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ABSTRACT: Ultrafast all-optical modulation with optically resonant nanostructures is an
essential technology for high-speed signal processing on a compact optical chip. Key
challenges that exist in this field are relatively low and slow modulations in the visible range
as well as the use of expensive materials. Here we develop an ultrafast all-optical modulator
based on MAPbBr3 perovskite metasurface supporting exciton−polariton states with
exceptional points. The additional angular and spectral filtering of the modulated light
transmitted through the designed metasurface allows us to achieve 2500% optical signal
modulation with the shortest modulation time of 440 fs at the pump fluence of ∼40 μJ/cm2.
Such a value of the modulation depth is record-high among the existing modulators in the
visible range, while the main physical effect behind it is polariton condensation. Scalable
and cheap metasurface fabrication via nanoimprint lithography along with the simplicity of
perovskite synthesis and deposition make the developed approach promising for real-life
applications.
KEYWORDS: Exciton−polariton, halide perovskites, metasurface, exceptional points, ultrafast optical modulation, polariton condensate

INTRODUCTION
Light modulation and control upon external stimulus are
highly important for a wide range of technologies including
telecommunication, detection, imaging, and even biomedical
applications. The key parameters used to characterize an
optical modulator are modulation depth and speed as well as
power consumption. Such optical modulation methods as
electro-optic modulation face some limitations in terms of
speed, energy consumption, and cross-talk, making it
challenging to apply for efficient ultrafast optical signal
modulator.1,2 In turn, nonlinear all-optical modulators offer
inherent benefits including faster operating speeds and lower
heat generation.3−5 This approach employs an intensive light
pulse working as a control beam that induces nonlinear optical
effects in the material to control the propagation of a weak
signal optical pulse. As a result, signal processing can be
entirely accomplished in the photonic domain with modulation
speeds approaching 1 THz level, making it highly promising
for ultrafast optical signal processing.6,7

The realization of nanoscale-compact and still efficient all-
optical modulators has attracted great attention within the
nanophotonics community in recent years because they are
even more promising for overcoming the intrinsic speed and
heat dissipation limitations of conventional electronics.2,8,9

Metallic nanostructures, utilizing plasmons and surface
plasmon polaritons to produce ultrafast optical modulation,
were developed extensively during the last decades,10−16 but
they possess relatively high losses in the visible and near-IR
spectral ranges. In this regard, the all-dielectric approach17 has
an advantage because of the vanishing of linear optical
absorption in most cases, motivating the development of
nanostructures and metasurfaces for ultrafast modulation.18,19

Among dielectric and semiconductor modulators based on
Si,20−23 GaAs,24,25 GaN,26 and GaP,27,28 nanophotonic designs
demonstrated excellent performance. Some intermediate
position between metallic and dielectric materials is held by
the systems operating in epsilon-near-zero (ENZ) regime,29−33

where the strong optical modulation depth up to 8630% with
modulation time longer than 1 ps was observed for cadmium
oxide,34 but only in the NIR spectral region. Ultrafast
modulators using 2D materials35−38 including TMDs39−41
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and 2D perovskites42 are also promising materials due to the
simplicity of their integration with planar metasurfaces and
nanoantennas as well as strong excitonic response in the visible
range, which is sensitive to the excitation conditions. It should
be noticed, in the case of the exciton−polariton systems, where
the exciton is strongly coupled to the resonant optical cavity
mode, there can be demonstrated the strong ultrafast optical
modulation based on the stimulated polariton relaxation.5,43

Moreover, exciton−polariton systems can be even more
sensitive to any perturbation if they are coupled with
exceptional point photonic states.44−46

In this work, we utilize exceptional point states in MAPbBr3
perovskite metasurfaces supporting exciton−polariton con-
densation for the realization of an ultrafast all-optical
modulator. To achieve the 2500% optical signal modulation
with the shortest modulation time of about 440 fs, we employ
angular-spectral filtering of light undergoing amplitude
modulation while being transmitted through the metasurface,
as schematically shown in Figure 1a. This modulation depth is
a record-high one among the known modulators in the visible
range. The underlying mechanism behind it is the ultrafast
polariton condensation,47,48 which is consistent with the
previous work for this type of halide perovskites and photon
cavity design.49

RESULTS
Characterization of the Optical States in the Studied

Perovskite Metasurface. The perovskite metasurface based
on MAPbBr3 is fabricated by a sequential process comprising
spin-coating followed by nanoimprint lithography. The
resulting perovskite metasurface on a silica substrate represents
one-dimensional grating characterized by a periodicity of 320
nm, a grating height of 72 nm, a modulation depth of 20 nm,
and a comb width of 167 nm. Figure 1b shows a scanning
electron microscopy (SEM) image of the aforementioned
sample. The vertical characteristics of this structure are
ascertained through atomic force microscopy (AFM) and are
described in the Supporting Information (SI).

The optical eigenmodes and electric field distribution of the
metasurface are computed through numerical simulations (see
Methods for details), incorporating the extracted grating
parameters and the refractive index dispersion of the
material.50 Notably, at the normal angle of incidence θ = 0
(Figure 1c), the resonant states of the antisymmetric upper
branch (UB) and the symmetric lower branch (LB) coincide
precisely at λ = 549.5 nm. This convergence of the two
counterpropagating modes is also evident in both numerically
modeled (see Methods for details) and experimentally
measured angle-resolved reflectance spectra (Figure 1e).
Consequently, in the transmission spectra obtained at various
incident angles, instead of observing resonance peaks in
reflection, we observe corresponding dips (Figure 1f). Building
upon our prior research and numerical modeling, it is worth
noting that variations in the comb width result in the splitting
of modes into a high-Q bound state in the continuum (BIC)
and low-Q guided-mode resonance. When the comb width is
substantially less than half the period of the structure, the BIC
is observed at the frequencies above the crossing point,
whereas it shifts below the latter when the comb width exceeds
the half-period.51

The presence of room-temperature excitons in MAPbBr3
52

along with the strong optical field confinement (Figure 1c)
enables the realization of a strong light-matter coupling regime,
which is described in detail in the SI. Previous research also has
demonstrated the existence of exciton−polaritons in similar
structures.49,53,54 Namely, in such systems, the behavior of the
interaction of the modes can be described via Hamiltonian:55
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where E+,−(θ) are the real parts of the mode eigenvalues with
positive and negative group velocity, respectively, which can be
found as the spectral mode position. The parameters γnr,r
delineate the optical losses stemming from nonradiative and

Figure 1. Concept and sample characterization. (a) Conceptual drawing of the experiment and the studied phenomenon of ultrafast optical
modulation in the perovskite metasurface. (b) SEM image of the fabricated sample. (c) The calculated normalized field distribution in the
unit cell at λ = 549.5 nm and resonant angle of incidence θ = 0. (d) Calculated eigenvalues of the interacting polariton modes in the vicinity
of θ = 0. (e) The modeled and experimentally measured angle-resolved reflectance spectra of the perovskite metasurface at room
temperature. (f) Measured linear transmittance spectra of the perovskite metasurface at different angles of incidence, shown by the dashed
lines in panel e.
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radiative processes. The total loss rate, represented by γ(θ) =
γnr(θ) + γr, characterizes the imaginary parts of the states’
energies and corresponds to the spectral line width of the
modes. The parameter U quantifies the coupling strength
between the counterpropagating modes and dictates the
splitting in the spectral vicinity of the modes’ intersection. In
general, the interaction lies in the complex field, which means
that the eigenmode splitting appears in both the real and
imaginary parts. Tuning the geometry of the metasurface it is
possible to change both leaky mode dispersions and coupling
coefficient U. In a previous study, we demonstrated that
applying a nonresonant optical pump to such structures
induces optical gain, reducing nonradiative losses. This effect
can lead to the degeneracy of the real and imaginary parts of
the eigenmodes near θ = 0, which is referred to as the
exceptional points (Figure 1d).49

Wavelength- and Fluence-Dependent Angle-Re-
solved Emission Measurements. The spontaneous emis-
sion spectra of MAPbBr3 in its polycrystalline thin film or
single crystal forms, observed at room temperature, typically
exhibit a peak at around 530 nm. This peak is slightly red-
shifted from the exciton resonance.56,57 However, in the
MAPbBr3 metasurface under study, the emission is centered
around 550 nm and confined within the optical modes, as
depicted in Figure 2a. This phenomenon arises from the strong
coupling between exciton and leaky modes. It is worth noting
that there is still observable uncoupled, nondirectional
photoluminescence (PL) emission occurring around 530 nm.
However, it is significantly less intense when compared to the
emission associated with the leaky modes (see SI for details).
Applying the nonresonant femtosecond optical pump to the

studied perovskite metasurface at the fluences below 30 μJ/
cm2, the linear regime of PL emission is observed (Figure 2a).
As the pump fluence is progressively increased, reaching
threshold values in the range of 30−40 μJ/cm2, narrow intense
laser emission occurs with high directivity in the vicinity of θ =
0, as illustrated in Figure 2b. As the fluence surpasses the

threshold, the laser emission further intensifies and broadens
across the spectrum, as indicated in Figure 2c. The emission is
associated with the formation of an exciton−polariton
condensate driven by exceptional points, a phenomenon
comprehensively investigated previously.49

The optical nonresonant pump means that the energy of the
incident photons exceeds the uncoupled exciton energy. When
a photon is absorbed, the carriers cross over the bandgap with
some excess energy, which is generally determined by the
difference between the bandgap and the photon energy (or
wavelength). Subsequently, the excited electrons and holes
scatter through the phonons, dissipating the excess energy and
forming excitons. In this sense, the time required for the
excited electrons and holes to relax to the energy states of
excitons and exciton−polaritons is strongly dependent on the
pump wavelength. In essence, shorter pump wavelengths cause
more delay time for these relaxation processes. However,
shorter wavelengths correspond to higher absorption by the
material in the blue spectral region, resulting in a larger
number of excited carriers when compared with lower pump
photon energy.
To experimentally explore the impact of the pump

wavelength on the lasing, we conducted fluence-dependent
measurements at various pump wavelengths, as presented in
Figure 2d and e. Note that the angle-resolved spectra, as
depicted in Figure 2a−c, exhibit no qualitative changes at
different pump wavelengths and therefore are omitted from the
text. In the light−light curves (Figure 2d), we observe an
increase in the pump threshold for longer pump wavelengths
due to less efficient absorption by the sample. The Q-factor of
the lasing emission reaches values around 2,200 for all studied
pump wavelengths. Notably, the intensity of the lasing
emission is significantly higher when the pump wavelength is
set at 520 nm. This is attributed to the fact that the photon
energy at 520 nm falls below the MAPbBr3 bandgap but
exceeds the exciton energy, resulting in the excitation of a
larger number of excitons. Since in this case there is no

Figure 2. Pump fluence-dependent emission measurements. (a−c) Angle-resolved emission spectra of perovskite metasurface for the pump
fluence below, equal, and above the lasing threshold. (d, e) The intensity and Q-factor of the emission as a function of the pump fluence at
different pump wavelengths.
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conversion from the free electron−hole pairs to excitons, the
efficiency of the exciton−polariton generation and, conse-
quently, the intensity of polariton lasing are significantly
enhanced.

Transient Transmission Measurements. Stimulated
polariton relaxation and polariton condensation offer a highly
effective platform for achieving ultrafast optical modulation, as
established in prior research.5,43 To investigate this phenom-
enon in our system, we conducted transient transmission
spectroscopy (TTS) measurements on the perovskite metasur-
face while systematically varying both the pump fluence and
wavelength. In the pursuit of minimizing power consumption,
for fluence-dependent TTS measurements, we initially fixed
pump wavelength at 400 nm which was confirmed to
correspond to the lowest pump fluence threshold for polariton
condensation (Figure 2d,e). For the broadband (white) probe
pulse, we set the incident angle θ to 0 (surface normal), a
configuration where polariton condensation is prominently
observed. The linear transmission spectrum in these experi-
ments, denoted as T0, is represented by the red line in Figure
1f. By introducing a pump pulse with a time delay ΔT relative
to the probe pulse, we measured the transmission spectrum
labeled as Tpump. The ratio of these transmission spectra is
plotted as a function of the time delay for various pump
fluences in Figure 3a.
Below the pump fluence threshold, we identify the presence

of two closely situated spectral features: a bleached band and
an absorbed band, both centered on the mode resonance
(Figure 3a). These bands originated from the linear polariton
blueshift phenomenon, which is contingent upon the carrier
concentration within the system, as discussed in detail in prior
studies.58,59 The pumped carriers in the system induce a minor
blueshift of the mode resonance toward shorter wavelengths,
manifesting as the bleached band (red region) at the original

spectral position and the absorbed band (blue region) at the
shifted position. It is noteworthy that the time scale associated
with this linear blueshift aligns with the exciton bleaching band
(see Figure S4 for details).
Upon increasing the pump fluence to threshold values, a

pronounced bleaching effect becomes evident in the blue-
shifted mode, characterized by its short duration, narrow
spectral range, and strong intensity in comparison to the
exciton bleaching in the vicinity of 525 nm (see SI for details).
This phenomenon is associated with the emergence of
polariton condensation. Notable, we observe a discernible
time delay (τdelay) of approximately 1 ps following the
absorption of the pump pulse before polariton condensation
is formed (Figure 3b). This time delay reflects the duration
required for the excited carriers to relax down to the energy
states associated with exciton−polaritons, ultimately forming
the polariton condensate. In the resulting data set, we estimate
the modulation lifetime (τmod) by quantifying the full time
width at half-maximum of the optical modulation at the
polariton condensate wavelength as a function of pump
fluence.
With further increasing 400 nm pump fluence, the maximum

of the optical modulation experiences significant growth,
reaching values up to 2000% of the linear transmission (Figure
3c), while the modulation lifetime (τmod) shortens. The
increase of the maximum optical modulation can be attributed
to polariton accumulation in the condensed state. However, at
the highest pump fluences, the appearance of abnormally high
optical gain disrupts the conditions necessary for exceptional
points, leading to the disappearance of polariton condensation
and transmission modulation.49 In turn, the reduction of τmod is
attributed to the fact that stimulated polariton relaxation is a
nonlinear process, with its rate scaling proportionally to the
square of the polariton concentration.60,61 This nonlinear

Figure 3. Pump fluence-dependent TTS measurements. (a) The results of the TTS measurements for the 400 nm fs pump at different pump
fluences. The pseudocolor shows the ratio of the transmission spectra after the pump pulse and pristine transmission. The x-axis shows the
time delay between the probe and pump pulses. (b) Transmission spectra modulation at the polariton condensate wavelength as a function
of the time delay at different pump fluences from 20 to 304 μJ/cm2 (gradient color from yellow to red, respectively). (c) The value of the
maximum modulation and lasing emission intensity as a function of the pump fluence. (d) The transmission modulation time depending on
the pump fluence. The values were calculated as the full width at half-maximum of the dependencies, shown in panel (b).
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scaling results in an accelerated stimulated polariton relaxation
rate to the condensed state and, consequently, a reduction in
the modulation time with an increasing pump fluence, as
shown in Figure 3d. At the point of maximum transmission
modulation, τmod is observed to be equal to 440 fs. Moreover,
τdelay does not depend on the pump fluence, indicating that the
number of excited carriers does not significantly impact the
relaxation rate of the free carriers.
It should be noted that as the pump fluence increases, there

is an observed blueshift of the polariton mode (bleached band
in Figure 3a). This phenomenon corresponds to the nonlinear
polariton blueshift, widely observed and extensively studied in
exciton−polariton systems, including those based on halide
perovskites.59,61−63 Unfortunately, the spectral resolution of
the used setup does not allow for the precise measurement of
the blueshift amount as a function of the pump fluence.
However, we have made an approximate estimation of the
polariton nonlinear blueshift time scale, which is given in
Figures S5 and S6. The time scale associated with the
nonlinear polariton blueshift typically falls within the range of
5−10 ps, notably shorter than the time scale observed for the
transmission modulation caused by polariton condensation.
Such short modulation time, as well as high modulation

depth, are achieved thanks to the high sensitivity of the
exceptional points to the external perturbation, in particular, to
the nonlinear polariton blueshift and optical gain. Further, the
exceptional points appear at the wavelengths in the vicinity of
mode crossing, which can be tuned by the design of the
metasurface, granting spectral tunability to the optical
modulator. Finally, the Purcell factor associated with the
exceptional points enables a reduced condensation pump
threshold,64 allowing for the use of lower control pulse power.
To assess the validity of our hypothesis on the relationship

between excess carrier energy and τdelay of the polariton
condensation, we conducted TTS measurements with varying
pump wavelength. Similar to our pump fluence-dependent
measurements at 400 nm, we observed robust optical
modulation above the fluence threshold for different pump
wavelengths. Qualitatively, the behavior of the pump fluence-

dependent TTS results remains consistent across all pump
wavelengths (see SI for details). To study the impact of the
pump wavelength, we compare the results of TTS measure-
ments conducted at a fixed fluence of 70 μJ/cm2, which
corresponds to the maximum transmission modulation, shown
in Figure 4a.
The transmission modulation attains its maximum values,

reaching 2550% at a pump wavelength of 520 nm. This
heightened modulation results from more efficient pumping of
exciton−polariton condensation, as also evidenced in the lasing
measurements (Figure 2d). Notably, the experimental results
reveal a shift in the optical modulation over time as the pump
wavelength increases. This temporal shift corresponds to a
reduction in the time delay required for the condensation τdelay
(Figure 4b). The values of τdelay extracted for all pump
wavelengths are presented in Figure 4c, starting from 0.90 ps at
400 nm and falling to 0.24 ps at 520 nm. As previously
discussed, this effect is attributed to the diminishing require-
ment for excess energy of the free carriers to relax before
forming exciton and exciton−polariton states. The difference
between the average excess energy and τdelay allows us to
estimate the relaxation rate of free carriers, which is
determined to be around 0.90 eV/ps.
In the resulting TTS data obtained at the pump wavelengths

of 500 and 520 nm, one can mention that the transmission
modulation commences with negative values of Δt (Figure
4a,b). This phenomenon can be elucidated by the substantial
overlap between the probe pulse, pump pulses, and trans-
mission modulation profile. The pump and probe pulses used
possess a duration of 220 fs, and the modulation profile is
governed by τdelay and τmod. Due to the comparable values of
these parameters, the absorbed front part of the pump pulse
can induce optical modulation, which thereby influences the
backward part of the probe pulse. This interplay results in the
observed transmission modulation occurring at ”negative” time
delays in the TTS data, but in fact, it appeared due to the finite
duration of the used pump and probe pulses. The dip in the
modulation around Δt = 0 at 500 and 520 nm is associated
with short and relatively weak absorption bands, which can

Figure 4. Pump wavelength-dependent TTS measurements. (a) Results of TTS measurements for different pump wavelength at 70 μJ/cm2.
(b) Transmission modulation at the condensate wavelength at 70 μJ/cm2 pump fluence and various pump wavelengths. (c) Time delay to
the optical modulation as a function of the pump wavelength. (d) Maximum modulation values as a function of the time modulation in the
visible spectral range: a comparison of the previously published results with the results of this work (T.W.).
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also be noticed in the linear regime (see Figures S7 and S8 in
SI). However, when these absorption bands coincide with the
opposing effect of transmission bleaching, they become
significantly pronounced in the experimental data (Figure 4b).

CONCLUSION
In summary, we have demonstrated that the perovskite
metasurface based on MAPbBr3 provides strong and ultrafast
optical modulation based on the polariton condensation
mediated by exceptional points at room temperature. The
modulation of transmission filtered spectrally and angularly
exceeds 2500% of the pristine values thanks to the
accumulation of boson exciton−polaritons in a condensed
state. The observed modulation time is 440 fs with a minimum
control pump fluence of approximately 40 μJ/cm2. The
combination of the relatively short modulation time and high
transmission modulation depth is achieved thanks to the
benefit features of exceptional points. Taking into account the
minimum pump spot of 8.5 μm required to observe polariton
condensation, the minimum pulse energy sufficient for the
modulation is around 29 pJ/bit. Compared to existing systems,
our optical modulator sets a record for the highest transmission
modulation depth in the visible spectral range at the moment
while exhibiting comparable time modulation values and
control pump power consumption. The values of the optical
modulation based on polariton condensate are as high as
demonstrated with epsilon-near-zero (ENZ) systems in near-
infrared spectral region33,34 (see SI for details). Crucially, the
modulation duration and its delay with respect to the pump
pulse can be tailored by adjusting the pulse power and
wavelength, providing multiple degrees of freedom for various
applications.
Note that the observed modulation time is constrained by

the pulse widths of the utilized pump and probe and can
potentially be reduced in systems with shorter pulses.
Furthermore, in perovskite systems based on single crystals,
characterized by lower nonradiative losses and lasing pump
thresholds,65 the pump power can be further minimized. In
this context, the innovative concept of transmission modu-
lation reliant on the polariton condensates in planar perovskite
systems, as demonstrated in this study, holds immense promise
as a cost-effective and versatile platform for developing robust
ultrafast optical modulators for a wide range of applications.

METHODS
Sample Synthesis. The fabrication process comprises three

distinct steps: solution preparation, thin film spin-coating, and
nanoimprint lithography. Initially, a perovskite solution was prepared
within a dry N2 glovebox by mixing 33.59 mg of MABr (TCI) and
110.1 mg of PbBr2 (TCI). This mixture was then dissolved in a 1 mL
solution of DMF and DMSO in a 3:1 ratio and stirred using a
magnetic stirrer for 24 h.

Subsequently, SiO2 substrates were meticulously cleaned through
successive sonication in deionized water, followed by acetone and 2-
propanol, each for a duration of 10 min. Once dried, the substrates
were exposed to a oxygen plasma cleaner for 10 min to enhance
surface adhesion. These pristine substrates were transferred to the dry
N2 glovebox for the subsequent film deposition.

The synthesis of the perovskite film commenced with the
deposition of 30 μL of MAPbBr3 solution onto the cleaned substrate.
The spin-coating process was initiated, with the substrate being spun
for 50 s at a rotational speed of 3,000 rpm. At the 35th second, after
the rotation had commenced, 300 μL of the antisolvent (toluene) was

gently added atop the rotating substrate to eliminate excess solution
and facilitate rapid and uniform film crystallization.

In the third step, the substrate with the perovskite film, still in an
intermediate state prior to thermal annealing, was transferred to a
laboratory press for nanoimprint lithography. The mold used for
nanoimprinting had a periodic grating structure with a period of 320
nm, a comb height of 25 nm, and a comb width-to-structure period
ratio of 0.48. The perovskite film, together with the mold, was
positioned in a laboratory press, where a pressure of approximately
200 MPa was applied for 10 min. Following the removal of the mold,
the substrate with the imprinted perovskite film underwent annealing
at 90 °C for an additional 10 min within the controlled atmosphere of
the dry N2 glovebox.

Optical Measurements. Angle-Resolved Spectroscopy. Angle-
resolved spectroscopy measurements were conducted using a 4F
setup with a back-focal plane (BFP). This setup incorporated a slit
spectrometer coupled to an imaging EMCCD camera (Andor
Technologies Kymera 328i-B1 + Newton EMCCD DU970P-BVF)
and a halogen lamp, which was connected to an optical fiber via a
collimation lens for white light illumination. To facilitate excitation
and signal collection, we employed a Mitutoyo Plan Apo Infinity
Corrected objective with a 10× magnification and a numerical
aperture of 0.28. Spatial filtering was executed within the intermediate
image plane (IP) as it passed through the 4f scheme. Angle-resolved
photoluminescence measurements were carried out in the same setup,
utilizing a femtosecond laser with a tunable wavelength having a
repetition rate of 1 kHz, and a width of 200 fs. The laser system
featured a mode-locked Ti:sapphire laser operating at 800 nm, initially
serving as a seed pulse for the regenerative amplifier (Spectra Physics,
Spitfire Pro). It was further frequency-doubled through a BBO crystal
to achieve a 400 nm wavelength or coupled with an optical parametric
amplifier to obtain other pump wavelengths (Light Conversion,
OPA). To achieve a pump spot of approximately 50 μm, a lens with a
focal length of 1,000 mm was used to focus the laser beam in the BFP.
In the collection channel, a CCD camera (Thorlabs 1.6 MP Color
CMOS Camera DCC1645C) was employed, with a 150 mm tube lens
positioned after the beam splitter. This camera facilitated imaging in
both real and Fourier spaces.

Transient Transmission Spectroscopy. The TTS measurements
were conducted using Newport’s Transient Absorption Spectrometer.
The laser beam for this setup was split into two components: a low-
intensity probe pulse and a high-intensity pump pulse. The low-
intensity pulse was passed through a motorized delay line and a half-
wave plate, which allowed for control over its polarization.
Subsequently, it reached a sapphire crystal, generating spectrally
uniform white pulses. This white probe pulse is directed through the
perovskite metasurface and onward to the spectrometer, where
transmission spectra are recorded.

Conversely, the high-intensity pump pulse followed different paths
based on the desired wavelength range. For measurements at a pump
wavelength of 400 nm, the high-intensity pulse traversed a BBO
crystal. For pump wavelengths in the range of 470−520 nm, the pulse
was directed to the TTS system. To control the intensity of the
pumping laser, we employed a gradient-neutral density filter was
employed. The laser beam then passed through a chopper and was
focused onto the sample. The TTS results were acquired by adjusting
the delay line to vary the temporal delay between the pump and probe
pulses.

Numerical Simulations. To perform numerical simulations of
eigenmode spectra, we utilized the finite element method (FEM)
solver within COMSOL Multiphysics, specifically in the frequency
domain. We simulated the near-field distributions and resonant
wavelengths using the eigenmode solver within COMSOL Multi-
physics. All of these calculations were conducted for a metasurface
positioned on a semi-infinite substrate, enclosed by a perfectly
matched layer to mimic an infinite region. The simulation
encompassed the unit cell extended to an infinite metasurface
through the application of Bloch boundary conditions.

For the simulations of angle-resolved reflection spectra, a custom-
written code utilizing the Fourier modal method, was employed.66
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This method entails expanding the electromagnetic field and
permittivity function into a Fourier series. The reflectance is
computed by solving the wave equation within the discretized Fourier
space while adhering to the appropriate boundary conditions. The
efficiency of this approach was augmented through the utilization of
adaptive coordinates, enabling us to attain a relative error of 10−4 by
considering eight Fourier harmonics in the expansion.
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(45) Özdemir, Ş. K.; Rotter, S.; Nori, F.; Yang, L. Parity−time
symmetry and exceptional points in photonics. Nature materials 2019,
18, 783−798.
(46) Duggan, R.; Mann, S. A.; Alu, A. Limitations of sensing at an
exceptional point. ACS Photonics 2022, 9, 1554−1566.
(47) Ardizzone, V.; Riminucci, F.; Zanotti, S.; Gianfrate, A.;
Efthymiou-Tsironi, M.; Suar̀ez-Forero, D.; Todisco, F.; De Giorgi,
M.; Trypogeorgos, D.; Gigli, G.; et al. Polariton Bose−Einstein
condensate from a bound state in the continuum. Nature 2022, 605,
447−452.
(48) Grudinina, A.; Efthymiou-Tsironi, M.; Ardizzone, V.;
Riminucci, F.; Giorgi, M. D.; Trypogeorgos, D.; Baldwin, K.;
Pfeiffer, L.; Ballarini, D.; Sanvitto, D.; et al. Collective excitations of
a bound-in-the-continuum condensate. Nat. Commun. 2023, 14, 3464.
(49) Masharin, M.; Samusev, A.; Bogdanov, A.; Iorsh, I.; Demir, H.;
Makarov, S. Room-Temperature Exceptional-Point-Driven Polariton
Lasing from Perovskite Metasurface. Adv. Funct. Mater. 2023, 33,
2215007.
(50) Alias, M. S.; Dursun, I.; Saidaminov, M. I.; Diallo, E. M.;
Mishra, P.; Ng, T. K.; Bakr, O. M.; Ooi, B. S. Optical constants of CH
3 NH 3 PbBr 3 perovskite thin films measured by spectroscopic
ellipsometry. Opt. Express 2016, 24, 16586−16594.
(51) Yulaev, A.; Kim, S.; Li, Q.; Westly, D. A.; Roxworthy, B. J.;
Srinivasan, K.; Aksyuk, V. A. Exceptional points in lossy media lead to
deep polynomial wave penetration with spatially uniform power loss.
Nat. Nanotechnol. 2022, 17, 583−589.
(52) Soufiani, A. M.; Huang, F.; Reece, P.; Sheng, R.; Ho-Baillie, A.;
Green, M. A. Polaronic exciton binding energy in iodide and bromide
organic-inorganic lead halide perovskites. Appl. Phys. Lett. 2015, 107,
231902.
(53) Masharin, M. A.; Shahnazaryan, V. A.; Benimetskiy, F. A.;
Krizhanovskii, D. N.; Shelykh, I. A.; Iorsh, I. V.; Makarov, S. V.;

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.3c10636
ACS Nano 2024, 18, 3447−3455

3454

https://doi.org/10.1126/science.aag2472
https://doi.org/10.1126/science.aag2472
https://doi.org/10.1038/natrevmats.2017.10
https://doi.org/10.1038/natrevmats.2017.10
https://doi.org/10.1038/nphoton.2007.299
https://doi.org/10.1038/nphoton.2007.299
https://doi.org/10.1038/nphoton.2007.299
https://doi.org/10.1021/nl9017644?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl9017644?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b02534?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b02534?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b02534?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b02989?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b02989?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/app9091808
https://doi.org/10.3390/app9091808
https://doi.org/10.3390/app9091808
https://doi.org/10.1038/s41467-017-00019-3
https://doi.org/10.1038/s41467-017-00019-3
https://doi.org/10.1021/acsnano.1c03386?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.1c03386?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4980090
https://doi.org/10.1063/1.4980090
https://doi.org/10.1063/1.4980090?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/sciadv.abb3123
https://doi.org/10.1126/sciadv.abb3123
https://doi.org/10.1126/sciadv.abb3123?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/sciadv.aaw3262
https://doi.org/10.1126/sciadv.aaw3262
https://doi.org/10.1126/sciadv.aaw3262?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aae0330
https://doi.org/10.1126/science.aae0330
https://doi.org/10.1002/adma.201700754
https://doi.org/10.1002/adma.201700754
https://doi.org/10.1038/s41578-019-0120-5
https://doi.org/10.1038/s41578-019-0120-5
https://doi.org/10.1038/s42005-020-0379-2
https://doi.org/10.1038/s42005-020-0379-2
https://doi.org/10.1038/s42005-020-0379-2
https://doi.org/10.1021/acsnano.2c05139?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.2c05139?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.2c05139?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nphoton.2017.64
https://doi.org/10.1038/nphoton.2017.64
https://doi.org/10.1038/s41377-022-00787-8
https://doi.org/10.1038/s41377-022-00787-8
https://doi.org/10.1038/s41377-022-00787-8
https://doi.org/10.1021/nl404356t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl404356t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adom.202101937
https://doi.org/10.1002/adom.202101937
https://doi.org/10.1002/adfm.201805249
https://doi.org/10.1002/adfm.201805249
https://doi.org/10.1002/adfm.201805249
https://doi.org/10.1002/smll.202103400
https://doi.org/10.1002/smll.202103400
https://doi.org/10.1021/acs.nanolett.0c02972?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.0c02972?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adom.201700762
https://doi.org/10.1002/adom.201700762
https://doi.org/10.1021/acsnano.9b04483?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b04483?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.84.1547
https://doi.org/10.1103/PhysRevLett.84.1547
https://doi.org/10.1038/nature23281
https://doi.org/10.1038/s41563-019-0304-9
https://doi.org/10.1038/s41563-019-0304-9
https://doi.org/10.1021/acsphotonics.1c01535?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.1c01535?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41586-022-04583-7
https://doi.org/10.1038/s41586-022-04583-7
https://doi.org/10.1038/s41467-023-38939-y
https://doi.org/10.1038/s41467-023-38939-y
https://doi.org/10.1002/adfm.202215007
https://doi.org/10.1002/adfm.202215007
https://doi.org/10.1364/OE.24.016586
https://doi.org/10.1364/OE.24.016586
https://doi.org/10.1364/OE.24.016586
https://doi.org/10.1038/s41565-022-01114-3
https://doi.org/10.1038/s41565-022-01114-3
https://doi.org/10.1063/1.4936418
https://doi.org/10.1063/1.4936418
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c10636?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Samusev, A. K. Polaron-enhanced polariton nonlinearity in lead halide
perovskites. Nano Lett. 2022, 22, 9092−9099.
(54) Masharin, M. A.; Shahnazaryan, V. A.; Iorsh, I. V.; Makarov, S.
V.; Samusev, A. K.; Shelykh, I. A. Room-temperature polaron-
mediated polariton nonlinearity in MAPbBr3 perovskites. ACS
Photonics 2023, 10, 691−698.
(55) Lu, L.; Le-Van, Q.; Ferrier, L.; Drouard, E.; Seassal, C.;
Nguyen, H. S. Engineering a light−matter strong coupling regime in
perovskite-based plasmonic metasurface: quasi-bound state in the
continuum and exceptional points. Photonics Research 2020, 8, A91−
A100.
(56) Wei, J.-H.; Wang, X.-D.; Liao, J.-F.; Kuang, D.-B. High
photoluminescence quantum yield (95%) of MAPbBr3 nanocrystals
via reprecipitation from methylamine-MAPbBr3 liquid. ACS Applied
Electronic Materials 2020, 2, 2707−2715.
(57) Zhang, M.; Yu, H.; Lyu, M.; Wang, Q.; Yun, J.-H.; Wang, L.
Composition-dependent photoluminescence intensity and prolonged
recombination lifetime of perovskite CH 3 NH 3 PbBr 3- x Cl x films.
Chem. Commun. 2014, 50, 11727−11730.
(58) Ciuti, C.; Savona, V.; Piermarocchi, C.; Quattropani, A.;
Schwendimann, P. Role of the exchange of carriers in elastic exciton-
exciton scattering in quantum wells. Phys. Rev. B 1998, 58, 7926.
(59) Glazov, M.; Ouerdane, H.; Pilozzi, L.; Malpuech, G.; Kavokin,
A.; d’Andrea, A. Polariton-polariton scattering in microcavities: A
microscopic theory. Phys. Rev. B 2009, 80, 155306.
(60) Shan, H.; Iorsh, I.; Han, B.; Rupprecht, C.; Knopf, H.;
Eilenberger, F.; Esmann, M.; Yumigeta, K.; Watanabe, K.; Taniguchi,
T.; et al. Brightening of a dark monolayer semiconductor via strong
light-matter coupling in a cavity. Nat. Commun. 2022, 13, 1−7.
(61) Masharin, M. A.; Khmelevskaia, D.; Kondratiev, V. I.; Markina,
D. I.; Utyushev, A. D.; Dolgintsev, D. M.; Dmitriev, A. D.;
Shahnazaryan, V. A.; Pushkarev, A. P.; Isik, F.; Iorsh, I. V.; Shelykh,
I. A.; Demir, H. V.; Samusev, A. K.; Makarov, S. V. Polariton lasing in
Mie-resonant perovskite nanocavity. arXiv:2305.12973, 2023.
(62) Feng, J.; Wang, J.; Fieramosca, A.; Bao, R.; Zhao, J.; Su, R.;
Peng, Y.; Liew, T. C.; Sanvitto, D.; Xiong, Q. All-optical switching
based on interacting exciton polaritons in self-assembled perovskite
microwires. Science. Advances 2021, 7, eabj6627.
(63) Brichkin, A.; Novikov, S.; Larionov, A.; Kulakovskii, V.; Glazov,
M.; Schneider, C.; Höfling, S.; Kamp, M.; Forchel, A. Effect of
Coulomb interaction on exciton-polariton condensates in GaAs pillar
microcavities. Phys. Rev. B 2011, 84, 195301.
(64) Pick, A.; Zhen, B.; Miller, O. D.; Hsu, C. W.; Hernandez, F.;
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