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Topological Exciton Polaritons in Compact Perovskite
Junction Metasurfaces

Soo-Chan An, Yeonsoo Lim, Ki Young Lee, Daegwang Choi, Seongheon Kim,
Su-Hyun Gong, Jae Woong Yoon,* and Young Chul Jun*

Exciton polaritons are hybrid light-matter quasi-particles that hold exceptional
opportunities for future optoelectronic devices. Taking the synergic
advantages of room-temperature perovskite excitons and topological photonic
structures, topological exciton-polaritons are experimentally demonstrated in
organic–inorganic hybrid perovskite thin films. Topological junction structures
based on perovskite gratings are realized using a momentum-space analog of
the 1D Dirac system. Desired enhancement phenomena are observed
including narrow-beam polariton emission from a tightly localized junction
region, polaritonic nonlinearity boost, and enhanced luminescence. These
remarkable features are obtained from highly compact devices with footprint
widths on the order of a few micrometers and are efficiently tailorable with
simple unit-cell geometry control. Therefore, the proposed approach can be a
powerful platform for room-temperature topological exciton-polaritons and
concomitant device applications.

1. Introduction

Exciton polaritons are hybrid light-matter quasi-particles formed
by strong coupling between photonic modes and excitons.[1]
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They inherit their characteristics from
both photonic and excitonic components,
and thereby the advantages of light and
matter can be efficiently combined in a
single entity. These features include low
effective mass, ballistic transport, strong
nonlinearity, and enhanced sensitivity to
external electric and magnetic fields, which
provide promising opportunities for future
device applications[2] such as all-optical
ultrafast switches and logic gates,[3] polari-
tonic lasers,[4] quantum simulators,[5,6]

and quantum polariton devices.[7–9]

Cryogenic conditions are essential in
general for exciton-polariton studies em-
ploying conventional semiconductor sys-
tems such as GaAs quantum wells and
quantum dots. Recent studies have pro-
posed room-temperature exciton polariton

materials.[10] Among many others, halide perovskite materials
have attracted special attention.[11] They have been extensively
studied for use in solar cells and light-emitting diodes.[12,13]

Recently, both organic–inorganic hybrid and all-inorganic per-
ovskite materials have attracted significant interest for exciton-
polaritons owing to their exceptional properties, such as large os-
cillator strength and binding energy, large exciton nonlinearity,
and broad compositional and structural tunability.[14–16]

Various nanophotonic structures have been employed to form
and control exciton polaritons based on perovskite materials.
These include planar cavities,[17–21] photonic crystals,[22–26] cou-
pled photonic cavity arrays,[27] and resonant particles or wires.[28]

Considering potential applications that take full advantage of
room-temperature operation and tailorable nanophotonic prop-
erties, topological photonic structures are of increasing inter-
est for exciton-polaritons.[29–31] This is because they potentially
provide inherent robustness against structural imperfections
and environmental disturbances, as well as additional degrees
of control freedom over photonic localization and emission
properties.[32,33] Previously, a direct real-space analogy to the Su–
Schrieffer–Heeger (SSH) model was introduced using 1D dimer
lattices.[34–36] A 1D zigzag configuration of identical dielectric res-
onators was also considered.[37] Similar zigzag chains of cou-
pled resonators have been employed for topological edge states in
exciton-polariton systems,[38,39] successfully demonstrating the
experimental feasibility of the polariton SSH state in real space.

Here, we combine topological guided-mode resonances
(GMRs) with perovskite excitons to realize robust topolog-
ical exciton-polaritons at room temperature. We employ a
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momentum-space analog of the 1D Dirac system to diffractive exci-
ton polariton states. In stark contrast to conventional topological
photonic structures in the direct spatial analogy of solid-state sys-
tems, our proposed approach creates Jackiw–Rebbi (JR) states in
a topological grating junction. Importantly, these diffractive JR
states inherently allow direct access to the out-of-plane radiation
continuum and enable localized light-matter enhancement phe-
nomena without an additional experimental probe or structural
perturbation.

The optical analogy of the JR states has been studied in sev-
eral topological photonic structures, such as coupled resonators
or waveguides.[40–42] In these structures, each unit cell supports
multiple localized states whose intra-cell and inter-cell interac-
tions produce Hermitian topological effects basically pertaining
to those in solid-state atomic lattices. In our momentum-space
analog, however, spatially delocalized guided modes form spec-
trally localized states in the wave-vector domain, and they are es-
sentially non-Hermitian because of their inherent coupling with
the radiation continuum in the surrounding media. A photonic
JR state is formed in a junction of the two different grating sys-
tems, which hold the photonic band inversion and topological
phase transition between them. One grating system has a topo-
logical phase while the other with inverted band polarity holds
a trivial phase. In the junction made of these two gratings, a
topological localized state appears at the junction interface.[43,44]

The momentum-space analog provides extra degrees of control
freedom that can be used to efficiently realize novel topological
cavities.[45–48]

We experimentally realize a topological junction of perovskite
gratings that combine a compact lateral size in real space with
narrow discrete responses in momentum space. The mid-gap po-
lariton JR state formed at the gamma point (kx = 0) can be useful
for polariton devices because polaritons can be locally confined
and accumulated at an energy minimum state. The spatial and
angular distributions of the polariton JR state can be tailored by
appropriately designing the Dirac mass or, equivalently, groove-
width distributions. Detailed reflectance and photoluminescence
(PL) measurements are conducted in both momentum and real
spaces to clearly demonstrate the remarkable features of topo-
logical exciton-polaritons. Polariton confinement and the desired
enhancement phenomena are demonstrated in highly compact
and simplified grating structures, including highly enhanced,
narrow-beam (<5°) emission and polaritonic nonlinearity boost.
The idea of topological grating junctions can be readily extended
to other excitonic material systems. Therefore, our results sug-
gest a powerful experimental platform for further extensive devel-
opment of room-temperature topological exciton-polaritons and
concomitant device applications.

2. Results and Discussion

2.1. Formation of Topological Exciton Polaritons in a Compact
Junction

Figure 1a shows the schematic of a perovskite junction com-
prising two topologically distinct grating regions. Linear grating
patterns were first defined on a quartz substrate using electron-
beam lithography and reactive-ion etching. A 2D layered organic–
inorganic hybrid perovskite [(C6H5C2H4NH3)2PbI4] layer was

spin-coated onto the patterned quartz substrate, followed by an-
nealing and overcoating with a thick poly(methyl methacrylate)
(PMMA) layer. The details of the fabrication conditions are pro-
vided in the Experimental Section. Figure 1b shows the optical
microscope images of the two fabricated samples for the topolog-
ical junctions of 10 and 3-μm-wide grating regions, respectively.
The different colors between the left and right gratings are due
to the different amounts of perovskite materials. Note that the di-
electric metasurface in our sample is defined by the perovskite
material itself as shown in the schematic. In Figures S1 and S2
(Supporting Information), we present plane and cross-sectional
scanning electron micrographs of the fabricated samples, con-
firming the reliability of our established fabrication procedure.

The 2D perovskite layer used here produces strong exci-
tonic responses because of its self-assembled quantum-well
layer structure, resulting in the tight confinement of electron-
hole pairs and subsequent large binding energy and oscillator
strength.[14,15] These characteristics further lead to the efficient
generation of room-temperature exciton polaritons in our struc-
tures. The X-ray diffraction, absorption, and photoluminescence
spectra, and optical-constant characterization data for the per-
ovskite material are provided in Figure S3 (Supporting Informa-
tion).

In the proposed structure, the perovskite layer has a higher re-
fractive index than the surrounding medium (PMMA and quartz)
and supports the fundamental guided photonic mode within the
spectral region of interest from 500 to 600 nm. The measured
refractive indices of the perovskite film are shown in Figure S3d
(Supporting Information). The refractive indices of PMMA and
quartz are 1.49 and 1.5, respectively, in the visible range. The fun-
damental guided photonic mode having the greatest local den-
sity of states in the perovskite layer couples strongly with the
perovskite excitons. The counter-propagating guided modes are
coupled to each other through the second-order Bragg reflection
by the grating structure.[49,50] This diffractive coupling results in
Bloch–Floquet eigenstates with their characteristic band topology
determined by the Bragg reflection phase angle, which is conve-
niently switchable between zero and 𝜋 for the trivial and topolog-
ical phases, respectively, by means of grating groove-width con-
trol. Consequently, a perovskite junction with two topologically
distinct waveguide gratings can create a topological JR state lo-
calized at the junction interface.

To design an optimal junction structure for experimental re-
alization, it is crucial to derive design-parametric conditions
for the desired topological phase transition within a spectral
range of acceptably strong exciton responses around the exci-
ton energy level. Therefore, we first derive the conditions for
the purely photonic topological phase transition. For topological
GMRs, the bandgap center 𝜆c ≈ neff p and bandgap width Δ𝜆 ≈

2(vg𝜆c)
2(hc)−1|m| with a Dirac mass m are given by[43,44]

m ≈ hc
𝜆cvg

2

(
𝜌1𝜀1

2 − 𝜌2𝜀2

)
(1)

here, neff is the effective index of the guided mode, p is the pe-
riod of the grating, vg is the group speed of the guided mode,
h is the Planck constant, c is the speed of light in vacuum, 𝜌i
is the normalized rate of coupling between the two counter-
propagating guided modes through the i-th order diffraction
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Figure 1. Formation of topological exciton polaritons in a compact junction. a) Schematic of the perovskite junction metasurface. b) Optical microscopy
images (real color) of the junction metasurface with different lateral grating sizes. The length in the y direction is fixed as 20 μm. The boundaries of the
grating patterns are indicated as gray lines. Scale bar: 4 μm. Simulated reflectance spectrum for c) passive and d) active structures. UP: upper polariton,
LP: lower polariton. Incident light is polarized parallel to the grating line. The passive structure assumes a constant index of n = 2.15 for 2D perovskite
material. For the active structure, the optical constants with a single Lorentzian function are used in simulations (Experimental Section). k0 = 2𝜋/𝜆
(where 𝜆 is a free space wavelength) and kx/k0 = sin𝜃 (where 𝜃 is an incidence/emission angle measured in the air). e) Exciton fractions for the LP
branch. f) Simulated reflectance spectra of the left grating, junction, and right grating (pL = 310 nm, pR = 290 nm, wL = 80 nm, wR = 190 nm, hL =
85 nm, hR = 100 nm, tPMMA = 200 nm, and tcover = 60 nm). The experimentally measured optical constants are used. The effective mode index neff is
related to the bandgap center wavelength (𝜆c) and grating period (p): neff ≈ 𝜆c/p. The effective mode indices of the left and right gratings are estimated
to be neff ≈ 1.77 and 1.90, respectively. The group velocity can be obtained from the slope of the dispersion band near the photonic bandgap (vg ≈ 0.22c).

channel, and ɛj is the spatial Fourier coefficient of the dielec-
tric function in the grating layer at the j-th harmonic order. The
bandgap center 𝜆c can be easily matched to a certain desired
point, such as the exciton energy level, by tuning the period p for a
given neff.

In contrast, the bandgap width Δ𝜆 and topological phase de-
terminations require precise tuning of the Dirac mass m in
its absolute magnitude and sign, respectively. Note that the

waveguide grating is in the topological phase for m < 0 or
in the trivial phase for m > 0. Applying the expression for
ɛj in terms of the structural parameters associated with Equa-
tion (1), we obtain an alternative expression for the Dirac mass
as

m ≈ hc
𝜆cvg

2
FΔ𝜀

[
𝜌1FΔ𝜀 sin c2 (F) − 𝜌2sinc (2F)

]
(2)
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where Δɛ is the dielectric constant difference between the high-
index and low-index parts in the grating layer, F indicates the ra-
tio of the groove width w to the period p, that is, F = w/p, and the
normalized sinc function is defined as sinc(a) = sin(𝜋a)/(𝜋a). In
this expression, F is immediately identified as the key factor that
determines the topological phase. In particular, the characteristic
numerical property of the sinc function implies that m > 0 (trivial
phase) for F > Fc or m < 0 (topological phase) for F < Fc, where
Fc is the critical groove width-to-period ratio for m = 0. In addi-
tion, m vanishes at the two boundary points F = 0 and 1, regard-
less of the specific configurations of the other factors. Therefore,
the largest bandgap width is obtained around the two median
points at F = Fc/2 for the topological phase domain 0 < F < Fc
or F = (1+Fc)/2 for the trivial phase domain Fc < F < 1. We note
here that this Dirac mass tunability is unique to the momentum-
space analog of the 1D Dirac system. The topological phase in
the conventional real-space analog is determined by the spatial
asymmetry of inter-atomic coupling, whereas in our approach, it
is determined by the spectral asymmetry of the inter-harmonic
coupling through different diffraction channels. Therefore, the
topological phase transition is readily obtained without requiring
apparent spatial asymmetry or complicated coupled-resonator ar-
ray configurations, and thus the momentum-space approach can
be more favorable for compact and reliable device development.

We design the perovskite GMR structures (uniform gratings)
on this basis. In Figure S4 (Supporting Information), we present
the numerical calculation results of the reflection spectra for pas-
sive, non-excitonic waveguide gratings with a constant refractive
index of n = 2.15 for the perovskite material. Therein, the purely
photonic topological phase transition at the critical groove width
w = wc = 140 nm is evident as the super-radiant broad resonance
and vanishingly narrow sub-radiant resonance features at the two
band edges flip their locations across the w = wc condition. The
sub-radiant resonance at the band edge is often referred to as a
symmetry-protected bound state in the continuum.

From this result, we numerically create a junction of two topo-
logically distinct GMR gratings with their groove widths and pe-
riods finely tuned so that their bandgaps match with each other.
The simulated reflectance spectrum is shown in Figure 1c, and
we identify the purely photonic JR state resonance right above the
exciton level (dashed horizontal line at 518 nm). Although we op-
timize the junction metasurface structure such that the bandgaps
of the left and right grating regions exactly match to create a local-
ized JR state with the strongest lateral confinement, the bandgap
matching is not a necessary condition. In general, the JR state
energy is determined by

EJR =
mLEcR + mREcL

mL + mR
(3)

where mL and mR are the Dirac masses of the left and right re-
gions of a junction, respectively, and EcL and EcR are the mid-gap
energies of the left and right regions.[43] This formula implies
that a JR state always exists as long as the energy ranges of the
two topologically distinct bandgaps overlap.

The exciton-polariton JR state is now directly obtained by ap-
plying the excitonic response to the perovskite layer, as shown
in Figure 1d. The excitonic Lorentz oscillator model was used to
determine the optical constant of the perovskite material in the

Table 1. Extracted parameters for Equation (5) at kx = 0.

Parameter Eex Eph E+ E− 𝛾ex 𝛾ph g

Value [eV] 2.394 2.370 2.52 2.25 0.03 0.011 0.131

simulation, as described in detail in the Experimental Section.
The strong coupling between the photonic guided mode and per-
ovskite exciton results in the upper and lower polariton branches
(UP and LP, respectively, in Figure 1d). Such a light-matter hybrid
system is described using the following two-level model:

(
Eex + i𝛾ex g

g Eph + i𝛾ph

) (
𝛼

𝛽

)
= E±

(
𝛼

𝛽

)
(4)

here, Eex and Eph are the energy levels of the exciton and pure
photonic modes, respectively, 𝛾ex and 𝛾ph are the corresponding
linewidths, and g is the coupling energy between them. E± are
the two eigenvalues corresponding to the UP and LP branches,
respectively. The eigenvector components 𝛼 and 𝛽 are the Hop-
field coefficients that represent the exciton and photon fractions
in the exciton-polariton by |𝛼|2 and |𝛽|2.

This model yields the exciton-polariton energy

E± = 1
2

[
Eex + Eph + i(𝛾ex + 𝛾ph)

]
±
√

g2 + 1
4

[
Eex − Eph + i(𝛾ex − 𝛾ph)

]2 (5)

and the Rabi splitting

ℏΩ =
√

4g2 − (𝛾ex − 𝛾ph)2 (6)

The Rabi splitting and exciton fractions are conveniently ob-
tained by fitting E± to the simulated polariton bands in the re-
flection spectrum. The extracted parameters at kx = 0 is given in
Table 1. We obtain a Rabi splitting of ≈260 meV. The polariton
JR state in the LP branch appears at ≈550 nm in the middle of
the bandgap. The exciton fractions of the LP branch are shown
in Figure 1e. The JR state retains an exciton fraction of ≈0.45,
which further confirms the formation of the exciton photon hy-
brid matter at our junction metasurface.

As a final step of the design, we apply this junction metasur-
face structure to a realistic numerical simulation with the ex-
perimental optical constants of the perovskite layer provided in
Figure S3d (Supporting Information). Figure 1f shows the simu-
lation results of the LP branch reflection spectra for the left grat-
ing, junction, and right grating. The band inversion between the
left and right gratings clearly indicates a topological transition.
In the left grating, the leaky mode appears in the longer wave-
length region of the bandgap while the nonradiative mode (or
bound state in the continuum) exists in the short wavelength re-
gion. This corresponds to a topological phase. The right grating
exhibits the opposite behavior and holds a trivial phase. In the
topological junction made of these two gratings, a topological in-
terface state appears in the middle of the photonic bandgap.[43]

We confirm all the essential features desired in the topological
exciton polariton. The polariton JR state appears at kx = 0 as a
discrete spot-like state.
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2.2. Momentum-Space Measurements of Reflectance and
Photoluminescence Spectra

To experimentally investigate the polariton modes (localized JR
state and delocalized GMRs), we measured angle-resolved re-
flectance and PL spectra in momentum space using a custom-
built Fourier-plane setup (see Experimental Section). We fabri-
cated uniform gratings with different w values in the range of
55 nm ≤ w ≤ 210 nm for a fixed period p = 305 nm and mea-
sured their reflectance spectra, as shown in Figure S5 (Support-
ing Information). The measurement results yield a critical groove
width wc of ≈145 nm, which indicates the topological phase for w
< wc or the trivial phase for w > wc. Subsequently, we obtain the
critical groove width-to-period ratio, Fc = wc/p = 0.475.

The polariton JR state formation was systematically studied by
fabricating a large set of junction metasurfaces with left and right
gratings in the topological and trivial phases, respectively. In par-
ticular, for fixed groove widths, the grating period was gradually
varied from 285 to 310 nm. Figures S6–S8 (Supporting Infor-
mation) show the measured reflectance spectra, where clear JR
state peaks were observed in many samples with acceptably good
bandgap overlap. Figures S9–S11 (Supporting Information) rep-
resent the corresponding PL spectra, which manifest the strong
JR state emission in the vertical direction. The PL spectra were
measured using a continuous-wave diode laser at 450 nm as the
excitation source. Figure 2 shows a representative case of these
data. Figure 2a,b compares the reflectance and PL spectra, respec-
tively, of the left grating, junction, and right grating. They reveal
all the essential topological features, including the polariton JR
state resonance, which is in excellent agreement with our theo-
retical prediction in Figure 1. Figure S12 (Supporting Informa-
tion) shows more comparisons, which confirm the formation of
the topological JR state at the center of the bandgap.

Intriguingly, the JR state emission is highly directional in
the vertical direction (kx = 0) (Figure 2c). Additional data in
Figure S13 (Supporting Information) confirm the same feature.
In all cases, PL occurred within a narrow angular domain of <
5°. Therefore, the observed PL spectra experimentally demon-
strate the topological beaming effect and further suggest that
our approach could enable efficient beam shaping of the exciton-
polariton emission via Dirac mass engineering around the topo-
logical junction.[44] Note also that the JR state emission is slightly
shifted in the negative kx direction. The dielectric junction meta-
surface in our sample is formed by the perovskite material itself
(Figure 1a). Because the left and right gratings have different fill
factors, they have different amounts of the perovskite material.
Therefore, we think that, in our measurements, more emitters
can be possibly excited in the right grating (having a larger fill fac-
tor). This can, in turn, induce slight asymmetry (0.5°–1°) in the
angular profile of the emission. We find that the junction struc-
ture exhibits a slightly higher PL intensity for the negative group
velocity branch than the other (Figure 2b).

We also estimated the PL enhancement factor (Figure 2d,e),
which was obtained by normalizing the PL spectrum to the bare
exciton PL spectrum in the unpatterned flat region of the sam-
ple. See also Figure S12 (Supporting Information) for additional
data. The perovskite emission intensity is normally expected to
decay fast at the shoulder of the bare exciton peak (dashed line
in Figure 2d). However, the measured emission spectra from the

perovskite junctions manifest an extremely strong PL enhance-
ment in the polariton JR state. The JR state exhibits a significantly
larger PL enhancement than the neighboring GMR bands. The
strong JR state emission is potentially important for polaritonic
light sources and devices.

2.3. Topological Light Localization and Polariton Confinement

The strong emission enhancement at the polariton JR state res-
onance is closely related to the tight lateral confinement. There-
fore, we further investigated the lateral localization property of
the observed effect. In Figure 3a, we show the angle-resolved PL
spectra from the junction metasurfaces as tightly focused excita-
tion laser beam scans across the junction in the sequence illus-
trated in Figure 3b. The grating parameters are the same as those
in Figure 2. We observe a strong JR state emission only for a local-
ized excitation region near the junction, in contrast to the normal
GMR features that are delocalized over the entire grating region.
Figure 3c shows the normalized PL intensity at the JR state reso-
nance center as a function of the position of the excitation beam
from the junction. When the focused laser spot moves away from
the junction interface, the JR state emission intensity rapidly de-
creases. The measured profile is consistent with the calculated
mode profile in Figure 3c. This again confirms the formation of
the topological interface state in our junction metasurface. The
field profile in Figure 3c shows exponential profiles on both sides
of the junction, which are consistent with zero cavity length in
our topological cavity.

The observed lateral confinement of the JR state compared
with the delocalized GMRs implies a small footprint size of the
grating system as a device. We further verified polariton con-
finement by directly reducing the lateral size of the grating.
In Figure 3d,e, we show the sample image and PL spectra of
6-μm-wide devices with three different configurations: two uni-
form gratings in the topological (left side) and trivial (right side)
phases, respectively, and a junction of two half-pieces of them
(therefore, 3 μm on each side). The conventional GMR bands are
significantly blurred and suppressed compared to those obtained
from the 20-μm-wide device because of the degradation of the res-
onance quality factor with footprint size reduction in the GMR
gratings. In contrast, the emission spot of the localized JR state
maintains its tightness in both the wavelength and wave-vector
domains. Therefore, we experimentally confirmed that our pro-
posed approach can be used to readily obtain highly compact and
controllable exciton-polariton systems on the scale of a few mi-
crometers.

2.4. Real-Space PL Imaging with Momentum-Space Filtering

We also conducted real-space measurements of the polariton JR
state emission to verify that the spot-like emission near kx = 0
originates from the interface state (not from the bulk states). For
this measurement, we used the optical setup described in the
Experimental Section and Figure S15 (Supporting Information).
This setup allowed spatial-frequency-filtered optical imaging, in
which the position of the emission can be correlated with its di-
rection.
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Figure 2. Angle-resolved reflectance and photoluminescence (PL) measurements. a,b) The reflectance and PL spectra of the left grating, junction, and
right grating are compared. The band overlap and the JR state formation are clearly visible in both reflectance and PL spectra. The topological junction
consists of 10 μm gratings on the left and right sides of the junction (pL = 295 nm, pR = 290 nm, wL = 80 nm, wR = 190 nm). Single gratings (left and
right sides) have a width of 20 μm. c) Angular profile of the JR state emission. The angular divergence of the emission is 4.7°. PL enhancement factor
from the junction sample d) in the normal direction (kx = 0) and e) over the whole measurement range of kx.

The optical microscopy images in the leftmost panel of
Figure 4 show the measurement conditions. The excitation laser
was intentionally placed on one side of the junction (either the
left or right side). As it barely touched the junction interface,
both the bulk and interface states could be excited. A pinhole
of 500 μm in diameter was placed in the Fourier plane (or mo-
mentum space) and gradually moved in the kx direction (ky =
0). See also Figure S16 (Supporting Information) for the spatio-
spectral filtering of this measurement. In Figure 4a, we indicate

the position of the pinhole as a spatial-frequency bandpass fil-
ter in the Fourier plane. The corresponding real-space PL im-
ages are shown in Figure 4b,c. At both laser excitation positions,
strong PL is observed at the junction interface when the pin-
hole is located at the center of the Fourier plane. When the pin-
hole is moved away from the center, the interface emission dis-
appears and only the PL from the bulk region remains. Com-
bining this measurement result with the enhanced PL spectra
in Figure 2, we directly confirm that the enhanced emission

Adv. Funct. Mater. 2024, 2313840 2313840 (6 of 12) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. Topological light localization and polariton confinement. a,b) The PL spectrum is measured while the excitation laser spot is moved across the
junction. The grating parameters are the same as in Figure 2. Scale bar: 4 μm. c) Plot of the JR state PL intensity as a function of the laser spot position d.
The calculated mode profile |Ey| is also shown for comparison. The JR state emission is strong only when the laser spot is located close to the junction.
d,e) Optical microscopy images and PL spectra of the samples with reduced lateral sizes. The topological junction consists of 3 μm gratings on the left
and right sides while the left and right gratings are 6 μm in width. The laser spot was located at the junction interface. The JR state emission remains in
a tight spot while the GMR band becomes noticeably blurred. Scale bar: 2 μm.

in the normal direction indeed originates from the JR interface
state.

2.5. Nonlinear Blueshift Measurements

Because the JR state enables polariton confinement near the
junction interface, it may induce larger polariton nonlinearities
than the delocalized GMR bands. We have experimentally veri-
fied this by comparing the PL blueshifts of the polariton JR state
and GMR bands under pulsed laser excitation (Figure 5).

The PL blueshifts of the polariton bands were measured at
two specific kx positions (vertical dashed lines in the reflectance

spectrum in Figure 5a). Figure 5b,c presents the measured data
from the JR state and GMR bands. The spectral blueshift for each
laser pulse fluence was determined from the PL spectrum via
curve fitting. We find that, while the blueshifts remain small in
the GMR band, the JR states exhibit noticeably larger blueshifts
for the same laser fluence. As shown in Figure 1e, the JR state
has a smaller exciton fraction than the GMR band in the shorter-
wavelength region. Considering the smaller exciton fraction of
the JR state, the observed nonlinear blueshift enhancement is
even more remarkable. Note that larger exciton fractions are gen-
erally favored because the blueshift is caused by the excitonic
component of the polaritons.[51] The additional data presented
in Figure S17 (Supporting Information) further confirms this

Adv. Funct. Mater. 2024, 2313840 2313840 (7 of 12) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202313840 by H
anyang U

niversity L
ibrary, W

iley O
nline L

ibrary on [20/05/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 4. Real-space PL imaging with momentum-space filtering. The real-space PL images are obtained by placing a 500 μm pinhole in the Fourier
plane. The excitation laser is intentionally located on one side of the junction (either the left or right side of the interface), and the real-space PL images
are recorded by gradually moving the pinhole in the kx direction: kx/k0 = −0.12, −0.04, 0, 0.04, and 0.08 in a). The topological junction consists of 10 μm
gratings on the left and right sides of the junction. b,c) Only when the pinhole position is close to the JR state position, the emission at the junction
interface is clearly visible. Because of the small pinhole size, we collected nearly ky ≈ 0 components in all cases while kx is gradually varied. As shown in
Figure S19 (Supporting Information), the polariton band is parabolic toward the higher energy in the ky direction. However, the band is highly flat near
ky = 0, and thus the group velocity of the interface state is very small in the y direction. Therefore, we do not expect to observe the spreading of emission
along the interface direction. Scale bar: 4 μm.

observation. Our topological light localization measurements
indicate that the enhanced nonlinearity of the polariton JR
state can originate from polariton confinement at the junction
interface.[52–54]

Table S2 (Supporting Information) compares the polariton
blueshifts in the literature with our measurements.[16,54–62] It was
recently found that the blueshift value in lead halide perovskites
can reach ≈20 meV.[54,62] In our case, when the laser fluence was

Figure 5. Nonlinear blueshift measurements. a) Reflectance spectrum of a topological junction. b,c) Measurement data at kx/k0 ≈ 0 (localized JR state)
and kx/k0 = −0.26 (delocalized GMR), corresponding to the vertical dashed lines in (a). The topological junction consists of 10 μm gratings on the left
and right sides of the junction (pL = 300 nm, pR = 285 nm, wL = 80 nm, and wR = 190 nm). While the blueshifts remain small in the GMR band, the JR
states exhibit noticeably larger blueshifts for the same range of laser fluence.

Adv. Funct. Mater. 2024, 2313840 2313840 (8 of 12) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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further increased, the blueshift of the polariton JR state contin-
ued to increase (Figure S18, Supporting Information). However,
under such high laser fluences, the perovskite material was partly
damaged. Therefore, we limited our laser fluence range to ≈2
μJ cm−2 in Figure 5 and Figure S17 (Supporting Information).

2.6. Further Discussion and Outlook

Polariton JR states in topological junctions have unique features
in both real and momentum spaces. These systems differ sig-
nificantly from other resonant exciton-polariton systems. For ex-
ample, although conventional periodic optical structures, such
as gratings or photonic crystals, can generate exciton-polaritons
with narrow momentum-space distributions, they typically in-
volve strong angular dispersion. They are also spatially delocal-
ized in real space. On the other hand, strongly localized exciton-
polaritons can be formed in resonant nanoparticles or nanowires.
But they result in broad angular emission, which is delocalized
in momentum space. The polariton JR states based on GMR
gratings combine a compact spatial size with a narrow, discrete
momentum-space distribution, while they are directly accessible
in the normal direction. The polariton interface state and topo-
logical light localization persist as long as the bands of the two
grating systems overlap. Therefore, polariton JR states can pro-
vide powerful means for tailoring exciton polariton responses in
both real and momentum spaces with the additional advantage
of topological robustness.

We also comment on the polariton band dispersion in the ky
direction. Figure S19 (Supporting Information) shows the re-
flectance spectra measured in the ky domain at kx = 0. The JR
state band forms a dispersive continuum in contrast to the dis-
crete point in the kx domain. In principle, this is a natural con-
sequence of the 1D localization of the JR state in linear-grating
junction structures. Although the 2D localization of higher-order
JR states in certain 2D-lattice junction structures may produce
stronger confinement-associated enhancement effects, the delo-
calization of 1D JR states in the ky direction can be potentially
beneficial to efficient polariton relaxation and condensation.

Finally, we discuss possible implications of the observed po-
lariton emission enhancement at the JR state condition. By com-
paring the emission enhancement spectrum (obtained under
continuous-wave laser excitation) with the numerical dipole emit-
ter simulation, we find that all the detailed features associated
with the JR state resonance and GMRs as well as a certain degree
of asymmetry in the experimental spectrum are well-reproduced
in the numerical spectrum (Figure S20, Supporting Informa-
tion). In both the experiment and simulation, the JR state exhibits
a significantly larger emission enhancement than the neighbor-
ing GMR bands. However, the experimental enhancement fac-
tor is at least several times larger than the numerical value. In
particular, the experimental data exhibit a noticeably larger en-
hancement in the JR state. Because the dipole emission calcu-
lation does not account for the dynamic distribution of polariton
population along the dispersion curve,[63] it presumably indicates
the increased polariton population in the JR state. In addition, the
resonance feature of the JR state in the experiment is remark-
ably sharper in both wavelength and wavevector domains than
the numerical feature. It is recently noted that a localized polari-

ton state can be optically induced inside the photonic bandgap
of 1D grating systems and the resulting polariton confinement
can enhance the polariton relaxation toward the Bose–Einstein
condensed state under continuous-wave laser excitation.[9,45] Be-
cause the JR state represents a similar gap-confined polariton
state at kx = 0, induced by topological junction structures (not
by optically created potentials), we cautiously expect that po-
lariton relaxation and the resulting coherent buildup of polari-
ton population might be enhanced in the JR state even under
low-power laser excitation. Polariton condensation in such gap-
confined topological states could be the subject of further exten-
sive follow-up studies.

3. Conclusion

We demonstrated topological exciton polaritons in a compact
junction of two perovskite gratings. Detailed measurements in
both momentum and real spaces revealed remarkable spatial and
spectral features of the polariton interface states. The topolog-
ical junction studied here provides a powerful mechanism for
polariton confinement and nanophotonic light-matter enhance-
ment, which can be tailored in both momentum and real spaces.
Narrow-angled, strong polariton emissions are obtained with en-
hanced nonlinearities in highly simplified, compact geometries
with additional advantages of topological robustness and design
flexibility. A compact device size may also facilitate high-density
integration on the chip. Therefore, our results suggest a promis-
ing platform for room-temperature topological exciton-polaritons
and their device applications.

After the submission of the current manuscript, we found a
recent article on shrunken-expanded Kagome lattices.[64] It re-
ported a gap-confined topological state at the gamma point. How-
ever, it used metal cylinders to realize a passive topological pho-
tonic structure in the microwave regime. It did not study strongly
coupled systems or exciton-polaritons.

4. Experimental Section
2D Perovskite Synthesis [(C6H5C2H4NH3)2PbI4]: A 2:1 stoichiometric

ratio of phenethylammonium iodide to lead(II) iodide was dissolved in
14 wt.% dimethylformamide (DMF) solvent to prepare the perovskite so-
lution. The quartz substrate with the etched patterns was treated with UV
ozone before spin-coating. The perovskite solution was then spin-coated
onto the treated quartz at a speed of 3500 rpm for 30 s. The spin-coated
film was annealed at 95 °C for 90 s.

Sample Patterning: Arrays of junction metasurface structures with dif-
ferent pattern parameters were fabricated on a fused quartz substrate
using electron beam lithography and inductively coupled plasma reac-
tive ion etching (ICP-RIE). The junction patterns were first created on a
PMMA resist (AR-P 6200.09) using electron beam exposure and devel-
opment. ICP-RIE was then conducted using SF6, CHF3, and Ar gases at
a pressure of 5 mTorr. After quartz etching, the residual PMMA resist
was removed using a resist remover (AR-600-71) in an ultrasonic bath.
A 2D perovskite layer was then spin-coated onto the patterned quartz
substrate and annealed for crystallization. Finally, the obtained polycrys-
talline film was covered with a 200 nm thick PMMA layer at a spin speed
of 4000 rpm for 30 s and annealed again at 95 °C for 15 min. The per-
ovskite materials fill the etched grating patterns on the substrates. Because
the perovskite has a higher refractive index than that of the surrounding
medium (PMMA and quartz), the patterned perovskite layer in the sam-
ple defines a dielectric metasurface. The etch rate of the quartz substrate

Adv. Funct. Mater. 2024, 2313840 2313840 (9 of 12) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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slightly depends on the width of the grating line. Therefore, a depth dif-
ference between the left and right gratings was naturally obtained. To en-
sure the band overlap between the left and right gratings, the period of
the grating was gradually varied while the grating width and depth were
fixed.

Simulation of Reflection Spectra in Single Gratings and Junction Meta-
surfaces: For the reflection simulations shown in Figure 1, the finite-
difference time-domain method with a periodic boundary condition was
used (Lumerical FDTD). In the simulations, the perovskite material was
modeled in three different ways: i) a passive material with a constant re-
fractive index of n = 2.15 (Figure 1c). The passive structure exhibited bare
photonic modes without perovskite excitonic responses. ii) Optical con-
stants with a single Lorentzian function were used in Figure 1d to model
the effect of the perovskite excitons and show both the upper and lower
polariton branches.

𝜀 (𝜔) = n2 + A
E2

X − E2 − i𝛾E
(7)

where n = 2.15, A = 0.48 eV2, 𝛾 = 0.03 eV, and EX = 2.394 eV. iii) The ex-
perimentally measured optical constants are used in Figure 1f to simulate
realistic conditions. The optical constants were deduced from measure-
ments of the transmittance and reflectance spectra.[65]

Momentum-Space Measurement of Angle-Resolved Reflectance and PL
Spectra: The dispersions of the polariton bands in energy-momentum
space were measured using a custom-built Fourier plane setup.[66,67] The
back focal plane of the microscope objective (numerical aperture (NA) =
0.75) was imaged instead of the sample surface. For angle-resolved re-
flectance spectrum measurements, a collimated white-light beam was lin-
early polarized parallel to the grating line (i.e., transverse-electric or TE-
polarized incidence). The white-light beam was then focused on the sam-
ple surface, and the intensity of the reflected beam was measured. The
angle-resolved reflectance spectrum was measured in a single shot us-
ing a monochromator slit as the line aperture in the Fourier plane. The
measured raw reflectance spectrum was normalized to the background
reflectance of a flat silver film.

A linearly polarized continuous-wave diode laser at 450 nm was used as
the excitation light source to measure the PL spectrum. The incident laser
power, measured before the microscope objective, was ≈5 μW. The po-
lariton emission from the perovskite junction metasurface was measured
using a linear polarizer to collect the TE-polarized PL. All the measure-
ments were conducted at room temperature. Both reflection and PL were
measured from the PMMA side.

For the PL blueshift measurements of the polariton bands, the sam-
ple was excited with a pulse at a wavelength of 507 nm (i.e., nonreso-
nant pumping). The pulse was generated using a Ti:sapphire laser (pulse
width: ≈150 fs, repetition rate: 80 MHz) and an optical parametric oscilla-
tor, followed by second-harmonic generation. The laser spot was located
at the junction interface and the diameter of the pulsed laser spot was
≈3.5 μm.

Real-Space PL Imaging: For the real-space measurements, the real-
space plane was set on the entrance slit of the monochromator by chang-
ing the lens settings. For real-space PL imaging, the monochromator slit
was fully opened, and the monochromator grating was set to the zero
position. The PL images of the junction metasurface were recorded us-
ing a 2D charge-coupled device camera. The PL image was obtained us-
ing a 10 nm bandpass filter at 550 nm to isolate the emission around
the JR state. To identify the emission from the interface state more ac-
curately, an additional pinhole (diameter: 500 μm) was included in the
Fourier plane (Figure S15, Supporting Information). The real-space PL im-
ages were recorded while the pinhole was gradually moved in the kx direc-
tion.

Both the white light source (for reflectance measurement) and the
diode laser source (for PL measurement) were focused at the junction in-
terface. The spot size of white light was ≈11 μm in diameter. The spot
sizes of the laser source were ≈4.2 μm (in Figures 2 and 3) and ≈8 μm
(in Figure 4). Note that, in Figure 4, the laser spot size was intentionally
enlarged to excite both bulk and interface modes.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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V. Savona, P. B. Littlewood, B. Deveaud, L. S. Dang, Nature 2006, 443,
409.

[57] S. Christopoulos, G. Baldassarri Höger von Högersthal, A. J. D.
Grundy, P. G. Lagoudakis, A. V. Kavokin, J. J. Baumberg, G.
Christmann, R. Butté, E. Feltin, J.-F. Carlin, N. Grandjean, Phys. Rev.
Lett. 2007, 98, 126405.

[58] V. Kravtsov, E. Khestanova, F. A. Benimetskiy, T. Ivanova, A. K.
Samusev, I. S. Sinev, D. Pidgayko, A. M. Mozharov, I. S. Mukhin, M. S.
Lozhkin, Y. V. Kapitonov, A. S. Brichkin, V. D. Kulakovskii, I. A. Shelykh,
A. I. Tartakovskii, P. M. Walker, M. S. Skolnick, D. N. Krizhanovskii, I.
V. Iorsh, Light: Sci. Appl. 2020, 9, 56.

[59] J. Zhao, R. Su, A. Fieramosca, W. Zhao, W. Du, X. Liu, C. Diederichs,
D. Sanvitto, T. C. H. Liew, Q. Xiong, Nano Lett. 2021, 21, 3331.

[60] F. Barachati, A. Fieramosca, S. Hafezian, J. Gu, B. Chakraborty, D.
Ballarini, L. Martinu, V. Menon, D. Sanvitto, S. Kéna-Cohen, Nat.
Nanotechnol. 2018, 13, 906.

[61] R. Su, J. Wang, J. Zhao, J. Xing, W. Zhao, C. Diederichs, T. C. H. Liew,
Q. Xiong, Sci. Adv. 2018, 4, eaau0244.

[62] M. A. Masharin, V. A. Shahnazaryan, I. V. Iorsh, S. V. Makarov, A. K.
Samusev, I. A. Shelykh, ACS Photonics 2023, 10, 691.

Adv. Funct. Mater. 2024, 2313840 2313840 (11 of 12) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202313840 by H
anyang U

niversity L
ibrary, W

iley O
nline L

ibrary on [20/05/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

[63] R. Houdré, in The Physics of Semiconductor Microcavities (Ed.: B. De-
veaud), Wiley-VCH, Weinheim 2007, Ch. 3.

[64] L. Tao, Y. Liu, X. Zhou, L. Du, M. Li, R. Ji, K. Song, X. Zhao, Adv. Optical
Mater. 2023, 11, 2300986.

[65] R. T. Phillips, J. Phys. D: Appl. Phys. 1983, 16, 489.

[66] I. C. Seo, S. Kim, B. H. Woo, I.-S. Chung, Y. C. Jun, Nanophotonics
2020, 9, 4565.

[67] Y. Zhang, M. Zhao, J. Wang, W. Liu, B. Wang, S. Hu, G. Lu, A. Chen, J.
Cui, W. Zhang, C. W. Hsu, X. Liu, L. Shi, H. Yin, J. Zi, Sci. Bull. 2021,
66, 824.

Adv. Funct. Mater. 2024, 2313840 2313840 (12 of 12) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202313840 by H
anyang U

niversity L
ibrary, W

iley O
nline L

ibrary on [20/05/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de

