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1. Introduction

The experimental realization of graphene in 2004[1,2] inspired an
ongoing search for novel energetically stable quasi-2D materials
and a detailed experimental and theoretical study of the influence
of their reduced dimensionality. Recent theoretical reports
based on high-throughput screening and machine-learning
methods suggest that several thousand exfoliable, and largely

unsynthesized, materials exist,[3,4] offering
a rich pool of materials with diverse physi-
cal properties.

A particularly interesting and well-
researched family of novel 2D materials
are the transition-metal dichalcogenides
(TMDCs) of molybdenum and tungsten
with the structural formula MX2 (with
M¼Mo and W and X¼ S, Se, and Te).
These materials have been well known in
their bulk phases, where they are indirect
semiconductors with bandgaps in the
range of 0.8–1.3 eV and assume a layered
structure with hexagonal symmetry.
Analogous to graphite, the atoms within
the layers are bonded covalently, whereas
the layers are bound together mainly
through noncovalent interactions.
Interestingly, it had been realized early that
this interlayer interaction, albeit weak com-
pared with the covalent intralayer bonds,
has a significant effect on the electronic
and optical properties of molybdenum
and tungsten TMDCs: the fundamental
bandgap is indirect in bulk and few-layer
samples and increases with decreasing

thickness due to quantum confinement effects and the attenua-
tion of interlayer-coupling-induced splittings of the valence and
conduction band edges. In the absence of interlayer coupling
effects in the monolayer limit, the bandgap is direct, causing
a strong enhancement of photoluminescence (PL) quantum yield
for decreasing material thickness.[5–10]

At the same time, the reduced dimensionality and highly non-
local dielectric screening of Coulomb interaction give rise to
rather large exciton binding energies on the order of 0.3–
0.6 eV for monolayer molybdenum and tungsten TMDCs[11–19]

despite the exciton wave functions to be rather expanded, with
typical Bohr radii on the order of 2 nm.[19–21] Furthermore,
the electronic band structures of molybdenum and tungsten
disulfides, diselenides, and ditellurites show several local con-
duction and valence band extrema of similar energies; see
Figure 1. This gives rise to a rich excitonic spectrum in mono-
and few-layer TMDCs, dominated by “A” excitons originating
from the direct bandgaps and, in few-layer materials, “I” transi-
tions associated with the indirect fundamental bandgap.
Interestingly, strongly bound “C” excitons appear at higher ener-
gies, between 2.0 and 3.0 eV, depending on the material, arising
from a band nesting between valence and conduction band edges
and an associated high-joint density at special points in the
Brillouin zone.[20–22]
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The optical spectra of vertically stacked MoSe2/WSe2 heterostructures contain
additional “interlayer” excitonic peaks that are absent in the individual
monolayer materials and exhibit a significant spatial charge separation in out-
of-plane direction. A many-body perturbation theory approach is used to
simulate the excitonic spectra of MoSe2/WSe2 heterobilayers with three
stacking orders, considering both momentum-direct and momentum-indirect
excitons. The small oscillator strengths and the optical responses of the
interlayer excitons are significantly stacking-dependent and give rise to high
radiative lifetimes in the range of 5–200 ns at low temperature for the “bright”
interlayer excitons. Solving the finite-momentum Bethe–Salpeter Equation
(BSE), the lowest energy excitation is predicted to be an exciton over the
fundamental indirect band gap, with a binding energy of 220 meV. However,
in agreement with recent magneto-optics experiments and previous theo-
retical studies, the simulations of the effective excitonic g-factors suggest that
the low energy momentum-indirect excitons are not experimentally observed.
The existence of “interlayer” C excitons with significant exciton binding
energies and optical oscillator strengths is further revealed, which are anal-
ogous to the prominent band nesting excitons in mono- and few-layer
transition-metal dichalcogenides.
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The strong spin–orbit interaction (SOI) introduced by the
heavy transition metal atoms further leads to a prominent split-
ting of the valence band maximum at the corners of the 2D hex-
agonal Brillouin zones, allowing to exploit the circular dichroism
for valley selective optical excitations with circularly polarized
light. These findings inspired the use of mono- and few-layer
TMDCs for a range of novel applications of TMDCs in novel thin
and flexible optoelectronic devices, such as photodiodes,[23,24]

photodetectors,[25] or single-photon emitters,[26–29] and for a com-
bination of spin- and valleytronics.[30,31]

A possible way to further tailor the electronic and optical prop-
erties of TMDCs is the combination of different TMDCs to form
vertically stacked heterostructures. Here, the noncovalent inter-
layer interaction in principle allows for atomically sharp and
essentially strain-free interfaces even for lattice-mismatched
materials, particularly interesting compared with conventional
heterostructures formed of 3D bulk materials, where interfacial
defects can have a significant effect on the material properties.
Recently, the combination of Mo and W-based TMDCs arose
substantial interest: for MoS2/WS2,

[32] MoS2/WSe2,
[33–35]

MoSe2/WSe2,
[36–40] and MoSe2/WS2

[41,42] heterostructures,
experimental observations indicate the presence of additional
PL signals from excitations with the long lifetimes of
1–100 ns,[36,43,44] which are absent in the PL spectra of the indi-
vidual monolayer materials.

The detailed origin of these transitions is still not entirely clear
and might vary with the material combination and experimen-
tally studied samples. Theoretical studies predict that the afore-
mentioned heterostructures form type-II heterostructures with
the valence and conduction band edges of the composite materi-
als being localized in different layers.[45] For this reason, a rea-
sonable and popular explanation of the observed signals is the
attribution to interlayer excitons with a distinct spatial separation
of the bound electrons and holes, an interesting concept for
application in photovoltaics based on such heterostructures.[46]

These arguments are based on the assumption that the interlayer
coupling between the individual materials is small enough that
the electronic properties of the individual materials are largely
unaffected. However, it is known from the TMDC homomulti-
layer materials, such as bilayer MoS2, that the (rather weak)
hybridization between S and Se pz states in the different layers
causes an interlayer-induced band splitting and a layer-number-
dependent direct-to-indirect bandgap transition. At the same
time, these additional signals are somewhat reminiscent of
the “I” transitions in TMDC homobilayers and might indicate
phonon- or defect-assisted emission over an indirect bandgap.

Due to the rather complex nature of the TMDC band struc-
tures with several conduction band and valence band valleys with
similar energies and additional spin–orbit and interlayer cou-
pling effects, a clear identification of the origin of these peaks
is nontrivial and strongly depends on a comparison of experi-
mental data with theoretical predictions of the electronic band
structure, exciton binding energies, and the orbital composition
of relevant bands. For instance, Kunstmann et al. used a corre-
lation of the PL spectra in MoS2/WSe2 heterostructures with var-
ious twist angles with the respective band gaps from density-
functional theory (DFT) calculations to attribute the prominent
“interlayer” PL peak at around 1.6 eV to a momentum-indirect
exciton, with the bound electron and hole being located at the
K point and the center of the hexagonal Brillouin zone, respec-
tively.[34] In addition, recent PL measurements on MoS2/WSe2
heterostructures encapsulated in boron nitride with small twist
angle suggest the presence of an additional excitonic signal at an
energy of about 1 eV, well below the fundamental bandgap of the
heterostructure, with a significant Stark shift indicating a strong
vertical separation of the electron–hole pair by about 6 Å. Based
on theoretical simulations, this infrared peak was attributed to a
transition between the global valence band maximum at the K
point of the WSe2 layer and the global conduction band mini-
mum at the K point of the MoS2 layer.[35]
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Figure 1. Calculated electronic dispersion of four monolayer molybdenum and tungsten dichalcogenides from simulations on the G0W0 level of
theory.[98] The conduction band valley about halfway along the Γ–K/K 0 lines is typically labeled Q or by the Greek index L.
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For nearly lattice-matchedMoSe2/WSe2 heterostructures, low-
temperature experiments revealed that the prominent interlayer
peak consists of a doublet of two separate contributions with a
small energy difference of 25meV. Due to the aforementioned
complexities of the electronic band structure, the exact origin or
these peaks is still a matter of debate. Depending on the experi-
mental evidence and insight from theoretical calculations, the PL
signals were attributed to 1) a mix of momentum direct (K ! K)
and momentum-indirect (K ! Q) interlayer excitons, evidenced
by the different temperature behaviors of the PL peak life-
times;[36,43] 2) to a pair of momentum-indirect K ! Q excitons,
with an energy separation due to the spin–orbit splitting of the
conduction band valley at the Q point, evidenced by the observed
opposite circular polarization;[47] 3) a singlet–triplet pair of neu-
tral, momentum-direct, excitons at the K and K 0 points, evi-
denced by recent measurements of the interlayer exciton PL
under application of external magnetic fields;[48–51] and 4) a pair
of spatially indirect neutral exciton and spatially indirect nega-
tively charged trion, evidenced by an observed constant relative
intensity of the two PL signals at low temperature,[40] but some-
what contradicted by the circular polarization response reported
by other authors. For structurally similar MoS2/WS2 heterobi-
layers, experimental reports suggest the existence of three inter-
layer exciton peaks, which were attributed to K ! K ,Q ! Γ, and
K ! Γ transitions based on a combination of optical measure-
ments and theoretical simulations using the excitonic Bethe–
Salpeter Equation (BSE).[52]

An alternative explanation for the origin of the observed inter-
layer exciton peak structure is offered by the effects of the intrin-
sic (albeit small) lattice mismatch and small deviations in relative
twist angles from the symmetric stacking orders in studied sam-
ples, giving rise to long-period moiré superlattices and corre-
sponding moiré potentials, which might activate, otherwise,
optically forbidden spin-flip transitions[48] and allow for a
moiré trapping and localization of excitonic states in the minima
of the moiré superlattice potential,[53] of significant potential
interest for manipulation of excitons in van-der-Waals hetero-
structures. In addition, the differences in local stacking order
have been shown to affect the interlayer exciton binding energies,
oscillator strengths, and optical selection rules.[54] Based on mag-
netoluminescence experiments, a recent study suggested that the
interlayer PL peaks in twisted MoSe2/WSe2 heterobi- and trilayer
systems in R registry arise from moiré potential modulated
momentum-direct and phonon-assisted momentum-indirect
interlayer exciton emissions.[51]

On the theoretical side, accurate ab initio investigations of the
excitonic spectra of van-der-Waals heterostructures are limited to
rather small and symmetric systems due to the delicate interplay
of quasiparticle band structure, effects from interlayer interac-
tion and spin–orbit coupling and (computationally expensive)
Coulomb interaction between electrons and holes. Despite these
constraints, a number of studies using various methods have
been reported recently, typically focusing on the properties of
momentum-direct interlayer excitons[52,54–59] and trions.[58] On
the other hand, to the best of our knowledge, there is no reliable
theoretical data so far on the binding energies and wave func-
tions of momentum-indirect excitons, which could significantly
contribute to the detailed understanding of the experimental
observations of interlayer exciton emissions. Another question

that has not yet been addressed concerns the structure of the
absorption above the intralayer bandgaps, which is dominated
by “C” excitons with high binding energy and significant inter-
layer delocalization in TMDC homo-single- and -few-layer sys-
tems.[21] These “C” excitons have been found recently to lead
to interesting resonant enhancement effects in Raman spectros-
copy experiments on TMDC multilayer systems.[60,61] This raises
the questions of whether similar excitons exist in TMDC hetero-
structures as well and how are they affected by changes in the
electronic structure.

This article is structured as follows: In the first part, the exci-
tonic spectra of molybdenum- and tungsten-based monolayer
TMDCs will be introduced as a basis for the following discus-
sion. In the second part, using the example of MoSe2/WSe2 het-
erobilayers, we will then review an electronic structure and
absorption spectra for different stacking orders as obtained
from state-of-the-art many-body perturbation theory calcula-
tions, which yield an accurate prediction of electronic bandgaps
and exciton binding energies and wave functions, thus allowing
for a direct comparison with experiment. In the third part, we
will discuss the binding energies and wave functions of
momentum-indirect excitons that might contribute to the
experimentally measured optical spectra. In particular, our cal-
culations suggest that the observed interlayer exciton doublet is
unlikely to consist of a combination of momentum-direct and
momentum-indirect excitons, in agreement with recent experi-
mental evidence, and point toward an identification of the
interlayer exciton doublet with the K ! Q transitions. In the
fourth part, we will show that the similarities in the electronic
structure between MoSe2 and WSe2 monolayers should lead to
the occurrence of “interlayer” C excitons in the excitonic spectra
of MoSe2/WSe2 heterobilayers, with a significant degree of
spatial separation between the bound electrons and holes
and rather high exciton binding energies of 400 meV. We refer
to the previous studies[21,54] for the theoretical details, unless
indicated otherwise in the text.

2. Results and Discussion

2.1. Excitonic Spectra of Monolayer TMDCs

In contrast to common bulk semiconductor materials, the non-
local dielectric screening of the Coulomb interaction in 2D mate-
rials introduces a significant Coulomb interaction between
optically excited electron–hole,[62] necessitating an explicit inclu-
sion of electron–hole coupling effects in calculations not only for
a proper description of oscillator strengths of optical excitations,
but also for accurate exciton binding energies.

Figure 2 shows the imaginary parts of simulated dielectric
functions of the widely researched monolayer molybdenum-
and tungsten-based disulfides and diselenides,[21] in good quali-
tative and quantitative agreement with recent theoretical reports
by other groups and consistent with experimentally measured
absorption.[63,64] For all four considered materials, the
Coulomb attraction is sufficiently strong to pull a number of
prominent absorption peaks well below the single-particle
absorption onset given by the direct electronic bandgaps. An
analysis of the calculated excitonic wave functions, as shown
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for MoSe2 in Figure 3a, suggests that the lower-energy “A” peak
originates from spin-conserving transitions over the direct
bandgaps at the K and K 0 points in the hexagonal Brillouin zone.
With this information, one can directly calculate the binding
energy of the “A” electron–hole pairs as the difference between
the exciton peak position (i.e., the optical bandgap) and the cor-
responding electronic bandgap. Here, a minor complication
arises for tungsten-based materials, where the spin order of
the spin–orbit split conduction band minimum at the K and
K 0 points is reversed compared with molybdenum-based
TMDCs; the lowest-energy direct transition between the valence
band maximum is optically dark due to violation of spin conser-
vation, whereas the transition to the second-lowest conduction
band is optically bright.[65] With these considerations in mind,
recent theoretical calculations yielded binding energies in the
range of 0.4–0.5 eV for the four considered monolayer materi-
als,[21,66–71] well within the range of 0.3–0.5 eV reported from
experiments.[18,19]

The large excitonic binding energies are mirrored in the sig-
nificant spatial localization of the excitonic wave functions com-
pared with typical length scales of Mott excitons in 3D
semiconductor materials; we find Bohr radii on the order of
about 2 nm for the “A” excitons in all four materials (refer to
right-hand side of Figure 3a). The “B” peak arises from an exci-
tonic transition between the energetically lower sub-band of the
spin–orbit split valence band maximum at the K/K 0 points to the
spin-matched sub-band of the spin–orbit split conduction band
minimum, thus appearing at slightly higher energies (mainly
determined by the value of the spin–orbit splitting of the valence
band), but with similar excitonic wave functions and exciton
binding energies. The valence and conduction band extrema
are completely spin-polarized at the K and K 0 points, with the
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Figure 2. Calculated imaginary parts of the dielectric functions of four materials, including electron–hole coupling effects. MoS2 and MoSe2—Adapted
with permission.[21] Copyright 2017, IEEE. The absorption spectra were shifted to match the electronic bandgap with the corresponding direct gaps in
Figure 1. The absorption spectra of WS2 and WSe2 were calculated based on the electronic structure shown in Figure 1, following the method outlined in
the previous study.[21] The absolute peak positions are slightly overestimated compared with experiment due to the neglect of temperature effects, which,
for instance, can cause a redshift of the predicted A and B peak positions in MoS2 by about 0.1 eV.[99]

Figure 3. Calculated exciton wave functions of selected A and C excitons.
The left-hand side of the subfigures shows the k-resolved contributions of
transitions to the exciton wave functions. The right-hand side shows the
top views of the spatial extent of the electron part of the exciton wave func-
tions. For all excitons, the hole was fixed at a transition-metal atom in the
center of the supercell of 20� 20 unit cells that was used for the plot
(arrows). Adapted with permission.[21] Copyright 2017, IEEE.
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electron spin pointing in out-of-plane direction and the spin
order at the three K 0 points of the hexagonal Brillouin zone
reversed compared with the K points,[65] thus allowing for a
valley-selective excitation of the A and B excitons using circularly
polarized light.[72]

For monolayer MoS2 and WS2, the absorption spectra feature
an additional prominent peak at an energy of about 2.75 eV,
consistent with the broad “C” feature at this energy in experi-
mentally measured absorption spectra.[14,63] Based on a decom-
position of the calculated absorption spectra into the contributing
transitions, the origin of this feature has been attributed to
weakly spin–orbit split transitions between the valence and
conduction bands at six points approximately halfway between
the Γ point and the “Q” conduction band valley,[20–22] refer to
the momentum-resolved exciton wave function in Figure 3b.
To avoid confusion, we note that it is common in the
literature to label this valley by the index L for the monolayer
materials.

Using the value of the electronic bandgap close to these six
points, we derived a significant exciton binding energy on the
order of 700meV for MoS2, which is reflected in a small spatial
extend of the exciton wave function (right-hand side of
Figure 3b). The location of the C excitations in the Brillouin zone
appears somewhat unusual on first glance, as, in contrast to the A
and B excitons, they do not correspond to transitions between
valence and conduction band extrema. Instead, the C exciton
arises from a “band nesting” of transitions between the approxi-
mately parallel valence and conduction bands halfway along the
Γ-Q line, see Figure 4a, thus leading to a high joint density of
states and a correspondingly high optical oscillator strength
and optical conductivity.[22]

As a consequence of this band nesting condition, it is to be
expected that the location in the Brillouin zone, peak energy,
and optical oscillator strength of the C exciton or corresponding
excitations should significantly depend on details of the elec-
tronic dispersion. As Figure 1 shows, the dispersion around
the valence band maximum of MoSe2 and WSe2 is flatter, and
the conduction band dispersion is larger than in the disulfides,
suggesting an increased repulsion between the transition metal d
and chalcogen p states that make up the valence band (dz2þpz)
and the conduction band (dxz,yzþpx,y) edges at the Γ point.[65]

This weakens the band nesting condition on the Γ-Q line (refer
to Figure 4b for the example of monolayer WSe2) and increases
the difference between the transition energy at the band nesting

points and the direct bandgap of the system. At the same time, a
set of six new band nesting points appear about halfway on the
Q-K and Q-K 0 lines. The absorption spectra of MoSe2 and WSe2
feature two particularly bright transitions, which give rise to
two prominent broader features above an energy of 2.5 eV
(Figure 2). The calculated exciton wave functions (Figure 3c)
suggest that these excitations have significant contributions from
transitions at the “new” band nesting point and, hence, can be
interpreted as C excitons as well, albeit of a different origin
than the C excitons in the disulfides. A significant qualitative
consequence arises from the fact that the valence band edge
at the band nesting point in monolayer MoSe2 and WSe2 retains
some of the spin–orbit splitting from the K and K

0
points,

giving rise to two bright C excitations with a significant energetic
splitting, in contrast to the very small splitting in the case of
the disulfides. Similar results were found for monolayer
MoTe2 as well.[21]

Another effect on the C excitons of TMDC materials could
arise from interlayer or substrate interaction. The significant con-
tributions from chalcogen p states couple at the interface to adja-
cent materials, for instance, a neighboring layer in bilayer MoS2,
and lead to hybridization-induced band splittings. Despite this
interlayer hybridization, we reported previously[21] that the result-
ing changes in the electronic dispersions are sufficiently small to
retain the C excitons of the monolayer materials. In this context,
the chalcogen p contributions at the band nesting points have
interesting consequences in terms of the spatial extent of the
A and C exciton wave functions. At the K and K 0 points, the
valence band maximum and conduction band minimum are
composed almost entirely of transition metal dx2�y2 þ dxy and
dz2 orbitals, respectively, causing a negligible overlap and
hybridization between the sub-bands of each material layer, par-
ticularly in light of the additional effect of spin–orbit coupling.
As Figure 5 shows for the example of MoS2, this leads to a strong
confinement of the electronic part of the exciton wave function to
the layer where the hole is located. The A exciton in a molybde-
num or tungsten TMDC homomultilayer should, hence, behave
like the A exciton of the corresponding monolayer material. For
the C excitons, the chalcogen p contributions to the conduction
band result in a strong interlayer nature of the excitonic wave
function, being significantly delocalized over the layers neighbor-
ing the layer where the hole is located. This interlayer nature
might allow to resonantly couple a TMDC few-layer structure
through optical excitation at the energy of C exciton, for instance,

1L-MoS2

(a)

0.000

4.250

∇(Ec1 - Ev1)

1L-WSe2

0.000

3.400

6.800

∇(Ec1 - Ev1)

(b)

Figure 4. Difference between the energy gradients of the highest valence band (v1) and the lowest-energy conduction band (c1) plotted over the Brillouin
zone for a) monolayer MoS2 and b) monolayer WSe2. Similar figures are obtained for WS2 and MoSe2 as well.

www.advancedsciencenews.com www.pss-b.com

Phys. Status Solidi B 2021, 258, 2000614 2000614 (5 of 19) © 2021 The Authors. physica status solidi (b) basic solid state physics
published by Wiley-VCH GmbH

 15213951, 2021, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pssb.202000614 by Sw

ansea U
niversity, W

iley O
nline L

ibrary on [13/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.pss-b.com


activating interlayer resonant Raman modes in few-layer
TMDCs[60,73,74] that are not observed for excitation at the A
exciton.

2.2. Electronic Band Structure of MoSe2/WSe2 Heterostructures

In the following, we will first summarize our previous results[54]

on the electronic band structures and excitonic absorption spec-
tra of lattice-commensurate MoSe2/WSe2 heterostructures with
different stacking orders.

Figure 6 shows the electronic bands of vertically stacked
MoSe2/WSe2 heterostructures obtained from GW calculations,
which typically predict the electronic structures of materials with
high accuracy, and were reported previously in the previous
study.[54] To estimate the influence of interlayer coupling on
the electronic band structures of these heterostructures, we
tested three different stacking orders that preserve the hexagonal
symmetry. In the AA stacking order, the metal and selenium
atoms of the two monolayers are located on top of each other.
AA 0 stacking corresponds to the AA stacking order with the
upper layer rotated by 60� relative to the lower layer and is
the energetically most stable stacking order in homobilayer
and bulk TMDCs. In the AB stacking order, on the other hand,
the upper layer is shifted by 1/3(~a1þ~a2) compared with AA stack-
ing. Both AA and AB stacking orders are of R-type due to their
similarity to the stacking order in multilayer 3R-TMDCs,
whereas AA 0 stacking is ofH-type due to its similarity to the layer
arrangement in 2H-TMDCs.

For all three stacking orders, the bands at the K point of the
hexagonal Brillouin zone show only a weak hybridization, so that
the bands can be directly assigned to the individual layers. This
behavior is not unexpected, as the valence and conduction bands
at the K and K 0 points arise largely from transition-metal d states
and, hence, should only weakly “feel” the neighboring layer.
Indeed, the bands form a type-II alignment, with the (global)
valence band of the heterostructure contributed by the WSe2
layer, whereas the conduction band minima at the K and K 0

points are located in the MoSe2 layer. The momentum-direct
interlayer bandgaps between these bands are somewhat

stacking-dependent. As it is to be expected that AA and AB
are the stacking orders with the weakest and strongest interlayer
coupling for all possible twist angles between the layers, the
bandgaps between K and K 0 of the individual materials should
generally fall within the range of 1.65–1.75 eV. Our calculations
further indicate that the intralayer bandgaps at the K and K 0

points of the individual materials are somewhat reduced by about
0.1 eV due to the dielectric screening provided by the respective
other layers.

While the interlayer hybridization is very weak for the band
around the K and K 0 points, the situation is clearly different
at other points in the Brillouin zone. The states at the local
valence band maximum near the Γ point and the conduction
band minimum near the Q point, about halfway along the
Γ-K line, have significant contributions from Se p states and cou-
ple strongly between the layers. Similarly to the homobilayer
materials, this interlayer coupling transforms the heterostructure
into an indirect semiconductor. The contribution of orbitals from
the WSe2 layer to the conduction band minimum is stacking-
order-dependent and increases from 2

�
0% for AA stacking to

about 40% for AB stacking. Our results are in good agreement
with other recent studies[57,69] and establish that vertically stacked
MoSe2/WSe2 heterobilayers, contrary to previous predictions,
only feature a pseudo-type-II band alignment and an indirect fun-
damental bandgap, which has possible implications for the
nature and properties of the lowest-energy excitonic states of
the material. Similar results have been found recently for
MoS2/WS2 heterostructures as well.

[57] In this case, the indirect
fundamental bandgap has been predicted to be between the
gamma and the K/K 0 points, due to the smaller energy separation
of the valence band maxima at the Γ and K points in the individ-
ual monolayer molybdenum and tungsten disulfides.

The electronic band structures of the materials suggest two
possible origins for the additional “interlayer” excitonic peaks
seen in PL experiments: 1) Transitions at the interlayer bandgaps
at the K and K 0 points of the Brillouin zone of the heterostruc-
ture. The optical strength of these transitions should then
strongly depend on the twist angle between the materials, requir-
ing an additional crystal momentum source for twist angles that

Figure 5. Side views of the electron parts of the A and C exciton wave functions of mono-, bi-, and trilayer MoS2. In all cases, the hole was fixed at a
molybdenum atom in the center of the 20� 20 supercell used for the plot. Adapted with permission.[21] Copyright 2017, IEEE.
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break hexagonal symmetry. 2) Transitions over the fundamental
bandgap, which is indirect for all twist angles.

2.3. Momentum-Direct Interlayer Excitons in MoSe2/WSe2
Heterostructures

We recently reported the simulated absorption spectra of
MoSe2/WSe2 heterostructures from solution of the excitonic
Bethe–Salpeter equation, which includes effects from excitons
with a vanishing center-of-mass momentum.[54] Figure 7 shows
the absorption spectrum for the AA 0-stacked MoSe2/WSe2 het-
erostructure with the inclusion of spin–orbit coupling effects.
The onset of absorbance is dominated by two transitions, MoA
and WA, which can readily be attributed to the A excitons of indi-
vidual monolayer MoSe2 andWSe2: our analysis of the k-resolved
contributions to the exciton wave function shows that MoA and
WA exclusively arise from intralayer transitions between the
MoSe2 (WSe2) bands at the K and K 0 points. Furthermore, the
electron and hole parts of the excitonic wave functions show that
the corresponding electron–hole pairs are completely confined to
the MoSe2 and WSe2 layers, respectively (Figure 7). In principle,
one could directly derive the exciton binding energies from a
comparison of the peak positions in the calculated absorption

spectrum with the intralayer bandgaps from Figure 6.
However, while the 21� 21 k-point grid used in the calculation
is sufficient to give a very accurate qualitative picture of the exci-
tonic spectrum, it does not yield fully converged peak positions
and exciton binding energies. A second calculation using a
denser 33� 33 k-point grid (without inclusion of spin–orbit cou-
pling) yields the binding energies of about 310 and 290meV for
the MoA and WA transitions, respectively, for the AA 0 stacking
order. This suggests that the additional dielectric screening
induced by the neighboring layer reduced the binding energies
of the intralayer A excitons by about 150meV.

In addition to these intralayer excitons, the computed absorp-
tion spectra also reveal two series of peaks of small optical oscil-
lator strength at lower energies; see inset of Figure 7. These
peaks arise from interlayer transitions between the WSe2-
dominated global valence band maximum of the heterostructure
to the spin–orbit split conduction bandminimum at the K and K 0

points; the Xn and Yn peaks correspond to transitions to the
lower energy and to the higher energy band, respectively. In
the AA 0 stacking order, the monolayer Brillouin zones of
MoSe2 and WSe2 are rotated by 60� relative to each other; i.e.,
the K points of one material coincide with the K 0 points of
the other material. As a consequence, the Y0 transition should
be brighter than the lower energy X0 transition due to spin

Figure 6. Atomic geometries and electronic band structures of MoSe2/WSe2 for three different hexagonal stacking orders. The color code for the band
structures indicates the relative contributions of orbitals of the two sublayers to the bands and, hence, the degree of hybridization. Adapted with per-
mission.[54] Copyright 2018, American Physical Society.
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conservation during the optical transition, whereas the X0 tran-
sition should be dark in heterostructures with H-type stacking
order. The excitonic wave function of the Y0 transition is shown
in Figure 7. In contrast to the MoA and WA transitions, the exci-
ton wave function shows a clear spatial separation of the electron
and hole pairs between the layers. From calculations with a
denser k-point grid, we derive a rather large exciton binding
energy of about 250meV, which is of similar magnitude as that
of the intralayer excitons. Our calculations, thus, suggest that the
Xn and Yn peaks form two Rydberg series of interlayer excitons.
Similar results were found for AA and AB stacking orders as
well.[54] Our calculations, hence, support the initial assignment
of these PL peaks to interlayer excitons from momentum-direct
excitations over the interlayer bandgap at the K and K 0 points of
the heterostructure. The low oscillator strength of these transi-
tions is in agreement with recent photocurrent measurements
in MoSe2/WSe2 p–n junctions, which suggested that the oscilla-
tor strength of the intralayer excitons is 200 times larger than that
of the interlayer excitons.[75] On the other hand, Torun et al.
recently pointed out that the high exciton lifetime due to the spa-
tial separation of the electron–hole pair, in complete agreement
with experimental investigation of the interlayer peak,[57] is much
larger than the exciton thermalization time. The high interlayer
peak intensity in PL spectra can, hence, be understood from a
Boltzmann-type thermal occupation of excitonic states, which
compensates for the low oscillator strength of the interlayer exci-
tons due to the energy separation to the intralayer excitonic states.

Due to depolarization effects in out-of-plane direction, only
light with parallel polarization to the materials surface should
appreciably couple to excitons in 2D materials.[55] This is indeed
the case for the AA and AA 0 stacking orders, where either the X0

or the Y0 transitions are “bright” for parallel light polarization,

but dark for “perpendicular” light polarization that is parallel to
the surface normal vector (see Supporting Information of the
previous study[54] for a comparison). On the other hand, neither
X0 nor Y0 shows any appreciable oscillator strength for AB stack-
ing.[54] A detailed analysis revealed that this behavior can be
traced back to variations in the optical selection rules for AB
stacking compared with AA or AA 0 stacking. The oscillator
strength of the interlayer excitons largely arises from transitions
between small contributions of MoSe2 d states mixed into the
valence band maximum at the K point into the MoSe2-dominated
conduction band. For AB stacking, these small contributions
come from Mo dz states, which causes the interlayer transitions
to be optically active for perpendicular polarized light, albeit with
a much smaller optical oscillator strength than for AA or AA
stacking. These results suggest that the stacking order can have
a marked effect on the coupling of interlayer excitons to polarized
light. As we show in the following, the small oscillator strength
also has strong implications for the radiative lifetime of interlayer
excitons for AB-stacked MoSe2/WSe2 heterostructures.

Starting from Fermi’s Golden rule, an expression for the com-
putation of radiative lifetimes of excitonic states in 2D materials
from the excitonic oscillator strengths can be derived.[55,76]

Following this approach, the radiative recombination rate of the
excitonic state swith a small center-of-massmomentumQ emitting
light polarized parallel to the 2D material plane is given by

γks ðQÞ ¼ γs ⋅

0
B@

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�

�
ℏc2Q
EsðQÞ

�
2

s
þ 1
2

�
ℏcðQx�QyÞ

EsðQÞ
�
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�

�
ℏc2Q
EsðQÞ

�
2

r
1
CA (1)

with a zero-momentum lifetime

Figure 7. Simulated absorption spectrum of a MoSe2/WSe2 heterostructure with AA 0 stacking order. Green lines indicate the individual transitions that
give rise to the spectrum. Density plots show the electron (red density) and hole (blue density) contributions to the wave functions of three selected inter-
and intra-layer excitons. The hole (electron) was fixed near a Mo or W site in the middle of a supercell of 21� 21 unit cells for the plot of the electronic
(hole) part. Adapted with permission.[54] Copyright 2018, American Physical Society.
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τ
�
sð0Þ ¼ γ�1

s ¼ ϵ0Aucℏ2c
e2Esð0Þμ2s,k

(2)

Thermal averaging of the radiative transition rate γks ðQÞ and
inversion gives the averaged lifetime of exciton state s for tem-
perature T[55]

�
τks
� � 3

4
τ
�
sð0Þ

2Msc2

E2
s ð0Þ

kBT (3)

These expressions assume a quadratic exciton dispersion,
EsðQÞ ¼ Esð0Þ þ ℏ2Q2

2Ms
. The necessary ingredients, the zero-

momentum exciton binding energies Esð0Þ, the effective exciton
mass Ms ¼ m�,s

e þm�,s
h , and the transition dipole μ2s,k ¼

ℏ2

Nk
j�ψ0jrkjψ s

�j2 can be directly obtained from the GW band struc-
tures and solution of the BSE. Nk is the total number of k points
in the grid used for the solution of the BSE. For AB stacking,
Equation (3) is not applicable, as the recombination of interlayer
excitons should not couple to parallel polarized light. We, hence,
followed the approach used by Palummo et al.[55] to arrive at the
following expressions of the momentum-dependent recombina-
tion rate and the thermally averaged lifetime for perpendicular
polarized light

γ⊥s ðQÞ ¼ Esð0Þ
2ℏc

τ
��1
s ð0Þ ⋅ Q2

Q3
0

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� Q2

Q2
0

q
�
τ⊥s
� � 3

2
τ
�
sð0Þ

2Msc2

E2
s ð0Þ

kBT

(4)

Table 1 shows the calculated lifetimes for MoSe2/WSe2 heter-
ostructures with three different stacking orders. The effective
masses of the valence and conduction bands at K are only weakly
dependent on the stacking order and do not significantly affect

the predicted lifetimes. For the intralayer excitons, the calculated
optical oscillator strength decreases along the sequence
AA 0!AA!AB, which, according to Equation (3) and (4), causes
a corresponding increase of the predicted radiative lifetimes. As
expected from experimental data,[36,43,77–79] the lifetimes of the
interlayer excitons are predicted to be in the nanosecond range
even for very low temperatures and, thus, significantly larger
than those of the intralayer excitons. The stacking order has a
marked effect on the predicted radiative lifetimes. For AA 0 stack-
ing, our calculated zero-momentum lifetime τ

�
s(0) is approxi-

mately half the value reported recently from simulations using
a combined Dirac–Bloch and gap equations approach[80] and sub-
stantially larger (by a factor of 3) than those reported for a bilayer
MoSe2/WSe2 heterostructure by Palummo et al.[55] In the AA-
stacked heterostructure, the lifetime of the bright X0 transition
is more than twice as long as that of the Y0 transition for AA 0

stacking. These differences might be related to different absolute
magnitudes of the optical oscillator strengths. Due to the low
oscillator strength even for perpendicular polarized light, we pre-
dict the zero-momentum interlayer excitons for AB stacking to be
extremely long-lived in terms of radiative decay time, on the
order of microseconds; correspondingly, we expect nonradiative
decay channels to be prevalent for interlayer excitons in
AB-stacked MoSe2/WSe2 heterostructures.

2.4. Momentum-Indirect Interlayer Excitons in TMDC
Heterostructures

We will now turn toward the possible contribution of excitons
with nonvanishing center-of-mass momentum, for example,
transitions related to the fundamental indirect bandgap of
TMDC heterostructures, to the “interlayer” peaks observed in
PL experiments. Such an indirect transition has been proposed
recently to be the origin of the prominent peak at 1.6 eV observed
for lattice-incommensurate MoS2/WSe2 heterostructures, in this
case, between the valence band maximum at the Γ point of the
heterostructure and the local minimum related to the K point of
the MoS2 sublayer.

[34] An additional feature, which we attributed
to the (momentum-indirect) K WSe2 ! K MoS2 transition, was
observed at an energy of about 1 eV, in excellent agreement with
theoretical simulations of the expected peak position.[35]

A simple and computationally efficient way to estimate the
binding energies of excitons with nonzero center-of-mass
momentum was proposed recently by Kunstmann et al., who
used a four-band tight binding model together with input from
DFT calculations to compare the predicted exciton peak positions
in MoS2/WSe2 heterostructures with PL measurements.[34] The
resulting estimated binding energies of the “momentum-direct”
K ! K exciton and the three “momentum-indirect” K ! Q ,
Γ ! Q , and Γ ! K excitons, as well as the predicted peak posi-
tions, are given in Table 2 for a MoSe2/WSe2 heterostructure
with AA 0 stacking order (refer to Section 2, Supporting
Information, for the input parameters to the tight-binding model
extracted from our GW calculations). The model appears to give
an estimate of the exciton binding energy of the K ! K exciton
that is in very good agreement with the BSE results, albeit at
much lower computational cost. On the other hand, the model
suggests that all three considered “momentum-indirect” excitons

Table 1. Averaged radiative lifetimes of inter- and intralayer excitons in
MoSe2/WSe2 heterostructures with different stacking orders for a
temperature of 4 K (

�
τ
�
) calculated using Equation (3) and (4) and the

excitonic energies and wave functions from our BSE simulations.
ILX indicates the lowest-energy “bright” interlayer exciton (X0) for AA
and AB stacking; for AA 0 stacking, lifetimes for both the dark X0 and
the bright Y0 are given. All interlayer exciton lifetimes correspond to
emission with light polarization parallel to the plane (

�
τks
�
), except for

AB stacking, where emission of out-of-plane polarized light is
predominant (

�
τ⊥s
�
).

Exciton Lifetimes Stacking order

AA AA 0 AB

ILX τ
�
s(0) 65.1 ps 0.34 ns (X0) 737.6 ps (X0)

31.6 ps (Y0)�
τks
�

10.5 ns 53.8 ns (X0) –

5.34 ns (Y0)�
τ⊥s
�

– – 213.2 ns (X0)

MoA τ
�
s(0) 0.34 ps 0.37 ps 0.41 ps�
τks
�

46.3 ps 50.6 ps 57.2 ps

WA τ
�
s(0) 0.30 ps 0.34 ps 0.35 ps�
τks
�

25.1 ps 29.5 ps 29.0 ps
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have binding energies similar to or larger than those of the intra-
layer excitons, which is expected to shift the K ! Q and Γ ! Q
peaks below the experimentally observed peak positions. The pre-
dicted peak position of the Γ ! K transition is in somewhat bet-
ter agreement. However, the different valence and conduction
band extrema enter the model purely through their effective
masses, band offsets, and interlayer coupling parameters.
Furthermore, the dielectric screening entering the model is
purely local and, thus, contains momentum-dependent screen-
ing effects only in an averaged way.

The Bethe–Salpeter equation should be a more accurate and
consistent approach, which also explicitly considers nonlocal
interaction effects. However, the typical implementations of
the BSE in solid-state codes are aimed at the simulation of optical
absorption spectra, and hence, only include contributions with
vanishing center-of-mass momentum (Q ¼ 0þ). We, hence,
extended the widely used YAMBO code[81] to solve the more gen-
eral Bethe–Salpeter equation[82]

ðϵc,kþQ � ϵv,kÞAS
vckQ þ

X
v
0
c
0
k0

�
vckþ QjKd þ Kxjv0c0k0�

¼ ES
QA

S
vckQ

(5)

for a finite exciton center-of-mass momentum Q. The band ener-
gies ϵnk are typically quasiparticle energies obtained from G0W0

calculations. The exchange kernel�
vckþQjKxjv0 c0k0� ¼X

G,G0
ρcvðkþQ,Q,GÞvQ�G

� ρ�cv’ðk0 þQ,Q,G
0 Þ

(6)

couples spin-conserving transitions, whereas the “direct” kernel

�
vckþQjKdjv0c0k0� ¼X

G,G0
ρcc0 ðkþQ, q,GÞWGG0 ðqÞ

� ρ�vv0 ðk, q,G
0 Þ

(7)

determines the formation of bound electron–hole pairs.
Here, v is the bare Coulomb interaction, WGG0 ðqÞ ¼
ϵ�1
GG0 ðqÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
vðqþGÞp ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

vðqþG0Þp
is the screened Coulomb interac-

tion, ρnn0 ðk, q,GÞ ¼
�
nkje�iG⋅rjn0

k� q
�
are form factors of the

underlying interband transitions, and q ¼ k� k0 is a transferred
momentum. The typical implementation of the BSE in most
solid-state physics codes is recovered by setting Q¼0.

To ensure meaningful quantitative results, we solved
Equation (5) using a grid of 36� 36� 1 k points, neglecting
effects from SOI. The obtained exciton binding energies are
reported in Table 2. In stark contrast to the model calculations,
the BSE predicts the binding energies of the excitons related to
indirect electronic transitions in the MoSe2/WSe2 heterostruc-
ture to have very similar magnitudes as those of the K ! K exci-
ton, in the range of 0.2–0.3 eV. We now find that a possible peak
from the Γ ! K transition should be expected close to the intra-
layer excitonic peaks, suggesting that Γ ! K indeed should not
contribute to the interlayer excitonic peak at lower energies. On
the other hand, the peak energies of both the Γ ! Q and K ! Q
excitons are predicted to be quite close to those of the K ! K
exciton. As both excitons involve the Q-point conduction band
minimum, inclusion of SOI should give rise to two peaks that
are split by an energy of about 35meV in both cases, in agree-
ment with the recently reported experimental observation of
momentum-indirect interlayer excitons.[47]

An advantage of the BSE is the access to the exciton wave func-
tions for each predicted excitonic state in the system, in addition
to the peak positions and exciton binding energies. Figure 8
shows the calculated electron and hole parts of the excitonic wave
functions of the three considered “indirect” excitons. Based on
the electronic band structures shown in Figure 6, one would
expect that interlayer excitons have a much weaker layer confine-
ment, and thus spatial separation, of the bound electrons and
holes if Γ or Q points are involved, due to the significant inter-
layer hybridization effects at these points in the Brillouin zone.
Our calculations suggest that this assumption is indeed true for
the hole part of the exciton wave function: For a hole located at
the K point of the Brillouin zone, the corresponding wave func-
tion is confined to the WSe2 layer, whereas for a hole located at
the Γ point, the corresponding wave function has a strong inter-
layer nature with approximately equal weight on the two layers.
This suggests that excitons involving Γ-point holes should exhibit
characteristically small exciton dipoles compared with the
“momentum-direct” K ! K or K ! K

0
excitons that exhibit a

distinct interlayer charge separation. For excitons involving
the Q-point conduction band valley, the electron part of the exci-
ton wave functions exhibits a small spilling of the electron into
the WSe2 layer, whereas the larger part of the wave function is
located in the MoSe2 layer. Based on an integration of the in-
plane averaged electron part of the exciton wave function along
the out-of-plane direction, we estimate this spillover to be about
30% of the electron wave function if SOI is neglected. This coin-
cides well with the relative contribution of electronic orbitals in
the WSe2 layers to the Q conduction band valley (29%, without

Table 2. Calculated binding energies and predicted peak positions of
various momentum-direct and momentum-indirect excitons in AA 0-
stacked MoSe2/WSe2 heterobilayers from use of a simple tight-binding
model[34] and explicit solution of the Bethe–Salpeter equation. For the
intralayer and momentum-direct interlayer excitons (Kv–Kc), the values
correspond to the lowest-energy optically active transitions; otherwise,
the lowest-energy exciton for a particular momentum transfer is listed.
The corresponding electronic bandgaps are the transition energies
without inclusion of electron–hole interaction effects and can be
directly derived from the calculated electronic band structures plotted
in Figure 6. All values are given in units of eV.

Intralayer
MoSe2

Intralayer
WSe2

Kv–Kc Kv–K
0 c Kv–Qc Γv–Qc Γv–Kc

Electronic
bandgap

1.98 1.97 1.71 1.69 1.51 1.69 1.87

Exciton binding
energy (model)

0.41 0.36 0.24 0.24 0.35 0.52 0.62

Exciton binding
energy (BSE)

0.31a) 0.28a) 0.25a) 0.23b) 0.22b) 0.29b) 0.25b)

Peak position
model

1.57 1.61 1.48 1.45 1.16 1.17 1.25

BSE 1.67 1.7 1.47 1.46 1.29 1.4 1.62

a)33� 33� 1 k-point grid without spin–orbit coupling; b)36� 36� 1 k-point grid
without spin-orbit coupling.
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SOI), which we estimated using the same method for the Kohn–
Sham orbital of the conduction band minimum obtained from
DFT. In general, the degree of charge separation for
momentum-indirect interlayer excitons should depend signifi-
cantly on the local stacking order: For an AA stacking order,
which we expect to constitute the lowest limit in terms of inter-
layer hybridization, the contribution of theWSe2 layer to the DFT
wave function of the Q valley conduction band minimum is
reduced to 16% (without SOI). We note that inclusion of SOI
further increases the WSe2 layer weight to the DFT orbitals to
29% for AA stacking and 40% for AA 0 stacking, respectively,
in good agreement with the composition shown in Figure 6.

Clearly, an additional distinguishing factor between the
“direct” K ! K and the “indirect” K ! Q and Γ ! Q excitons
should be their temperature dependence, as the momentum-
indirect excitons require the assistance of momentum sources
for their formation and radiative recombination. In typical
experiments, the excitation laser energy is too small for appreci-
able optical excitation at the Γ and Q points and instead optically
excites electrons at the K and K

0
points. To obtain some insight

into the scattering dynamics of optically excited electrons and the
relevant timescales, we used the Boltzmann transport equation
(BTE) as implemented in the PERTURBO code[83] to calculate the
time evolution of the conduction band occupations of an AA 0-
stacked MoSe2/WSe2 under the influence of electron–phonon

coupling.[84] Selected snapshots of the energy-resolved conduc-
tion band occupation for a temperature of T¼ 10 K are shown
in Figure 9. Our calculations suggest that, neglecting the
Coulomb interaction between electrons and holes, the electronic
charge is efficiently scattered away from the K/K

0
minima into

the conduction band valley around the Q point by phonons with
momenta slight smaller than KQ within several 100 fs. We find a
similar thermalization timescale if the initial charge is placed
into the higher energy conduction bands at the K/K 0 points that
are contributed by the WSe2 layer (see Section 4, Supporting
Information). Due to the similar exciton binding energies, it
would be a reasonable conclusion from these results that there
should be a significant population of the global conduction band
minimum at the Q point even at low temperatures and, thus, of
the lowest-energy excitons over the fundamental bandgap, com-
peting with radiative recombination ofQ � 0 excitons at the K/K

0

points of the heterostructure.
On the other hand, both recent magneto-optical experi-

ments[48–50] and theoretical studies[85] suggest that the shift of
interlayer exciton binding peak positions under external mag-
netic fields is a substantial factor for establishing the nature
of the contributions to the interlayer excitonic peaks. It was found
from magnetoluminescence measurements and similar techni-
ques that the interlayer excitons of MoSe2/WSe2 heterostruc-
tures exhibit g-factors that 1) substantially differ from the
g-factors of intralayer excitons in the monolayer TMDCmaterials
(usually jgj � 4) and 2) show a strong dependence on the stack-
ing order: While, for heterostructures in the R registry (e.g., the
AA and AB stacking orders in the convention used in this article),
g-factors between 4.2 and 8.5 were found,[48] the interlayer
exciton g-factors of heterostructures in the H registry are substan-
tially higher, 15–16 for the energetically lowest contribution.[49,50]

K-Q
Fixed hole

Fixed electron

Fixed hole

Fixed electron

Fixed hole

Fixed electron

Figure 8. Excitonic wave functions of various momentum-indirect excitons
in AA 0-stacked MoSe2/WSe2 heterostructures, divided into electron (red
density) and hole (blue density) contributions.
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Figure 9. Time evolution of the conduction band occupation of an AA 0-
stacked MoSe2/WSe2 heterostructure under the effect of electron–phonon
scattering after an initial placement of 0.1 electrons in the MoSe2-domi-
nated conduction band minimum at each of the K and K 0 points (Kc) and a
temperature of 10 K. The diagram shows the energy-resolved evolution at
selected points in time after the initial placement of the charge. Contour
plots of snapshots of the k-resolved sum of the band occupations over the
Brillouin zone can be found in Section 5, Supporting Information.
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Based on theoretical results from density functional theory cal-
culations, the interlayer excitons have, thus, been interpreted to
be zero-momentum singlet and triplet excitations at the K and K

0

points.
The g-factor of a band transition between a valence band state v

with crystal momentum k and a conduction band state c at k0 can
be calculated from the relation[86,87]

gbandvk,ck0 ¼ mz
ck0 �mz

vk (8)

with the band magnetic moments (in units of μB ) of valence and
conduction bands

mz
nk ¼ morb,z

nk þmspin,z
nk (9)

Here,mspin,z
nk is the expectation value of spin momentum oper-

ator in out-of-plane directionmspin,z
nk ¼ � ege

2meμB

�
ΨnkjŜzjΨnk

�
, with

spinor wave functions Ψnk.morb
nk is the corresponding orbital con-

tribution to the magnetic moment and for a magnetic field in the
z-direction is given by the relation[88]

morb,z
nk ¼ � i

meμB

X
j 6¼n

 �
Ψnkjπ̂xjΨjk

��
Ψjkjπ̂yjΨnk

�
Ejk � Enk

�
�
Ψnkjπ̂yjΨjk

��
Ψjkjπ̂xjΨnk

�
Ejk � Enk

! (10)

where π is given by the momentum operator plus possible con-
tributions from spin–orbit coupling.[85] Both morb

nk and mspin
nk can

be extracted in a straightforward way from density functional the-
ory calculations.

Within the typically implemented excitonic Bethe–Salpeter
equation formalism, the exciton is described by a weighted

superposition of different interband transitions. With this, one
can define an effective g-factor for an excitonic state S with
center-of-mass momentum Q by

gexcS,Q ¼ 2
X
v, c, k

AS,Q
vck g

bands
vk,ckþQ (11)

where the excitonic wave function Avk,ck
0 describes the weight of

each transition contributing to the exciton. Depending on the
exciton in question, the mixing of different transitions in the
BSE approach might, thus, lead to somewhat different gexc com-
pared with gband for a given excitonic transition. For instance,
Deilmann et al. reported recently[86] that even for the A excitons
of monolayer TMDCs, which are very localized in reciprocal
space and consist to more than 95% of a v ! c transition at
the K/K 0 points, the additional small contributions can lower
gexcA compared with gbandcvK by about 30%.

Table 3 shows the calculated effective exciton g-factors gexc and
band approximations gband for selected momentum-direct and -
indirect excitons of an AA 0-stacked MoSe2/WSe2 heterostruc-
ture.[89] Plots of the underlying magnetic moments of valence
and conduction bands and of the spin contribution for AA
and AA 0 stackings are shown in Figure 10. Our calculated values
for gband are in reasonable agreement with previous theoretical
studies and the experimental data and support the assignment
of the interlayer excitons to a pair of momentum-direct singlet
and triplet excitations at the K and K

0
points. While the g-factors

of the energetically lowest K ! Q transitions show a certain
dependence on the stacking order, this dependence appears to
originate in changes in interband hybridization at the Q point.
The induced variation of the g-factors and energetic order of
the exciton with the higher and the exciton with the lower g-factor
are not consistent with the available experimental data. A similar

Table 3. Calculated g-factor for selected momentum-direct and -indirect excitons. gexc and gband are the effective exciton g-factor as calculated from the
excitonic wave functions and the g-factors in the two-bands approximation, respectively. Upper indices indicate the method used to calculate the
interband transition energies entering Section 2.4. All values are in units of μB.

Kv ! Kc Kv ! Kcþ1 Kv ! K
0 c Kv ! Qc Kv ! Qcþ1 Γv ! Kc Γv ! Qc

AA gDFTband �5.95 ("") �10.45 ("#) �16.88 ("#) �8.41 ("") �12.16 ("#) 7.14 (� ") 4.68 (� ")
gDFTexc �5.89 �10.38 �16.80

gGWexc �5.00 �9.27 �13.88

Exp �8.5a)� 5.5� 0.8b)

AA 0 gDFTband �16.48 ("#) �12.01 ("") �5.65 ("") �9.15 ("") �12.98 ("#) �6.94 (� ") 0.4 (� ")
gDFTexc �16.47c) �12.01c) �5.65c) �9.14c) �12.82c) �5.34c) �3.76c)

�16.34 �11.87 5.55

gGWexc �13.67c) �9.41c) �4.83c) �7.39c) �11.00c) �4.35c) �3.45c)

�13.58 �9.31 4.75

Exp 15.2d), �16e) 10.7d)

AB gDFTband �5.91 ("") �10.43 ("#) �16.88 ("#) �8.11 ("") �11.76 ("#) 6.10 (� ") 3.90 (� ")
gDFTexc �5.81 �10.30 �16.74

gGWexc �4.96 �9.23 �13.88

Exp 7.1f )

a)Ref. [48]; b)Ref. [49]; c)12� 12� 1 k-point grid; d)Ref. [49], signs of g-factor not reported; e)Ref. [50]; f )Ref. [48].
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conclusion can be reached for the other momentum indirect
excitons.

As expected from the previous reported results for the exci-
tonic g-factors of the monolayer materials,[86] the inclusion of
excitonic effects modifies the calculated effective g-factors of
the MoSe2/WSe2 heterostructure. For the K ! K transitions
and using the DFT band energies for the calculation of morb,
the calculated gexc values are about 1% smaller than the corre-
sponding gband values, which validates the band approximation
for description of the momentum-direct K interlayer excitons.
We note that when using a coarser 12� 12 k-point grid for
the solution of the BSE, the difference to gband is even smaller,
due to the larger weight put on contributions at the K and K

0

points in this case. The contributions to the indirect excitons
are less localized in reciprocal space compared with the
momentum-direct interlayer excitons, and the differences
between gexc and gband are larger in this case. A further change
appears if we use GW band energies for the calculation of morb:
due to the larger energy differences, the calculated g-factors are
substantially smaller than those calculated from DFT-level band
energies. This somewhat decreases the agreement between the
experimental data and the predicted g-factors for the K ! K exci-
tons. The discrepancy might arise from the neglect of substrate
and environmental effects in the simulations, affecting both the
electronic band energies in the material and somewhat delocal-
izing the excitonic wave functions due to screening effects com-
pared with the “freestanding” material in vacuum. Another

possible source of discrepancy is the use of DFT spinors for
the calculation of the orbital magnetic moments, which is not
fully consistent with the use of G0WW0 transition energies.

As an alternative to the interpretation of the doublet structure
of the interlayer PL peak as a pair of charge-neutral excitons,
Calman et al.[40] have recently suggested a pair of spatially indi-
rect neutral exciton and spatially indirect negatively charged trion
as the origin. A formalism for the estimation of the effective g-
factor of trions was proposed and used by Lyons et al. for the
interpretation of the trion valley Zeeman splitting in monolayer
WSe2.

[90] For a specific negatively charged trion configuration
defined by the valley indices τ (þ1 for the K-point valleys, �1
for the K 0-point valleys), the Zeeman splitting can be expressed
through the relation

ΔE ¼ gTμBBz ¼
1
2
ðτexcgexc � τcge � 2g lÞμBBz (12)

where gT is the trion effective g-factor due to valley- and spin-
induced magnetic momenta, and gexc and ge ¼ 2mz

c are the exci-
ton effective g-factor of the recombining electron–hole pair and
the g-factor of an excess electron in a specific MoSe2-dominated
conduction band valley, respectively. The effect of the recoil of
the excess electron after recombination of the electron–hole pair
on the Zeeman splitting is included through a Landau-level-
associated g-factor g l ¼ 2m�

X=ðm�
cm�

TÞ. Here, m�
e is the effective

mass of the excess electron, m�
X ¼ m�

v þm�
c is the exciton effec-

tive mass, and m�
T ¼ m�

X þme is the trion effective mass. We
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Figure 10. Left side: Calculated bandmagnetic moments (in units of μB ) of valence and conduction bands of MoSe2/WSe2 with a) AA and b) AA 0 stacking
order. Right side: Spin contributions to the band magnetic moments.
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derived the effective masses of the valence band maximum and
the spin–orbit split conduction band valley from our calculated
DFT band structures (see Section 2, Supporting Information).
This results in g l in the range of 1.8–2.2 for all considered trion
configurations, very similar to the experimentally deducted value
in monolayer WSe2.

[90]

Based on Equation (12), we calculated the trion effective
g-factors gT for the three trion configurations shown in
Figure 10 for the case of an AA 0-stacked heterostructure. All three
considered interlayer trion configurations consist of the bright
neutral interlayer exciton Y0 and an excess electron in different
conduction band valleys and have been predicted to occur in the
optical absorption spectra of vertically stacked MoS2/WS2.

[58] The
trion binding energies of 25–28meV relative to the neutral
interlayer exciton obtained in the previous studies[58] for the
MoS2/WS2 heterostructure are similar to the trion binding ener-
gies predicted for TMDC monolayers.[91] Under the assumption
of a similar binding energy in MoSe2/WSe2 heterostructures, all
three trion configurations would give rise to absorption/emission
peaks close to the “darkish” X0 interlayer exciton. Our results sug-
gest that the three configurations should exhibit characteristic
g-factors in the range of 5–11, distinctively different from the
g-factor of 16.5 predicted for the X0 interlayer exciton.

Finally, we note that, in principle, the exchange interaction
between the three bound particles in the spin-triplet trion config-
uration shown in Figure 11b should give rise to an exchange-
induced Berry curvature Ωex,

[90,92] inducing an additional
magnetic momentum and a g-factor contribution
gBP ¼ m0

2ℏ2 δexchΩexðk ¼ KÞ[90] (δex is the exchange splitting and
m0 is the free electron rest mass). For monolayer WSe2, this g-fac-
tor contribution has been estimated to be about gBP ¼ 4, i.e.,
rather sizeable.[90,92] However, due to the significant charge sepa-
ration of electrons and holes in the case of the K ! K interlayer
excitons and the associated trions, and thus the marginal spatial
overlap between the electron and hole wave functions (about 1/
1000th of the spatial overlap of the electron and hole wave functions
of the MoA and WA intralayer excitons), we estimate the g-factor
contribution induced by electron–hole exchange to be negligibly
small compared with the situation in the monolayer materials.

2.5. C-Type Excitons in AA 0-Stacked MoSe2/WSe2
Heterostructures

In this section, we will go beyond the excitons around the absorp-
tion onset and consider the composition of the optical absorption

at slightly larger energies. As shown in Section 2.2, the absorp-
tion spectra of monolayer molybdenum- and tungsten-based
TMDCs feature strongly bound “C” excitons, which arise from
a high joint-density-of-states between valence and conduction
bands. The fulfillment of these band nesting conditions depends
on details in the electronic structure. At the same time, the elec-
tronic contribution to the wave function of the monolayer C exci-
tons features a noticeable component that points in out-of-plane
direction, which we found gave rise to a significant spatial inter-
layer delocalization of the excitonic wave functions for TMDC
homobi- and trilayers. An interesting question is then how
the tightly bound C excitons are affected by the formation of a
heterostructure.

The calculated optical spectrum of an AA 0-stacked
MoSe2/WSe2 heterostructure shows a number of peaks with
higher oscillator strength in the energy range of 2.0–2.5 eV,
where the C excitons of monolayer MoSe2 and WSe2 are located.
In the following, we will focus on four of these bright transitions,
as labeled in Figure 12. These states have in common that their
k-resolved excitonic wave functions, i.e., the location of the band
transitions contributing to the excitonic state in the Brillouin
zone of the material, are very similar to those of the C excitons
in monolayer MoSe2 and WSe2. Figure 13 shows the calculated
k-resolved exciton wave functions. In all four cases, the strongest
contributions come from the direct vicinities of the K and K 0

points, with additional contributions from a “special” point on
the Q � K=K

0
lines. As for the monolayer materials, the location

of this special point is given by a band nesting between valence
and conduction bands, which appears to be present in the
slightly modified electronic band structure of the heterostructure
as well. This suggests that all four selected absorption peaks are
“C-like”.

As the plots of the real-space excitonic wave functions in
Figure 14 show, we can divide the four selected transitions into
two groups: Two transitions at lower energies, Cinter

1 and Cinter
2 ,

show a distinct interlayer nature. Cinter
1 arises from transitions

from the WSe2-dominated valence band into the MoSe2-
dominated lowest conduction band, which, interestingly, suggests
that the slope of these two bands is sufficiently similar to establish
an effective band nesting condition even between bands contrib-
uted by different materials. The corresponding excitonic wave
function shows a clear confinement of the hole part to the
WSe2 layer, whereas the electron part is mostly located in the
MoSe2 layer, but spills over into neighboring WSe2 layer, similar
to the exciton wave function in MoSe2 homobilayers. The

K K‘ K K‘K K‘
Configuration 1

gT=-8.27 gT=-10.9 gT=-5.46

Configuration 2 Configuration 3

Figure 11. Electron and hole configurations of three selected negatively charged trions associated with the “bright” interlayer exciton Y0 in an AA 0-stacked
MoSe2/WSe2 heterostructure. In all cases, a radiatively combining electron–hole pair is located at the K point of the hexagonal Brillouin zone with the
excess charge located either in the K or K 0 valleys. The calculated effective g-factor gT is given for each configuration.
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electronic part of the exciton wave function shows a bright and
localized “core” with some additional density tail from band-like
states of similar energy that are mixed into the exciton wave func-
tion. This localization is also mirrored in the exciton binding
energy: based on the energy difference between the highest
valence and the lowest conduction band at the special point, which
our calculations indicate to have the largest contribution to the exci-
ton, we estimate the exciton binding energy to be about 453meV.

The situation is somewhat reversed for Cinter
2 : here, the largest

contributions come from transitions at the K and K 0 points and

their immediate vicinity, between the second and third highest
valence bands (of purely MoSe2 or WSe2 nature) into the third
lowest conduction band, which is contributed by the WSe2 layer;
see the electronic band structure shown in Figure 6. Smaller con-
tributions come from transitions at the band nesting point,
between the valence band top and the hybridized second lowest
conduction band. Consequently, it is the hole part of the excitonic
wave function that shows a distinct interlayer delocalization in
this case, with the larger share of the hole being located in
the MoSe2 layer, whereas the electronic part is well localized
in the WSe2 and only shows a minor spilling into the neighbor-
ing material. Within the layer, the electron appears to be well
localized, with an exciton radius of about 35 Å. Based on the
energy difference between the initial and final states at the K
point and the exciton peak position, we estimate the exciton bind-
ing energy to be 448meV. We can, thus, understand Cinter

1 and
Cinter
2 as “interlayer C excitons,” with a noticeable interlayer sep-

aration of bound electrons and holes.
In contrast to the previous two states, the second group of tran-

sitions can be more or less clearly be attributed to arise from indi-
vidual layer and, thus, have a noticeable intralayer nature. Cintra

1
consists of a mix of almost degenerate MoSe2 ! WSe2 transi-
tions close to the K and K

0
points and additionalC-like transitions

away from K. Despite this, we find that the exciton wave function
has a significant intralayer nature centered on the MoSe2 layer,
and the electron part is quite localized. In terms of both spatial
distribution and contributions in reciprocal space, Cintra

1 appears
to be analogous to the C excitons in mono- and bilayer MoSe2.
From a weighted average of the energies of the transitions con-
tributing to the exciton wave functions, the binding energy is cal-
culated to be 400meV. The Cintra

2 transition, on the other hand,

1.0 1.5 2.0 2.5
0

2

4

6

8

10

C2
intra

C1
intra

MoSe2-WSe2 (AA') Eg
MoSe

2
-WSe

2

Photon energy (eV)

C1
inter

C2
inter

Figure 12. Calculated absorption spectrum of an AA 0-stacked
MoSe2/WSe2 heterostructure. The labels indicate the positions of the four
selected C-type excitons discussed in the main text.

C
1

inter
K'

K

Γ
C

2

inter

C
1

intra
C

2

intra

Figure 13. k-resolved representation of the excitonic wave functions of four selected C-type excitons in AA-stacked MoSe2/WSe2 heterostructures.
Brighter colors indicate a larger contribution of direct band transitions at a given point in the Brillouin zone to the excitonic state.
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mainly consists of intralayer transitions within the WSe2 layer
and, thus, has some resemblance to the C excitons of WSe2.
Quite surprisingly, while the electron and hole parts of the exci-
ton wave function appear to be quite delocalized, we calculate a
rather high exciton binding energy of 414meV from the
difference of the peak energy to a weighted average of the ener-
gies of the constituting band transitions. It is, thus, possible that
the calculated Cintra

2 peak, in fact, consists of an exciton mixed
with band transitions of similar energy, which gives rise to an
extended wave function. A more detailed decomposition would
be necessary to draw further conclusions on the nature of the
Cintra
2 peak.

3. Conclusion

We have expanded, on our previous study, on the excitonic spec-
tra of vertically stacked MoSe2/WSe2 heterostructures. The pre-
viously reported significantly stacking-dependent optical
oscillator strengths of the lowest energy interlayer excitons lead
to a wide range of radiative lifetimes. In particular, deriving an
equation for excitons emitting out-of-plane polarized light, we
were able to quantify the radiative lifetime of the “brightish”
interlayer excitons in AB-stacked heterostructures to 200 ns (at
T¼ 4 K), significantly larger than the lifetimes obtained for

the investigated AA and AA 0 stacking orders. We expect these
results to be transferable to other stacking orders as well.

By virtue of implementation and solution of the finite-
momentum Bethe–Salpeter equation, we further studied the
binding energies and wave functions of relevant momentum
indirect excitons between the valence and conduction band val-
leys. Here, we showed from ab initio that the momentum-indi-
rect excitons over the fundamental bandgap (K ! Q) should be
the lowest-energy excitons for ideally stacked MoSe2/WSe2 het-
erostructures, about 0.15 eV below the momentum-direct K ! K
excitations with a significant decrease of spatial charge separa-
tion due to interlayer hybridization effects. Experimental obser-
vation of such momentum-indirect interlayer excitons has been
reported recently by Hanbicki et al.[47] Simulations of the carrier
dynamics of free electrons suggest that the global conduction
band minimum should be quickly populated after optical excita-
tion in resonance with the intralayer “A” excitons. Despite these
results, our calculations of the effective exciton Landé g-factors
confirm previous reports that the experimentally observed
interlayer exciton magnetoluminescence in bilayer MoSe2/WSe2
heterostructures probably stems from (quasi-)momentum direct
K ! K interlayer excitons. In particular, compared with the
TMDC homobilayers and the related MoS2/WS2 heterostruc-
tures, this raises the question why the K ! Q excitons do not
appear to be commonly observed in PL measurements of

Figure 14. Plots of the electron (red) and hole (blue) parts of the excitonic wave functions of four C-like excitons in an AA 0-stacked MoSe2/WSe2 hetero-
structure. Top parts of the subfigures show projections of the wave function onto the x–y plane, and bottom parts show projections onto the x–z plane.
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MoSe2/WSe2 bilayer heterostructures. Future theoretical and
experimental work might shed further light on, e.g., the influ-
ence of the moiré potential on the interlayer excitonic and trionic
spectra.

Analyzing the calculated absorption spectra, we further reveal
the existence of higher energy interlayer excitons with a larger
delocalization in reciprocal space and high binding energy,
which can be interpreted as interlayer analog to the prominent
C excitons in TMDCs mono- and few-layer materials.
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[99] A. Molina-Sánchez, M. Palummo, A. Marini, L. Wirtz, Phys. Rev. B
2016, 93, 155435.
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