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Indirect excitons and trions in MoSe2/WSe2 van der Waals heterostructures
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Indirect excitons (IX) in semiconductor heterostructures are bosons, which can cool below the
temperature of quantum degeneracy and can be effectively controlled by voltage and light. IX
quantum Bose gases and IX devices were explored in GaAs heterostructures where an IX range
of existence is limited to low temperatures due to low IX binding energies. IXs in van der Waals
transition-metal dichalcogenide (TMD) heterostructures are characterized by large binding energies
giving the opportunity for exploring excitonic quantum gases and for creating excitonic devices at high
temperatures. TMD heterostructures also offer a new platform for studying single-exciton phenomena
and few-particle complexes. In this work, we present studies of IXs in MoSe2/WSe2 heterostructures
and report on two IX luminescence lines whose energy splitting and temperature dependence identify
them as neutral and charged IXs. The experimentally found binding energy of the indirect charged
excitons, i.e. indirect trions, is close to the calculated binding energy of 28 meV for negative indirect
trions in TMD heterostructures [Deilmann, Thygesen, Nano Lett. 18, 1460 (2018)]. We also report
on the realization of IXs with a luminescence linewidth reaching 4 meV at low temperatures. An
enhancement of IX luminescence intensity and the narrow linewidth are observed in localized spots.

PACS numbers:

An indirect exciton (IX), also known as an interlayer
exciton, is a bound pair of an electron and a hole confined
in spatially separated layers. The spatial separation be-
tween the electron and hole layers allows achieving long
IX lifetimes, orders of magnitude longer than lifetimes
of direct excitons (DXs) [1]. Due to their long lifetimes,
IXs can cool below the temperature of quantum degen-
eracy [2]. The realization of IX quantum Bose gases in
GaAs heterostructures led to finding of many phenom-
ena, including spontaneous coherence and condensation
of IXs [3], the spatially modulated exciton state [4, 5], the
commensurability effect of exciton density waves [6],
spin textures [7], and the Pancharatnam-Berry phase
and long-range coherent spin transport in the IX con-
densate [8].

Furthermore, an IX has a built-in electric dipole mo-
ment, ed (d is the separation between the electron and
hole layers). As a result, IX energy, lifetime, and flux
can be effectively controlled by voltage that is explored
for the development of excitonic devices. In GaAs het-
erostructures, experimental proof-of-principle demon-
strations were performed for excitonic ramps [9, 10],
excitonic acoustic-wave [11] and electrostatic [12] con-
veyers, and excitonic transistors [13].

However, the IX range of existence in GaAs het-
erostructures is limited to low temperatures due to low
IX binding energies. Excitons exist in the temperature
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range roughly below Eex/kB (Eex is the exciton binding
energy, kB is the Boltzmann constant) [14]. The IX bind-
ing energy in GaAs/AlGaAs heterostructures is typically
∼ 4 meV [15]. The maximum Eex in GaAs heterostruc-
tures is achieved in GaAs/AlAs coupled quantum wells
(CQW) and is ∼ 10 meV [16]. The temperature of quan-
tum degeneracy, which can be achieved with increas-
ing density before excitons dissociation to electron-hole
plasma, also scales proportionally to Eex [17]. In GaAs
heterostructures, quantum degeneracy was achieved be-
low few Kelvin [2] and the proof of principle for the op-
eration of IX switching devices was demonstrated below
∼ 100 K [18]. IXs with high Eex reaching ∼ 30 meV are
explored in ZnO and GaN heterostructures [19–22].

Van der Waals heterostructures composed of atomi-
cally thin layers of TMD offer an opportunity to realize
artificial materials with designable properties [23] and,
in particular, allow the realization of excitons with re-
markably high binding energies [24, 25]. IXs in TMD
heterostructures are characterized by binding energies
exceeding 100 meV making them stable at room temper-
ature [17]. IXs were observed at room temperature in
TMD heterostructures [26]. Due to the high IX binding
energy, TMD heterostructures can form a material plat-
form both for exploring high-temperature quantum Bose
gases of IXs and for creating realistic excitonic devices.

IXs are instensively studied in optically excited van
der Waals TMD heterostructures with coupled electron
and hole layers [26–53]. IXs can also appear in electron-
electron (or hole-hole) bilayers in a collective electronic
state in strong magnetic fields at the total Landau level
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FIG. 1: Van der Waals MoSe2/WSe2 heterostructure. The het-
erostructure layer (a) and real space energy band (b) diagrams.
The ovals indicate a direct exciton (DX) and an indirect exciton
(IX) composed of an electron (−) and a hole (+). (c) Momen-
tum space energy band diagram around the K point. Solid and
dashed lines represent spin-up and spin-down bands. Op-
tically active low-energy DX and IX states are indicated by
arrows.

filling factor 1. The latter was realized in GaAs het-
erostructures [54–59] and in graphene–boron-nitride–
graphene van der Waals heterostructures [60, 61].

In this work, we present studies of IXs in MoSe2/WSe2
heterostructures. We report on the observation of
charged IXs, i.e. indirect trions (IXT). The identification
of indirect trions is based on the measured energy split-
ting and temperature dependence of IX and IXT lumi-
nescence lines: The splitting corresponds to the binding
energy for negative indirect trions in TMD heterostruc-
tures calculated in Ref. [62] and the temperature depen-
dence follows the mass action law for the indirect trions.
We also report on the realization of IXs with a lumines-
cence linewidth reaching 4 meV at low temperatures, the
lowest value reported so far for IXs in TMD heterostruc-
tures. An enhancement of IX luminescence intensity and
the narrow linewidth are observed in localized spots.

The MoSe2/WSe2 heterostructures were assembled
by stacking mechanically exfoliated 2D crystals on a
graphite substrate (Fig. 1a). The CQW is formed where
the MoSe2 and WSe2 monolayers overlap. The MoSe2
and WSe2 monolayers are encapsulated by hexagonal
boron nitride (hBN) serving as dielectric cladding lay-
ers. The real-space energy-band diagram is shown in
Fig. 1b. IXs are formed from electrons and holes confined
in adjacent monolayer MoSe2 and WSe2, respectively.

FIG. 2: Spatially indirect, i.e., interlayer, luminescence in
CQW flake and bright spot. (a) x-y map of indirect lumines-
cence (spectral range 1.24–1.46 eV) in sample S. Indirect lumi-
nescence intensity is enhanced in a bright spot observed near
the top of the CQW flake. The layer boundaries are shown.
(b) The luminescence spectrum at the CQW flake in sample S
at excitation power Pex = 3.4, 1, and 0.5 mW (top to bottom).
(c) The luminescence spectrum at the bright spot in sample M
at Pex = 10 µW. The laser excitation is defocused in (a) and
focused at the flake center in sample S (b) and at the bright
spot in sample M (c). T = 1.7 K, Vg = 0. All luminescence
intensities are normalized.

These type-II MoSe2/WSe2 heterostructures with stag-
gered band alignment are similar to AlAs/GaAs CQW
where IXs are formed from electrons and holes confined
in adjacent AlAs and GaAs layers, respectively [16, 18].
In the MoSe2/WSe2 heterostructures, due to the order of
spin-up and spin-down states in valence and conduction
bands (VB and CB) the lowest energy DX state is opti-
cally active in MoSe2 and dark in WSe2, and the lowest
energy IX state is optically active (Fig. 1c) [52, 53, 63–67].
We studied heterostructures manufactured in Manch-
ester and San Diego (samples M and S). The order of
MoSe2 and WSe2 layers is different in samples M and S
to probe both configurations. Both samples show indi-
rect trions and intensity enhancement in localized spots.

Along most of the CQW heterostructure area, the IX
luminescence intensity varies only slightly (Fig. 2a). We
will refer to this CQW heterostructure area as the CQW
flake. However, we observed bright spots, which ex-
hibit enhanced IX luminescence in comparison to the
surrounding regions of the CQW heterostructure [Fig. 2a
and Figs. S1 and S2 in Supplementray Information (SI)].
The CQW flakes and CQW bright spots show similar fea-
tures of neutral and charged IX luminenscence and the
data for both these regions are presented in this work.

In this paragraph, we outline phenomenological prop-
erties of the bright spots. We note that further details
of their properties and their origin form the subject for
future studies and do not affect the conclusions on neu-
tral and charged IXs in this work. The enhancement of
IX luminescence at the bright spots is localized within
∼ 2 µm in sample S and within the length smaller than
the 1 µm optics resolution in sample M. In contrast to
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FIG. 3: Gate voltage dependence. Indirect luminescence spec-
tra in MoSe2/WSe2 CQW at different gate voltages Vg at the
bright spot in sample M. Left inset: Luminescence peak en-
ergy vs. Vg. IX and IXT are indirect exciton and trion, DX and
DXT are direct exciton and trion. Right inset: Schematic of IX
and IXT. Pex = 1.25 mW, T = 1.7 K.

IX luminescence, the intralayer DX luminescence varies
only slightly along the CQW heterostructure and does
not show an intensity enhancement in the bright spots
[Figs. S1 and S2 in SI]. The bright spots form naturally
with no artificially designed IX confinement such as in
electrostatic traps in GaAs heterostructures [68–74]. The
presence of the luminescence bright spot for IXs with a
built-in electric dipole and its absence for DXs with no
electric dipole suggests that the bright spots originate
from an accidental IX trapping due to the background
electrostatic potential in the heterostructures. The bright
spot shows a narrow IX linewidth reaching 4 meV at the
lowest excitation power tested (Figs. 2c and S3). The
IX linewidth in the bright spot is smaller than the IX
linewidths in the rest of the sample. The lowest IX
linewidth in the CQW flakes outside the bright spot is
observed at the lowest excitation power tested and is 15
(21) meV for the higher- (lower)-energy IX line (Figs. 2b,
S12).

Two lines of spatially indirect luminescence are ob-
served in the spectrum (Figs. 2b, 3). Due to the IX
electric dipole moment, ed, the IX energy shifts in the
voltage-induced electric field in the z direction, Fz, by
δE = −edFz. The energy of two luminescence lines is
controlled by voltage Vg applied between the graphene
top gate and graphite back gate and creating the bias
across the CQW structure (Fig. 3), indicating that both
these lines correspond to spatially indirect luminescence.

The IX line splitting of 28 meV (sample S, Fig. 2b)
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FIG. 4: Temperature dependence. Spectra of spatially indirect
(a,b) and direct (c) luminescence in MoSe2/WSe2 CQW at dif-
ferent temperatures at CQW flake in sample S (a) and bright
spot in sample M (b,c). Pex = 3.4 (a) and 1.25 (b,c) mW, Vg = 0.

[26 meV (sample M, Fig. 3)] is much smaller than the
WSe2 VB spin-orbit splitting [75]. Therefore, both IX
transitions involve holes in the upper VB subband (B
excitons considered in Ref. [75] are not involved).

The measured energy splitting and temperature de-
pendence of these two lines identify them as neutral and
charged indirect excitons. The lower energy line corre-
sponds to charged IXs, i.e., indirect trions (IXT), and the
higher energy line to neutral IXs (Fig. 3 right inset).

The energy of the trion luminescence is determined by
the difference between the initial state, trion, and final
state, remaining electron (for negative trions). At low
densities, the IX and IXT luminescence energies should
experience the same shift with voltage following the gap
between the VB of WSe2 and the CB of MoSe2 [62], consis-
tent with the experiment (Fig. 3). The splitting between
the lines corresponds to the trion binding energy. Details
are presented in SI. The experimentally found binding
energy of the indirect trions of 26–28 meV is in agreement
with the calculated binding energy of 28 meV for nega-
tive indirect trions in MoS2/WS2 heterostructures [62].

Similarly, spatially direct neutral and charged exci-
tons, DX and DXT, are observed for spatially direct, i.e.,
intralayer, luminescence (Fig. 4c). However, in contrast
to IX and IXT, the peak energy of DX and DXT practically
does not change with voltage due to vanishing built-in
dipole moment in the direction of applied electric field
for direct excitons and trions (Fig. 3 left inset).

The measured indirect trion binding energy of 26–
28 meV is smaller than the direct trion binding energy of
32 meV (Fig. 4) due to the separation between the elec-
tron and hole layers, consistent with the theory of indi-
rect trions in GaAs and TMD heterostructures [62, 76, 77].
DX and DXT luminescence was studied earlier in mono-
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layer MoSe2 [66, 67, 78–81].
Further significant support for the asignment of the

two lines of spatially indirect luminescence to neutral
and charged indirect excitons comes from the temper-
ature dependence: The luminescence intensity ratio of
the lines IXT/IX decreases with increasing temperature
(Fig. 4a,b, Fig. 5a red symbols, and Fig. 5b symbols)
in agreement with the mass action law for the indirect
trions (Fig. 5a red line and Fig. 5b lines). The relative
intensity of the IXT luminescence decreases with tem-
perature due to the thermal dissociation of trions. The
IXT temperature dependence is similar to that for DXT

both in earlier studies of DXT in MoSe2 monolayers [79]
and in this work (Figs. 4 and 5).

Solid lines in Fig. 5 present the simulated ratios of
trion and exciton integrated luminescence intensities for
the direct, DXT/DX, and the indirect, IXT/IX, cases. We
simulated these ratios using their approximate propor-
tionality to the densities of corresponding particles. The
dependence of the densities on temperature is obtained
from the mass action model [79], details are presented
in SI. In these simulations, the trion binding energy is
taken from the measured line splitting. The simulations
include two fitting parameters: the densities of back-
ground charge carriers nB and photoexcited electron-
hole pairs nP, their estimation is described in SI. The
simulations give qualitatively similar results for various
nP and nB: At high temperatures, the ratio of trion and
exciton densities nT/nX increases with reducing temper-
ature, however, at low temperatures, nT/nX saturates
(Figs. 5 and S8). This saturation is the key characteris-
tic of trion luminescence. The origin of this saturation
is in the finite number of background electrons that are
invlolved in the trions. For the trions formed by binding
of the background electrons with photoexcited excitons,
at low temperatures, the trion density saturates at nB
and, in turn, the ratio nT/nX asymptotically approaches
nB/(nP − nB). The simulations are in agreement with the
experimental data both for direct and indirect trions in
the entire temperature range (Fig. 5).

As in the type-I MoS2/hBN TMD heterostructure [26],
IXs are observed at room temperature in our type-II het-
erostructures (Fig. 4). The observed red shift of the lines
with increasing temperature (Fig. 4) originates from the
band gap reduction, which is typical for semiconductors,
the TMDs included [79].

The narrowest indirect luminescence linewidth is ob-
served at the lowest temperature (Fig. 4) and smallest
excitation power Pex (Fig. S3). The indirect luminescence
broadens up to ∼ 40 meV at room temperature (Fig. 4).
With increasing Pex, the indirect luminescence broadens
and shifts to higher energies (Figs. 2, S3). Similar line
broadening and shift to higher energies were observed
for IXs in GaAs heterostructures and described in terms
of repulsive IX interaction [70], which originates from the
repulsion of oriented electric dipoles [82–84]. Increasing
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FIG. 5: Temperature dependence. Experimental (symbols)
and simulated (lines) spectrally integrated luminescence in-
tensity ratio IXT/IX (green, blue, red) and DXT/DX (black) vs.
1/temperature at the CQW bright spot in sample M (a) and the
CQW flake in sample S (b). Pex = 1.25 mW (a), 1 mW [blue
squares in (b)], and 3.4 mW [green diamonds in (b)], Vg = 0.

the density with Pex leads to the enhancement of inter-
action in the system of indirect excitons and trions and,
in turn, the enhancement of IXT and IX energies.

Isolated IXT have substantial binding energy at low
separation between electron and hole layers [62, 76, 77],
relevant for the MoSe2/WSe2 heterostructure. However,
the IXT binding energy is smaller than the IX binding
energy that stabilizes the neutral system of IXs against
IX transformations to trions and charged particles. This
suggests that most of IXT form by binding of electrons
and holes created by excitation to background charge
carriers which are present in the heterostructure due to
unintentional doping and CQW layer charging induced
by voltage. Increasing Pex leads to the enhancement of
relative intensity of IX line, i.e. reduction of IXT/IX ratio,
at low temperatures (Figs. 2b, 5b), consistent with the
trion density saturation at nB and, as a result, enhanced
fraction of IXs with increased nP.

We also briefly discuss alternative intepretations for
the two lines of spatially indirect luminescence. A split-
ting of IX or DX emission to two luminescence lines is a
general phenomenon in two coupled TMD layers. Vari-
ous interpretations based on the assignment of the lines
to different states of neutral excitons were offered to ex-
plain this splitting: The interpretations in terms of (i)
excitonic states split due to the CB K-valley spin split-
ting [29], (ii) excitonic states indirect in momentum space
and split due to the valley energy difference [32, 38] or
spin-orbit coupling [39], and (iii) excitonic states in moiré
superlattice [43–48] following the theory of moiré IXs
and DXs [50–52].

However, interpretations based on different states of
neutral excitons, including interpretations (i)-(iii) out-
lined above, do not offer a good agreement with the ex-
perimental data in Fig. 5 and, in turn, a plausible expla-
nation for the IX lines in the studied heterostructures. As
detailed in SI, for different states of neutral excitons, the
relative occupation of the lower-energy state and, as a re-
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sult, the relative intensity of the lower-energy line should
increase by orders of magnitude with lowering the tem-
perature in the range 1/T = 0.03 − 0.6 1/K (Fig. S10).
However, the experimental data (Figs. 5, S6, and S10)
show the nearly constant relative intensity of the lower-
energy line in this temperature range. In contrast, the
theory of neutral excitons and trions is in agreement with
the data (Figs. 5, S6, and S10). The large discrepancy, by
orders of magnitude, between the interpretations of the
two indirect luminescence lines based on two different
states of neutral IXs and the experimental data, indicates
that these interpretations are less plausible than the in-
terpretation based on neutral exciton IX and trion IXT

that is in agreement with the data (Figs. 5, S6, and S10).
In conclusion, we present studies of MoSe2/WSe2 het-

erostructures and report on two lines of spatially indirect
luminescence whose energy splitting and temperature
dependence identify them as neutral indirect excitons
and charged indirect excitons, i.e. indirect trions.
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a MoSe2/MoS2 Heterostructure, Nano Lett. 18, 7651-7657
(2018).

[44] Alberto Ciarrocchi, Dmitrii Unuchek, Ahmet Avsar, Kenji
Watanabe, Takashi Taniguchi, Andras Kis, Polarization
switching and electrical control of interlayer excitons in
two-dimensional van der Waals heterostructures, Nature
Photonics 13, 131-136 (2019).

[45] Kyle L. Seyler, Pasqual Rivera, Hongyi Yu, Nathan P. Wil-
son, Essance L. Ray, David G. Mandrus, Jiaqiang Yan,
Wang Yao, Xiaodong Xu, Signatures of moiré-trapped val-
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excitons in van der Waals heterostructures, Nature 567, 71
(2019).

[47] Chenhao Jin, Emma C. Regan, Aiming Yan, M. Iqbal Bakti
Utama, Danqing Wang, Sihan Zhao, Ying Qin, Sijie Yang,
Zhiren Zheng, Shenyang Shi, Kenji Watanabe, Takashi
Taniguchi, Sefaattin Tongay, Alex Zettl, Feng Wang, Ob-
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spin-orbit-induced spin splitting in two-dimensional
transition-metal dichalcogenide semiconductors, Phys.
Rev. B 84, 153402 (2011).

[76] O. Witham, R.J. Hunt, N.D. Drummond, Stability of trions
in coupled quantum wells modeled by two-dimensional
bilayers, Phys. Rev. B 97, 075424 (2018).

[77] Igor V. Bondarev, Maria R. Vladimirova, Complexes of
dipolar excitons in layered quasi-two-dimensional nanos-
tructures, Phys. Rev. B 97, 165419 (2018).

[78] Kin Fai Mak, Keliang He, Changgu Lee, Gwan Hyoung
Lee, James Hone, Tony F. Heinz, Jie Shan, Tightly bound
trions in monolayer MoS2, Nature Mat. 12, 207 (2013).

[79] Jason S. Ross, Sanfeng Wu, Hongyi Yu, Nirmal J. Ghimire,
Aaron M. Jones, Grant Aivazian, Jiaqiang Yan, David G.
Mandrus, Di Xiao, Wang Yao, Xiaodong Xu, Electrical
control of neutral and charged excitons in a monolayer
semiconductor, Nature Commun. 4, 1474 (2013).

[80] Timothy C. Berkelbach, Mark S. Hybertsen, David R. Re-
ichman, Theory of neutral and charged excitons in mono-



8

layer transition metal dichalcogenides, Phys. Rev. B 88,
045318 (2013).

[81] E. Courtade, M. Semina, M. Manca, M.M. Glazov, C.
Robert, F. Cadiz, G. Wang, T. Taniguchi, K. Watanabe, M.
Pierre, W. Escoffier, E.L. Ivchenko, P. Renucci, X. Marie,
T. Amand, B. Urbaszek, Charged excitons in monolayer
WSe2: Experiment and theory, Phys. Rev. B 96, 085302
(2017).

[82] D. Yoshioka, A.H. MacDonald, Double quantum well

electron-hole systems in strong magnetic fields, J. Phys.
Soc. Jpn. 59, 4211 (1990).

[83] X. Zhu, P.B. Littlewood, M.S. Hybertsen, T.M. Rice, Ex-
citon condensate in semiconductor quantum well struc-
tures, Phys. Rev. Lett. 74, 1633 (1995).

[84] Yu.E. Lozovik, O.L. Berman, Phase transitions in a system
of two coupled quantum wells, JETP Lett. 64, 573 (1996).


