I" points of the BZs) at a much higher energy.

From the perspective of photonics applications, the
demonstrated gate tunability of the ILX has been shown
to provide emission energies varying by more than 80 meV
(90 nm) around 1.05 eV (1180 nm). This energy range lies
just below the silicon band gap of 1.1 eV (1130 nm) at room
temperature and 1.17 eV (1060 nm) at 20 K [65]. The
MoS,/WSe, heterostructure thus functions as a tunable
nanoscale light source compatible with silicon photonics
and close to the 1260-1360 nm OFC O band. This
opens new possibilities. We expect, for example, that a
MoS,/WSe, p—n diode could be used as an electro-
luminescent light source for these platforms [28,29].
Alternatively, the highly tunable MoS,/WSe, heterostruc-
ture could serve to modulate optical signals by tuning the
transition in and out of resonance with the signal spectrum or
with the modes of a microcavity system [34,66]. The tuning
range demonstrated in these initial devices can be further
extended if charge leakage is reduced, possibly by employ-
ing thicker hBN insulation to mitigate the defect assisted
tunneling [67] (see Supplemental Material S6 [35]).
Realizing the intrinsic breakdown strength of hBN of
1-1.2 V/nm [68] would allow us to apply electric fields
as large as ~0.5 V/nm in the TMDC heterostructure. Based
on our experimental results, we would then expect a tuning
range reaching +300 meV. This extremely broad tuning
would fully encompass the OFC O band around 1300 nm
(0.95 eV) and the S and C bands around 1550 nm (0.7 eV).

In conclusion, we observed the fundamental ILX emission
from aligned MoS,/WSe, heterobilayers at around 1200 nm
wavelength (1 eV energy). The significant dipole moment of
the ILX results in strong electrical tunability of its emission
energy. Based on the experimentally determined value of the
ILX dipole moment, the strong twist-angle and temperature
dependence of the emission, and the agreement with our band
structure calculations, we have established that the state is
associated with the K valleys of the constituent monolayers.
This discovery should facilitate study of the effect of the
lattice mismatch on the diverse properties of the ILXs, such
as their spin or valley configuration, moiré modulation of
their characteristics, [14,15] and the resulting correlation and
topological effects [9,10]. In conjunction with the attractive
wavelength of the ILX for optical fiber and silicon tech-
nologies, this new state also opens the door for coupling the
above phenomena with photonic applications.
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