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Higher-order topological polariton corner state lasing
Jinqi Wu1†, Sanjib Ghosh2†, Yusong Gan3, Ying Shi3, Subhaskar Mandal1, Handong Sun1,
Baile Zhang1, Timothy C. H. Liew1,4*, Rui Su1,4,5*, Qihua Xiong2,3,6,7*

Unlike conventional laser, the topological laser is able to emit coherent light robustly against disorders and
defects because of its nontrivial band topology. As a promising platform for low-power consumption, exciton
polariton topological lasers require no population inversion, a unique property that can be attributed to the
part-light-part-matter bosonic nature and strong nonlinearity of exciton polaritons. Recently, the discovery of
higher-order topology has shifted the paradigm of topological physics to topological states at boundaries of
boundaries, such as corners. However, such topological corner states have never been realized in the exciton
polariton system yet. Here, on the basis of an extended two-dimensional Su-Schrieffer-Heeger lattice model, we
experimentally demonstrate the topological corner states of perovskite polaritons and achieved polariton
corner state lasing with a low threshold (approximately microjoule per square centimeter) at room temperature.
The realization of such polariton corner states also provides a mechanism of polariton localization under topo-
logical protection, paving the way toward on-chip active polaritonics using higher-order topology.

Copyright © 2023 The

Authors, some

rights reserved;

exclusive licensee

American Association

for the Advancement

of Science. No claim to

original U.S. Government

Works. Distributed

under a Creative

Commons Attribution

NonCommercial

License 4.0 (CC BY-NC).

INTRODUCTION
Topological insulators (TIs) are novel materials that are insulating
in the bulk but conducting along their edges robustly against per-
turbations because of their nontrivial band topology (1, 2). The
concept of band topology can date back to the observation of the
quantumHall effect in 1980, where the quantized Hall conductance
emerged in a two-dimensional (2D) electron gas as a result of topo-
logical edge states (3). Protected by the band topology, these topo-
logical edge states exhibit strong immunity against backscattering
and disorder, rendering a promising prospect toward low-power
consumption devices with robust performances (1, 2). Similar con-
cepts were later widely extended into various research areas for the
advantage of topological protection including microwaves (4, 5),
acoustics (6, 7), mechanics (8), and photonics (9, 10). Particularly
in photonics, the topological concept has not only played a crucial
role in exploring novel phenomena, such as anomalous Floquet
phases (11), photonic Weyl points (12), Fermi arcs (13), and non-
Hermitian topology (14), but also essentially revolutionized the
principle of guiding and confining photons for novel optical
devices, including unidirectional waveguides (15), robust routers
(16), and topological lasers (17).

In topological photonic devices, topological lasers represent a re-
markable breakthrough that allows coherent light emission with ro-
bustness against perturbations, fabrication defects, and long-term
degradation that limit the performance of the conventional laser
(18–20). Most topological lasers rely on population inversion and
demand laser threshold with relatively high-power consumption.

Alternatively, by dressing matter excitations of excitons with
photons, one can achieve hybrid bosonic quasiparticles of exciton
polaritons in the strong coupling regime with combined advantag-
es, serving as ideal candidates for topological lasers with low-power
consumption (21–23). Compared with bare photonic systems,
exciton polaritons have higher sensitivity to external stimuli, stron-
ger nonlinearity, and stronger lasing gain because of their exciton
component (24, 25). Combined with their extremely low effective
mass, exciton polaritons can macroscopically form collective polar-
iton condensates through stimulated scattering, leading to coherent
emission of polariton lasing with ultralow threshold (26–28). Mean-
while, benefitting from their photonic component, polaritons
exhibit notable flexibility of confinement in microstructures that
further enables distinct topological phases. By engineering the trap-
ping potentials, topological polariton states and their lasing have
been successfully achieved in various systems of GaAs (21, 22),
halide perovskites (29, 30), and organics (31, 32).

Recently, the discoveries of higher-order TIs (HOTIs) (33–40)
have generalized band topology from first order to higher order
(1). For instance, instead of hosting topological edge states propa-
gating around edges, a 2D HOTI supports 0D topological states
known as corner states that localize at the corners. Polaritonic
corner states provide a topological mechanism of polariton locali-
zation, which can facilitate coherent and robust lasing, as well as
supporting information storage and manipulation (40–48). While
HOTIs have been realized in many other systems (38, 41, 42, 45,
49, 50), there has been no realized higher-order topological phase
in the exciton polariton system so far. In this study, we report the
experimental demonstration of the higher-order topological polar-
iton corner states and their low threshold lasing in a 2D lattice of
coupled perovskite micropillars at room temperature.

RESULTS
Mechanism of the 2D perovskite lattice
We implement a 2D lattice to construct higher-order corner states,
following an extended 2D Su-Schrieffer-Heeger (SSH) model from
the 1D SSH lattice (30). As shown in Fig. 1A, a typical 1D SSH lattice
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is formed by identical pillars spatially arranged with alternative in-
tracell hopping strength J and intercell hopping strength J′. When
the intercell hopping J′ is stronger than the intracell hopping J, the
lattice supports a nontrivial (w = 1; here, w is the winding number)
topological phase with two topological edge states in the gap. Our
lattice is an extended 2D version of the 1D SSH lattice and consists

of 6 × 6 unit cells with the nearest-neighbor and the next-nearest-
neighbor hoppings terms. Each unit cell is composed of four iden-
tical pillars as shown in Fig. 1B. Note that a mere extension of the
1D SSH lattice with trivial nearest-neighbor hopping will support
corner states without a gap, which can easily couple to bulk states
(50). In our scheme, the next-nearest-neighbor hopping Jnext of

Fig. 1. Design of the 2D perovskite lattice. (A) Schematic diagram of a 1D SSH lattice with intracell hopping J, intercell hopping J′, and the relevant band structure of
nontrivial (winding number w = 1) topological phase. (B) Schematic diagram of a 2D SSH lattice with lattice potential. The blue dashed lines highlight one unit cell
composing of four identical pillars. These four pillars interact via the nearest-neighbor and the next-nearest-neighbor hopping. (C) Band structure of the extended
2D SSH lattice in (B). The corner states in the gap at E = 0 are highlighted in black. (D) Spatial profile of the gain concentrated at the corners of the polariton lattices.
(E) Illustration of the 2D perovskite lattice embedded between distributed Bragg reflectors (DBRs), where the lattice pattern is created by patterning the poly(methyl
methacrylate) (PMMA) spacer layer. (F) Scanning electron microscopy image of the 2D CsPbBr3 perovskite lattice with a thickness around 100 nm, showing 12 × 12 pillars
(6 × 6 unit cells) with a diameter of 0.65 μm connected with alternating interpillar distances of 0.78 and 0.52 μm along both x and y directions.
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exciton polaritons induces the topological gap opening for the non-
trivial corner states (see the Supplementary Material for details).
Similar mechanisms have been discussed in topological electrical
circuits (51).

From the simulated band structure (Fig. 1C), four energy-degen-
erate corner states protected by a topological bandgap can be ob-
served. The spatial profile of the gain concentrated at the four
corners of the polariton lattices is shown in Fig. 1D. In experiments,
we fabricate a 2D micropillar array within a cesium lead bromide
(CsPbBr3) perovskite microcavity (Materials and Methods). Specif-
ically, the microcavity is formed by a bottom distributed Bragg re-
flector (DBR), a central perovskite (CsPbBr3) crystalline layer, a
lattice pattern of electron beam resist, and a top DBR (Fig. 1E).
The lattice is created by patterning the spacer layer of poly(methyl
methacrylate) (PMMA) by electron beam lithography (Materials
and Methods) and is aligned with the crystal axes of the perovskite
(fig. S4). As shown in a scanning electron microscopy image (Fig.

1F), the 2D micropillar array is formed by 12 × 12 identical coupled
micropillars (6 × 6 unit cells) with a thickness of ~100 nm (fig. S5), a
diameter of 0.65 μm, center-to-center distance of 0.78 μm within a
unit cell, and a distance of 0.52 μm between unit cells. To our best
knowledge, these are the smallest micropillars realized in any
exciton polariton systems. The minimized size is a key parameter
that helps to obtain large separation between different energy
bands compared to the polariton linewidth.

Characterization of bulk and edge states in the 2D
perovskite lattice
To study the polariton bulk, edge, and corner states, the band struc-
ture of the 2D lattice is characterized by angle-resolved polariton
energy dispersions in the linear (low-density) regime, under a non-
resonant excitation with a continuous wave laser of 457 nm. The
whole micropillar lattice is excited with a spot diameter of 15 μm
while the area of emission collection is selected, as schematically

Fig. 2. Characterization of bulk states and edge states in the 2D perovskite lattice at room temperature. (A) Schematic of excitation of the whole micropillar lattice
that is highlighted in the purple area. The emission is collected from the bulk area framed by the red dashed lines. (B) Momentum-space polariton energy dispersions of
bulk area as indicated in (A). The dashed black line is at kx = 4.8 μm−1. The red arrows indicate the bulk states. (C) Polariton emission spectrum at kx = 4.8 μm−1 in (B) fitted
with a Gaussian function, showing the large bulk bandgap of 31meV. Inset: Real-space image of the perovskite lattice shows the emission of bulk states, corresponding to
the bulk mode 1. (D) Schematic of excitation for whole micropillars highlighted in purple area and emission collected from bulk and two edges as framed by red dashed
lines. (E) Momentum-space polariton energy dispersions of bulk and edge area labeled in (D). The red arrows and blue arrows represent the bulk states and edge states,
respectively. (F) Polariton emission spectrum at the edge of the second Brillouin zone (kx = 4.8 μm−1) fitted with a Gaussian function. There are four peaks (bulk mode 1:
2.273 eV, edge mode 1: 2.292 eV, bulk mode 2: 2.304 eV, and edge mode 2: 2.317 eV) showing the energy splitting as large as 12 meV between edge mode 1 and bulk
mode 2. a.u., arbitrary units.
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shown in Fig. 2 (A and D). We first characterize the polariton bulk
states with the emission from the bulk area as schematically framed
by the red dashed lines in Fig. 2A, which covers 5 × 5 unit cells.
Figure 2B shows the angle-resolved photoluminescence of the
bulk states selected in Fig. 2A, exhibiting several energy bands.
Because of the minimized size of pillars, these energy bands
mainly originate from the coupling of s-mode polaritons with cylin-
drical symmetry in the pillars. We observe a huge gap opening as
large as 31 meV at kx = 4.8 μm−1 between the bulk 1 and bulk 2
bands, as shown in Fig. 2C. The inset of Fig. 2C presents the real-
space image of the perovskite lattice measured at the energy of bulk
mode 1 (2.273 eV, 545.5 nm), which shows the emission of bulk
states corresponding to collection area framed by the red dashed
lines in Fig. 2A. The slight inhomogeneity of real-space bulk emis-
sion in the inset is resulted from inhomogeneous energy distribu-
tion induced by the lattice fabrication.

To obtain the angle-resolved photoluminescence of the edge
state, we collected the emission from both edge and bulk areas
(framed by red dashed lines in Fig. 2D), which includes 10 × 12
single pillars. Compared with the bulk polariton dispersion
shown in Fig. 2B, two additional sub-bands appear within the
bulk bandgap as shown in Fig. 2E (blue arrows), which correspond
to the dispersion of topological edge states. Figure 2F depicts the
polariton photoluminescence at kx = 4.8 μm−1 (black dashed line
in Fig. 2E), displaying the four peaks (bulk mode 1: 2.273 eV,
edge mode 1: 2.292 eV, bulk mode 2: 2.304 eV, and edge mode 2:

2.317 eV) obtained by fitting with Gaussian functions. The gap
opening between edge mode 1 and bulk mode 2 is as large as 12
meV, which gives the opportunity to sustain robust corner states.

Topological corner states in the 2D perovskite lattice
To observe the topological corner states, we collect the emission
from the entire 2D perovskite lattice consisting of the bulk, edge,
and corners (red dashed lines in Fig. 3A) for probing the polariton
band structure. As shown in Fig. 3B, the experimental momentum-
space polariton energy dispersion of the entire lattice exhibits
similar bands as in Fig. 2E but with an additional discrete state,
which agrees with the theoretical calculation of polariton lattice dis-
persion in Fig. 3C. We further extract the energy spectrum in the
gap at kx = 4.8 μm−1 by fitting with a Gaussian function as shown
in Fig. 3D; the discrete emission located at E = 2.300 eV between the
bulk band and edge band corresponds to the topological corner
state. It can be further confirmed from the energy-resolved spatial
image in Fig. 3E, where the discrete state exhibits strong localization
at the corner sites and is in good agreement with the theoretical cal-
culations (Fig. 3F).

We then introduce the onsite lattice energy perturbation by
varying the thickness of pattern in another sample. Specifically,
the height profile, corresponding to the red dashed line tracked in
the atomic force microscopic image (top left of Fig. 3G) of the 2D
perovskite lattice, displays the inhomogeneous thickness of the
pattern ranging between 80 and 97 nm. Because of the thickness

Fig. 3. Topological corner states in the 2D perovskite lattice at room temperature. (A) Schematic diagrams of excitation and emission collection from the whole 2D
lattice. (B and C) Experimentally measured (B) and theoretically calculated (C) momentum-space polariton energy dispersions of the 2D perovskite lattice collected from
the area framed by the red dashed lines. The black dashed line highlights the corner states in the gap. (D) Polariton emission spectrum of (B) at the edge of the second
Brillouin zone (kx = 4.8 μm−1) fitted with a Gaussian function. The corner state of E = 2.300 eV locates in the gap splitting of 12 meV between edgemode 1 and bulk mode
2. (E and F) Experimentally measured (E) and theoretically calculated (F) energy-resolved spatial images, respectively. The purple dashed lines present the emission from
degenerate corners. (G) Atomic force microscopy image (top left) of the inhomogeneous 2D perovskite lattice. The height profile (bottom left) of the inhomogeneous
perovskite lattice along the red dashed line in the top left image. The magnified image (right) of the height profile in the bottom left image, showing the inhomogeneity
of the lattices. (H) The simulated lattice potential perturbation on each lattice site. (I and J) With introducing the lattice potential perturbation, experimentally measured
(I) and theoretically calculated (J) energy-resolved spatial images of the 2D perovskite lattice, respectively. The fitted black dotted lines notified the perturbation of the
lattice potential. Two purple dashed lines show the corner emission with different energies (2.298 and 2.310 eV, respectively).
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variation caused during the fabrication process, the topological
lattice described by the Hamiltonian H (see the Supplementary Ma-
terials) is perturbed by an effective on-site inhomogeneous poten-
tial. By fitting the experimentally measured dispersion of the
perturbed lattice, we numerically extract the corresponding pertur-
bating potential (see Fig. 3H). From the experimental (Fig. 3I) and
theoretical (Fig. 3J) energy-resolved spatial images, we can see the
robust existence of corner states in the topological bandgap, even in
presence of the fluctuation of lattice potentials as large as 20 meV.
Because of the perturbation, the degeneracy of the corner states is
lifted, and they appear with different energies (2.298 and 2.310 eV,
respectively) within the topological bandgap.

Exciton polariton condensation into corner states
The polariton lattice is excited by a pulsed laser of 400 nm with a
spot diameter of 18 μm to reach the nonlinear regime of topological
corner states. At the low excitation power of 0.5 Pth (Pth is threshold
pump fluence), the distinct features of the 2D lattice band structure
are presented in the polariton dispersion (Fig. 4A), which is consis-
tent with Fig. 3C. Typically, in the system without topological struc-
ture design, the polaritons intend to condense at the ground state.
However, in our 2D HOTI polariton system, with the increase of
excitation power, the polariton density is enhanced in the corner
state (Fig. 4B) and triggered by the stimulated scattering at P =
Pth, where a large fraction of polaritons starts to accumulate. Last,

from both energy-resolved momentum space (Fig. 4C) and energy-
resolved spatial imaging (fig. S7A) at P = 1.5 Pth, the polariton con-
densation is observed in the corner states at the energy of 2.307 eV
with maximum gain. Simultaneously, as shown in Fig. 4D at P = 1.5
Pth, the real-space image displays the polariton lasing localized at
the four topological corner states, which is in agreement with the
theoretical calculation shown in fig. S7B. Here, because the pump
laser has a large spot size with a diameter of 18 μm that covers
the whole micropillar lattice, all four corner modes are excited
with polariton lasing. In principle, the four corner states are spa-
tially separated, and the selective excitation of each individual
corner state can be achieved with a minimized pump spot at spec-
ified corner location. To further quantify the occurrence of topolog-
ical corner state lasing, we extract the integrated intensity, linewidth,
and blueshift of corner states from the power-dependent polariton
energy dispersions at kx = 4.8 μm−1. The integrated intensity, as
shown in Fig. 4E, increases rapidly by three orders of magnitude
at a threshold of Pth = 10 μJ cm−2. Meanwhile, Fig. 4E exhibits
sharp narrowing of the linewidth from 9 to 2 meV at P = Pth, signi-
fying the spontaneous buildup of temporal coherence in the polar-
iton condensation regime. In addition, because of the repulsive
nonlinear polariton interactions, there is a blueshift of polariton
emission energy with the increase of excitation pump fluence in
Fig. 4F. All the above characteristics serve as signatures of polariton
lasing into the corner states.

Fig. 4. Exciton polariton condensation into corner states at room temperature. (A to C) Momentum-space polariton energy dispersions of the 2D perovskite lattice
with the increase of the excitation power at P = 0.5 Pth (A), P = 1.0 Pth (B), P = 1.5 Pth (C), respectively. (D) Experimental real-space image of polariton lasing at corner states
at P = 1.5 Pth. (E) The integrated intensity and linewidth of the corner states as a function of pump fluence, showing the increasing of intensity by three orders and
narrowing of linewidth at a threshold of Pth = 10 μJ.cm−2. (F) Emission energy of the corner states as a function of pump fluence, which exhibits a continuous blueshift
trend because of the repulsive interactions.
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DISCUSSION
We have demonstrated low-threshold topological polariton lasing
in corner states at room temperature in halide perovskite microcav-
ity systems. By implementing the extended 2D SSH lattice of
coupled perovskite micropillars, our work represents the first real-
ization of higher-order topology in polariton system, where detailed
characterization of topological corner states has been performed in
comparison with the bulk and edge states. In addition, we have re-
alized exciton polariton condensation in topological corner states
with a low threshold at room temperature. Our work extends the
scope of higher-order topology to polariton systems and provide
a promising platform for topological on-chip lasing.

MATERIALS AND METHODS
Two-dimensional perovskite lattice microcavity fabrication
The microcavity is formed by bottom DBRs, a central perovskite
(CsPbBr3), a PMMA lattice pattern, and a top DBR. In detail, the
bottom DBR is composed of 30.5 pairs of TiO2/SiO2 deposited
using an electron beam evaporator. CsPbBr3 is tape-transferred to
the bottom DBRs, after single-crystal CsPbBr3 is grown on mica via
chemical vapor deposition as described in our previous reports (52).
Next, a PMMA layer is spin-coated on the CsPbBr3 and subse-
quently patterned by electron beam lithography. Last, the top
DBRs consisting of 7.5 pairs of TiO2/SiO2 are deposited on that
using the E-beam evaporator.

Optical spectroscopy characterizations
The momentum-space and real-space photoluminescence spectra
and the energy-resolved spatial image are measured by a home-
built angle-resolved photoluminescence setup with Fourier trans-
form optics. After the excitation on perovskite microcavity, the
signal emission is collected through a ×50 microscope objective
(numerical aperture: 0.75) and detected using a 550-mm focal
length spectrometer (Horiba iHR550) with a grating (600 lines/
mm) and liquid nitrogen–cooled charge-coupled device camera
(256 pixels by 1024 pixels). Considering the detection of different
polariton states, the different emission areas are selected by the
spatial filter in the real-space plane. Regarding the excitation
source, in the linear regime, the microcavity is pumped using a con-
tinuous wave laser (wavelength: 457 nm) with a pump spot diameter
of ~15 μm, while in the nonlinear regime, the microcavity is excited
using a pulsed laser (wavelength: 400 nm, duration: 1 kHz, pulse
width: 100 fs) with a homogeneous pump spot diameter of ~18 μm.

Theoretical calculations
Our theoretical description of microcavity exciton polaritons is
based on Schrodinger’s equation. In our perovskite microcavity,
photons show strong polarization-dependent anisotropy. We de-
scribe the effective perovskite anisotropy with anisotropic effective
photonic masses along x and y axes for a given linear polarization
component. The considered Schrodinger’s equation is given by

ih� _ΨSð r!; tÞ ¼
ΔS

2
�

h� 2

2mx
S

∂2

∂x2
�

h� 2

2my
S

∂2

∂y2
þ VLattð r!Þ

� �

ΨSð r!; tÞ

þ
g0
2
Φð r!; tÞ

where ΨSð r!; tÞ and Φð r!; tÞ are the photonic and excitonic wave

functions, respectively. The index S = X, Y indicates the linear po-
larization direction; ΔS and mx;y

S are the polarization-dependent
energy shift and effective photon masses, respectively; and g0 is
the Rabi energy splitting. The potential function VLattð r!Þ repre-
sents the 2D lattice supporting the topological corner states. The
excitonic wave function Φð r!; tÞ also satisfies the effective Schro-
dinger equation

ih� _Φð r!; tÞ ¼ Eex Φð r!; tÞ þ
g0
2
ΨSð r!; tÞ

The solutions to these coupled equations can be obtained with the
exact diagonalization, where eigenvalues {En} and eigenvectors {(ψn,
ϕn)} of the Hamiltonian are calculated to obtain different properties
of the system. The dispersion figure given by the energy-resolved
intensity in the momentum space is obtained from

IMðE; kÞ ¼
1

πσkσE

X

n;p j
~ψnðpÞj

2exp �
ðE � EnÞ

2

σ2E
�
jk � p j2

σ2k

" #

where ~ψnðpÞ is the photonic eigenfunction in the reciprocal space
given by the Fourier transform of the real-space eigenfunction
ψn(r). σE and σk denote additional broadenings in energy and
wave vector to represent finite experimental resolution. The real-
space dispersion is given by the real-space counterpart of the inten-
sity distribution IM(E, k)

IRðE; xÞ ¼
1

πσE

X

n jψnðxÞj
2exp �

ðE � EnÞ
2

σ2E

" #

For our numerical simulation, we consider the following parameters:
mx

X¼1:5�10� 5me;m
y
X¼2:1�10� 5me;mx

Y¼2:2�10� 5me; and my
Y¼1:5�10� 5me,

where me is the rest mass of an electron, g0 = 120 meV, Eex = 2407
meV, ΔX = − 4 meV, and ΔY = 4 meV.

Supplementary Materials
This PDF file includes:
Sections S1 to S9
Figs. S1 to S8
Table S1
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