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The coupling of intralayer A and B excitons and interlayer excitons (IE) is studied in a two-dimensional
semiconductor, homobilayer MoS2. It is shown that the measured optical susceptibility reveals both the
magnitude and the phase of the coupling constants. The IE and B excitons couple via a 0-phase (capacitive)
coupling; the IE and A excitons couple via a π-phase (inductive) coupling. The IE-B and IE-A coupling
mechanisms are interpreted as hole tunneling and electron-hole exchange, respectively. The couplings
imply that even in a monolayer, the A and B excitons have mixed spin states. Using the IE as a sensor, the
A-B intravalley exchange coupling is determined. Finally, we realize a bright and highly tunable lowest-
energy momentum-direct exciton at high electric fields.
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The elementary excitation at energies close to the band
gap of a semiconductor is the exciton, a bound electron-
hole pair. The exciton is a prominent feature of the linear
optical response of a two-dimensional (2D) semiconductor,
for instance monolayer MoS2, even at room temperature
[1,2]. This is a consequence of the giant exciton binding
energies, hundreds of meV [3]. Excitons couple to each
other leading to nonlinear optical effects [4,5] and to
condensation phenomena, the creation of states with
macroscopic quantum correlations [6]. At the few-exciton
level, exciton-exciton repulsion in a trap is a potential way
to engineer a single-photon emitter [7,8].
Exciton-exciton couplings can arise via the charge of the

constituent electrons and holes [9–11]. They can also arise
should one of the constituents undergo tunneling. The
canonical example is the double quantum well in which
moleculelike electronic states form via tunneling between
the two quantum wells [12–15]. Recently, moleculelike
coupling has been discovered in bilayer 2D semiconductors
[16–23].
Here, we probe exciton-exciton couplings in gated-

homobilayer MoS2. Previous work has revealed an

interlayer exciton (IE) lying energetically between the
intralayer A and B excitons [24]. The intralayer excitons
are doubly degenerate as an A and a B exist in each
monolayer. The IE splits into two lines, IE1 and IE2, on
applying a vertical electric field (Fz) [25–27], evidence that
the IE consists of a hole state delocalized across the two
layers bound to an electron localized in one of the layers
[24,28]. Avoided crossings were observed as IE1 and A
(IE2 and B) are brought into resonance [25]. We show here
that at very high Fz the IE1 becomes the momentum-direct
exciton with the lowest energy, that the absorption strengths
are sensitive to the phases (signs) of the IE1-A, IE2-B
couplings, and that the IE enables the A-B coupling
constant to be determined.
The device is constructed using bilayer MoS2 [Fig. 1(a)].

The naturally 2H-stacked bilayer MoS2 is embedded in h-
BN; few-layer graphene layers provide a back contact and a
top gate; the MoS2 layer is contacted. Results are presented
as a function of Fz for the smallest possible electron density
(n). The device is illuminated locally with a weak broad-
band source. The reflectivity is measured, using the
response at large n as reference, and converted into optical
susceptibility using a Kramers-Kronig relationship (see
supplement of Ref. [29]). At Fz ¼ 0, the imaginary part of
χ (which determines the absorption) shows three peaks: at
low energy the intralayer A excitons, at high energy the
intralayer B excitons, and in between, the IE [Fig. 2(b)].
These excitonic transitions are shown schematically in
Fig. 1(a); the band structure at the K point is shown in
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Figs. 1(c) and 1(d). At high Fz, there is a clear avoided
crossing between IE2 and B; and a weak avoided crossing
between IE1 and A, as reported in Ref. [25].
At the highest Fz, IE1 emerges on the low-energy side

of A [Fig. 2(c)]. This means that the ground state exciton
is both electric-field tunable and relatively bright. As
explained below, we expect the IE1 to become brighter
as it is tuned further below A.
We now focus on the avoided crossings. At the

IE-B avoided crossing, one of the B-excitons couples to
the IE, the other does not. In Figs. 2(a) and 2(b), we subtract
the peak arising from the uncoupled B-exciton (see
Supplement [30]). A simple two-level model describes
the peak energies convincingly but not the relative inten-
sities. Strikingly, at the Fz for which the two transitions are

closest together in energy (Fz;0B), the intensities are quite
different: the lower-energy transition is considerably
stronger than the higher-energy transition. The IE-A cou-
pling shown in Fig. 2(c) is weaker than the IE-B coupling.
One of the A-excitons couples to the IE, the other does not.
The absorption from the uncoupled A-exciton is subtracted
in Figs. 2(b) and 2(c). Theminimumenergy separation of the
peaks is smaller than the peak broadening. Nevertheless, the
avoided crossing has a strong effect on the intensities:
as Fz increases, the IE-like branch enters the avoided
crossing with a relatively large intensity, but emerges with
a much lower intensity. The IE-A intensity behaviour
mimics the behaviour at the IE-B avoided crossing but with
one crucial difference. The upper-IE is strong on the low-
energy side of the B-exciton; the lower-IE is strong on the
high-energy side of the A-exciton.
The optical susceptibility of a quantum well can

be calculated from the semiconductor Bloch equations
[52–55]. In this approach, the quantum well is treated
quantum mechanically. The final result is identical to a
completely classical approach in which the quantum well is
treated as a 2D array of optical dipoles [56]. Inspired by the
success of the purely classical approach, we set up a
heuristic description of the IE-B avoided crossing as
sketched in Fig. 1(b). The IE and B excitons are treated
as optical dipoles, each driven by the same driving field E⃗,
but with different oscillator strengths F1;2 [24,57]. A
complex linear coupling term κ ¼ jκjeiϕ that carries a
phase ϕ is introduced: an IE dipole induces a B dipole,
and vice versa. Solving the equations of motion yields
an analytic equation for both the eigenenergies ℏΩ� and
the absorption strengths of the two eigenmodes (see
Supplemental Material [30]).
The classical model reproduces both the experimental

IE-B peak energies [Fig. 2(a)] and integrated absorption
[Fig. 2(d)] extraordinarily well for a good choice of the
coupling constant and the ratio of the oscillator strengths.
The fits yield an oscillator strength ratio F1=F2 ≈ 5 and an
IE-B coupling strength of κ ¼ þ35.8� 3.6 meV. The
positive sign is inferred from a fitted coupling phase of
ϕ ¼ 0.0� 0.3. The IE-A avoided crossing is described
with the same model but with the energies appropriate to
the lower IE branch and the A exciton along with a different
choice of coupling constant. For the A-exciton energy,
a quadratic Stark shift is included [58]. Our model
reproduces also the IE-A avoided crossing very convinc-
ingly. The IE-A coupling is essential to describe the Fz
dependence of the intensities [see Figs. 2(c) and 2(e)].
The fits yield an oscillator strength ratio F1=F2 ≈ 5
and an IE-A coupling strength of κ ¼ −3.5� 0.4 meV.
The negative sign is inferred from a fitted coupling
phase of ϕ ¼ π � 0.3. The absorption spectra for the
IE-A and IE-B couplings are calculated separately and
added together to describe the full Fz dependence, as
shown in Fig. 3.
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FIG. 1. (a) Schematic of the van der Waals heterostructure
consisting of a naturally 2H-stacked homobilayer MoS2 em-
bedded in h-BN. The MoS2 bilayer is electrically grounded. The
voltages VTG and VBG applied to the top and bottom few-layer
graphene (FLG) layers create a uniform electric field Fz across
the bilayer. The spatial extents of the intralayer A and B excitons
and the interlayer excitons (IE) are sketched. The electrons are
depicted in green; the holes in red. MoS2 bottom (top) layer is
denoted as L1 (L2). (b) Sketch of two coupled excitons in a 2D
semiconductor both driven by an external light field. The
oscillator strength of each exciton is given by F1;2; κ is the
coupling constant. (c),(d) Band structure and schematics of
excitons in homobilayer MoS2 at the K point. (c) Sketch of
the microscopic origin of the IE-B coupling mediated by hole
tunneling (red arrow). (d) Sketch of the IE-A coupling (top) and a
transition diagram (bottom). IE and B are coupled (κIE-B, red
arrow). A and B are coupled through intralayer exchange (κA-B,
blue ∞ symbol). Through the common coupling to B, IE and A
are effectively coupled (κIE-A).
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This model unearths a crucial result: the IE-A coupling
constant is of opposite sign to the IE-B coupling constant.
The sign of the coupling constant is particularly important

in determining the relative strengths of the absorption peaks
(see Supplemental Material [30]). We interpret the sign of
the coupling by making an analogy to driven, coupled RLC
circuits (see Supplemental Material [30]). Two such circuits
can be coupled via an impedance. The equations of motion
are analogs of those describing the driven optical dipole.
The nature of the coupling impedance determines the
sign of the coupling constant: coupling via a capacitance
(inductance) results in a positive (negative) coupling
constant. In this analogy, the IE-B coupling corresponds
to a capacitive coupling. This suggests that, at a micro-
scopic level, the IE-B coupling involves the movement of
charge—it is consistent with hole tunneling from one layer
to the other [24]. Conversely, the IE-A coupling corre-
sponds to an inductive coupling. This points to a com-
pletely different coupling mechanism, as discussed below.
The model provides an explanation for the Fz dependent

absorption strengths in Figs. 2(b) and 3. We take the IE-A
coupling as an example. Without a coupling, both IE and A
respond directly to the driving field. A has the stronger
response: the induced dipole moment is in phase with the
drive for energies well below the bare A energy and out of
phase for energies well above the bare A energy (the
standard behavior for a driven harmonic oscillator). With a
coupling, each eigenmode is a dressed state of IE and A. At
detunings far from the avoided crossing, there is an A-like
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FIG. 2. Absorption (σþ polarization) of homobilayer MoS2 as a function of applied electric field Fz. (b) Absorption over the whole
energy range. The green and purple rectangles correspond to the measurement regions centred around the B exciton (a) and the A
exciton (c), respectively. The measurements were carried out at T ¼ 4.2 K and magnetic field Bz ¼ 9 T. For clarity, the uncoupled BL1
exciton is removed from (a) and (b), and the uncoupled AL2 exciton is removed from (b) and (c) in a data processing step (see
Supplemental Material [30]). In (a), Fz;0B marks the energy crossing for zero coupling. The colored dashed lines in (a) and (c) are fits to
the extracted peak energies according to Eqs. S20 and S53 for the eigenenergies ℏΩ� (see Supplemental Material [30]). (d) Integrated
absorption extracted from the spectra shown in (a). The colored dashed lines are fits to the absorption strength of the eigenmodes I1;2
according to Eq. S33. (e) Integrated absorption extracted from the spectra shown in (c). As the coupling strength is smaller than the line
width of the A exciton, only the spectra far from the crossing point can be fitted unambiguously. The colored dashed lines are model fits
including the quadratic Stark shift of the A exciton in the initial equations of motion (see Supplemental Material [30]). All parameters
extracted from the measured data are summarized in Table I in the Supplemental Material [30].
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FIG. 3. Color map of the calculated absorption ImðχÞ as a
function of electric field Fz with parameters extracted from model
fits to the measured data in Fig. 2. The parameters are listed in
Table I in the Supplemental Material [30]. Separate models are
used to describe the IE-A and IE-B couplings. The ImðχÞ is a sum
of the two.
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and an IE-like eigenmode. The IE-like mode is driven by
two sources: the field acting directly on the IE, and via its
coupling to A. Now the sign of the coupling plays a crucial
role. If the coupling has a negative sign, then for energies
above (below) the bare A energy, these two terms have the
same (opposite) sign and interfere constructively (destruc-
tively). At a particular detuning, the destructive interference
is complete and the absorption of one mode disappears.
Even at energies far from the avoided crossing, this
interference has a strong effect on the IE absorption.
The picture inverts for a positive coupling, the IE-B
coupling. In this case, the IE-like mode is boosted (sup-
pressed) when it lies below (above) the bare B energy. At
Fz ¼ 0, the IE is far from the avoided crossing with both A
and B excitons but its absorption strength is boosted by its
coupling to both A and B. In simple terms, the dielectric
constant at the IE resonance is strongly influenced by the
strong A and B resonances.
We look for a microscopic explanation for the different

IE-A and IE-B couplings. To do this, we describe the band
structure of bilayer MoS2 at the GW level (one-particle
Green’s function G, dynamically screened Coulomb

interaction W), and use these states to construct excitons
by solving the Bethe-Salpeter equation (BSE) (see Fig. 4
and Supplemental Material [30]). The results describe the
general behavior of the experiments very well as revealed
by a comparison of the calculated relative absorption
strengths in Figs. 4(b) and 4(c) with the measured inte-
grated absorption in Fig. 2(e). (Exact quantitative agree-
ment is not expected as the model assumes that the MoS2
bilayers are located in vacuum—it does not take into
account the full dielectric environment.) As in the
experiment, the IE are relatively strong when they lie
energetically between the bare A and the bare B resonances
but weaker when they lie out of this energy window
[Figs. 4(b) and 4(c)]. The GWþ BSE results can be
parametrized by the coupled-dipole model (see
Supplemental Material [30]).
An analysis of the spin and orbital composition of the

excitons provides an explanation for both the IE-B
and IE-A couplings. The IE-B coupling arises via
hole tunneling [see Fig. 1(c)]. The large IE-B coupling
constant, þ35.8 meV, reflects the efficient hole tunneling.
Conversely, the IE-A coupling arises via a weak admixture
between the A and B excitons in the same valley and layer,
as shown schematically in Fig. 1(d). This exciton admixture
was proposed in Ref. [59] for MoS2 monolayers and is
found also in our bilayer calculations (Fig. 4). This means
that both IE and A couple to B. IE and A then acquire an
effective coupling, a second-order effect.
In this analysis, depicted in Fig. 1(d), the IE-A coupling

is determined by κIE-A ¼ −ðκA-BκIE-B=ΔEA-BÞ (with the
sign convention employed here) where κIE-B is the IE-B
coupling, κA-B the A-B coupling, and ΔEA-B is the energy
splitting between A and B [60]. The experiment measures
κIE-A ¼ −3.5 meV, κIE-B ¼ 35.8 meV, and ΔEA-B ¼
−170 meV. In turn, this determines κA-B. We find κA-B ¼
−16.6� 2.5 meV. In other words, by using the IE as a
tunable probe, we are able to determine the A-B coupling
energy. This is an important quantity—it arises even in a
MoS2 monolayer and determines to what extent spin is a
good quantum number in the fundamental exciton [59,61].
We state four main conclusions. First, a 2D semicon-

ductor system, homobilayer MoS2, is discovered for which
the lowest-energy momentum-direct exciton is both elec-
tric-field tunable and bright, gaining in absorption strength
as the field is increased. This is not the case for a monolayer
(bright but without field tunability) or a heterobilayer
(field-tunable but dim). This is potentially useful in trans-
porting and trapping excitons with locally varying electric
fields. Second, in homobilayer MoS2, the IE and B excitons
couple via hole tunneling; the IE and A excitons couple via
an exchange-induced A-B admixture. This difference
results in coupling constants of opposite sign (IE-B
coupling phase 0, IE-A coupling phase π). Hybridized
intra- and interlayer excitons can be tuned into a regime
where one eigenmode is as bright as the intralayer
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component yet retains the electric dipole moment of the
interlayer component. This combination of properties is
very useful for creating exciton- or polaron-polaritons with
highly nonlinear optical properties [62,63]. Third, we
determine the A-B coupling, a result which is also relevant
for a monolayer. By using IE as a sensor, we can measure
the A-B coupling precisely—experiments on a monolayer
are much harder to interpret. We find an A-B coupling
of −16.6 meV. Equivalently, the A-like eigenstate is
jAi þ ϵjBi with jϵj ≃ 10%, and vice versa for the B-like
eigenstate. The A-B coupling implies that spin is an
imperfect quantum number for the A and B excitons in
the same valley. This is a basic property of MoS2. Finally,
we show that a measurement of the optical susceptibility
enables not just the magnitude but also the phase of the
exciton-exciton couplings to be determined (see Fig. 3).
The coupling model can be readily applied to other
transition metal dichalcogenides bilayer systems where
band hybridization leads to mixed excitonic states
[16,19,22,23,64,65].
We point out that the driven coupled-oscillator model has

a general validity—it is by no means limited to excitons in
the optical domain. We note for instance that it describes
the response of two coupled gatemons at microwave
frequencies where a clear destructive interference is
observed in the lower-frequency branch [66]. The model
shows how a weak resonance can be made visible by
bringing it into near degeneracy with a strong resonance.
All that is required is a coupling between the two
resonances. Furthermore, in the case of a weak coupling,
although the energies are only slightly perturbed, the
absorption strengths are strongly modified by the coupling.
This sensitivity is very useful in cases where the couplings
are potentially weak or completely unknown. Examples
include hybrid systems—for instance, an exciton or a spin
coupled to a mechanical mode.
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