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ABSTRACT: Optical nonlinearities are crucial for advanced
photonic technologies since they allow photons to be managed
by photons. Exciton-polaritons resulting from strong light—

matter coupling are hybrid in nature: they combine the small :
mass and high coherence of photons with strong nonlinearity ) ==

enabled by excitons, making them ideal for ultrafast all-optical

manipulations. Among the most prospective polaritonic ({424 MAPbBT _

materials are halide perovskites since they require neither “
cryogenic temperatures nor expensive fabrication techniques.

Here, we study strikingly nonlinear self-action of ultrashort

polaritonic pulses propagating in planar MAPbBr; perovskite

slab waveguides. Tuning the input pulse energy and central frequency, we experimentally observe various scenarios of its
nonlinear evolution in the spectral domain, which include peak shifts, narrowing, or splitting driven by self-phase modulation,
group velocity dispersion, and self-steepening. The theoretical model provides complementary temporal traces of pulse
propagation and reveals the transition from the birth of a doublet of optical solitons to the formation of a shock wave, both
supported by the system. Our results presented here represent an important step in ultrafast nonlinear on-chip polaritonics in
perovskite-based systems.

KEYWORDS: halide perovskite, nanoimprint lithography, nonlinear optical waveguide, exciton-polariton, self-phase modulation,

group velocity dispersion, soliton

ne of the most important tasks of modern nano-
photonics is leveraging nonlinear optical effects for

efficient light manipulation at the nanoscale, enabling

the development of ultrafast, compact photonic devices and
circuitry. Particular applications of nonlinear nanophotonics
include ultrafast signal processing and full optical switches,"”
supercontinuum light generation,” or ultrashort pulse
generation.” Nonlinear effects arise from photon—photon
interactions that are mediated by materials. These effects are
naturally weak because they depend on the nonlinear response
of the material to electromagnetic fields.” However, they can
be significantly strengthened in environments where the
electromagnetic field and photon—photon interaction are
enhanced by specific material mechanisms, such as the
formation of exciton-polaritons in semiconducting structures.”
Exciton-polaritons are bosonic quasi-particles formed
through the strong coupling of light and matter, garnering
significant attention due to their unique properties.® The
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photonic component of exciton-polaritons offers high group
velocity,9 low effective mass, and extended coherence
times,'”"" while the excitonic component introduces strong
nonlinearity driven by Coulomb interactions between the
quasi-particles, which can significantly enhance the corre-
sponding nonlinear optical response.”~'* The Kerr non-
linearity in such systems can be 3—4 orders of magnitude
stronger than in typical semiconductor or dielectric materials,
where light couples only weakly to crystal excitations."”

One of the most extensively studied and commonly utilized
material platforms for exciton-polariton systems is the GaAs-
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Figure 1. Propagation of exciton-polariton wavepackets in a halide perovskite waveguide. (a) Sketch of the studied system, demonstrating
the processes of coupling/decoupling of light into/from the waveguide for three different detunings. The spectrum of the propagating pulse
undergoes self-phase modulation and nonlinear group velocity dispersion, as illustrated schematically on the waveguide surface. (b) Spectra
of femtosecond pulses incident on the coupler for three different detunings. (c) Top: Measured angle-resolved transmittance spectrum from
the decoupler with excitation by white light. The red and dark blue dashed lines correspond to uncoupled exciton and photon. The orange
dashed line represents polariton. Ellipses show polariton states with particular energies and wavevectors excited resonantly using a
femtosecond laser. Bottom: Calculated Hopfield coefficients as a function of the wavenumber. (d) Spectra of femtosecond pulses transmitted

through the in-plave wavevector for three different detunings.

based quantum well (QW).""'*'” Despite the huge progress in
this field recently, this platform has low exciton binding energy,
which limits it to cryogenic temperatures.'®'” This temper-
ature constraint can be addressed using wide-bandgap
semiconductor QWs like ZnO? or GaN,”' although usually,
these materials require complex and costly fabrication
techniques, such as epitaxial growth. Recently, monolayer
transition metal dichalcogenides have emerged as Eromising
candidates for room-temperature polariton systems,”” yet their
practical applications remain limited by challenges in scalable
manufacturing.

Planar systems such as metasurfaces and waveguides are
among the most promising platforms for on-chip communi-
cation and data processing nowadays. However, the nonlinear
response of polaritonic guided systems at room temperature
remains largely unexplored, even though these systems have
the potential to exhibit various nonlinear phenomena,
including solitons'® and pulse modulation.””** Halide perov-
skites exhibit remarkable excitonic properties, making room-
temperature applications much more feasible, and offer the
advantage of easy and cost-efficient fabrication.”>™>’ Perov-
skites have recently shown their potential for advanced
applications, as demonstrated by successful room-temperature
vertical cavity surface emitting lasers,””*” optical switching,’
and edge lasing from a crystalline waveguide.”’ However, the
vertical geometry poses challenges for integration into
compact, planar photonic circuits on a chip due to its
inherently larger vertical dimensions.

In this work, we study the nonlinear propagation of guided
exciton-polariton pulses in a planar perovskite-based wave-
guiding system at room temperature. We inject (extract)
femtosecond pulses into (from) the waveguide using resonant
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grating couplers imprinted in the perovskite waveguide. As the
fluence of the input pulse increases, the spectral shape of the
pulse transforms during its propagation through the waveguide
due to the interplay of self-phase modulation (SPM), group
velocity dispersion (GVD), waveguide dispersion, the influence
of the exciton reservoir, and other processes. Self-phase
modulation is a nonlinear optical effect where a pulse’s phase
shifts due to intensity-dependent changes in the medium’s
refractive index, broadening the pulse spectrum. Microscopi-
cally, this effect arises from polariton—polariton scattering,
where polariton pairs interact and redistribute energy across
different frequencies, effectively modulating the pulse phase as
it propagates. The experimental results are supported by
numerical simulations of the studied system. Numerical
analysis further reveals that SPM induces the temporal splitting
of the input pulse into two separate pulses, influenced by
strong spectrally inhomogeneous dispersion and nonlinearity
inherent to the polaritonic nature of the system. Our
experimental findings, showing wavelength- and distance-
dependent femtosecond pulse evolution, align well with the
theoretical model, allowing us to explicitly interpret the
observed phenomena. Our results demonstrate how tuning
the pump energy in the guided polaritonic system enables the
transition between different nonlinear regimes, such as shock
waves and solitons, with potential applications in all-optical
chips.

EXPERIMENT

In our experiments, we fabricate planar waveguides based on
MAPDBr; thin films (see the schematic illustration in
Figure 1a). One of the key advantages of halide perovskites
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Figure 2. Experimental results on laser pulse propagation in a perovskite planar waveguide in different spectral ranges. Normalized
transmitted pulse spectra vs input fluence for (a—c) three different detunings from the exciton level and waveguide length L = 200 gm and
(d—f) three different waveguide lengths with the detuning § = —74 meV. (g) Transmittance of the waveguide normalized on the pump
fluence adjusted for the effectiveness of the coupler for different detunings and waveguide lengths. (h) Peak shift from the initial position at
small fluence for two peaks (high-energy peak, filled circles; low energy peak, empty circles). (i) Relative spectral width of the output pulse
normalized on the initial spectral width at the lowest fluence for different detunings. The lines correspond to theoretical calculations.

is that they can be synthesized through solution-based
methods, enabling low-cost fabrication and making them
highly promising for practical applications.”> Due to the
relatively high refractive index of 2.1-2.3 in the 500—600 nm
wavelength range,33 a perovskite thin film works as a planar
waveguide with subwavelength thickness. Due to its sublight-
line dispersion, a waveguide mode cannot be excited directly in
free space and requires a coupling mechanism to match the
necessary wavevector.”® One of the most effective and
straightforward methods to excite waveguide modes is through
the use of periodic structures such as grating couplers.”
Various techniques can create periodic structures on halide
perovskite surfaces, including nanoimprint lithography,*®*’
mechanical scanning probe lithography,” and direct laser
writing.”” We chose nanoimprint lithography for its high
resolution, direct pattern transfer, and compatibility with the
soft crystal lattice of halide perovskites, making it particularly
well suited for structuring these materials.

We employ the solution-based method via spin coating and
nanoimprinting to fabricate planar waveguides with elements
for coupling to the waveguide mode (see the Methods
section). Glass molds are prepared by electron beam
lithography, following established protocols (see the Methods
section). The final system comprises three key elements: a

grating coupler, an unstructured planar waveguide, and an
identical grating decoupler. Several samples with different
waveguide lengths have been fabricated and studied, with
distances between couplers and decouplers ranging from 50 to
200 pm. The thickness of the waveguide is 110 nm, defined by
the thickness of the MAPbBr; thin film. The gratings have a
period of 280 nm, a modulation depth of 65 nm, and a fill
factor of 0.48. The topography of the fabricated waveguide
sample, as measured by atomic force microscopy (AFM), is
shown in Supporting Information (Figure S2a,c). All geo-
metrical parameters are selected based on numerical
simulations to achieve waveguide modes near the exciton
resonance of our material (~2.32 eV).

We perform measurements using a custom back-focal plane
setup for angle-resolved transmission and reflection spectros-
copy paired with a wavelength-tunable femtosecond laser and a
halogen lamp for the excitation as schematically illustrated in
Figure S3a,b (see the Methods section for details). In order to
estimate the exciton-photon coupling strength in the perov-
skite waveguide, we first obtained the angle-resolved
reflectance spectra by measuring the leaky modes of couplers.
The experimental results (Figure S4a) show the dispersion of
the waveguide leaky modes in the reflection. Dispersion of the
waveguide leaky modes behavior demonstrates a strong
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curvature near the exciton resonance, which is typical
anticrossing behavior in strong-coupled systems. "’

We fit the measured leaky modes with the two-coupled
oscillators model'”*® (see the Supporting Information for
details). The Rabi splitting and coupling constant are
estimated with this model as Qy = 104 and g = 54 meV,
respectively. The estimated Rabi splitting and coupling
constant satisfy the criteria of the light—matter strong coupling
at room temperature as Qg > (Yex + ¥pn)/2 and g > lye, — ¥7l/
2,*"* since the estimated losses of uncoupled photons and
excitons are y,, = 16 meV and y,, = 14 meV, respectively.

Transmission through the waveguide is measured by
coupling incident TE-polarized white light (with the electric
field parallel to the coupler grooves) into the input coupler and
collecting the entire output signal from the decoupler (as
shown in the inset of Figure S3b for a waveguide length of 50
um). As a result, we obtained the angle-resolved linear
transmittance spectrum of the waveguide mode (Figure S4b).
We can observe only one branch of the dispersion with group
velocity directed toward the decoupler, where the signal is
collected. The spectral region of the dispersion close to the
exciton level has low transmission due to excitonic absorption.

The nonlinear response of the exciton-polariton waveguide
system is studied by utilizing the wavelength-tunable femto-
second laser pulses. Transmission of the laser pulses is
measured using the same method mentioned above for the
white light (Figure 1a). The incident angle and wavelength of
the excitation laser are adjusted to achieve resonant pumping
(Figure 1b,c), as detailed in the Methods section. We study the
waveguide transmission as a function of the input fluence from
resonant femtosecond pumping at various wavelengths (L) and
detunings (5) from the exciton resonance energy. Studied
polariton states are demonstrated on the waveguide polariton
dispersion by ellipses on the transmittance angle-resolved
spectrum (Figure 1c). We consider three different detunings
from the exciton resonance of —64, —74, and —146 meV,
which correspond to Hopfield coefficients of excitonic
fractions”*" of IX,I* = 0.47, IX,* = 0.41, and IX;* = 0.15
calculated as outlined in the Supporting Information. Laser
pulse transmittance spectra corresponding to the mentioned
detunings are shown in Figure 1d.

In the experiment, we measure the transmittance spectra of
the fs-laser pulse across various detunings and waveguide
lengths, presenting the normalized intensity spectra as a
function of input fluence in Figure 2a—c for different detunings
and in Figure 2d—f for different waveguide lengths. We
generally observe spectral broadening of the output pulses with
increasing pump fluence and the emergence of an additional
peak. This effect is consistently observed across all energy
detunings (Figure 2a—c) and waveguide lengths (Figure 2d—
f). We observe the occurrence of an additional peak with a
lower energy than the energy of the input pulse, the
mechanism of which is explained in the Discussion section.

At a fixed waveguide length of 200 ym, the increasing of the
excitation detuning leads to the attenuation of the second peak
formation in the output pulse spectra (Figure 2a—c). At
smaller detuning, the signal is narrower in general due to
stronger absorption of the blue part of the pulse and more
efficient propagation of the red part, both caused by the higher
exciton fraction and increased nonradiative losses, whereas at
larger detuning, reduced absorption results in a broader signal.
At the maximal detuning of —146 meV, the low-energy peak
emerges at the input fluence of approximately 10 yJ/cm?, with

a notably smaller amplitude compared to that of the main peak
(Figure 2a). At the minimal detuning of —64 meV, the low-
energy peak occurs with a significant amplitude at the input
fluence of approximately 4 yJ/cm? (Figure 2c). The formation
of the low-energy peak is attributed to the nonlinear phase,
which increases with a higher exciton fraction. Hence, at
smaller detuning, the amplitude of the low-energy peak is more
pronounced. Further details are provided in the Discussion
section.

At a fixed detuning of —74 meV, the increasing propagation
length causes the formation of a second peak in the spectra of
the output pulse (Figure 2d—f). The generation of new
frequency components occurs continuously along the prop-
agation in the waveguide. The amplitude of the low-energy
peak for a wavelength of SO yum (Figure 2d) is so small within
this fluence range that it is nearly indistinguishable from the
main peak. However, in the longer waveguide of 200 ym, the
low-energy peak becomes significantly more pronounced
(Figure 2f). Additionally, as the waveguide length increases,
the splitting between the low- and high-energy peaks begins to
occur at progressively lower fluences. This behavior is due to
the nonlinear phase shift, which is responsible for the
formation of the low-energy peak, which increases with the
propagation length of the pulse.

In order to describe the evolution of the pulses in the
waveguide with the increase of incident fluence, we estimate
the central frequency, line width, and amplitude of each peak
(see the Supporting Information for details). Figure 2h
(circles) shows the pump-fluence-dependent shift of the peak
position. In the case of the largest detuning of —146 meV used
in the experiment, the high-energy peak exhibits only a blue
shift, while the low-energy peak shows both a blue shift and a
subsequent red shift. At the other two detunings, —74 and —64
meV, the high-energy peak exhibits a blue shift followed by a
red shift, while the low-energy peak shows a red shift. Figure 2i
(circles) demonstrates the relative change in spectral line width
with fluence, normalized to the low-fluence value. The spectral
line width initially narrows and then broadens with fluence
across all detunings and waveguide lengths.

THEORY

To gain an insight into the mechanisms governing the
experimentally observed evolution of the propagating through
the waveguide laser pulses with increasing incident fluence, we
build upon the previously developed theoretical mode.”® It
incorporates the strong coupling between excitons and
photons, exciton—exciton repulsion,” and interaction of
quasi-particles with an incoherent exciton reservoir,” yielding
the following system of equations:*>**~*

OA + v 0 A = —y A+ iQpy + fP (x, 1),

Oy = —(r, + 1)y + iAy — Ty + iQzA,

res

_ 2
op = rp + 2y, Jwl 1)

The first equation is written for the slowly varying amplitude
A of the photon-guided mode. We approximate photonic
dispersion in the studied range of wavevectors by a linear
function with group velocity v, evaluated at the exciton
resonance frequency and dissipation rate y,,. The photonic
component is excited by the driving force (currents) fp

https://doi.org/10.1021/acsnano.4c18847
ACS Nano 2025, 19, 14097-14106


https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c18847/suppl_file/nn4c18847_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c18847/suppl_file/nn4c18847_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c18847/suppl_file/nn4c18847_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c18847/suppl_file/nn4c18847_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c18847/suppl_file/nn4c18847_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c18847?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

Spectral domain
Experiment Theory

Temporal domain

a =-64 mgV b =-64 meV c
366 pJ/icm? / : . Vi \

-64 meV d =-74 meV e =-146 meV

I\

2
‘e
=)
7]
o)
@
E>~‘97HJ/cm2 jU ~ S/ \J\ /.
2 o SN [~
8 % 41 pJd/cm?
N E M A f\
5 (14 pdem?
~ @
N
©
£
(e}
zZ
216 220 224 228216 220 224 2282 3 4 52 3 4 52 3 4 5
Energy, eV Energy, eV Time, ps Time, ps Time, ps
Experiment Theory
o ff L =50 uym g L=50um h L=50um i L =100 ym j L =200 pm
5 J\ /\/L
S (366 uJiem?
(2]
< 8 |07 porem? / \ J\ _/\ A/\\ /\/L
Q0 =
£ =
< 2 latpyeme S\ J\
s e
Il _g 14 pd/icm? J \ / \
w [0)
N
©
£
[e]
z

216 220 224 228216 220 224 228 1
Energy, eV Energy, eV

2

Time, ps

3 41 2 3 42 3 4 5
Time, ps Time, ps

Figure 3. Theoretical modeling of laser pulse propagation in a planar perovskite waveguide. Normalized transmittance spectra plotted in the
dependence of input fluence for the detuning of —64 meV and waveguide length of 200 gm and for the detuning of —74 meV and waveguide
length of 50 um (a, f) for the experiment and (b, g) theoretical calculation, respectively. Simulated normalized transmitted temporal pulse
profiles are plotted as the dependence on input fluence for (c—e) different detunings and (h—j) waveguide lengths.

produced by the incident pulse in the area of the input coupler
(see the Supporting Information for details).

The photonic subsystem is coupled to the excitonic
subsystem, with the coupling strength characterized by Rabi
splitting Q. The coherent excitons are described by the slowly
varying envelope amplitude y. The losses in the exciton
subsystem are defined by the total dissipation rate ¥ + Ve
consisting of the coherent exciton decay rate y,, and the rate of
the scattering to the reservoir of the incoherent excitons ¥,
(incoherent exciton density). The shift of the coherent exciton
frequency due to nonlinear effects is accounted for by A, which
is a function of yt* and p. Describing the dynamics in terms of
slowly varying amplitudes, we choose the carrier frequency to
be equal to the exciton resonance frequency in the linear
regime, so A(lyl* =0, p = 0) = 0.

In the strong exciton-photon coupling regime, excitonic and
photonic dispersions anticross, and the resulting exciton-
polaritons acquire strong dispersion near the resonance. The
dispersion of these hybrid excitations (polaritons) is given by

vk + i(}/Ph + 7+ 1) \/(vgk + i(yPh A }/res))2 + 4Qp

w(k) = 2

)

To reproduce the dynamics observed in the experiments, it
is necessary to account for the reservoir of long-living
incoherent excitons characterized by density p and lifetime
¥,» We assume unidirectional scattering from coherent to
incoherent excitons with rate y,. The reservoir may form
through scattering into excitonic states within the tail of the
inhomogeneously broadened exciton line,"”" where the
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density of states is significantly higher than for polaritons.
Alternatively, the reservoir can consist of localized excitons,
indirect excitons, or other dark excitonic states.’'™>*

While we assume the photonic component to behave
linearly with fluence, for excitons, both the resonance
frequency and decay rate are density-dependent. These
nonlinear dependencies of the resonant frequency and the
losses are accounted for by exciton density-dependent
parameters A and ' (see the Supporting Information for
details).

DISCUSSION

We numerically solve the system of equations described above
using the split-step method, calculating the photonic field as a
function of both the time and position in the waveguide. The
model gives good qualitative and quantitative agreements with
the experimental data (Figure 2g—i (lines) and Figure 3a,b,fg).
The transmittance coefficient of the waveguide, determined by
energy integration of the spectra and normalized on fluence for
different waveguide lengths and different detunings, is plotted
in Figure 2g. We estimate coupling efficiency and account for
input and output pulse energies in the experiment (see the
Supporting Information for details). Across all detunings and
waveguide lengths, the transmittance behavior observed in the
experiment and the model exhibits the same pattern: an initial
linear regime (the transmittance does not depend on input
fluence; see the Supporting Information) followed by a
nonlinear decrease with rising input fluence; in this nonlinear
regime, both transmittance and pulse shape are affected by the
input fluence. This phenomenon occurs because nonlinear
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Figure 4. Nonlinear effect of the polaritonic waveguide on pulse propagation. (a—c) Simulated normalized transmitted temporal pulse
profiles plotted for different detunings at three fluences. (d—i) Cross-correlation frequency-resolved optical gating (XFROG) for two

detunings and different fluence.

losses outweigh the effect of exciton resonance blue shift. In
the case of fluence-dependent exciton resonance blue shift, the
polariton losses at the same energy decrease, since these losses
are primarily determined by the excitonic component. As a
result, transmittance increases.”’ However, in MAPbBI;,
nonlinear losses quickly dominate over the blue-shift effect,
leading to a net decrease in transmittance. Additionally, the
overall transmittance decreases for longer waveguides or
detunings, corresponding to higher exciton fractions
(Figure 2g). With reduced detuning from the exciton
resonance, transmittance declines further due to increased
losses, as the exciton fraction—and thus polariton loss—rises.
Near the exciton resonance, effective losses .4 increase, while
the group velocity v, decreases, jointly reducing the waveguide
transmittance.

Increasing the input pulse energy blue-shifts the exciton
resonance, reducing the difference in absorption rates across
frequencies. This decrease in absorption variation lowers the
red shift of the output pulse at higher pump powers, leading
the central frequency of the output spectrum to shift toward
the blue side of the spectrum. Changes in peak position are
governed by two parameters related to shifts in the central
exciton frequency, a; and a;, corresponding to 2-particle and

3-particle interactions as discussed in Supporting Information.
The parameter @ is positive, contributing to an increase in the
exciton frequency (a blue shift), while a is negative, leading to
a saturation in the exciton frequency shift.”> As the input
fluence increases, @; initially dominates, followed by a
significant contribution from a; Consequently, both the
experimental and numerical data reveal an initial blue shift
followed by the shift saturation as the input fluence increases
(Figure 2h). Once the blue shift reaches saturation, a red shift
occurs as incoherent excitons absorb higher frequencies,
effectively shifting the pulse toward the red side of the
spectrum.

In both theoretical and experimental data, the spectral
separation between the two peaks widens with increasing
fluence. The high-energy peaks are well captured by the model,
displaying an initial blue shift followed by a red shift, consistent
with experimental observations (Figure 2h). For the low-
energy peaks, the model predicts only red shifts, without the
initial blue shift observed experimentally. This discrepancy may
arise because the model accounts only for one-dimensional
propagation and does not fully accommodate variations in
coupling strength at different detunings along with minor
mismatches in input energy. Additionally, slight variations in
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the input pulse shape, which cannot be directly measured, are
expected.

Figure 2i demonstrates the relative change in spectral line
width compared to the initial line width at low fluence, as the
fluence varies. The spectral peak initially narrows and then
broadens across all detunings and waveguide lengths. This
behavior of the pulse width is common for the solitonic regime
of propagation.'® Weak linear losses lead to spectral
compression by adding a perturbative term to the nonlinear
Schrodinger equation (NSE). As the pulse loses energy, its
peak power and nonlinear phase shift decrease, necessitating a
narrower spectrum to balance nonlinear and dispersion
lengths. There is strong agreement between the experiment
and the simulation, with discrepancies only appearing at high
fluences, where higher-order nonlinearities may need to be
incorporated into the model.

Figure 3 shows normalized transmittance spectra plotted in
the dependence of input fluence for different detunings and
waveguide lengths alongside a comparison with numerical data.
The experimental spectra presented in Figure 3a for § = —64
meV and L = 200 ym and in Figure 3f for 6 = =74 meV and L
= 50 pm are in good agreement with our calculated result in
Figure 3b,g. Both the experimental and theoretical results show
two distinct spectral peaks with similar trends in central
frequency shifts and line width. In the experiment, the pulse
structure appears more symmetric, resembling classical self-
phase modulation, while in the model, the shape of the low-
energy peak shows a slight variation. This difference may result
from minor variations in the input pulse shape.

We propose the presence of two key nonlinear effects in the
perovskite waveguide under strong light—matter coupling:
interplay between self-phase modulation (SPM) and nonlinear
group velocity dispersion (GVD), and self-steepening, both of
which play crucial roles in shaping the output pulse dynamics.
In contrast to traditional fiber systems,” the nonlinear
processes here are associated with exciton-polariton dispersion
and its nonlinear behavior. The first process, balancing of SPM
and GVD, leads to soliton formation.”>*® This effect
symmetrizes the pulse in the time domain, countering the
inherent asymmetry caused by dispersion. In a linear regime,
output pulses tend to be distorted due to dispersion effects, but
the soliton regime restores symmetry by balancing dispersion
and nonlinearity.'®*” The second process is the so-called self-
steepening effect, whose physical origin is the dependence of
the group velocity on the local intensity of the field. The self-
steepening results in the formation of shock waves.”® This
phenomenon is well known in fiber optics®” and consists of the
formation of a sharp leading edge followed by a slowly
decaying tail.

One of the main advantages of exciton-polariton systems is
the potential to explore different regimes of nonlinear pulse
dynamics by tuning the pump frequency. Based on the
numerical results that align well with our experimental findings,
we propose that varying the pump frequency allows us to
transition between shock wave formation and soliton regimes.
Hence, we calculate the temporal profiles of the photonic field
shown in Figure 3. At higher detuning, the system
predominantly exhibits shock-wave behavior, characterized by
a sharp leading edge and a decaying tail due to self-steeping
(Figure 3e). As the detuning decreases, we observe a transition
where two solitons emerge, driven by the balance between self-
phase modulation and group velocity dispersion, leading to a
symmetric pulse profile (Figure 3c,d).

The wavelength also plays a critical role. In shorter
waveguides, shock waves dominate due to limited interaction
length (Figure 3h). However, as the waveguide length
increases, the system has more space for nonlinear interactions
to evolve. This results in the formation of solitons as
oscillations behind the shock front deepen and stabilize into
solitonic trains (Figure 3ij). We want to highlight that our
system exhibits a strongly nonlinear response, allowing us to
observe significant nonlinear effects even in relatively short
waveguides with the length of L = 50 ym (as compared with
optical fibers), which has the potential to be applied in room-
temperature on-chip devices.

The discussed dynamics are clearly visible in the modeled
temporal profiles shown in Figure 4a—c, where decreasing
detuning transitions the system from shock wave formation to
soliton formation. Specifically, under certain pump conditions
(Figure 4c), our modeling reveals oscillations trailing the shock
front that gradually deepen, eventually forming a pair of
solitons. This observation suggests that shock waves and
solitons are not isolated phenomena but rather exist on a
continuum of behaviors influenced by input parameters such as
pump fluence and frequency and by the system parameters, in
particular by the nonlinearity dispersion caused by an
incoherent excitons reservoir.

In our experiment, only the spectral domain is accessible. In
Figure 4d—i, we present the cross-correlation frequency-
resolved optical gating (XFROG) data from the model for
various input fluences and detunings (see the Supporting
Information for details and different waveguide lengths).
XFROG enables a comparison of experimentally obtained
spectra with theoretical temporal profiles, capturing the
evolution of the transmitted pulse in the spectral-temporal
domain. For detuning 6 = —64 meV and a waveguide length of
L =200 pm (Figure 4d—f), there is a distinct splitting of the
transmitted pulse into two separate peaks with increasing
fluence from 0.1 to 1000 pJ/cm? attributed to self-phase
modulation. Additionally, the changing slope of this structure
indicates variations in the group velocity. For detuning 6 =
—146 meV and waveguide length L = 200 um (Figure 4g—i),
the changing slope is further associated with nonlinear group
velocity dispersion, leading to a steep front formation that may
represent a shock wave.

CONCLUSION

We have revealed a strong effect of self-phase modulation and
nonlinear group velocity dispersion in the planar submillimeter
2D polaritonic waveguide based on halide MAPbBr; perovskite
at room temperature. The experiments were carried out by
exciting the guided exciton-polaritons using a femtosecond
laser resonantly coupled into the waveguide via imprinted
grating. Due to polariton—polariton interaction, the pulse
transmittance exhibits vivid nonlinearity for fluences above 5
uJ/cm. The SPM manifests itself in changes in the spectral
pulse shape during pulse propagation through the waveguide,
which depends on the incident laser fluence. The theoretical
analysis has revealed that SPM induces the temporal splitting
of the input pulse into two separate pulses and drives the
system into the quasi-soliton and shock-wave regimes. The
transition between different nonlinear regimes can be achieved
by tuning the pump energy. Our findings are supported by a
detailed experimental study containing wavelength- and
distance-dependent fs-pulse propagation and the theoretical
model that complements experimental data.
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Generally, the strong optical nonlinearity from polariton—
polariton interactions in perovskite waveguides enables the
exploration of diverse nonlinear phenomena such as solitons,
shock waves, and SPM in planar polaritonic systems. This
pronounced nonlinearity suggests the possibility to control
pulse propagation using a control pulse, which will be the
subject of further studies. This concept can be easily applied to
the future of perovskite on-chip polaritonics, offering superior
reproducibility, scalability, and cost-effectiveness compared to
traditional waveguiding platforms, which rely on external
cavities for similar nonlinear effects in integrated photonic
devices.

METHODS

Sample Fabrication. Perovskite waveguides are fabricated
utilizing spin coating and nanoimprint techniques. The first step of
thin film fabrication is preparing the perovskite solution. The
perovskite solution is prepared in a glovebox nitrogen atmosphere
using two salts: methylammonium bromide (MABr) and lead(II)
bromide (PbBr,). The mass of salts is calculated based on the
molarity of the solution equal to 0.5, myp, = 55.98 mg and mpyp, =
183.51 mg. Salts were dissolved in a 1 mL mixture of
dimethylformamide (DMF) and dimethyl sulfoxide (DMSO), in the
ratio DMF:DMSO 3:1. Before synthesizing the thin film, 12 X 12
mm? SiO, substrates were cleaned sequentially with soapy water,
acetone, and isopropanol. To achieve the higher attribute of surface
adhesion, we put substrates in the oxygen plasma cleaning camera for
10 min. The spin coating process is carried out in a glovebox with a
dry nitrogen atmosphere because of sensitivity to oxygen concen-
tration. The prepared perovskite solution is deposited on top of the
substrate, and after it accelerates for 3 s and rotates at a speed of 3000
rpm for 45 s with the spilling of dry chlorobenzene at 25 s from the
beginning of the spin coating. Thus, we obtain a thin film of
perovskite MAPbBr; with a thickness of roughly 110 nm.

The nanoimprint glass master molds are fabricated by electron
beam lithography. First, the fused silica wafers (1 X 1 cm?) are
cleaned by the Hellmanex and DI water solution for 15 min in the
sonicator, followed by the acetone and isopropanol in the sonicator.
Then, those wafers are cleaned with a standard Piranha solution
(H,S0,/H,0, = 3:1) in the cleanroom. Next, the Piranha cleaned
wafers are dried by N, gas flow and placed on a hot plate before
depositing the e-beam resist. Using a spinner, an e-beam resist
(PMMA 950 A2) is deposited on wafers to get the target thickness of
PMMA for the lift-off procedure, followed by a postbaking of 3 min
on the hot plate. The fused silica wafer and PMMA are dielectric
nonconductors that can accumulate charge during electron beam
lithography (EBL) patterning. To avoid the charging problem, a very
thin layer (7 nm) of conducting polymer E-Spacer 300Z (SHOWA
DENKO) is coated on PMMA using a spinner. Then, the wafers are
placed in the EBL (FEI Nova NanoSEM 600) chamber. After
patterning with a dose value of 250 ;C/cm?, E-Spacer is removed at
first by rinsing in DI water for 1 min. Then, PMMA is developed by
the MIBK/IPA solution (1:3) for 1 min, followed by IPA and DI for
20 s, respectively. The EBL patterned wafers are placed in the e-beam
evaporator (MIDAS e-beam Evaporator) chamber to deposit a 15 nm
thick chromium (Cr). After the pattern was checked with the
scanning electron beam microscope (SEM) with the Cr, wafers are
rinsed in acetone for the lift-off process. A sonicator is also used to
accelerate the lift-off process. Then, those wafers are dried up with N,
gas flow and placed in the inductively coupled plasma (ICP) (STS
Multiplex ICP) chamber to transfer the pattern to a fused silica wafer.
A mixer of CHF;, SF4, and O, (20, 20, and 4 sccm) gas is used to etch
down the fused silica where Cr is used as a hard mask. Finally, the
unwanted Cr is removed by using chrome etchant, and dry wafers
with patterns are stored in a glovebox.

The next stage of fabrication is the optimization of nanoimprint
parameters for the fabrication of waveguides based on the perovskite
thin film. It is empirically determined that the necessary pressure
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exerted for 10 min on the synthesized perovskite sample with
dimensions of 12 X 12 mm? is 40 MPa. After that, the synthesized
samples are subjected to thermal influence at a temperature of 90 °C
for 10 min. As a result, waveguides with radiation input and output
grating elements that repeat the geometry of the master mold are
obtained. The fabrication scheme of the waveguides is shown in
Supporting Information. The geometry of the fabricated structures is
the inverse geometry of the master mold. Thus, waveguides based on
a perovskite thin film with a length in the range of 50—200 ym and a
period in the range of 260—320 nm with a modulation of 65 nm were
fabricated. The couplers and decouplers are characterized using AFM
and are shown in Figure S2. It is important to note that master molds
can be used multiple times. They were cleaned with DI water and
dried before reuse.

Angle-Resolved Spectroscopy. Angle-resolved spectroscopy
measurements are performed using a 4f setup featuring a back-focal
plane (BFP). This arrangement includes a slit spectrometer connected
to an imaging EMCCD camera (Andor Technologies Kymera 328i-
B1+ Newton EMCCD DU970P-BVF) and a halogen lamp, which is
attached to an optical fiber via a collimation lens for white light
illumination. A Mitutoyo Plan Apo Infinity Corrected objective with
10X magnification and a numerical aperture of 0.28 is used for
excitation and signal collection. Spatial filtering occurs within the
intermediate image plane (IP) as it passes through the 4f
configuration. Angle-resolved resonant measurements are also
conducted using the same setup, employing a femtosecond laser
with a tunable wavelength, a repetition rate of 1 kHz, and a pulse
width of 200 fs. The laser system includes a mode-locked Ti:sapphire
laser operating at 800 nm, which serves as a seed pulse for the
regenerative amplifier (Spectra Physics, Spitfire Pro). The wavelength
is frequency-doubled to 400 nm using a BBO crystal or combined
with an optical parametric amplifier for other pump wavelengths
(Light Conversion, OPA). To create a pump spot approximately SO
pum in size, a lens with a 1000 mm focal length is used to focus the
laser beam in the BFP. A CCD camera (Thorlabs 1.6 MP Color
CMOS Camera DCC1645C) is used in the collection channel, with a
150 mm tube lens positioned after the beam splitter. This setup allows
for imaging in both real and Fourier spaces. To resonantly excite the
waveguide mode with a femtosecond laser, we select the appropriate
wavelength based on the dispersion of the leaky modes (Figure S4a).
The laser spot is positioned on the coupler, and the resonant angle is
determined by adjusting the laser’s incident angle in the BFP to match
the correct wavevector (k,) corresponding to the dispersion (Figure
Ic), while simultaneously maximizing the output signal from the
decoupler in real space.
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