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Extended efforts have been devoted to the study of strongly-interacting exci-
tons and their dynamics, towards macroscopic quantum states of matter such
as Bose-Einstein condensates of excitons and polaritons. Momentum-direct
layer-hybridized excitons in transition metal dichalcogenides have attracted
considerable attention due to their high oscillator strength and dipolar nature.
However, the tunability of their interactions and dynamics remains unexplored.
Here, we achieve an unprecedented control over the nonlinear properties of
dipolar layer-hybridized excitons in an electrically gated van der Waals homo-
bilayer monitored by transient optical spectroscopy. By applying a vertical
electric field, we reveal strong Coulomb interactions of dipolar hybrid excitons,
leading to opposite density-dependent energy shifts of the two main hybrid
species based on their dipolar orientation, together with a strongly enhanced
optical saturation of their absorption. Furthermore, by electrically tuning the
interlayer tunneling between the hybridized carriers, we significantly extend the
formation time of hybrid excitons, while simultaneously increasing their decay
times. Our findings have implications for the search on quantum blockade and
condensation of excitons and dipolaritons in two-dimensional materials.

Light-matter interactions in van der Waals heterostructures of two-
dimensional materials have been widely investigated for fundamental
studies as well as optoelectronic device applications'>. Linear and
nonlinear optical properties of excitons in bilayers of transition
metal dichalcogenides (TMDCs) can be tailored with unprecedented
flexibility, allowing the exploration of macroscopic quantum
states of matter*® and novel quantum photonics applications®. Type-II

TMDC heterobilayers can be optically excited to form strongly-
bound inter-layer excitons with a characteristic out-of-plane static
dipole due to the spatial separation of the electron and hole wave-
functions in different constituent layers’’. Interlayer excitons are
characterized by the field tunability of their emission energy via the
quantum-confined Stark effect'®", with long lifetimes and diffusion
lengths™",
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Evidence supporting the occurrence of high-temperature
Bose-Einstein condensation (BEC) of interlayer excitons in TMDC
heterobilayers has been recently reported, although a clear observa-
tion of quantum phase transitions in these systems is still missing'. In
the past, dipolar excitons have been strongly coupled to cavity pho-
tons in InGaAs double quantum wells, forming electrically-tunable
dipolar polaritons®, with enhanced nonlinear interactions towards
high-temperature polariton BEC'. However, the low oscillator strength
of interlayer excitons in type-Il van der Waals heterobilayers hinders
the creation of interlayer polariton states”.

On the other hand, layer-hybridized excitons (hIXs) in TMDC
bilayers are characterized by an electron (or hole) that is delocalized
between the two constituent layers through coherent tunneling, thus
exhibiting a coexistence of inter- and intra-layer characters'., Their
electrical tunability’ >, allowing the modulation of their dynamics**?*
and interactions, has been recently exploited to achieve anomalous
diffusion regimes of transport with high exciton mobilities®**. In
particular, previous works on tunable momentum-indirect hiXs have
focused on their power-independent quantum yield and repulsive
interactions by their emission via phonon replicas®*. However, the
study of their ultrafast formation and interactions, as well as their
strong coupling with light, is hindered by their momentum-indirect
nature. On the other hand, momentum-direct hybrid excitons exhibit
large oscillator strengths, allowing the observation of dipolar layer-
hybridized exciton-polaritons (dipolaritons) with highly nonlinear
effects both in homobilayers~* and in heterobilayers®**'. Momentum-
direct hIXs in bilayer 2H-MoS, have been proposed as optical probes
for correlated many-body phases, such as interlayer exciton
coherence®, holding promise for the high-temperature superfluidity
of hybrid exciton condensates®. Furthermore, bilayer TMDCs hosting
hybrid species have been identified as an ideal platform for the reali-
zation of Bose-Einstein condensates of dipolar exciton ensembles™.
Combining interlayer charge tunneling with the twist angle degree of
freedom has also allowed the realization of moiré-hybridized inter-
layer excitonic states, owing to the additional electronic band folding
induced by the moiré superlattice’**°. Such hybrid moiré excitons have
shown enhanced nonlinear interactions in the few-polaritons regime
due to localization effects in the moiré potential, potentially useful for
polariton quantum blockade®.

For these reasons, the control and enhancement of momentum-
direct hIX interactions, as well as their dynamics, is crucial to obtain
macroscopic states of matter based on hybrid excitons and
dipolaritons®. However, the field-dependent tunability of the interac-
tions and the dynamics of momentum-direct hIXs remain unexplored.
Moreover, while the formation dynamics of interlayer excitons in type-
Il heterobilayers have been recently investigated®*°, the electrical
tunability of the formation time for any interlayer excitonic species has
not been reported until now.

Here, we optically investigate the density-dependent repulsive and
attractive nonlinear interactions between differently oriented dipolar
hybrid excitons in a MoS, homobilayer under an external electric field.
We observe opposite energy shifts and a strongly enhanced optical
saturation of exciton absorption compared to the zero-field case. Using
transient reflectance spectroscopy, we demonstrate the tunability of
layer-hybridized dipolar exciton interactions on ultrafast timescales.
Finally, we electrically modulate the ultrafast formation and relaxation
dynamics of momentum-direct hIXs, achieving their strong enhance-
ment at a finite electric field. Our experiments are supported by a
microscopic many-particle theory based on an equation-of-motion
approach applied to excitons in TMD bilayers”.

Results

Layer-hybridized exciton species in MoS, homobilayers

Our device consists of a fully hBN-encapsulated naturally stacked MoS,
homobilayer with bottom and top graphene gates (Fig. 1a,

Supplementary Note 1). The dual-gate configuration allows us to
apply a vertical electric field without inducing extrinsic electrostatic
doping'*. At zero applied vertical electric field, MoS, homobilayers
host A and B excitonic resonances (X, and X;) with predominantly
intra-layer character, and an inter-layer excitonic transition that is
strongly hybridized with X; due to a significant hole tunneling
strength at the K/K' valleys (¢, ~ 40 meV)*’. This hybrid species
(hIXs) is characterized by a layer-localized electron and a delocalized
hole wavefunction that is shared between both constituent MoS,
layers.

The application of a vertical electric field lifts the degeneracy of
hiXs due to the presence of two distinct interlayer dipolar orientations.
The non-negligible out-of-plane static dipoles cause the two (KK) hIX
configurations to display progressive shifts of their excitonic transi-
tions in opposite energy directions. Here, we label the lower and
higher-energy excitonic species as L-hIX and H-hIX, respectively, with
tunneling rates /, and J,; (Fig. 1b). Consequently, as the electric field
increases, L-hIX becomes more interlayer-like while H-hIX becomes
more intralayer-like, as obtained from microscopic theory in Supple-
mentary Fig. 3.

To experimentally visualize the Stark effect of hybrid excitons in
bilayer MoS,, we illuminate our sample (Fig. 1c) with broadband white-
light supercontinuum pulses and measure the reflectance contrast
(RC) spectra as described in the Methods section. Figure 1d shows the
RC spectra as a function of the applied vertical electric field. The
dipolar nature of layer-hybridized species is evidenced by their Stark
effect®?*, We extract from it an upper-bound estimate of ~0.2 nm for
the effective dipole length of both L-hIXs and H-hIXs at near-zero
electric fields (Supplementary Note 3). The measured field-dependent
Stark shift magnitude is lower than the value extracted from the cal-
culated energy landscape in Supplementary Note 2, but remains in
good qualitative agreement. We attribute this discrepancy to intrinsic
doping in the active area, which affects the field-dependent behavior
of dipolar excitonic species****. Evidence of intrinsic doping is also
provided by the non-negligible trion peak X', (Fig. 1e), which becomes
visible at higher electric fields, probably due to electrostatic charge
migration, whose characterization is beyond the scope of this work
(Supplementary Note 3).

Figure 1le displays two characteristic RC spectra obtained at zero
and high (230 mV/nm) electric fields. Even with a significant Stark shift,
represented by a H-L energy splitting of 6E,_, ~ 40 meV, the total
oscillator strength of the two species remains ~20% of that of X, in
agreement with the previous literature?.

Strong hIX nonlinearities due to dipolar interactions

To investigate dipolar interactions (Fig. 2), we illuminate the sample
with single ultrashort (100 fs) white-light supercontinuum pulses of
varying spectral bandwidths at a fixed vertical electric field (230 mV/
nm) such that 6£,,_; ~ 40 meV. With this splitting, the L and H line-
shapes can be well distinguished, given their linewidths in the range of
15 meV, while also being unaffected by the X, and X tails. We first use
a narrowband (NB) excitation configuration, where the pulses are
spectrally filtered to excite only the hIX transitions (Methods) with a
full-width half-maximum (FWHM) of 100 meV. As the pulse fluence is
increased, we observe a progressive bleaching of the hIX peaks,
together with a blueshift of the L-hIX peak energy and a redshift of the
H-hIX peak energy (Fig. 2a). The hIX density was determined through
an experimental method that takes into account a convolution of the
RC spectra and the laser profile (Supplementary Note 5). We note that
these fluences correspond to hybrid exciton densities (<10 cm~2)
well below the exciton Mott transition (~ 10 cm~2).

To understand the interactions at play, we developed a
microscopic theory based on a hybrid exciton-exciton interaction
Hamiltonian focusing on the dipolar interactions between hiIXs (Sup-
plementary Note 4). The density-dependent energy shift of hiXs

Nature Communications | (2025)16:10710


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-65733-9

a
GND
c d Xa hiXs Xg e
0 1.0 1.0 1
Xa[\ L-hIX  H-hiX
0.8 j Ez= 230 mV/nm
100 08
E 063 3
% 200 & g
< 04 9
w x &
300
0.2
400 ‘ , ‘ ‘ 0.0 : . . .
190 195 200 205 210 1.9 2.0 21
Energy (eV) Energy (eV)

Fig. 1| Layer-hybridized excitonic transitions in a dual-gated MoS, homo-
bilayer. a Schematic of the device structure, showing the hBN-encapsulated 2H-
MoS, homobilayer with bottom and top graphene gates. b Band diagram of the low-
energy (L-hIX, left) and high-energy (H-hiX, right) hybrid excitons in a MoS,
homobilayer under an applied electric field £,#0. The holes of the interlayer spe-
cies are strongly hybridized with the B excitons and delocalized in space between
the two layers. With an applied vertical electric field, the tunnelling strengths/, of L-
hIX (J; of H-hIX) are decreased (increased) with respect to the zero-field hIXs (/).
¢ Optical micrograph of our device, with coloured lines highlighting the MoS,

homobilayer (yellow), as well as the bottom graphene (black) and the top graphene
flakes (white). Scale bar: 10 pm. d Reflectance contrast spectra as a function of the
applied vertical electric field. The electric field E, is obtained as described in the
Methods section. The hIX degeneracy is lifted upon application of an electric field,
showing dipolar hybrid species with opposite orientations, as in (b). e Reflectance
contrast spectra from (d) at electric fields of 0 mV/nm (light blue) and 230 mV/nm
(dark blue) measured with white light continuum pulses and a fluence of

0.1 ) cm~2. All the main excitonic transitions of interest are highlighted at their
respective energy positions.

is written as:

AF! :gif:ixni +g§c:ixn7 @
where i=H, L (i indicates the opposite species, i.e., if i=H, then i=L
and vice versa), n; is the exciton density of a specific population, and
8., is the dipolar hybrid exciton-exciton interaction. The interaction
strength is determined by the interlayer mixing coefficient C,y, which
is effectively modulated by an applied vertical electric field (Supple-
mentary Fig. 3). We refer to gi- o |C; ;xI*IC; jx1*dryp/€, and gil
—1Cix*1C; xPdryp/€. as the co-hIX and cross-hIX contributions,
with repulsive and attractive characters, respectively. Here, dy,p is the
TMDC layer thickness, corresponding to the bare dipole, and €, is the
out-of-plane component of the dielectric tensor of the TMDC. The H-L
splitting at a fixed electric field is density dependent, as
8E(n,, ny) =6Eq + AE* (n,) + AE"(ny;). At vanishing fields, the inter-
layer composition of Hand L is equal to |Cy ;x [> ~ 0.7. We perform our
calculations starting from a low-density splitting of 6F,~
O6Ey_(ny y <10 cm=2) ~ 40 meV to best represent our experimen-
tal conditions. In this case, the calculated mixing coefficients amount
to approximately |C, ;v|* ~ 0.5 and |C, ;x|* ~ 0.8, with decreasing
and increasing interlayer character, respectively.

As a result, AE" is dominated by repulsive interactions (gi=L),
giving rise to a density-dependent blueshift (Supplementary Note 2).
Instead, given the weaker co-hlIX interactions for H-hIXs, the attractive
interactions between H-hiXs and L-hiXs (gf/=}) result in a density-
dependent AE" redshift. In Fig. 2c, we present the measured hIX peak
energy shifts AEX" extracted from the Lorentzian fits to the RC
spectra, showing a good agreement with our theoretical calculations
(dashed lines in Fig. 2c). The theoretical shifts were taken by assuming
n; ~ 2n;, based on a best-fit approach. As discussed in Supplementary

Note 4, the density-dependent L-hIX blue-shift and H-hIX red-shift are
qualitatively obtained regardless of the density ratio n,;/n,,, provided
that n, <n;. This is justified by the fact that L-hIX is the lowest excited
state among the hIX branches, and is aligned with their photo-
luminescence reported in the previous literature**. We note that many-
body effects due to carrier exchange and dynamic screening are not
included in the calculations, but are expected to modify quantitatively
the density-dependent energy shifts*>*®. In particular, it was shown
recently that ultrafast dynamical screening strongly reduces the
density-dependent energy shifts of interlayer excitons®. Since the
measured energy shifts for hybrid excitons are larger than those for
interlayer excitons, this may suggest that dynamical screening plays a
smaller role in homobilayers. However, further experimental and
theoretical studies are needed to confirm this interpretation.

We repeated our experiments in a broadband (BB) configuration,
with the white-light supercontinuum pulses filtered to excite hIXs as
well as X, (FWHM =200 meV). In Fig. 2d, e, we show the density-
dependent quenching of the integrated RC for L-hIXs and H-hIXs peaks
in both configurations. An exponential decrease of integrated RC for
both L and H species is observed in the narrowband case for densities
Ny >2 - 10" cm~2, Supplementary Fig. 6 further shows the bleaching
and energy shift of hIXs with respect to illumination fluence in the
BB case. Enhanced energy shifts and a stronger density-dependent
optical saturation are found in the BB case due to inter-species
interactions involving X, and hIXs. Under BB excitation, both X, and
hiX are excited simultaneously, leading to additional interspecies
interactions, as previously observed in the literature”. Notably, X,
and hIX share holes in the same valence band via hole tunneling,
enabling a combination of phase space filling and inter-excitonic
exchange interactions. Such tunneling-enabled nonlinearity—activated
only when the common valence band is jointly occupied under BB
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Fig. 2 | Field-tunable interacting dipolar hybrid excitons. a Reflectance contrast
spectra as a function of excitation density at a fixed applied vertical electric field
E, =230 mV/nm, corresponding to a low-density energy splitting between hIX
species of approximately 40 meV. The sample was excited with ultrashort pulses,
filtered in energy to selectively excite the hIX species in a narrowband configuration
(FWHM =100 meV). The excitation fluences range from 0.1 to 14 pJ cm~2 increas-
ing magnitude following the black dashed lines. The superimposed fits to the data
(smooth lines) are obtained using a Lorentzian model. The energy shift of the two
exciton species is observed upon increasing the pulse fluence. The L-hIX and H-hIX
energy peaks undergo a blueshift and redshift, respectively. A comparable beha-
viour is obtained in the broadband configuration (FWHM =200 meV), as shown in
Supplementary Fig. 6. b lllustration of the dipolar interactions between hIXs in a
MoS, homobilayer with an applied electric field. Same-species interactions (L-L and
H-H) result in a density-dependent blueshift, while attractive interactions between

Exciton density (cm~2) Exciton density (cm~?2)

opposite species (L-H) result in a net density-dependent redshift. ¢ Density-
dependent energy shifts for L-hIX (blue) and H-hIX (red) in the narrowband con-
figuration, compared with the corresponding calculations from microscopic theory
(dashed lines), with n, ~ 2n,, as a best-fit approach (Supplementary Note 4). The
Xx-axis is displayed in logarithmic scale to cover the entire range of the applied
pump fluences. The hybrid exciton densities are calculated taking into account the
pump fluences and the measured RC spectra, as described in the Methods section
and Supplementary Note 5. d, e Normalized integrated reflectance contrast of L-hIX
(b) and H-hIX (c) with respect to their corresponding population densities, for
narroband (empty markers) and broadband (full markers) pump configurations. A
subset of the spectra obtained by narrowband excitations is shown in (a), while the
respective broadband cases are displayed in Supplementary Fig. 6. All error bars in
(c-e) represent the standard deviations of the quantities of interest extracted from
the double-Lorentzian fits in (a).

illumination—substantially enhances the bleaching of the hIX oscillator
strength. Thus, in Fig. 2d, e we observe a strong increase in nonlinearity
for both L-hIX and H-hIX under the application of an electric field with
BB excitation, as the reduction of their oscillator strengths is evident
for significantly lower exciton densities (>5-fold) with respect to the
NB case.

We also performed density-dependent measurements at zero
electric field, resulting in no sizeable energy shift of the main hIX peak
and a less pronounced optical saturation (Supplementary Note 7). In
particular, we observe bleaching of zero-field hIXs (11, >102 cm~2 in
narrowband) at densities about one order of magnitude higher with
respect to high-field L-hIX and H-hIX. We attribute such strongly
enhanced nonlinear response under a high electric field to the
increased contribution of Coulomb exciton interactions. Thus, with an
applied electric field we uncover strongly-interacting dipolar species
with highly-nonlinear behavior.

Tunable hIX formation and relaxation dynamics

We have performed ultrafast transient absorption measurements to
unveil the time-dependent interactions and dynamics of electrically-
tunable dipolar hIXs in our platform. Figure 3a, b shows the 2D maps of
the differential reflectivity (AR/R) spectra as a function of pump-probe

delay 7 and probe photon energy in the cases of zero field and high
field (E, ~ 230 mV/nm), respectively. In this experiment, ~100 fs
pump pulses were applied resonantly with X, (FWHM =10 nm). Pre-
vious studies on monolayer TMDCs have shown that excitations
resonant with X4 induce an instantaneous build-up of the X transient
signal due to intravalley exchange interactions*”*s. Thus, in MoS,
bilayers, where the interlayer transition and X are strongly hybridized,
a sizeable hIX population is expected upon resonant photoexcitation
of X 4. We employ this excitation scheme in order to exclude the role of
exciton cascade effects, allowing us to decouple the excited (X,) and
hybridized species (Xz and hIX), which remain connected through
intravalley mixing processes. Further discussion on different photo-
excitation schemes can be found in Supplementary Note 13.

In the 2D map of Fig. 3a, positive and negative signals appear
immediately after time zero (7 =0). Such features can be attributed to
different pump-induced modifications of the excitonic spectrum (i.e.,
reduction of oscillator strength, broadening, and shift in energy).
While purely symmetric derivative-shaped signals are a consequence
of exciton line shifts due to exciton-exciton interactions*’ or bandgap
renormalization®®, prominent positive peaks are mainly related to
exciton absorption saturation due to the Pauli blocking effect.
Purely negative signals are generally attributed to photoinduced
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Fig. 3 | Time-domain observation of layer-hybridized exciton interactions.
Transient differential reflectance (AR/R) spectra as a function of the pump-probe
delay 7, obtained by exciting the structure with a pump pulse (~100 fs) resonant to
X, and probing with a broad white-light continuum pulse at electric fields

E,=0 mV/nm (a) and E, =230 mV/nm (b). ¢ AR/R traces extracted from (a) and
(b) ata pump-probe delay =1 ps. All transitions of interest are highlighted. d AR/R
traces in time in the hIX energy range. From these signals, we observe a change in
time of the H-L splitting 6E,;,_, on the picosecond timescale. We note that the full
AR/R intensity scale from (b) was reduced in (d) in order to visualize the hIXs
signals. In order to quantify and understand the observed energy shifts, we fitted

the AR/R signals in (e) with a double Lorentzian in order to track the temporal
evolution of the L-hIX and H-hIX peaks. We observe two regimes, for 7< 0.3 ps and
7>0.3 ps. Right after pump excitation, the build-up of the hIX density results in an
increase of the hybrid exciton dipolar interactions, inducing a transient reduction
of 6E,;_, . This is followed by exciton depopulation processes decreasing the L-hIX
and H-hIX densities within tens of picoseconds, leading to an opposite energy shift
for both peaks. Since the energy shifts are directly proportional to the hybrid
exciton density nyy, the energy dependent shifts follow the trend of the corre-
sponding AR/R intensity traces. Inset: zoom-in on the first 2 ps of the time-
dependent L and H energy peak shifts.

absorption®, while exciton line broadening can lead to more complex
shapes in the transient reflectivity spectra, but it becomes significant
only at high pump fluences, since it is mainly caused by excitation-
induced dephasing®>. In our case, positive signals are always domi-
nant in the transient reflectivity spectra at all the scanned time delays,
pointing at the main role of Pauli blocking of the different excitonic
interactions. We trace the intensity variation of such peaks to monitor
the exciton population dynamics in the system. Supplementary Note 8
further expands on the extraction of exciton dynamics from transient
absorption measurements®**%**,

At high E,, with ~40 meV of H-L splitting in equilibrium conditions
(Fig. 3b), we observe positive signals associated with the photobleaching
of both L-hIX and H-hIX (Fig. 3¢). Focusing on the energy range of hybrid
excitons (Fig. 3d), we observe a significant shift in the AR/R peak
positions for both L and H species as a function of time. We track the
temporal evolution of the photobleaching of the hIX peaks (Methods),
revealing the prominent shift of the hIX energies on short timescales
(< 0.3 ps), followed by a slower recovery to their unperturbed energies
within tens of picoseconds (Fig. 3e). In Supplementary Note 14, by taking
into account the presence of heating effects, causing a linear blueshift at
long timescales, we extract comparable and opposite shifts related to
excitonic interactions for L-hIX and H-hIX at high fields.

Figure 4a compares the intensity of the transient signal of the
L-hIX and H-hIX peaks with the one of hIX at zero field. The signals
are fitted by an exponential rise (1) followed by a bi-exponential decay
(7, and 71,), as commonly observed for intralayer exciton dynamics in
TMDCs* (Methods). We note that the energy shifts shown in Fig. 3e

follow the timescales of the formation and relaxation dynamics
observed by the AR/R signal presented in Fig. 4a, being caused by
density-dependent interactions. Upon an external electric field, L-hIX
displays a clearly delayed formation, as well as an increase in the slow
decay component (Fig. 4a). This is also observed comparing the L-hIX
dynamics to the X, and X ones, taken from the same measurement at
high field (Fig. 4b). On the other hand, the transient behavior of H-hIX
shows much faster formation and decay times with respect to L-hIX,
the former being more similar to the other exciton species.

The formation time of purely-interlayer excitons in type-ll TMDC
heterobilayers is extended with respect to intralayer species due to the
type-ll band offset AE combined with phonon-assisted scattering
mechanisms**°*°, However, the dependence of the formation time of
an interlayer species with respect to a tunable band offset has not been
experimentally reported. In our case, if we consider MoS, homobilayer
hiXs at the K point, a wider band offset AE between the K valleys of the
two layers due to an external electric field results in a slower and less
efficient momentum transfer (see inset of Fig. 4a). In a single-particle
picture at a specific valley, the interlayer tunneling matrix element
between the two layers depends on the spatial overlap between the
wavefunctions of the involved states*. In MoS, bilayers, the measured
Stark shift magnitude represents the field-dependent offset between
the valence band maxima at the K points in the two layers*?*, as
schematically presented in Fig. 1b. With an applied field such that
6E,_;, =40 meV, corresponding to a band shift of approximately
AE =20 meV, the decrease in spatial overlap between the electron and
hole wavefunctions gives rise to a lower momentum transfer
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Fig. 4 | Electrical control of ultrafast hIX dynamics. a Transient intensity of the
hiIX peak extracted from the AR/R spectra at zero electric field (red) compared with
that extracted at high field from the L-hIX (yellow) and H-hIX (blue) peaks with
SE(0)=40 meV at a pump fluence of 12.4 pJ cm~2. The transient intensities were
obtained by tracking the peak energy positions based on their time-dependent
energy shifts, as described in the Methods section. The solid lines are fits to the data
obtained using the model described in the Methods section (Eq. 2). b AR/R
intensity of X, (red), X (purple) and L-hIX (yellow) at £, =230 mV/nm, with

respective fits. ¢, d Formation time 7, and long decay time 7, extracted from the fits
in (a, b). For hiX at zero field, we obtain 79 "X =48+ 20 fs and 79X =49 + 3 ps. At
high field, we extract 74 =31+8 fs and 4 =41+1 ps for X,, 18=26+12 fs and

75 =45+2 ps for Xp, 75 "X =124 +51 fs and 75-"X =92+ 6 ps for L-hIX, as well as
TH=MX =33 +29 fs and t§f "X =53 £14 ps for H-hIX. X, and X, exhibit comparable
dynamics at zero field. In Supplementary Note 8, we further compare all short
decay 7, values for the excitonic species of interest. All error bars in (c, d) represent
the standard deviations of the extracted quantities of interest.

efficiency, resulting in a buildup time delay for species with higher
interlayer composition factors (i.e., lower hybridization with X;). Thus,
the tunneling rate of the hybridized holes in H-hIXs (L-hIXs) is expected
to increase (decrease) relative to the zero-field hIX tunneling rate (/).
Considering H and L species at non-zero field with rates /,; and J,, this
results in J, <Jo </ (Fig. 1b). This explains the longer formation of
L-hIX compared to H-hIX and the other exciton species of inter-
est (Fig. 4b).

Figure 4c compares the fitted formation times of X 4, X L-hIX and
H-hIX at high field with those of hiIX at zero field. While the zero-field
hIX formation (z3-"X) occurs with a slight delay with respect to X,
due to interlayer hybridization, an increase (decrease) in such delay
is measured for L-hIX (H-hIX) at a high field. The observed increase
of 7h X with respect to the zero-field case, with a ratio
ThMX /T0-hIX . 2.6, can be explained by the reduction in the hole
tunneling rate caused by an increased band offset AE under an applied
electric field. Furthermore, the number of scattering events needed for
a complete exciton thermalization also increases with larger energy
offsets. This leads to an increase in exciton-phonon scattering
rates®**, and to longer L-hIX formation times, in agreement with our
experimental findings. Meanwhile, we observe the opposite behavior
for H-hIX (i.e., lower T/{~"X due to a decreased band offset), although
its quantification is limited by our temporal resolution.

Regarding the decay dynamics of L-hIX, we observe an increase in
both short (z;) and long (7,) decay times of L-hIX at high field. How-
ever, the wide uncertainty of 7; for L-hIX at high field, partially caused

by the dominance of the slow component, does not allow us to infer
conclusions on the modulation of the fast decay (see Supplementary
Note 8). On the other hand, both short and long decay times of H-hIX
are comparable to the zero-field counterpart. Thus, we focus here on
the modulation of the slow decay 7,, occurring in the tens of picose-
cond time-scale (Fig. 4d). Based on previous theoretical work on 2L-
MoS,, hiXs are expected to have radiative lifetimes on the order of
picoseconds”, thus contributing to 7,. By employing a formalism
based on an exciton-photon interaction Hamiltonian (Supplementary
Note 9), we find that the radiative decay rate of momentum-direct L-
hIX excitons l'f;f, decregses with respect to interlayer composition as
KK (E,) « ‘1 — CKK(E,)| . Thus, we estimate a field-dependent increase
in radiative lifetime &, #"X(6F =40 meV)/t/X(0) ~ 1.7, which is com-
patible with the experimentally observed increase in 7, of about 2. We
note that a significant contribution to this modulation likely arises
from phonon-assisted radiative recombination, which still scales as
7,44 With respect to the applied electric field.

To understand the role of second-order effects in the hybrid
exciton dynamics, we performed fluence-dependent pump-probe
experiments on the gated MoS, bilayer, focusing on the dynamics of
the L-hIX under high electric field. Both the buildup and the long decay
times are not strongly modulated within our scanned fluence range
(Supplementary Note 8). This suggests that the slow buildup time of L-
hIX observed under high field is not related to fluence-dependent
phonon scattering processes™. Furthermore, exciton-exciton annihi-
lation (Auger recombination) can be neglected in the observed exciton
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decay dynamics within our range of fluences, as recently demonstrated
for MoS, monolayers®, but previously found in other material
systems™**¢!, In summary, we mainly attribute the measured field-
induced increase of 75X with respect to H-hIX, X, and X at high field
and hIX at zero field, to the suppression of the L-hIX (KK) radiative
decay rate with increasing field-dependent interlayer mixing C,y.

Recent developments in the literature have revealed that elec-
trostatic doping can also induce sizable L-H splitting due to a quasi-
static random coupling between L-hIX and H-hIX*2. With this regard, in
Supplementary Note 12 we further investigate and discuss the doping-
dependent dynamics of L-hIX, unveiling an increase in formation and
long decay times for higher 6E,,_,. Albeit outside the scope of the
present work, these findings might spark further research on the
tunability of many-body electron correlations in TMDCs.

Discussion

We unveiled the strong Coulomb interactions between dipolar
momentum-direct layer-hybridized excitons in a dual-gated van der
Waals TMDC homobilayer system using nonlinear reflectivity mea-
surements. Opposite energy shifts were observed for the two dipolar
exciton species corresponding to their different dipole orientation,
together with actively enhanced nonlinearities compared to the zero-
field case. We demonstrated electrical control on the hybridized hole
tunneling rate, resulting in slower hIX formation, as well as on the
decay of hybrid excitons due to the increase in their interlayer char-
acter (i.e., decrease in hybridization). The measured density-
dependent shifts and the increase of hybrid exciton decay time with
electric field are supported by a microscopic and material-specific
theory with predictive capabilities.

Strong nonlinearities and long lifetimes are essential for obser-
ving correlated states of interlayer excitons®>*, while a high oscillator
strength unlocks the potential for polariton condensation®™. Our work
indicates a route forward to achieve these feats, since unveiling and
characterizing the electrical tunability of momentum-direct strongly-
interacting dipolar species with high nonlinearity represents an
essential step towards tunable macroscopic quantum states of matter
in TMDC bilayers. Furthermore, electrically-tunable highly nonlinear
exciton interactions will be crucial for developing ultrafast electro-
optical polariton switches®.

Methods

Device fabrication

The device consists of an hBN-encapsulated MoS, homobilayer with
bottom and top graphene gates over a SiO,/Si substrate with an oxide
thickness of 270 nm. The heterostructure was fabricated by a dry-
transfer technique using polycarbonate (PC) membranes®. hBN and
MoS, (SPI Supplies) were exfoliated onto SiO, and PDMS (gelpak)
substrates, respectively. The flakes were identified by optical contrast.
The heterostack was made by picking up the flakes successively using
the PC stamp, and then released onto the bottom graphene gate by
progressive adhesion while increasing the temperature above 150 °C.
The PC stamp was cleaned by chloroform. The heterostructure was
annealed in high-vacuum (10~® mbar) for 6 h at a temperature of
340 °C. Electrical contacts were fabricated by electron-beam litho-
graphy and evaporation of Ti/Au (2 nm/80 nm) layers.

Optical measurements

For all measurements, the sample is maintained in a closed-cycle
helium cryostat at 8 K with electrical feedthrough connections to the
graphene gates and the homobilayer flake. Electrostatic gating is
achieved using a two-channel Keithley 2612B.

Transient reflectivity measurements. For the transient measure-
ments, 100-fs pulses from an amplified Ti:Sapphire laser (800 nm) at
2 kHz repetition rate are used. The laser output is split into two beams.

One beam drives a non-collinear optical parametric amplifier to gen-
erate tunable pump pulses. The other beam is focused into a sapphire
plate to generate the broadband white light probe pulse. The pulses
are collinearly combined and focused on the sample using an objective
lens. The two beams are cross polarised and the pump pulse is filtered
out in the detection path by a linear polariser. The differential reflec-
tivity (AR/R) spectra are recorded as a function of time (1) by con-
trolling the delay between pump and probe pulses using a mechanical
delay line. Specifically, the probe reflectivity spectrum with the pump
on (Rpympon) at each delay is compared to a reference spectrum taken
without the pump (Rpymporr)- These are used to calculate.
AR/R = (Rpympon — Rpumpofr)/Reumporr- The maps shown in Fig. 3 are the
AR/R values at each delay. The AR/R signals of interest in our case are
well described by an exponential rise followed by a bi-exponential
decay™:

%R(t) =IRF(t) ® [(1 - e*#) H() - (Ale*ﬁ + Aze’i)] @)

where IRF is the Gaussian instrument response function, 7 is the rise
time, H is a Heaviside function, 7; and 7, are the fast and slow decay
times. The fitting model is further discussed in Supplementary Note 11.
The evolution of the H and L peaks in time (Fig. 3) is fitted by a double-
Lorentzian model.

Static reflectivity measurements. For the static reflectivity mea-
surements (Fig. 2), only the supercontinuum white light pulses (gen-
erated as described above) are used to excite the sample. The incident
power and bandwidth are chosen with a subsequent use of variable
filters.

Microscopic many-particle theory

To study layer-hybridized exciton states in TMDC bilayers, we derived
a many-body Hamiltonian in a hybrid exciton basis that contained a
kinetic part, the exciton-photon interaction and the exciton-exciton
interaction relevant at elevated electron-hole densities. By solving the
bilayer Wannier equation, we obtained access to pure intra- and
interlayer exciton states. By taking these states together with material-
specific tunneling parameters (obtained by DFT calculations®) as input
for a hybrid exciton eigenvalue problem we obtained the hybrid
exciton landscape of spin- and momentum-bright exciton species. We
included an out-of-plane electric field in our calculations by con-
sidering the quantum-confined Stark effect leading to energy shifts of
interlayer resonances** (Supplementary Note 2). The hybrid exciton
eigenstates were used to compute density-dependent energy renor-
malizations of hybrid excitons obtained from the Heisenberg equation
of motion (Supplementary Note 4), as well as input for the hybrid
exciton-photon interaction and the electric-field-dependent radiative
recombination rates of hybrid excitons (Supplementary Note 9).

Data availability
The data that support the findings of this study are available on
Zenodo at https://doi.org/10.5281/zenodo.17201075.
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