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Femtosecond switching of strong light-
matter interactions in microcavities with
two-dimensional semiconductors

Armando Genco 1,11, Charalambos Louca 1,2,11, Cristina Cruciano1,

Kok Wee Song 3,4, Chiara Trovatello 1,5, Giuseppe Di Blasio1,

Giacomo Sansone 6, Sam A. Randerson 7, Peter Claronino7,

Kyriacos Georgiou 8, Rahul Jayaprakash 7, Kenji Watanabe 9,

Takashi Taniguchi 9, David G. Lidzey 7, Oleksandr Kyriienko 3,7,

Stefano Dal Conte 1, Alexander I. Tartakovskii 7 & Giulio Cerullo 1,10

Ultrafast all-optical logic devices based on nonlinear light-matter interactions

hold thepromise to overcome the speed limitations of conventional electronic

devices. Strong coupling of excitons and photons inside an optical resonator

enhances such interactions and generates new polariton states which give

access to unique nonlinear phenomena, such as Bose-Einstein condensation,

used for all-optical ultrafast polariton transistors. However, to reach the

threshold for condensation high quality factors and high pulse energies are

required. Here we demonstrate all-optical switching exploiting the ultrafast

transition from the strong to the weak coupling regime in low-Qmicrocavities

embedding bilayers of transition metal dichalcogenides with high optical

nonlinearities and fast exciton relaxation times. We observe a collapse of

polariton gaps as large as 55 meV, and their revival, lowering the threshold for

optical switching below 4 pJ per pulse, while retaining ultrahigh switching

frequencies. As an additional degree of freedom, the switching can be trig-

gered pumping either the intra- or the interlayer excitons of the bilayers at

different wavelengths, speeding up the polariton dynamics, owing to unique

interspecies excitonic interactions. Our approach will enable the development

of compact ultrafast all-optical logical circuits and neural networks, show-

casing a new platform for polaritonic information processing based on

manipulating the light-matter coupling.

All-optical switches based on nonlinear optical materials have been

extensively investigated to overcome the speed limitations of elec-

tronic circuits, thanks to their potential to work at much higher fre-

quencies owing to the inherently fast light-matter interactions

underlying their operation1. Demonstrations of ultrafast all-optical

logic gates have been achieved in a plethora of solid state platforms,

exploiting optical nonlinearities (χ(2) and χ(3))2,3 and saturable

absorption4. Notable examples employed microring resonators5,

plasmonic nanostructures6, photonic crystals7, metasurfaces8, 2D

materials9 or even single molecules10. Such devices showcased

switching times down to tens of femtoseconds, but usually at the

expense of the switching energy or the on/off contrast11,12. More

recently, an optimal combination of femtosecond switching times and

femtojoule operating energies has been obtained in an all-optical
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nonlinear device based on a lithium niobate waveguide13, but with

millimeter-scale lengths hindering the production of densely on-chip

integrated circuits. Therefore, achieving high performances in all-

optical switches is still an open challenge, with the future perspective

of integrating them in a compact photonic processor.

Excitons in semiconducting materials embedded in optical reso-

nators can be used for all-optical switching, as they show a highly

nonlinear response when they are in strong coupling (SC) with reso-

nant photons confined in the structure. In such a regime, the rate of

coherent energy transfer between the energy-degenerate excitons and

photons is higher than the loss rate, and new hybrid light-matter

quasiparticles arise, called polaritons14. The energy splitting of the

polariton states (Rabi splitting) is a direct measure of their coupling

strength, which is proportional to the quality factor (Q factor) of the

resonator and to the exciton absorption cross section.

Harnessing polaritonic nonlinear interactions is of key impor-

tance for a broad range of phenomena and applications, such as

lasing15, optical parametric amplification16, Bose-Einstein condensation

(BEC)17, or for quantum effects (polariton blockade)18,19. A combination

of blueshift of the polariton states and gain in photoluminescence

intensity occurring above the threshold of BEC has been used as

operational principle of all-optical polariton logic devices and neural

networks20–22. Ultrafast optical switching (with switching times ≤1 ps)

relying on BEC has been demonstrated even at room temperature23–25,

but typically using high Q factor architectures and high pulse energies

to reach the condensation threshold, i.e. from tens to hundreds pJ per

pulse26,27, although the energy/pulse thresholds for polariton non-

linearities have been recently brought down from ~10 nJ28 to ~1 pJ29.

Alternative strategies for all-optical polariton switching have been

also shown30–33, used, for example, for optical spin switches34,35. A

promising approach to achieve high performances in polariton

switching relies on the modulation of the light-matter coupling

strength, leveraging on the exciton absorption saturation, which pro-

duces a spectral shift of the polariton states, acting as a gate for the

light transmitted/reflected by the device. Varying strongly the cou-

pling strength would eventually lead to a complete transition from

strong to weak coupling regime or viceversa36. SC can be switched off

in strongly coupled optical microcavities comprising GaAs quantum

wells throughoptical saturation of excitons36,37or via electrically-tuned

charge build-up38. Alternatively, it can be switched on by optically

induced absorption, i.e. for inter sub-band transitions39. However,

achieving complete on/off switching cycle below 1 ps acting on the

coupling strength in these material platforms is not possible due the

long excitons and excited carriers lifetime40.

Atomically thin transition metal dichalcogenides (TMDs) are pro-

mising nonlinear optical materials41, where excitons remain stable up to

room temperature due to large binding energies and oscillator

strength42,43. Owing to these properties, TMDs can easily enter the SC

regime,when integrated inoptical resonators44,45. Recent studies ofTMD

polaritons aim tomaximize nonlinear interactions going beyond the use

of 1s neutral excitons, exploring higher Rydberg excitonic states,

charged excitonic complexes, moiré or dipolar excitons46–50. Moreover,

the fast dynamics of TMD excitons51 makes these materials very pro-

mising for ultrafast logic gates. Optically pumping TMD monolayers

coupled tooptical resonatorswithultrashort laser pulses canmodulate52

or completely quench the Rabi splitting53 increasing the pump fluence,

owing to strong exciton nonlinear interactions. However, a time-

resolved study of the complete strong-to-weak coupling transition in

microcavities with atomically thin TMDs and the demonstration of its

use for high performance all-optical switching have never been shown.

Here we use MoS2 bilayers embedded in low-Q factor micro-

cavities to produce an ultrafast collapse and revival of the SC regime

using very low pulse energies ( <4 pJ). Compared to monolayers,

bilayers offer a unique combination of crucial properties to obtain

such effect, such as (i) ultrafast and efficient exciton relaxation, (ii)

strong nonlinearities, i.e. Coulomb dipole-dipole interactions and

phase spacefilling, enhancedby the reduceddielectric screening54, (iii)

hybridized interlayer excitons with high oscillator strength55, leading

to distinctive interspecies intra-interlayer exciton interactions54. We

employ femtosecond transient reflectivity (TR) spectroscopy to

demonstrate the ultrafast switching of the SC regime in compact

devices at both cryogenic and room temperature (RT). We show the

full tunability of this process through different degrees of freedom,

such as pump wavelength, pulse power and cavity detuning. The SC

switching leads to a strongmodulation of the polariton peaks splitting,

reducing the initial energy separation from 42 meV to less than their

linewidth, making them indistinguishable from a single peak. The Rabi

splitting modulation is further enhanced by placing a stack of two

bilayers separated by hBN in the cavity, going from 55 meV to a com-

plete collapse, resulting in an effective extinction ratio of about 7.5 dB

working in reflection. We further demonstrate an on/off SC switching

frequency as high as 250 GHz, which can be extended up to 1 THz.

Results
Static and dynamic optical behavior of MoS2 bilayers
The TMD structures used in our work are made of monolayers (MLs)

and bilayers (BLs) of MoS2 encapsulated in hBN, placed on distributed

Bragg reflectors (DBRs), for the subsequent fabrication of optical

microcavities. Unless specified, all the spectroscopy experiments in

this work are performed at T = 8K. Figure 1a shows the Reflectance

Contrast (RC) spectra of ML and BL MoS2 outside the cavity. The

absorption of the intralayer A exciton in the BL (XA−BL) is higher than in

the ML, due to presence of the additional layer. In the BL a new exci-

tonic resonance appears at ≈2 eV, which is attributed to dipolar

hybridized interlayer excitons (hIX) with a high oscillator strength,

resulting from the coherent tunneling of holes between the valence

bands of the two layers (Fig. 1a inset)55,56.

We study the ultrafast response of MoS2 excitons by ultrafast TR

micro-spectroscopy. We deliver two collinear pulses, a narrow-band

pump and a broad-band probe, focused on the sample using a

microscope objective (Fig. 1b). We then vary the delay time τ between

them andmonitor the changes in the broadband reflectivity spectrum

of the probe (see Methods for experimental details). Figure 1c shows

the differential reflectivity (ΔR/R) map measured as a function of the

probe photon energy and pump-probe delay for a BLMoS2, tuning the

energy of the pump pulses at ≈ 1.94 eV, in resonance with the XA−BL.

Generally, the shape of the TR spectra in TMD MLs is a result of

multiple effects, such as optical saturation (photo-bleaching), line

broadening and spectral shift of the exciton peaks, leading to positive

and negative TR signals around the exciton energies57. To show more

clearly the temporal evolutionof the exciton features inour system,we

perform an analysis of the transient ΔR/R response based on the

Transfer Matrix Method (TMM) to extract the time-dependent RC

spectra of thematerial (seeMethods for details)58. Figure 1d shows the

MoS2 BL dynamic RC spectrum at a delay of 0.3 ps (purple curve),

compared to the one before the pump pulse ( − 0.3 ps, orange curve).

We fit the dynamic RC with three Lorentzians (solid lines in Fig. 1d) to

extract the time-varying intensity and energy shift of each excitonic

mode. After excitation, the XA−BL peak is quenched and slightly blue-

shifted. The small shoulder at 1.91 eV appearing at positive delays is

instead related to a photo-induced absorption of the trion (X*
A�BL)

59–61.

Since the excitation pulses are in resonance with XA−BL (shaded yellow

area in Fig. 1d), at lower energies compared to hIX, we would expect

negligible optical saturation of the latter if the two excitonic species

were totally uncoupled. On the contrary, we observe a photo-

bleaching of the hIX absorption, although less intense than in the XA

−BL case. This indicates their hybridization with intralayer excitons due

to the coherent hole tunneling between the valence bands of the two

layers and to the fermionic interactions between holes of XA−BL and hIX

sharing the same valence band (see inset of Fig. 1a)54.
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Tracking the RC peak intensity as a function of the delay time,

we can extract the ultrafast dynamics of the excitonic species

(Fig. 1e). The transient behavior of exciton energies and linewidths

is shown in Supplementary Note S1. For both XA−BL and hIX, the

exciton population rises instantaneously (within the ≈ 100 fs tem-

poral resolution of our setup), then decays exponentially, with

about 50% of the initial population already relaxed within 2 ps

(a comparison with MoS2 ML exciton dynamics is reported in Sup-

plementary Note S2). The fast exciton decay time is similar between

XA−BL and hIX.

The ultrafast nonlinear optical response of mono and few-layers

TMDs has been studied extensively in the past62–64. Transient exciton

line shifts in TMDs are usually ascribed to Coulomb interactions at

short time scales (few ps)58,65, or bandgap renormalization66, and to

transient heating effects67 at longer times (from tens to hundreds of

ps). Exciting TMD monolayers close or below the exciton energy also

leads to strong and instantaneous (within the pump pulse duration)

line shifts due to the optical Stark effect68,69. High exciton densities in

TMDs lead to optical saturation, due to phase-space filling (i.e. Pauli

blocking)67, and line broadening caused by excitation-induced

dephasing57. Tracking the time-dependent exciton saturation in ultra-

fast pump-probe experiments allows monitoring the exciton popula-

tion dynamics.

In MoS2 BLs we observe a bi-exponential population decay with a

fast and a slow component. While in MLs the fast decay is usually

attributed to radiative and non-radiative relaxationprocesses of bright

excitons70, in BLs it is more probably related to electron-phonon inter-

valley scattering processes from the K points to the lowest energy

point of the Brillouin zone71–73. The slow decay component can be

related to phonon-assisted recombination fromdark states70or defect-

mediated non-radiative recombination74.

Femtosecond switching of the strong coupling regime
We exploit the highly nonlinear exciton interactions in MoS2 BL to

drastically modify the light-matter coupling strength in microcavities

on ultrafast time-scales. The microcavity samples are fabricated by

covering the hBN-encapsulated MoS2 heterostructures placed on

DBRs with a transparent polymeric spacer (polymethylmethacrylate,

PMMA) and a top silver (Ag)mirror, as illustrated in Fig. 2a.Weperform

k-space (Fourier) spectroscopy to image the angular dispersion of the

monolithic cavity embedding the MoS2 BL (Fig. 2b). Two distinct

anticrossings appear when the cavity mode is in resonance with XA−BL

and hIX energies, a clear signature of the SC regime, resulting in upper,

middle and lower polariton branches (UPB, MPB, LPB). Fitting the

dispersion with a three coupled oscillators model, we extract Rabi

splittings of ΩABL
= 42 meV and ΩhIX= 23 meV for XA−BL and hIX,

a c

b

1.85 1.9 1.95 2

Energy (eV)

0

1

2

3

4

5

6

-6

-4

-2

0

2

4

6

8

10

12

14

ΔR/R x10-2

τ
 (

p
s
)

Obj.

lens

hBN

MoS
2

BL

T=8K

τ

Pump
Probe

d e

1.85 1.9 1.95 2

Energy (eV)

0

0.1

0.2

0.3

0.4

0.5

D
y
n

a
m

ic
 R

C
 (

a
rb

. 
u

n
it
s
)

τ = -0.30 ps

τ = 0.30 psPump

bandwidth

X
A-BL

hIX

X*
A-BL

1.9 1.95 2 2.05 2.1 2.15

Energy (eV)

0

0.1

0.2

0.3

0.4

0.5

R
e
fl
e
c
ta

n
c
e
 C

o
n
tr

a
s
t 
(a

rb
. 
u
n
it
s
)

MoS
2
 ML

MoS
2
 BL

hIX

X
A-BL

hX
B

X
A-ML

X
B-ML

Layer 1 Layer 2

IXX
A X

B

0 1 2 3 4 5 6

Delay (ps)

0

0.2

0.4

0.6

0.8

1

Δ
A

e
x
c
 (

n
o

rm
.)

X
A-BL

hIX

X*
A-BL

Fig. 1 | Optical characterizationof theBLMoS2. a StaticRC spectraof aMLandBL

MoS2 encapsulated in hBN. RC= (Rsub−RTMD)/Rsub, whereRTMD is the reflectance of

the sample,while Rsub is taken on the substrate. Inset: sketchof the banddiagram in

MoS2 BL; the dashed red line indicates the coherent tunneling of holes. b Sketch of

the MoS2 BL encapsulated in hBN (out of scale) measured by pump-probe micro-

spectroscopy. c Transient differential reflectivity map as a function of delay time τ

and probe photon energy measured for MoS2 BL. d Dynamic RC of the MoS2 BL at

negative (before pulsed excitation) and positive (after pulsed excitation) delay

times, extracted from the differential reflectivity map in c. Solid curves show the

Lorentzian fit of the dynamic RC. Black arrows show optical saturation and energy

shift of the XA−BL and hIX transitions, and the photo-induced absorption of the

X*
A�BL trion. The shaded yellow areadisplays the energy andbandwidthof thepump

pulses. e Normalized exciton peak amplitude variation (ΔAexc) of XA−BL and hIX,

extracted from the dynamic RC at different time delays.
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respectively. We also fabricated a microcavity with a similar structure

embedding a MoS2 ML, which shows an anticrossing between the

cavity mode and intralayer excitons with a Rabi splitting of ΩAML
=

28 meV. The latter is reduced compared to the BL cavity due to the

lower absorption (see Supplementary Note S3 for the static analysis of

the ML cavity).

We use ultrafast TR spectroscopy to excite the MoS2 BL-based

microcavities with narrowband ultrashort pulses tuned at the energy

of XA−BL. To better visualize the dynamic behavior of polariton spec-

trum, we plot directly the reflectance (1-R) spectra measured on the

cavity as a function of delay time and probe photon energy (Fig. 2c, d),

while we include the TR data of the same measurement in Supple-

mentaryNote S4. Considering that in the spectral regionof interest the

reflectance of the cavity without the TMD is close to 1, plotting 1-R as a

function of time is equivalent to showing the dynamic RC. We focus

our analysis on incidence angles close to normal, on the anticrossing

between the cavity mode and the XA−BL, resulting in the MPB and LPB.

In a stark contrast to the out-of-cavity experiments, we do not observe

a direct reduction of the exciton absorption in this measurement, but

we monitor it indirectly through huge shifts of the polariton states. At

negative delays, MPB and LPB are clearly separated, located at 1.953 eV

and 1.911 eV respectively. When the pump and probe pulses are syn-

chronous, the twopolaritonpeaks collapse symmetrically in onebroad

central peak at ≈ 1.94 eV (purple line in Fig. 2c). Already after 2 ps, the

two polariton branches start to reappear, while after 100 ps they have

almost completely recovered. The 1-R map as a function of the time

delay (Fig. 2d) showsmore clearly the complete collapse and revival of

polaritons, which can be only explained as a reversible transition from

the strong to the weak coupling regime. In our system, the collapse of

SC is mostly related to a large density of uncoupled excitons which

saturates the optical transition. The SC recovery is consequent to the

relaxation of such excitons, leading to a regaining of oscillator

strength. In fact, we note that the SC recovery followswell the dynamic

absorptionof the excitonic speciesmeasuredoutside the cavity (Fig. 1e

and Supplementary Note S5), being a direct consequence of density-

dependent optical saturation of excitons. The two polariton branches

show different recovery times depending on their Hopfield coeffi-

cients, and in particular on their photonic component. In fact, a

polariton branch with a larger photonic character will be closer in

energy to theweakly coupled cavitymode, leading to a faster recovery.

Therefore, a positive detuning benefits theMPB recovery over the LPB

one, as shown in Fig. 2d, while the opposite happens for negative

detunings (see Fig. S13).

We performed a quantitative analysis of the ultrafast behavior of

MoS2 BL polaritons by fitting the experimental 1-R peaks with Gaussian

functions. The results are shown in Fig. 2e, where the extracted peak

energies and linewidths are plotted against the time delay up to 1.5 ps.

Within few hundreds of femtoseconds from the zero-delay, the LPB

shows a blueshift of about 27meV, while theMPB redshifts by about 14

meV, merging in a single peak at about 250 fs. Such huge shifts cannot

be explained just taking into account the bare exciton energy varia-

tions, which are in the order of only a few meVs (Fig. 1d). When the
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of the MoS2 BL microcavity structure measured by pump-probe spectro-micro-

scopy. bColor map of the angle-resolved RC spectra of a microcavity embedding a

BLMoS2 in strong coupling regime, showing two distinct anticrossings around the

XA−BL and hIX energies (black dashed lines) respectively. The coupled oscillators

model fit (white dashed lines) and the cavity mode dispersion (blue line) are shown

in overlay. c 1-R spectraof the BLmicrocavity taken atdifferent pump-probe delays,

pumping the system at 1.94 eV with 3.75 pJ. Immediately after excitation, the

polariton branches collapse in a central weakly coupled cavity mode. d Color map

of the 1-R spectra of the BL microcavity as a function of the pump-probe delay

showing the ultrafast collapse and later revival of the MPB and LPB (white dashed

lines). e Results of Gaussian fits of the polariton/cavity modes dynamic spectra
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while the shaded areas depict the linewidth of the modes (Full Width Half Max-
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energy separation of the polariton states is lower than the linewidth of

the cavity mode or the exciton, the anticrossing is not visible anymore

and the system falls into the weak coupling regime (red star in Fig. 2e).

Already after ≈ 500 fs, the SC is recovered. TheQ factor of our cavity is

about 190, leading to a photon lifetime of ~ 65fs, being much faster

than the observed recovery dynamics. This suggests that such beha-

vior is dominated by incoherent excitonic processes. We note that in

the weak coupling, the cavity mode is strongly broadened by the

background absorption of the excitons, already broad due to

excitation-induced dephasing57. Such broadening also affects the

polariton peaks after the collapse, as shown in the color bars of Fig. 2e,

which become more discernible only after 2 ps. The polariton line-

widths narrow down even more after 10 ps, when the effects of exci-

tation induced dephasing fade away, as shown in Supplementary

Note S11. To a first approximation, we can consider that the strong to

weak coupling full transition is reachedwhen the Rabi splitting is equal

or below the unperturbed exciton linewidth (the FWHMof XA−BL, γ0exc,

is ~ 20meV in static conditions). Amore precise definition of strong to

weak coupling threshold implies that the energy exchange between

cavity andexciton resonances is larger than thedifferencebetween the

loss rates75,76. On the other hand, considering in our case the exciton

line broadening caused by excitation-induced dephasing, this

becomes a less stringent criterion, as discussed later in this sec-

tion (Fig. 3c).

Leveraging on the large binding energy of excitons in TMDs, we

fabricated an additional BL MoS2 microcavity in SC regime at RT. We

performed a full SC switching also in this device at ambient conditions,

shifting the LP by about 20 meV using a pump pulse energy of ~ 1.8 pJ

(see Supplementary Note S11).

Finally, we observed a similar SC collapse also in the microcavity

embedding a ML of MoS2, but in that case the longer exciton lifetimes

led to a much slower SC recovery, while the smaller Rabi splitting

worsened the on/off contrast, i.e. the signal intensity ratio between the

1-R spectra of the cavity in the unperturbed SC and weak coupling

conditions respectively (see Supplementary Note S6). The switching

contrast is influencedby anumber of factors. Themost important ones

are the visibility of the polariton modes, controlled by the detuning,

the maximum achievable dynamic energy shift, directly proportional

to the Rabi splitting, and the exciton and polariton linewidth broad-

ening. The latter can significantly worsen the switching contrast and is

also dependent on the exciton density and the pump fluence. Redu-

cing the static and dynamic exciton and polariton broadening or

enlarging the Rabi splitting will increase the on/off contrast.

The pump pulse energy plays a major role in the SC switching

dynamics, as shown in Fig. 3a where MoS2 BL cavity spectra taken at a

delay of 250 fs for different excitation pulse energies demonstrate the

gradual quenching of the Rabi splitting. The SC collapse in TMD cav-

ities is a direct consequence of exciton nonlinear interactions, which

scale proportionally to their density54. We demonstrate this effect by

carrying out theoretical simulations of the cavity 1-R spectra using the

TMM (Fig. 3b), employing the MoS2 BL optical constants calculated

from the exciton nonlinear absorption as a function of the density (see

Supplementary Note S7). The match between experiments and simu-

lations proves that the main cause behind the observed femtosecond

switching of the SC regime is the optical saturation and broadening of

MoS2 BL excitons at high excitation densities, which recovers very

rapidly due to the fast radiative and non-radiative exciton relaxation

mechanisms in this system.
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Figure 3c reports the MPB-LPB energy difference against the time

delay, normalized with respect to its value before excitation. In this

figure, the blue dots are related to the experiment reported in Fig. 2,

performed at 3.75 pJ (pump fluence: 212 μJ cm−2), and show the

recovery of SC occurring on twodifferent time-scales, a fast onewithin

1 ps and a slowonewhich is concluded after ≈ 100ps.We ascribe those

two recovery steps to the population decay dynamics of the bare

excitons (see Fig. 1e and Supplementary Note S5). The red dashed

horizontal line in Fig. 3c represents the threshold when the polariton

splitting is smaller than the unperturbed exciton linewidth (γ0exc),

while the black dashed curve shows the time-dependent normalized

difference between exciton and cavity linewidths. While the cavity

linewidth remains approximately the same in all the experiments

( ~ 10 meV), the exciton linewidth changes with fluence and time

because of excitation-induced dephasing. We extract the transient

XA−BL linewidth, γexc(t), analysing the time-dependent reflectivity of the

out-of-cavity sample, excited with a pump fluence comparable to the

ones used in the cavity experiments (see Supplementary Note S5).

Using the exciton-cavity linewidth difference to set the threshold for

SC, the switching is not as sharp, but it still occurs in a sub-picosecond

time window, between ~ 50 fs and ~ 700 fs, pumping with 3.75 pJ. On

the other hand, using such a definition for the strong to weak coupling

transition, the pulse energy to induce the SC collapse will decrease. At

the SC switching pump energy threshold, we estimated a peak polar-

iton density of about 105μm−2. Increasing or decreasing by few pico-

joules the excitation energy, we can extend the temporal window of

weak coupling regime (7.5 pJ, red dots in Fig. 3c) or suppress the

transition (2.5 pJ, yellow dots in Fig. 3c).

We provide a theoretical explanation on the energy dependent

dynamic SC switching upondirect excitation of the intralayer excitons,

considering several possible contributions to the dynamics. We note

that the ≈ 1 ps timescale for the fast recovery coincides with the bare

XA−BL exciton fast decay. However, this short timescale cannot account

for the later slower recovery ( ~ 100 ps) of the Rabi splitting, indicating

that a significant exciton population remains in the sample and non-

linear phase space filling impacts the spectrum. One plausible expla-

nation is the existence of long-lived dark excitonic states at lower

energies77,78. In this case photoexcited excitons can be transferred to

such states which interact with light weakly, forming a reservoir that

contributes to the nonlinear phase space filling. In a bilayer MoS2, low-

energy states are represented by spin-forbidden states due to spin-

orbit coupling, or momentum-forbidden states77 due to indirect

bandgap78. These states possess a very long lifetime and can explain

the TR dynamics. The corresponding model is summarized in the

Methods, while we providemore details about the simulated polariton

dynamics in Supplementary Note S8.

Leveraging on the ultrafast recovery times of SC in our samples,

we demonstrate the possibility to modulate light-matter interactions

at very high frequencies, illuminating the cavity with two subsequent

pump pulses at 1.94 eV delayed by only ≈ 4 ps. To produce such pulse

pair, we used a birefringent YVO4 crystal with optical axis rotated by

45° with respect to the polarization of the incoming pump pulse, fol-

lowed by a linear polarizer (see Fig. 3d and Methods for more details).

The first pulse energy was tuned to be slightly lower than in the

experiment of Fig. 2 in order to get a faster SC recovery, while the

second pulse energy was adjusted to take into account the residual

excitonpopulation after the first pulse. The resulting transient 1-Rmap

shows two reversible on/off cycles (Fig. 3e), proving a very fast

switching frequency of ≈ 250 GHz. We note that this value was limited

by technical constraints (the fixed delay between the pulse pair

determined by the thickness of the available YVO4 crystal), while the

theoretical limit is given by the recovery time of the SC.

Ultrafast SC switching by interspecies interactions
We exploit the interspecies exciton interactions specific ofMoS2 BL to

generate optical saturation of XA−BL acting on the hIX, exciting selec-

tively the latter and probing the quenching of the Rabi splitting on XA

−BL (Fig. 4a). Thisprocess relies on nonlinear fermionic interactions (i.e.

involving a single charge carrier constituting the exciton) between the

two excitonic species: the XA−BL valence band is shared with hIX,

therefore exciting the latter causes optical quenching of the former,

due to Pauli blocking of holes for XA−BL
54. Figure 4b shows the transient

1-R map of the MPB-LPB, pumping the hIX of the BL: the femtosecond

switching of SC regime occurs very clearly also in this case. Comparing

this result with the previous case of resonant XA−BL pumping (Fig. 2c),

the fast SC recovery is evenmoredistinct, with the twopolariton peaks

being clearly visible and well separated already after 1 ps, as shown

in Fig. 4c.

The dynamics of the nonlinear response when pumping in reso-

nance with the hIX is also consistent with the developed model based

on the nonlinear saturation and phase space filling from the long-lived

states (see Methods). In this case, we considered similar lifetimes for

hIX compared to XA−BL, but we assumed the rate for transferring the

pumped hIX to the long-lived reservoir states contributing to the

phase space filling to be smaller than in the XA−BL case. This may be

understood as the result of the hIX’s wavefunction spreading in the

out-of-plane direction. This implies that hIX is less 2D than XA−BL,

leading to a weaker scattering effect with disorder and to a smaller
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transfer rate. Furthermore, thermalization through exciton-phonon

scattering is another important mechanism converting the bright

states into momentum-dark states which may also gives smaller

transfer rate upon hIX pumping. These scattering effects yield a faster

recovery of SC, in agreement with our experimental observation (see

Supplementary Note S8).

Another effect leading to faster recovery in the hIX pumping

scheme is the mitigation of the Pauli blockade. In contrast to

XA−BL pumping, the pumped exciton only shares holes with the

probed exciton but not the electrons54, see Fig. 4a, leading to a

weaker saturation effect. This can also result in a faster recovery

of SC if similar conditions as in XA−BL case are used (except the

pump photon energy). Combining the effects of a smaller bright-

to-dark exciton transfer rate and weaker Pauli blockade, the

influence of the reservoir long-lived states is less significant

exciting the hIX. Therefore, a faster recovery time of SC is easier

to achieve in this case. Such fast recovery would allow to further

increase the switching frequency, up to ≈1 THz. We underline

that to achieve such hIX-induced Rabi quenching we use an

excitation energy of 4.37 pJ, only moderately higher compared to

the resonant excitation case. Higher pulse energies will increase

the recovery time and the weak coupling time window.

SC switching in a double BL microcavity
Finally, we fabricated a device comprising two vertically stacked

bilayer MoS2 separated by an hBN spacer of 40 nm. We placed this

structure in amicrocavitymadeof the sameDBRand silvermirror used

in the single BL cavity, with a PMMAspacer between theTMDstack and

the top mirror (Fig. 5a). Similarly to microcavities with multiple

quantumwells79, the SC is enhanced in this sample, as theRabi splitting

is increased to 55 meV due to the additional BL unit (see Supplemen-

tary Note S9 for the coupled oscillators model fit of the strongly

coupled cavity dispersion). Figure 5b shows a comparison between the

static 1-R spectra of a single BL (blue line) and a double BL (red line)

cavity, taken at small angles. It clearly appears that theMPB-LPB peaks

are more separated in the double BL cavity compared to the single BL

sample, being also redshifted, as an effect of the more negative

detuning of the former. The negative detuning also leads to a decrease

of the LPB linewidth in the double BL cavity, being more cavity-like.

By exciting the double BL cavity with pump pulses resonant with

XA−BL, we observed again an ultrafast collapse of the MPB-LPB polar-

iton peaks into a weakly coupled cavity mode, followed by their later

recovery (Fig. 5c). We note that the pulse energy used for this

experiment (8.25 pJ) was not adjusted to obtain a sub-ps SC recovery,

but just to demonstrate the SC switching. Figure 5d shows the full

dynamics of the SC collapse and recovery in the double BL cavity,

where the energy separation betweenMPB and LPB (blue and red lines

respectively) drops from ≈ 55meV to zero immediately after the pump

pulse. Considering the unperturbed SC condition as the on state of the

optical switch and the weak coupling as the off state, we calculated the

spectral power extinction ratio (ER) from the 1 − R spectra before and

after the pump pulse, taken at − 350 fs and 350 fs respectively, where

ER(dB)= 10 logðð1� RonÞ=ð1� Rof f ÞÞ. The ER is increased significantly in

the double BL cavity compared to the single BL device, over a broad

energy range, as shown in Fig. 5e. For both the devices, the maximum

ER in absolute value is reached around the energy of the weakly cou-

pled cavitymode, between the LPB andMPB,which transmits (reflects)

more during the off (on) state. While for the single BL the ER absolute
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value reaches 3.2 dB at 1.932eV, it is enhancedup to 7.5dB at 1.915 eV in

the double BL. It is worth to mention that the ER is also high in the

spectral regions of the LPB and MPB, where it shows opposite sign,

meaning that the optical switch can be used in direct or reverse mode

just by changing the operational wavelength. We also tested the SC

switching in a single BL cavity with a slightly negative detuning, similar

to that of the double BL cavity, as shown in Supplementary Note S12.

The negative detuning in this sample leads to a maximum ER of ~ 7 dB

(Fig. S13c), higher compared to that of the single BL cavity shown in

Fig. 5. Such value is similar to themaximum observed in the double BL

sample, pointing out the importance of the detuning for a high con-

trast. However, in a single BL device the ER is maximized only in a

narrow spectral region around 1.93 eV. A double BL cavity instead

ensures maximum contrast in a broader energy range owing to the

increased Rabi splitting, and consequently the larger energy separa-

tion between LPB and the cavity mode.

We note that working at high frequencies, the effective extinc-

tion ratio for a second switching event decreases due to the residual

exciton population after the first pulse excitation (e.g. by about four

times in the double pump pulse experiment shown in Fig. 3). We

foresee that this drawback can be mitigated by reducing the long

exciton decay component, for example suppressing the exciton

scattering to dark states and using a different optical resonator

with higher Q factor and smaller mode volume, to induce a strong

Purcell effect.

Discussion
In summary, we exploit the transient behavior of MoS2 exciton-

polaritons to demonstrate ultrafast optical switches using low pulse

energies ( < 4 pJ), whose operational principle is based on the instan-

taneous transition from the strong to the weak coupling regime due to

optical saturation of excitons, which can recover on the sub-

picosecond timescale. The MoS2 BL system uniquely combines nano-

metric thickness, large nonlinearities and large Rabi splitting with

short lifetimes, with the latter enabling observation of the exception-

ally fast recovery. SC switching can be performed in this platform even

at ambient conditions, still using very low pulse energies, below 2 pJ.

Furthermore, we show that by increasing slightly the pump pulse

energies above the threshold for the SC collapse, the weak coupling

time window can be significantly extended and deterministically con-

trolled, being sensitive to energy variations of hundreds of femtojoules

and below, crucially important for sensing and low light applications80.

Such strongly fluence-dependent switching dynamics can be also

exploited to emulate spiking neurons in novel neuromorphic com-

puting architectures81. This system, also, offers additional degrees of

freedom. It can operate at different excitation energies, for example in

resonance with either intra- or interlayer excitons, leveraging on the

strong interspecies interactions between these excitonic species,

unique to the MoS2 BLs. We foresee this property to be particularly

useful formultiplexed logic operations82. Owing to the fast recovery of

SC, wewere able to perform subsequent switching events delayed by 4

ps, demonstrating anoperational frequency of ≈250GHz. Considering

the sub-ps SC switching time, this frequency can be pushed up to 1

THz, surpassing even the fastest electronic transistors demonstrated

so far83.We alsodemonstrate that using amicrocavitywith twostacked

MoS2 BLs can boost the Rabi splitting and greatly enhance the on/off

extinction ratio, reaching a maximum of 7.5 dB in a single switching

event. Compared to BEC-based polariton switching, our system does

not need a high Q factor to obtain the switching effect. A further

improvement of the optical resonator Q factor and a shorter exciton

lifetime will lead to even greater on/off contrast for high frequency

switching. For example, increasing the Q factor even by one order of

magnitudewill still result in a polariton lifetime below 1 ps, resulting at

the same time in a polariton linewidth of few meV, hence obtaining a

much higher on/off contrast.

Our work highlights TMD bilayers as a flexible system with rich

physics in which sub-ps all-optical switching can be achieved and finely

controlled. Such platform shows clear advantages compared to other

materials in SC regime or even to TMD monolayers (see Supplemen-

tary Note S13 for a detailed comparisons with other systems).

The insights provided canbepivotal for the development of TMD-

based high speed all-optical circuits. Moreover, the developed ultra-

fast nonlinear switching unit can improve the performance of optical

neural networks84,85 acting as an all-optical nonlinear activation func-

tion. Considering also the nanometric thickness of each hBN/BL/hBN

stack, a microcavity could be filled by many TMD units, greatly

increasing the Rabi splitting and subsequently the spectral shifts when

used as ultrafast switches, which will lead to enhanced on/off extinc-

tion ratio. Moreover, the integration of electrical contacts in the

microcavity structures86 would enable the fabrication of electro-

optical interfaces by tuning the electrostatic doping and electric field,

which can provide giant shifts of the hIX energy in MoS2 BLs56, also

enhancing their nonlinear interactions.Our SC switching approach can

be extended also to other types of TMDhomobilayers or even tomoiré

heterobilayers. In the latter case, the exciton confinement within the

moiré potential will foster polariton nonlinear interactions49, leading

to optical saturation and SC quenching at lower exciton-polariton

densities. Owing to the low pulse energies used, we observed no

degradation of the devices after several switching experiments, even

under ambient conditions, ensuring good long-term switching stabi-

lity. Identifying strategies to suppress the slow exciton decay compo-

nent will also ensure a high on/off extinction ratio for multiple

switching events while working at very high frequencies. Optimizing

the coupling of the TMD with a different optical resonator, e.g.

waveguide resonances or nanophotonic structures, will enable the on-

chip integration of multiple switching nodes within in-plane optical

networks. Very small mode volumes and strongly localized light fields

typical of such structureswill also decrease thepulse energies required

for the switching. Nanophotonic devices embedding TMD MLs that

host quasi-bound states in the continuum modes with high Q factor

have been recently demonstrated87,88. In such systems, the reflectivity

(transmissivity) in the spectral regions around the uncoupled exciton

energies can bemoderately low (high). Hence, increasing the Q-factor

will improve the on/off contrast by reducing the polariton linewidth,

while still ensuring optical access to the excitons.

Developing ultrafast all-optical switches based on the transition

from the strong to the weak coupling regime would be crucial also to

unveil more exotic physical phenomena. The transition between the

strong and weak coupling regime is linked to the observation of

exceptional points, where the eigenvalues and eigenfunctions of the

coupled systemscoalesce, enfoldingexoticphysics arising fromthenon-

Hermitian Hamiltonian describing such condition89,90. The encirclement

of exceptional points in microcavities, controlling the detuning and the

coupling strength, has been recently demonstrated91,92, paving the way

for the investigation of non-Hermitian physical phenomena, such as

anomalous topological phases93 and dissipative phase transitions94,95.

Our platform offers a new approach to tune the system parameters for

encircling the exceptional point on ultrafast timescales.

Methods
Sample fabrication
The hBN/MoS2/hBN heterostructures were assembled using a poly-

dimethylsiloxane (PDMS) polymer stamp method. The PMMA spacer

for the monolithic cavity was deposited using a spin-coating techni-

que, while a silver mirror of 45 nm thickness was thermally evaporated

on top of it.

Optical measurements
For the transient reflectivity measurements 100-fs pulses from an

amplified Ti:Sapphire laser at 2 kHz repetition rate are used. The laser
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output is split in two beams. A portion of the laser output is utilized to

drive a non-collinear optical parametric amplifier (NOPA),whichallows

tuning the pumpwavelength. The rest is used for the generation of the

broadbandwhite light probe pulse by focusing the beamon a sapphire

plate. The delay between pump and probe pulses is controlled by a

mechanical delay line. The pulses are combined collinearly and

focused on the sample using a 50x objective, resulting in a spot size of

≈ 1.5 μm. The sample is kept in a helium cryostat at 8 K. The differential

reflectivity (ΔR/R) spectra are recorded at various timedelays τ to track

the changes induced by the pump. Specifically, the reflectivity spec-

trum of the probe with the pump on, RPumpOn, is compared at each

delay with a reference spectrum obtained when the pump is off,

RPumpOff. These areused to calculate ΔR
R =

RPumpOn�RPumpOff

RPumpOff
, shown in theTR

maps. The pump is orthogonally polarized with respect to the probe

and it is filtered out by using a polarizer in the detection path. To

remove any residual pump signal we also subtract a background

spectrum taken without the probe to all the differential reflectivity

spectra. The dynamic probemaps are extracted froma combination of

the measured RC spectrum with the pump off and the ΔR/R maps, as

RPumpOn =RPumpOff ð1 +
ΔR
R Þ. For thedouble pumppulses experiments,we

use a thick YVO4 birefringent crystal with optical axis rotated at 45∘

with respect to the vertical pump polarization, which produces a

replica of the pulse with horizontal polarization delayed by ≈ 4 ps. The

rotation of a subsequent polarizer is changed to finely adjust the

energy of each pulse in order to ensure the SC recovery after each

excitation pulse.

Transfer matrix method analysis
In order to extract the spectral and temporal evolutionof the excitonic

optical properties from theΔR/Rmaps,we follow a procedure recently

reported in refs. 58,96. The transient reflectivity R(ω, τ) of MoS2 BL at

each delay time is determined from the equilibrium reflectivity R(ω),

which is reconstructed from theTMMfit of the static RC spectrum, and

the transient reflectivity ΔR
R ðω, τÞ, following this relation:

Rðω, τÞ=RðωÞ
ΔR

R
ðω, τÞ+ 1

� �

ð1Þ

Then, the dynamic RC is obtained by applying the formula: RC(ω,

τ) = 1 − (R(ω, τ)/Rsub), where the substrate reflectivity Rsub is simulated

with the TMM. See Supplementary Note S7 for more details on the

TMM simulations.

Theoretical model for the polariton dynamics
To gain further insight into the dynamics in the system, we develop a

mean-field model that captures the main trends in our experiment

over different excitation regimes. The Hamiltonian corresponds to the

coupled cavity-photon system, where the XA−BL mode (being the pro-

bed A exciton of a homobilayer) hybridizes with the cavity mode. The

Hamiltonian reads

H =
Ec + iκ

1
2 gðnX ÞΩABL

1
2 gðnX ÞΩABL

EABL
+ iγ

" #

, ð2Þ

where Ec and κ are the energy and linewidth of the cavity photon, and

EABL
and γ are the energy and linewidth of the probed exciton. In the

Hamiltonian above ΩABL
is the Rabi splitting at weak pumping, and

gðnX Þ= e
�αnX is the dimensionless nonlinear coupling, with α being the

nonlinear phase space filling (saturation) coefficient97. The magnitude

of the Rabi splitting is dependent on the total number of excitons in

the system, nX. In general nX(t) = np(t) + nR(t) is time-dependent, and

includes excitons (electron-hole pairs) from different states. Specifi-

cally, we separate the two fractions corresponding to np and nR being

the population of the pumped exciton and the long-lived excitons in

the reservoir. Crucially, both contribute to the nonlinear saturation

effect. The dynamics of excitonic fractions can be described by rate

equations defining the transfer and population redistribution, which

read

dnp

dt
= � γpnp � rnp +ΘðtÞ, ð3Þ

dnR

dt
= � γRnR + rnp, ð4Þ

where γp is the pumped exciton decay rate, γR is the decay rate of the

long-lived exciton in the reservoir, and r is the rate constant for

transferring the pumped excitons into the reservoir. The functionΘ(t)

depends on the pump laser profile in time. For example, Θ(t) can be a

Heaviside step function tomodel thepumpas anon-off switchingfield.

In this model, we assume γR ≈ γp/100 for the long-lived states

corresponding to 100 ps decay time, and consider the decay timescale

being similar to that of spin-forbidden dark states98. In fact, the decay

timemay be different, but this does not change our later conclusion in

a qualitative way. Furthermore, when considering a spin-conserving

process, we let the transfer rate be comparable to the pumped exciton

decay rate99, r ≈ γp, such that this allows the pumped exciton transfer

into the reservoir. With this, we find a good qualitative agreement

between the theoretical spectrum and the experimental measurement

(see Supplementary Note S8). Particularly, the theory demonstrated

the excitation pulse energy dependence of the recovery time of SC.
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