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We study experimentally and theoretically the hybridization among intralayer and interlayer moiré
excitons in a MoSe2=WS2 heterostructure with antiparallel alignment. Using a dual-gate device and
cryogenic white light reflectance and narrow-band laser modulation spectroscopy, we subject the moiré
excitons in the MoSe2=WS2 heterostack to a perpendicular electric field, monitor the field-induced
dispersion and hybridization of intralayer and interlayer moiré exciton states, and induce a crossover from
type I to type II band alignment. Moreover, we employ perpendicular magnetic fields to map out the
dependence of the corresponding exciton Landé g factors on the electric field. Finally, we develop an
effective theoretical model combining resonant and nonresonant contributions to moiré potentials to
explain the observed phenomenology, and highlight the relevance of interlayer coupling for structures with
close energetic band alignment as in MoSe2=WS2.
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Two-dimensional transition metal dichalcogenides
(TMDs) [1–3] and vertically stacked van der Waals
heterostructures [4] have emerged as increasingly signifi-
cant materials for condensed matter research. Stacking
two atomically thin layers with small lattice mismatch or
rotational misalignment generally results in a new, long-
range moiré superlattice that introduces a periodic potential
for charge carriers and provides a scaffold for ordered
electronic states [5–7]. The periodicity of the moiré
potential depends sensitively on the rotation angle between
the layers [8], providing means to engineer the physical
properties of van der Waals structures and to favor the
formation of correlated many-body states [9].
In their monolayer limit TMDs host tightly bound

excitons with large binding energy and strong light-matter
interaction [1]. In twisted or lattice-incommensurate TMD
heterobilayers, the presence of a moiré potential leads to the
emergence of distinct moiré excitons that can be used to
study electronic states optically [10,11], including signa-
tures of Hubbard model physics and correlation-induced
magnetism [12,13], Wigner crystallization of charge car-
riers [14,15] or correlated Mott-insulator states [14,16–21].

The MoSe2=WS2 heterostructure, which has previously
been shown to host correlated electronic states [22,23],
deserves particular analysis. Unlike in WS2=WSe2 or
MoSe2=WSe2, which have conduction band (CB) and
valence band (VB) offsets of a few hundreds of meV,
first-principle calculations have shown that the CBs of
MoSe2 and WS2 are much closer [24]. However, their
precise energetic ordering, and hence the nature of the
lowest energy moiré excitons in MoSe2=WS2, remain a
matter of continuing debate, with reported CB offset
values between −20 [25] and þ100 meV [23]. Moreover,
early studies mostly focused on a parallel (R-type) stack-
ing configuration with opposite spins in the lowest con-
duction sub-bands. In this Letter, by using complementary
experimental and theoretical techniques, we present a
comprehensive study of antiparallel (H-type) MoSe2=WS2
that unveils an intricate interplay of both intra- and
interlayer moiré excitons and allows one to unambi-
guously determine the nature of the observed optical
resonances.
To control the resonance energy of interlayer excitons we

fabricated a dual-gate field-effect device with the sche-
matics shown in Fig. 1(a), consisting of a MoSe2=WS2
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heterobilayer encapsulated by symmetric hexagonal boron
nitride (hBN) spacers of 55 nm each with few-layer
graphite electrodes (G) as the top and bottom gates.
Applying opposite gate voltages VB and VT ¼ −VB sub-
jects the device to a perpendicular electric field propor-
tional to ΔVTB ¼ VB − VT. By using crystals synthesized
with chemical vapor deposition [26], we controlled the
orientation of the monolayers by optically aligning the
edges of the flakes and fabricated a sample with a 179� 1°
angle [27]. In this case, the K valley of MoSe2 is aligned
with the K0 valley of WS2. In Fig. 1(c) we show the spin

configuration of the lowest-energy CBs and the highest-
energy VBs for the respective valleys of the two layers.
We performed cryogenic white-light differential reflec-

tance (DR) measurements and computed the imaginary
part of the dielectric susceptibility χ00 proportional to
absorption [27]. In Fig. 1(b), we show the spectrum at
charge neutrality with three moiré exciton peaks M1, M2,
andM3. The peakM1 at 1.60 eV is approximately 30 meV
below the monolayer MoSe2 A exciton at 1.63 eV and has
the largest oscillator strength. The peaks M2 and M3 have
decreasing oscillator strengths and lie 38 and 65 meV
above M1, respectively. M1 is the exciton ground state of
the system with bright photoluminescence, whereas the
higher states are quenched by rapid population relaxation.
The peaks M1 andM2 are present in both H- and R-type

stackings and have been reported in previous works on
MoSe2=WS2 [23,25,32,33]. In early studies [25,32,34],
they have been interpreted as hybridized intra- and inter-
layer excitons and successfully modeled via interlayer tun-
neling [34,35]. However, recent experiments on the exciton
dispersion in perpendicular electric fields observed vanishing
out-of-plane dipoles for both M1 and M2, suggesting that
they are of pure intralayer character [23,33].While this allows
one to describe the lowest-energy excitons in terms of a
continuum model similarly to WS2=WSe2 [36–40], the role
of interlayer hybridization remains an open question that we
address in this Letter. Therefore, to describe the complexity of
both intra- and interlayer excitons in MoSe2=WS2 simulta-
neously, we first proceed by developing an effective con-
tinuum model and subsequently demonstrate its validity by
comparison with experimental observations.
We start by developing a phenomenological model

combining an intralayer moiré potential with near-resonant
interlayer hybridization. The large VB offset between
MoSe2 and WS2 [24] simplifies the analysis of the low-
est-energy spin-bright excitons, and it is sufficient to
consider only intralayer excitons (X) of MoSe2 and
interlayer excitons (IX) consisting of a hole in MoSe2
and an electron in WS2 [cf. Fig. 1(c)]. The twist angle
θ ≈ 179° and the lattice constant mismatch between the two
layers result in a small valley mismatch, which we denote
by ΔK ¼ K0

WS2
−KMoSe2. The long-range periodicity of

the moiré lattice is reflected by the formation of a mini
Brillouin zone (mBZ) [8] with the moiré reciprocal lattice
vectors gðn;mÞ ¼ nb1 þmb2 shown in Fig. 1(d). Here, n
and m are integers, bj ¼ ðCj−3

6 − Cjþ1
6 ÞΔK are the first-

shell reciprocal lattice vectors, j ¼ 1; 2;…; 6, and Cμ
ν

represents rotation by 2πμ=ν [Fig. 1(d)]. We define the
angle-dependent mBZ as in Fig. 1(d) with the center γ
matching the K valley of MoSe2 (KMoSe2), and the point κ
at the K0 valley of WS2 (K0

WS2
).

To define the general moiré Hamiltonian, we introduce
two moiré potentials [36–38] for X and IX excitons:
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FIG. 1. (a) Schematics of the MoSe2=WS2 heterostructure in a
field-effect device, with top and bottom gate voltages VT and VB

and a small ac-voltage Vac for narrow-band laser modulation
spectroscopy. (b) Top panel: moiré exciton peaks M1, M2, and
M3 in experimental χ00 as obtained from white light reflection
spectra (black) shown together with the theoretical fit (orange).
Bottom panel: the photoluminescence spectrum is dominated by
the lowest-energy state M1 due to fast population relaxation.
(c) Band structure of antiparallel MoSe2=WS2 with spin-polar-
ized sub-bands indicated by solid and dashed lines, as well as
intra- and interlayer excitons. (d) Mini Brillouin zones with moiré
reciprocal vectors bj (red arrows) and interlayer coupling (violet
arrows). The red and blue points represent intra- and interlayer
states considered in the model.
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VðrÞ ¼
X6

j¼1

Vj exp ðibjrÞ;

WðrÞ ¼
X6

j¼1

Wj exp ðibjrÞ:

These are the lowest-order harmonic expansions of the
moiré potential that, due to the 120° rotational symmetry,
present the usual symmetry relations V1 ¼ V3 ¼ V5 ≡ V
and V2 ¼ V4 ¼ V6 ≡ V� (and analogously for W).
Restricting ourselves to the low-energy physics of
moiré excitons, we assume parabolic dispersions, EðkÞ ¼
EX þ ℏ2jkj2=ð2MXÞ and Eðk0Þ ¼ EIX þ ℏ2jk0j2=ð2MIXÞ.
Here, k and k0 are the center-of-mass wave vectors of X
and IX excitons measured from γ and κ, respectively, MX

and MIX are their effective masses, and EX and
EIX are band gaps averaged over the moiré supercell,
resulting in

hkþ g0jHXjkþ giX ¼ δg;g0EðkÞ þ
X6

j¼1

Vjδg−g0;bj
;

hk0 þ g0jHIXjk0 þ giIX ¼ δg;g0Eðk0Þ þ
X6

j¼1

Wjδg−g0;bj
:

Notably, V and W do not include resonant interaction
terms between X and IX excitons yet, which we introduce
explicitly [34] by defining the Hamiltonian as

H ¼
�
HX T

T� HIX

�
;

where the tunneling is described by interlayer hopping
elements

hIX;k0 þ g0jTjX;kþ gi ¼
X2

η¼0

tδkþg−k0−g0;Cη
3
ΔK;

with the hopping parameter t. We follow the approxi-
mation introduced in Refs. [34,35] and assume the
same term t in all mBZs, mediating the hybridization
of MoSe2 excitons X with the closest three IX states in
the reciprocal space denoted by the violet arrows in
Fig. 1(d).
Finally, we restrict the number of vectors g considered in

the Hamiltonian and keep only the lowest seven X bands
and six IX bands arising from band folding of mBZs as
specified by the red and blue dots in Fig. 1(d), respectively.
Furthermore, we assume that the nonresonant part of the
interlayer potential is zero, W1…6 ¼ 0, resulting in the
13-band Hamiltonian

HðkÞ¼

0
BBBBBBBBBBBBBBBBBBBBBBBBBBB@

E0 V V� V V� V V� t t t 0 0 0

V� E1 V 0 0 0 V 0 0 t 0 t 0

V V� E2 V� 0 0 0 t 0 0 0 t 0

V� 0 V E3 V 0 0 t 0 0 0 0 t

V 0 0 V� E4 V� 0 0 t 0 0 0 t

V� 0 0 0 V E5 V 0 t 0 t 0 0

V V� 0 0 0 V� E6 0 0 t t 0 0

t� 0 t� t� 0 0 0 E0 0 0 0 0 0

t� 0 0 0 t� t� 0 0 E1 0 0 0 0

t� t� 0 0 0 0 t� 0 0 E2 0 0 0

0 0 0 0 0 t� t� 0 0 0 E3 0 0

0 t� t� 0 0 0 0 0 0 0 0 E4 0

0 0 0 t� t� 0 0 0 0 0 0 0 E5

1
CCCCCCCCCCCCCCCCCCCCCCCCCCCA

:

ð1Þ

The first seven diagonal terms correspond to the X bands
marked by the red dots in Fig. 1(d), with

E0ðkÞ ¼ EðkÞ; EjðkÞ ¼ Eðk − bjÞ;

for j ¼ 1; 2;…; 6; the last six diagonal terms relate to IXs
marked by the blue dots in Fig. 1(d):

EηðkÞ¼Eðk−Cη
3ΔKÞ; EζðkÞ¼Eðkþ2Cζ−3

3 ΔKÞ; ð2Þ

where η ¼ 0, 1, 2 and ζ ¼ 3, 4, 5. This Hamiltonian
combines the nonresonant intralayer continuum model
described by the potential V [36–38] with the interlayer
hybridization described by the hopping parameter t
[27,34,35], and it can be used to compute the band
dispersion within the full mBZ. Here, since we are mainly
interested in the optical response of the system, we consider
the center of the mBZ at the γ point. After diagonalization
of the Hamiltonian in Eq. (1), we obtain χ00 by projecting
the eigenstates onto the fundamental A-exciton state as

χ00ðωÞ ≈ χ000
X13

m¼1

jhmjAij2 γ20
ℏ2ðω − ωmÞ2 þ γ20

; ð3Þ

where jAi is the MoSe2 intralayer exciton state correspond-
ing to the first row and column in Eq. (1), χ000 is its dielectric
susceptibility [36], jmi and ℏωm are the eigenstates and
eigenvalues of the mth exciton band obtained from the
diagonalized Hamiltonian in Eq. (1), and γ0 is a peak
broadening parameter. Notably, this implies that the oscil-
lator strength of the jAi exciton is redistributed among the
set of the moiré excitons jmi.
By fitting the model to electric field dependent data

shown below (Figs. 2 and 3) we reproduce the multiplicity
and relative oscillator strengths of the three moiré excitons
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with very good agreement. In Fig. 1(b) we show the
theoretical χ00 obtained for the material parameters
aMoSe2 ¼0.3288 nm, aWS2 ¼ 0.3154 nm,MX¼ 1.44m0, and
MIX ¼ 0.86m0 [41,42] with electron mass m0, and with
free fitting parameters EX¼1617meV, EIX¼1614meV,
θ ¼ 178.8°, jVj ¼ 9.3 meV, argðVÞ ¼ π=5, t ¼ 3 meV,
and γ0 ¼ 4 meV. We emphasize that although EIX < EX,
the fitting implies a type I heterostructure due to the relation
EIX > min½EX þ VðrÞ� ≈ 1566 meV, with a CB offset on
the order of 50 meV. The remaining fit parameters for a
given twist angle [jVj, argðVÞ, and t] determine the layer
character of moiré excitons as well as their energy
separations and oscillator strengths.
The validity of the model is best seen by comparison

with the data in Fig. 2(a) showing the evolution of DR with
an out-of-plane electric field proportional to ΔVTB. As
already pointed out in previous studies [23,33], the peaks
M1 and M2 behave as intralayer states with vanishingly
small linear slopes of the first-order Stark effect. For these
peaks, this implies that they can be captured in terms of the
nonresonant moiré potential V, whereas interlayer tunnel-
ing plays a negligible role. The peak M3, on the contrary,
exhibits two branches with finite dispersion indicative of an
anticrossing of X and IX states with weak coupling, which
necessitates a nonvanishing hopping parameter t in the
model. Also, M1 and M2 show minor narrowing with a

small redshift at high ΔVTB ≥ 18 V, indicating the pres-
ence of dark IX resonances.
To describe this behavior we compute the evolution of

χ00ðωÞ as a function of ΔVTB by shifting the IX resonance
energies in (2) as

EðΔVTBÞ ¼ E −
edΔVTB

εl
; ð4Þ

where e is the electron charge, d ¼ 0.6 nm the distance
between the two TMD layers, l ¼ 110 nm the distance
between the gates, and ε ≈ 4 [43]. The resulting suscep-
tibility, plotted in Fig. 2(b), captures the main features of
the experimental data such as the relative strengths of the
peaks, the strong intralayer character of M1 and M2, the
anticrossing of the M3 doublet, and the IX perturbation of
M1 at high positive fields. At the same time, it predicts a
weak coupling of M2 with an IX state at ΔVTB ≈ −10 V
that can not be observed in white-light DR.
To improve the sensitivity to interlayer states we

repeated the field-dependent measurement with the modu-
lation-spectroscopy technique—an approach that uses a
narrow-band tunable laser to measure differential reflec-
tance DR0 [28,44,45]. The measurement is performed by
modulating one of the gates of the device by a small ac
voltage [Vac in Fig. 1(a)] and using a lock-in amplifier to
detect the reflected signal at the same frequency, Rac,
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simultaneously with the dc part of the photosignal,
Rdc [27]. In Fig. 3(a) we show DR0 ¼ Rac=Rdc with
signatures of both intra- and interlayer states: the interlayer
character of theM3 doublet becomes much more prominent
compared to the white-light DR data, the redshifts of M1

andM2 at high ΔVTB confirm the admixing of IX excitons,
and the contrast change of M2 at ΔVTB ≈ −20 V suggests
the coupling to a dark IX state made visible with this
technique.
In Fig. 3(b) we show the dispersion of the peaks

extracted from Fig. 3(a) alongside the evolution of the
eigenvalues of the Hamiltonian in Eq. (1) as a function of
ΔVTB. In contrast to Fig. 2(b), where the oscillator
strengths of the three bright excitons are visible, here the
dotted lines indicate the eigenvalues corresponding to all 13
moiré exciton bands irrespective of their oscillator strength.
The experimental dispersion of bothM1 andM2 in Fig. 3(a)
is well reproduced, and the strong anticrossing of the M3

doublet [27] is qualitatively captured within our theoretical
model. We note that although the magnitude of the X–IX
coupling changes between theM2 andM3 resonances, they
are both controlled by the same parameter t, and introduc-
ing different hopping parameters for different mBZs [33]
would allow one to improve on the quantitative agreement
with the data. Finally, we find that in the neutral regime the
first IX state—which is momentum-dark and cannot be
observed in Fig. 2—lies 30 meVabove the ground stateM1,
indicating type I character for the studied MoSe2=WS2
heterostack.
In addition to the electric field dependence, we studied

the Zeeman effect of moiré excitons by repeating the
modulation-spectroscopy measurements for out-of-plane
magnetic fields in the range of B ¼ �6T [27]. The colors
of the data in Fig. 3(b) show the g factors of the respective
peaks for different electric fields, ranging from g ¼ −5.5
(yellow) through −2 (purple) to 0 (black). We observe that
for electric fields where M1 and M2 follow vertical lines of
zero Stark effect due to nearly pure MoSe2 character, the
corresponding g factors are close to the fundamental MoSe2
A exciton with gA ≈ −4. Near the IX–X anticrossings, on
the contrary, all three states exhibit sizable changes in the g
factors reaching values up to 0. The effect is most
pronounced for the dispersive branch ofM1 at high positive
electric fields as well as theM3 doublet, which we attribute

to field-induced hybridization with interlayer states. The
values of the exciton g factors depend on both the degree of
layer hybridization and the exciton momentum [46,47],
making a full quantitative description of this behavior out
of scope for this Letter. The overall trend, however, is
consistent with the intralayer character of the peaksM1 and
M2 at negative electric fields, and with interlayer admixing
near anticrossings captured by our theoretical model.
Finally, for zero electric and magnetic fields, we illus-

trate the difference of the three bright moiré excitons by
plotting the spatial distributions of their wave functions in
Fig. 4 [27]. Remarkably, all three states are located at
different points of the moiré supercell and exhibit different
spatial distributions: the ground state exciton M1 is tightly
localized, whereas both M2 and M3 have non-negligible
spatial extents. We note that a detailed modeling of such
behavior requires the explicit knowledge of both the
electron and the hole potential [48], whereas in our model,
the spatial characteristics of moiré excitons are captured
entirely through the exciton potential V.
In summary, our Letter demonstrates that due to the close

CB alignment between MoSe2 and WS2, full description of
moiré exciton phenomena requires exciton mixing from a
nonresonant moiré potential as well as resonant interlayer
hybridization. We provide a simple model that highlights
the importance of both effects and accurately captures the
main experimental observations, and whose general appli-
cability will open avenues for future studies in related two-
dimensional moiré structures with significance of both
intra- and interlayer effects.
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(London) 587, 214 (2020).

[21] T. Li, S. Jiang, L. Li, Y. Zhang, K. Kang, J. Zhu, K.
Watanabe, T. Taniguchi, D. Chowdhury, L. Fu, J. Shan, and
K. F. Mak, Continuous Mott transition in semiconductor
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