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Exciton-polariton arising from strong light-matter interaction between exciton and optical cavity has
attracted considerable attention due to its potential applications in Bose-Einstein condensation, low-
threshold lasing, and slow light. In recent years, two-dimensional lead halide perovskite has emerged as
an ideal candidate for realizing exciton polariton at room temperature because it has large exciton binding
energy and quantum yield. Here, we demonstrate that strong coupling could be enabled with a perovskite
metasurface that supports multipolar Mie resonance, including magnetic quadrupole dominant, anapole,
and toroidal resonances. For an array of perovskite nanodisks, the strong coupling behavior between these
resonances and exciton is confirmed by the anticrossing features in absorption spectra mapping, while the
Rabi splitting is increased from 230.7 meV in magnetic quadrupole-exciton strong coupling to 253 meV in
both anapole-exciton and toroidal-exciton strong coupling. The enhanced Rabi splitting is attributed to the
stronger field localization within the perovskite instead of within the air gap. In addition, we find that the
Rabi splitting depends on the oscillatory strength of the exciton mode and can then be boosted to 362 meV
in anapole-exciton strong coupling. Our results provide promising ways to improve the performance of

optoelectronic devices such as low-threshold lasers and slow-light devices.

DOI: 10.1103/PhysRevApplied.18.014079

I. INTRODUCTION

Exciton polaritons, formed by the interaction between
excitons and light, are critical quasiparticles used in
different applications such as Bose-Einstein condensa-
tion, superfluidity, quantum vortices, low-threshold lasing,
sensing, and slow light [1-5]. So far, most studies on
exciton polaritons focus on conventional inorganic semi-
conductors such as gallium arsenide (GaAs) and cadmium
telluride (CdTe) [6]. However, observing exciton polari-
tons in inorganic materials at room temperature is chal-
lenging because of their small excitonic energy, weak
oscillator strength, and large size [7,8]. Although efforts
to implement such devices that operate at room temper-
ature have been made with inorganic and organic mate-
rials with high excitonic binding energy such as gallium
nitride (GaN), zinc oxide (ZnO), and organic semiconduc-
tors, they still suffer from mismatched thermal expansion
coefficients, require high-temperature epitaxial techniques,
and have large sizes [6-9]. Recently, pushing the inter-
action between the exciton and electromagnetic waves
down to the nanoscale at room temperature has drawn
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much attention due to its various applications that lead
to the implementation of unconventional nanophotonic
devices [10].

In principle, surface plasmon polariton nanostructures
have the ability to confine light in tiny volumes, potentially
being an ideal platform to explore the strong-coupling
regime [11]. Of note, the interaction between plasmon
modes and exciton in molecules, quantum dots, and transi-
tion metal dichalcogenides (TMDCs) have been observed
at room temperature at the nanoscale [12—18]. However,
both molecules and quantum dots can hardly control the
excitonic orientation [17]. Moreover, the metallic plas-
monic structures suffer from high absorption and large
Ohmic losses [10,19], which may degrade the device’s
performance operating at considerable pumping power.

In recent years, hybrid organic-inorganic lead halide
perovskites materials have emerged as an excellent plat-
form to realize photonic and optoelectronic devices with
superior performance due to their salient properties, such
as high optical absorption efficiency, broad resonance tun-
ability, large excitonic binding energy, cheap fabrication
techniques, and low rates of nonradiative recombina-
tion compared with conventional semiconductor materials
[2,3,20-25]. These features make it possible to observe the
strong-coupling regime at room temperature and have led
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to the realization of laser, photodetectors, and solar cells
[7,26-36]. The strong-coupling regime between the exci-
ton and electromagnetic waves has been observed using
two-dimensional (2D) perovskite materials in different
cavities. For example, a Fabry-Perot microcavity, which
consists of 2D perovskite material embedded between two
distributed Bragg reflectors (DBRs), is utilized to observe
exciton polaritons with large Q factor (larger than 2000)
[37]. Moreover, exciton polaritons are also observed in
plasmonic nanocavities and whispering-gallery-mode cav-
ity [3,28,34,37-44]. However, all these observations in
exciton still suffer from either the heat generation in the
noble metals or complex fabrication process of growing
the DBR mirrors.

Consequently, a good alternative to implementing a
photonic cavity is an all-dielectric metasurface made of
high-refractive-index materials. All-dielectric metasurface
has demonstrated its powerful capability of enhancing
light-matter interaction because it supports both elec-
tric and magnetic Mie resonances [45,46]. Due to these
remarkable advantages of using optical resonances in all-
dielectric metasurface, observing exciton polaritons in all
perovskite cavities can address the challenges faced by
the aforementioned cavities. Although several studies have
implemented all-perovskite metasurface in realizing strong
coupling [1,34], achieving and maximizing the strong
coupling between Mie resonance and perovskite exciton
remains an open question with all-perovskite metasurface.

This work demonstrates strong light-matter interaction
between the exciton and multipolar Mie resonance by
taking advantage of perovskite’s high refractive index.
The behavior of strong coupling between exciton and
magnetic quadrupole resonance supported by an array
of perovskite nanodisks, is evidenced by an anticrossing
in the absorption spectrum, accompanied by a retrieved
Rabi splitting 230.7 meV. Moreover, we found Rabi split-
ting can be further improved to 253 meV by increas-
ing the index contrast between patterned perovskite and
substrate with a refractive index close to unity or by
adding a perovskite film underneath the nanodisk arrays.
In these cases, strong coupling happens between either
exciton and anapole or exciton and toroidal dipole res-
onance. The larger Rabi splitting is attributed to the
considerable field enhancement within the perovskite
instead of the air gap between nanodisks. We also find
that Rabi splitting can be modulated by the oscilla-
tor strength of 2D perovskite materials for the exciton.
Our results may pave the way for developing high-
performance photonic devices based on all-perovskite
metasurface.

II. RESULTS AND DISCUSSION

A perovskite material phenethylammonium lead iodide
(PEPI) with the chemical formula (C¢H;C,H4NH3),Pbly

is chosen as an active medium because it has a large
exciton binding energy. The devices are designed and
simulated by using different software packages, including
FDTD Lumerical, COMSOL and RCWA in MATLAB. In our
simulations, the PEPI data was extracted from the paper
by Lu et al. [1] (see Sec. S1 within the Supplemental
Material [47]).

A series of PEPI nanodisks arranged in a square lattice
on a glass substrate are shown in Fig. 1(a). The cylindri-
cal geometry is chosen due to the ease of fabricating and
flexibility of tuning Mie resonances by varying its geom-
etry parameters such as period (P), height (), and radius
(R) [10]. The period and nanodisks’ radius are fixed at 320
and 142 nm, respectively, whereas the nanodisk height is
varied from 200 to 300 nm as shown in the lossless reflec-
tion spectra in Fig. 1(b) (we artificially remove PEPI losses
in these simulations to tune the resonance wavelength of
the disks better). As the height increases, Mie resonance
shows redshifts. Also, it can be seen that the O factor of
the resonance is increased as the nanodisk height increases,
which makes this resonance suitable for designing devices
requiring high O factors such as semiconductor lasers
(see Sec. S2 and Sec. 3 within the Supplemental Material
[47—49]). To unveil the physical nature of this Mie res-
onance, multipole decompositions are studied at 255-nm
nanodisk thickness. The scattered power plotted in Fig.
1(c) shows that magnetic quadrupole (MQ) is the domi-
nant multipole among other moments. The exciton of PEPI
material is found at 2.4 eV so that the MQ dominant reso-
nance can be shifted to lower wavelengths by varying PEPI
nanodisk radius between 120 and 150 nm as observed in
the reflection spectra shown in Fig. 1(d). In contrast, the
height and period are fixed at 255 and 320 nm, respectively.
For a nanodisk with a radius of 132 nm, the MQ-dominant
resonance is aligned to the exciton resonance 2.4 eV of
perovskite, as presented in plotted reflection spectra in
Fig. 1(e). This resonance exhibits electric and magnetic
fields’ enhancement by 51.6 and 16.7 folds, respectively,
as shown in Fig. 1(f).

To investigate the strong coupling between Mie reso-
nance and exciton supported by the PEPI nanodisk, the
loss of both index material and exciton resonance are
now included in absorption calculations. The existence
of an exciton resonance and MQ-dominant resonance in
the same PEPI nanodisks’ lattice suggest that they can
be strongly coupled with each other by changing the
nanodisk radius so that the MQ-dominant resonance is
tuned to overlap with the exciton mode, leading to the
emergence of anticrossing behavior in the absorption spec-
trum mapping shown in Fig. 2(a). At the anticrossing
point between Mie resonance and exciton modes (132-
nm nanodisk radius) shown in Fig. 2(b), the absorp-
tion spectrum describes three peaks that correspond to
upper branch, lower branch, and exciton as depicted in
Fig. 2(c).
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(a) Schematic of an array PEPI nanodisk on a glass substrate with the specific period (P), diameter (D), and height (H).

(b) A reflection spectra at P =320 nm, radius (R) = 142 nm, and H ranging from 200 to 300 nm. (c) Calculated multipole decompo-
sitions presented in scattered power plot. (d) Calculated lossless reflection spectrum with different PEPI nanodisk radiuses from 120
to 150 nm at constant P =320 nm and H =255 nm. (e) Reflection spectrum at 517 nm for MQ-dominant resonance. (f) Electric field

and magnetic field distributions at MQ-dominant resonance.

A two-coupled-oscillator model of Hamiltonian is used
to verify that the MQ-exciton interaction reaches the
strong coupling regime. The model can be described
as [50]

EM—thM gmx o _ o
( 8mx Ex—iﬁf’x)<,3)_E(,3>’(1)

where E), and Ex are energies of the Mie resonance and
exciton modes in the uncoupled initial states; gy is the
coupling strength between the Mie resonance and the exci-
ton; Al'); and Al'y are the half-widths at half-maximum
(HWHM) of MQ resonance and exciton mode; « and § are
the eigenvectors of the upper and lower polariton branches.
The eigenvalues E. of the upper and lower polaritons
are calculated when the eigenvector satisfies the condition
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(a) Absorption color map with different nanodisk radii ranging from 120 to 150 nm for MQ-exciton strong coupling.

(b) MQ-exciton strong coupling at the anticrossing point with lower peak, exciton, and upper peak. (c) Dispersion curve of MQ-
exciton strong coupling, where the blue and red dashed lines exhibit the uncoupled MQ-dominant resonance and exciton, respectively.

(d) Hopfield coefficients for MQ-exciton strong coupling.

la|? 4+ |B|> = 1 as described in the following equation:

1
EL = E [(Ey + Ex — ihTx — ihTy)

+ \/ 4gt + [Ey — Ex — i(hly — hl“M)]z]. )

When the energies of Mie resonance and exciton mode are
equal, the Rabi splitting is defined by

hQux = \/4g,%4X — (hly — hly)>. A3)

The calculated Rabi splitting must satisfy two essential
conditions to verify that the system is in a strong-coupling
regime as described in the following equation:

1
gmy > §|hFX — hI'y| and gux

1 1
> / S(Tx)? + S (hTp)*. “)
2 2
The first condition ensures that the Rabi splitting is non-
vanishing, and the second condition ensures that the Rabi
splitting can be experimentally observed.

In our case, the eigenvalues £+ (UB and LB) for MQ
resonance are fitted as shown in Fig. 2(c). The differ-
ence between the upper polariton branch (UB) and lower
polariton branch (LB) at the anticrossing point in the fitted
data are the Rabi splitting of MQ-exciton strong coupling
(hQux = 230.7 meV) when Ail'y = 15 meV and ATy, =
8.346 meV. The coupling strength gyy = 115.4 meV is
calculated by Eq. (3). The eigenvectors in Fig. 2(d) indi-
cate that there is intermixing behavior between the Mie
resonance and exciton mode. Using Eq. (4), MQ-exciton
interaction results in a strong-coupling regime with Rabi
splitting equal to 230.7 meV.

Figure 1(f) shows that a large portion of the electric field
is localized in the air gap between nanodisks and does
not contribute to the strong coupling. To further improve
the Rabi splitting between Mie resonance and exciton, one
way to replace the glass substrate with an aerogel silica
substrate with an ultrathin refractive index (1.08). Due to
the increased index contrast between perovskite and the
substrate, the electric field is mainly confined inside the
nanodisk instead of leaking into the air gap. This directly
results in enhanced Rabi splitting. Figure 3(a) shows an
array of PEPI nanodisks on aerogel substrate with a period
of 366 nm, nanodisk height of 136 nm, and nanodisk
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(a) Schematic of an array PEPI nanodisk on an Aerogel silica substrate. (b) A reflection spectra at P =366 nm, R = 142 nm,

and H =136 nm. (c) Calculated multipole decompositions presented in scattered power plot. (d) Electric field and magnetic field
distributions at anapole mode. (e) Lossless reflection spectrum with different PEPI nanodisk radiuses from 130 to 150 nm at constant
P =366 nm and H = 136 nm. (f) Loss-absorption color map with different nanodisk radii ranging from 130 to 150 nm for anapole-

exciton strong coupling.

radius of 142 nm. A dip in the reflection spectrum pre-
sented in Fig. 3(b) refers to anapole mode produced by
destructive interference between electric dipole (ED) and
toroidal dipole (TD) [51-54] as shown in Fig. 3(c). The
anapole mode can confine energy inside the nanodisk and
enhance both electric and magnetic fields to 54.6 and 23.4,
as shown in Fig. 3(d), respectively. Also, anapole mode can
be tuned by varying nanodisk radius from 130 to 150 nm,
as depicted in Fig. 3(e). By including the loss in perovskite

material, an anticrossing behavior is indicated in Fig. 3(f)
due to the strong coupling between anapole mode and exci-
ton. This strong coupling is analyzed using a two coupled
oscillator model as shown in Fig. S4 (see Sec. S4 within
the Supplemental Material [47]). The analysis proved that
the system falls within a strong-coupling regime with Rabi
splitting of 253 meV.

Another way to boost the strong-coupling strength given
by the Rabi splitting between Mie resonance and exciton
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(a) Schematic of an array PEPI nanodisks with a PEPI film on a glass substrate with the specific period (P), radius (R),

height (H), and film thickness (7). (b) A reflection spectra at P =300 nm, R = 82 nm, and H ranging from 50 to 300 nm. (c) Multipole
decomposition at P =300 nm, R =82 nm, and H =55 nm. (d), (e) are reflection spectrum at 517 nm for MD and TD, respectively.
(f) Electric field and magnetic field distribution at 517 nm wavelength for MD and TD, respectively.

in bulk PEPI nanostructure, is by embedding a PEPI film
below the nanodisks’ array as presented in the schematic
shown in Fig. 4(a). The film thickness (T), lattice period
(P), and nanodisk radius (R) are fixed at 70 nm, 300 nm,
and 82 nm, respectively. The nanodisk height is varied
from 50 to 300 nm to tune the Mie resonances as depicted
in the reflection spectrum in Fig. 4(b). Two Mie resonances
tuned in the reflection spectrum are referred to as MD and
TD as plotted in the multipole decomposition in Fig. 4(c).

By shifting both resonances to the exciton resonance at
517 nm, the electric and magnetic field distributions in Fig.
4(f) confirm that the resonances are referred to as MD and
TD. Figures 4(d) and 4(e) present the reflection spectra of
both resonances. The electric field and magnetic field of
TD resonance are enhanced to 184 and 37, respectively,
compared with the previous structure.

Interestingly, electric field enhancement shows a strong
dependence on the film thickness as shown in Fig. S5(c)
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within the Supplemental Material [47]. However, as the
thickness increased, the TD resonance became close to the
MD resonance. Consequently, a thickness of 70 nm is cho-
sen to ensure that TD is far enough from MD resonance
and to observe a strong coupling regime with only one res-
onance, as shown in Figs. S5(a) and S5(b) (see Sec. S5
within the Supplemental Material [47]).

Note that both MD and TD resonances could be used
to achieve strong coupling by varying the lattice period.
It is clearly seen from Figs. 5(a)-5(c) that these two reso-
nances can cross the exciton wavelength of 517 nm. After
including the loss in perovskite, we can find that the strong
coupling indeed happens in both cases due to the anti-
crossing features in the absorption spectra mapping shown
in Figs. 5(b)-5(d). Again, we use the aforementioned
two coupled oscillator model to extract the Rabi splitting
and exciton-polariton eigenstates. The analyses in Fig. S6
within the Supplemental Material shows that Rabi-splitting
values of the MD-exciton and TD-exciton interactions are
148.4 and 253 meV, respectively (see Sec. S6 within the
Supplemental Material [47]). Given that the HWHM of
MD and TD are 11 and 13.3 meV, calculated Rabi splitting
for both MD-exciton and TD-exciton interactions indicates
these two systems fall within a strong-coupling regime.

Although absorption spectra are used to observe MQ-
exciton, anapole-exciton, MD-exciton, and TD-exciton
strong coupling, the PL spectra serve as strong evidence
of strong coupling between Mie resonance and exciton.

Since the PL emission is proportional to the Purcell fac-
tor, we calculate the Purcell factor (Pp, indicating emission
rate enhancement) and fluorescence enhancement (F'r) to
prove the anticrossing behavior in PL spectra. Purcell fac-
tor and fluorescence enhancement can be expressed as
follows [55]:

P .
PF _ Odlpole ’ (5)
P radiated
Fr=Pr x 25, ©)
QE()

where Pgipoles P°givea» Q> and Qp, are dipole-radiated
power in an inhomogeneous environment, dipole-radiated
power in a homogeneous environment, quantum efficiency,
and intrinsic quantum efficiency, respectively. Figure S7
within the Supplemental Material presents an obvious anti-
crossing behavior for MQ exciton, anapole exciton, MD
exciton, and TD exciton in both Purcell factor and fluo-
rescence enhancement mapping (see Sec. S7 within the
Supplemental Material [47]). Therefore, all systems indeed
fall within the strong-coupling regime. Additionally, both
reflection and transmission spectra mapping show anti-
crossing behavior as presented in Fig. S8 within the Sup-
plemental Material (see Sec. S8 within the Supplemental
Material [47,56]).
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the perovskite materials in an all-perovskite metasurface.
Besides, it is found that the Rabi splitting is further
increased to 362 meV at oscillator strength 0.85 meV?
when compared with previous studies.
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coupling strength used by Ref. [1], and the light-blue dashed line
presents the coupling strength used by Ref. [34].

To compare our results with the results reported in pre-
vious studies, the oscillator strength is artificially tuned
from 0.1 to 1 meV? as presented in Fig. 6. It can be seen
that the Rabi splitting increases as the oscillator strength
increases for all exciton polaritons used in this paper. At
oscillator strength 0.4 meV?, the largest Rabi splitting
with 253 meV is observed in anapole-exciton and TD-
exciton strong coupling that is larger than the Rabi splitting
reported in Ref. [1]. At oscillator strength 0.85 meV?,
the Rabi splitting of anapole-exciton strong coupling is
boosted to 362 meV. In contrast, TD-exciton strong cou-
pling is increased to 360 meV, which are also larger than
the reported Rabi splitting in Ref. [34].

III. CONCLUSIONS

In conclusion, strong coupling between multipolar Mie
resonance and exciton has been demonstrated within
an array of PEPI nanodisks with a Rabi splitting of
230.7 meV. It can be mainly attributed to the large field
enhancement of Mie resonance. Replacing the glass sub-
strate with aerogel silica substrate allows the perovskite
material to confine extra energy inside the nanodisk array
and then boost the Rabi splitting to 253 meV. Moreover,
embedding a PEPI film underneath the rectangular lat-
tice introduces a strong light-matter interaction between
toroidal-dipole resonance and exciton, accompanied by
Rabi splitting of 253 meV. The improved field confine-
ment can explain the enhancement of Rabi splitting within
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