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Interlayer excitons with direct optical transitions are observed coexisting with intralayer excitons in the same
K-valleys in bi-layer, few-layer, and bulk MoSe2 single crystals by confocal reflection contrast spectroscopy.
Quantitative analysis using the Dirac-Bloch-Equations provides unambiguous state assignment of all the mea-
sured resonances. The interlayer excitons in bilayer MoSe2 have a large binding energy of 153 meV and a narrow
linewidth of 20 meV. Their spectral weight is comparable to the commonly studied higher-order intralayer ex-
citons. At the same time, the interlayer excitons are characterized by distinct transition energies and permanent
dipole moments, providing a promising high temperature and optically accessible platform for dipolar exciton
physics.

The basic understanding of spatially direct semiconductor
excitons dates back to the 1930s1,2, where an exciton in a sin-
gle crystal has been described as a Coulomb bound pair of
an electron and a hole that spatially overlap.In heterostruc-
tures, spatially indirect excitons can be formed when elec-
tron and hole are separated into neighboring quantum wells
by a different material that forms a potential barrier, such
as in coupled GaAs quantum wells3,4. More recently, spa-
tially indirect excitons are also observed in stacked van der
Waals crystals (vdWcs), where the electron and hole are sepa-
rated into different band minima in different layers5–12. Com-
pared to spatially direct excitons, these indirect excitons fea-
ture long radiative lifetime and strong dipole-dipole interac-
tions, but smaller binding energy and greatly reduced oscilla-
tor strength.

Here, we report a different type of spatially indirect ex-
citon formed in multilayer single crystals of MoSe2, featur-
ing large binding energy and oscillator strength. These meta-
stable interlayer excitons are formed between an electron and
hole confined to neighboring molecular layers, albeit in a sin-
gle crystal and at a higher energy than the co-existing, usual
intralayer excitons. Mono-, bi-, tri- and few-layer up to bulk
crystals on the same substrate are studied systematically by
confocal reflection contrast spectroscopy and bilayer results
are presented with and without encapsulation. The experimen-
tal spectra are analyzed by numerically solving the coupled
microscopic gap and Dirac-Bloch equations13,14. For all struc-
tures, the agreement between the theory and experiment is
fully quantitative and allows for an unambiguous state assign-
ment.

The identification of such interlayer excitons enriches our
basic understanding of the optical and electrical properties of
van der Waals crystals. Furthermore, compared to other types
of indirect excitons, these single-crystalline interlayer exci-
tons feature a much large exciton binding energies and os-
cillator strength, both of which can be tuned with external
fields, promising a new platform for non-equilibrium many-
body physics.

In Fig. 1(a), we schematically show the real-space config-
uration of the interlayer exciton in a MoSe2 bilayer. Even
though the transition from a direct to indirect gap in most
vdWc multilayer structures already occurs for the bilayer, the

direct gap at the K-points of the Brillioun zone is preserved
even in the bulk limit, with a dispersion that is flat along the
K−H direction15. This flat dispersion indicates that the quasi-
particles near K-points can be considered as effectively two-
dimensional, and are strongly confined within individual lay-
ers, with the potential to build bound interlayer excitons even
in multilayer structures consisting of identical monolayers.

In Fig. 1(b), we show the band and spin configuration for
the non-interacting band structure around the K+-point in
an A-B stacked MoSe2 bilayer. At each K-point, the non-
interacting bandstructure is composed of the spin-split valence
and conduction bands of layer 1 and a mirror identical copy
with reversed spin ordering of layer 216. Consequently, dipole
allowed intralayer excitons corresponding to the A-series in
MoSe2 are formed by an electron in the lowest conduction
band and a hole in the highest valence band, whereas the cor-
respondent interlayer exciton uses the upper spin-split con-
duction band (see arrows in Fig. 1(b)). Thus, the optical selec-
tion rules for the interlayer excitons exhibit similar symmetry
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FIG. 1: Schematic illustration of inter- and intralayer ex-
citons in transition-metal-dichalcogenides(TMD) multilay-
ers. (a) real-space representation of different species of ex-
citons. Interlayer excitons consist of an electron and a hole
in different layers, while the intralayer exciton consist of an
electron and a hole in the same layer. (b) k-space and spin
configuration for optically bright interlayer and intralayer
excitons. The arrows indicate the dipole allowed transitions
at the K-point of the joint Brillouin zone corresponding to
the A-exciton series. At the K+ points, the layer indices are
reversed.
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FIG. 2: Measured (black curve) and simulated (red curve) reflection contrast spectra(R/R0(E)) from encapsulated mono-
layer(in (a)) and bilayer(in(b)) region of sample A, where R(E) and R0(E) are reflection spectrum from sample and substrate
area. Comparing experiment and theory, we assign the peaks from low to high energy as A1s, A2s, B1s, B2s for the intra-layer
excitons and identify the new peak at 1711 meV in the bilayer as the inter-layer Ainter

1s exciton. All simulated spectra have been
shifted for better visibility.

properties as those for the intra-layer excitons with the differ-
ence that the spin-valley selectivity in a monolayer is replaced
by spin-layer selectivity for the excitation with circular polar-
ized light.

To experimentally identify interlayer excitons in vdWc
multilayers, we perform confocal reflection spectroscopy at
5 K to study the bound electron-hole pairs on MoSe2 flakes
with a spatial resolution of 2 µm. Signals from the sample
were normalized against a point on nearby substrate to pro-
duce reflection contrast. The first sample A consists of hBN-
encapsulated monolayer and bilayer MoSe2 regions. The mea-
sured reflection contrast spectrum (R/R0) for the monolayer
region on this sample is shown as black curve in Fig. 2(a),
where R and R0 are reflection spectrum taken from sample
and substrate area, respectively. A typical spectrum of mono-
layer MoSe2 was observed with reflection peaks correspond-
ing to A1s (1642 meV) and B1s (1839 meV) excitons. Due to
the sharp linewidth resulting from the hBN encapsulation, we
can also identify the excited excitons A2s at 1793 meV and
B2s at 2000 meV, both with much smaller oscillator strengths
relative to the 1s states. Because of the rapid decrease of spec-
tral weight with increasing quantum number and interference
between different species of excitons, we cannot resolve the
3s, 4s, . . . excitons states experimentally.

The corresponding optical spectrum in the encapsulated bi-
layer region is shown in Fig. 2(b). The bilayer spectrum has
somewhat broader A1s and B1s resonances and we note a red
shift of the dominant A1s resonance of 23 meV and a small
blue shift of the B1s resonance of 7 meV, respectively. Strik-
ingly, we also observe two additional peaks above the A1s

transition at 1711 meV and 1741 meV with similar oscillator
strength, and a weak spectral feature at 1973 meV. Naively,
one could try to assign the two peaks above theA1s resonance
to the A2s and A3s exciton resonances that are red shifted by
the presence of the second layer. However, this assignment is
unreasonable due to the similar oscillator strength of the two
observed peaks.

To understand the physical origin of the observed features,
we employ the theoretical framework that combines an elec-
trostatic model for the Coulomb interaction potential in an
anisotropic medium, i.e. the gap equations to determine the in-
teracting gap, and the Dirac-Bloch-Equations (DBE) to com-
pute the linear optical response13. Within this model, the elec-
tronic and optical properties around the K-points of the mul-
tilayer structures are treated by considering the symmetry
induced spin locking of the individual layers. Treating the
Hamiltonian of the isolated monolayer within an effective
four-band model17, screening of the bands under considera-
tion is included dynamically, whereas screening of all remain-
ing bands and the dielectric environment is contained in the
Coulomb matrix element. The material parameters used are
listed in Ref.18. This model is based on the observation that
the direct gap at the K-points, which contributes dominantly to
the optical absorption, is preserved while increasing the num-
ber of layers from a monolayer to bulk15. At the K points, the
out-of-plane effective masses of the valence and conduction
bands are typically much larger than those in the in-plane di-
rections. Consequently, the out-of-plane component of the ki-
netic energy can be neglected and the quasi-particles at the K-
points can be considered as quasi-two dimensional, well con-
fined within the layers. These assumptions are strongly sup-
ported by recent ARPES measurements, which have revealed
the two-dimensional nature of the bands at the K point of the
Brillouin zone19

The theory predicts the resonance positions A1s =
1629 meV and A2s = 1796 meV in the presence of a small
carrier density of n = 1.3 · 109/cm2 at zero temperature. The
computed optical spectrum for the encapsulated monolayer is
plotted in Fig. 2(a) for comparison with the experiment. In
the numerical evaluations, we introduced a phenomenologi-
cal linewidth with full-width-at-half-maximum(FWHM) of 4
meV for the A1s, 30 meV for other A-exciton resonances and
40 meV for the B-series. The calculation agrees well with the
experimentally observed peaks in energy as well as oscillator
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FIG. 3: (a) Thickness dependence of experimental linear op-
tical spectra on sample B. The interlayer exciton resonances
are shown as red arrows and show red-shift and linewidth
narrow as the sample approaching bulk limit. (b) Simulated
optical spectra for the corresponding sample thickness.

strengths, allowing for an unambiguous state assignment of
the monolayer excitons.

Next, we apply the combined gap and DBE equations to
compute the linear optical response for bilayer MoSe2, us-
ing the same parameters for the noninteracting band struc-
ture as for the monolayer. As long as one considers only the
intralayer contributions, the Elliot formula20 for an arbitrary
layer within the multilayer structure is formally identical to
that of a monolayer. However, quantitatively, the intralayer
contributions are modified via their dependence on the de-
tailed Coulomb matrix elements which are modified by both,
the presence of the substrate and the other layers. As a result,
each layer in a multilayer configuration experiences a different
dielectric environment, generally leading to an intrinsic inho-
mogeneous broadening of the resonances due to the slightly
different contributions from the individual layers. However,
for an inversion symmetric bilayer, e.g. a suspended or en-
capsulated system, both layers are equivalent and resonances
corresponding to different intralayer excitons should be de-
generate, and thus, do not give rise to additional resonances.
For the encapsulated bilayer configuration at zero tempera-
ture and carrier density, we theoretically find the lowest s-type
intra-layer resonances at A1s = 1624 meV, A2s = 1759 meV,
and A3s = 1795 meV, with a relative oscillator strength of
1, 1/5.7 1/16.3 respectively. Whereas the shift of the A2s

exciton resonance agrees with the experimental observations
within an accuracy of 10%, the resonance positions and oscil-
lator strengths of the 2s and 3s intralayer states do not match
the experimental data, showing that these states are not re-
sponsible for the experimentally observed features.

In addition to the intralayer interactions, the theory pre-
dicts that the Coulomb attraction between electrons and holes
in adjacent layers should give rise to additional bound in-
terlayer excitons. For the encapsulated bilayer configuration,
we find a binding energy of Einter

A1s = 153 meV for the in-

terlayer exciton, only 27% less than the binding energy of
Eintra

A1s = 209 meV for the lowest intralayer exciton. We
find the lowest inter-layer exciton at Einter

1s = 1700 meV,
between the 1s and 2s resonances of the intralayer exciton.
To determine the relative oscillator strength, we estimate the
dipole matrix element for the inter-layer transition from the
d-type Mo-orbital centered around the central z positions of
the adjacent layers, giving |pn,n±1

cν |2/|pn,ncν |2 ≈ 0.2. The
resulting simulated spectrum for the encapsulated bilayer is
shown in Fig. 2(b). A phenomenological broadening(FWHM)
of 30 meV and 50 meV for A- and B- series, respectively, have
been included in the calculations. The results show quantita-
tive agreement between theory and experiment, therefore we
assign the 1741 meV and 1711 meV peaks as A2s exciton and
A-interlayer exciton, respectively.

To further support our interpretation based on interlayer ex-
citon states, we study the influence of thickness on the res-
onance position and oscillator strength in MoSe2 multilayer
systems. We prepare sample B, consisting of MoSe2 mono-
layer, bilayer, tri-layer, quad-layer and multilayers on a sap-
phire substrate. In Fig. 3(a), we show the measured reflection
contrast for various sample thicknesses. Aside from the two
main features around 1625 meV(A1s) and 1875 meV(B1s),
we also observed the interlayer peak (1711 meV, blue dot)
and A2s shoulder (∼ 1772 meV, green dot) in the bilayer
spectrum. The bulk intralayer species A1s and B1s also red-
shift about 27 meV and 15 meV, respectively, from bilayer
samples, whereas the observed A-interlayer shows a rather
strong redshift of 47 meV as approaching to the bulk limit
due to increasing dielectric screening. Similar to the mono-
layer, the shifts result from a simultaneously redshift of the
interacting gap and exciton binding energy due to increasing
dielectric screening. As can be recognized, the interlayer ex-
citon becomes more apparent in the bulk limit. Apart from the
narrower linewidth (35 meV in bilayer and 21 meV in bulk),
which is expected due to reducing inhomogeneous broaden-
ing arising from the from MoSe2 surfaces, the reason for this
is the relative oscillator strength. Whereas intralayer contribu-
tions increase linearly with the number of layers, the number
of next neighbours and therewith the interlayer contributions
increase as 2(N − 1), thus doubling the relative oscillator
strength Γinter/Γintra going from bilayer to bulk. The same
DBE calculations are performed to predict the linear optical
response for numbers of layers and are plotted in Fig. 3(b).
For the A-exciton series, we find good agreement with the ex-
perimental data in terms of both exciton resonance energies
and oscillator strengths.

At last, we compare the measured spectra of bilayer MoSe2
with and without hBN encapsulation (Fig. 4(a)). The encap-
sulated sample is from sample A (bilayer in Fig.2(b)) and the
non-encapsulated sample is from sample B (bilayer in Fig.
3(a)). A direct observation is that both the intralayer and inter-
layer exciton peaks become sharper upon encapsulation. Re-
cently, there are studies21,22 showing the hBN encapsulation
provides a clean platform for high quality monolayer TMDC
with narrow excitonic linewidth comparable with theoretical
radiative broadening limit. We show that the encapsulation
technique can also be applied to bilayer MoSe2 for creating
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FIG. 4: (a) Comparison between optical spectra of MoSe2
bilayer with hBN encapsulation (red curve) and without hBN
encapsulation (black curve). The MoSe2 bilayer with hBN
encapsulation shows a significant linewidth narrowing in
both intralayer and interlayer excitonic transitions due to
symmetric dielectric screening and a clean environment. (b)
Corresponding simulated optical spectra showing the theory
is able to capture the dielectric screening effects on different
exciton species.

high quality samples. The intralayer exciton linewidth nar-
rowing (from 46 meV to 20 meV for A1s state) can be ex-
plained by reduced inhomogeneity with hBN interfaces as
well as a more symmetric dielectric screening provided by
hBN encapsulation, which removes the energy difference be-
tween intralayer excitons dwells in the top and bottom layer.
The observed interlayer exciton also exhibits linewidth nar-
rowing from 35 meV to 19 meV, enabling us to identify the
interlayer peak unambiguously. Note that the interlayer exci-
ton in current work shows a narrower linewidth and a much
larger oscillator strength than those observed in TMD hetero-
junctions, which typically have linewidth around 50-100 meV
and oscillator strength 1/100 of the A1s state.23–25

In summary, the strongly confined quasi-particles in vdWc
layered semiconductors provide an interesting platform to
form bound interlayer excitons. Through comparison between
experimental and theoretical studies on linear optical spec-
tra, we clearly identify the A-interlayer exciton in few-layer
MoSe2 systems. We first demonstrate that our DBE model
reproduces the experimental monolayer MoSe2 optical spec-
trum with a quantitative match and apply the same method
to the few-layer MoSe2 situation. The identification of inter-
layer excitons in layered single crystals substantiates the two-

dimensional nature of electron behaviors, and is of crucial
importance for the correct understanding of several anoma-
lous phenomena observed in multilayer TMDCs. Therefore
our work is an essential step towards understanding the inter-
layer microscopic interactions in van der Waals materials.

The observed interlayer excitons also provide a promis-
ing platform for many-body physics. On one hand, similar
to indirect excitons in heterostructures, the interlayer exci-
tons have a permanent, aligned dipole moment that leads to
long-range dipole-dipole interactions and a wide range of as-
sociated quantum many-body phenomena26–31. On the other
hand, being direct bandgap and single crystalline, they allow
narrower linewidth, strong exciton binding energy, a larger os-
cillator strength, and ease of fabrication.

We have measured an interlayer exciton linewidth of
19 meV, which is comparable to that of intra-layer exci-
tons and indirect excitons in vdWc heterostructures with hBN
encapsulation.10–12,32 Due to their permanent dipole moment,
indirect excitons in conventional semiconductor heterostruc-
tures are sensitive to local electronic disorders including those
at the internal interfaces of the heterostructures. In contrast,
interlayer excitons in monocrystalline vdWCs do not experi-
ence internal interfaces. Furthermore, the external crystal sur-
faces can be very effectively passivated by hexagonal-boron-
nitride (hBN) layers. These near ideal structural conditions
reflect themselves in the measured narrow linewidth.

The interlayer excitons maintain a relatively large exciton
binding energy, 153 meV in MoSe2, due to the close prox-
imity of the neighboring molecular layers. Therefore, they
may allow dipolar exciton studies at the presence of relatively
high doping densities and temperatures. The interlayer exci-
tons also correspond to a direct bandgap optical transition
with a much larger oscillator strength compared to those in
heterostructures. This will enable convenient optical access to
the system and potentially powerful cavity effects33,34. Addi-
tional controls, such as a bias field, can be used to reduced the
oscillator strength and lower the exciton transition energy to
obtain longer lifetimes when desired27,35,36.

Lastly, bi-layer and few-layer vdWcs are easier to fabricate
than heterostructures and do not suffer from lattice mismatch
or angle rotation between the constituting lattices. Future
work will improve the crystal quality for narrower linewidths
and will integrate electrical controls to tune and optimize the
interactions, oscillator strength and lifetime of these excitons.
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