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ABSTRACT: The lead halide perovskite has become a promising candidate for the
study of exciton polaritons due to their excellent optical properties. Here, both
experimental and simulated results confirm the existence of two kinds of Fabry−Peŕot
microcavities in a single CsPbBr3 microwire with an isosceles right triangle cross section,
and we experimentally demonstrate that confined photons in a straight and a folded
Fabry−Peŕot microcavity are strongly coupled with excitons to form exciton polaritons.
Furthermore, we reveal the polarization characteristic and double-cavity modulation of
exciton polaritons emission by polarization-resolved fluorescence spectroscopy. Our
results not only prove that the modulation of exciton polaritons emission can occur in
this simple double-cavity system but also provide a possibility to develop related
polariton devices.
KEYWORDS: CsPbBr3 microwire, exciton polaritons, double Fabry−Peŕot microcavity, polarization anisotropy

Exciton polaritons (EPs), a kind of bosonic quasiparticle
with a half-light and half-matter nature, are formed when

excitons are strongly coupled with confined photons.1 The
confined photon and exciton dispersions anticross under
strong coupling, resulting in two new eigenstates, termed the
upper polariton branch (UPB) and the lower polariton branch
(LPB), respectively. Compared with pure exciton systems, the
half-light and half-matter nature of exciton polaritons provide
the possibility to realize Bose−Einstein condensation (BEC) at
much higher temperatures due to their extremely light-effective
mass (of the order of 10−5 times the free-electron mass).1−5

Their partially excitonic characteristic leads to strong polar-
iton−polariton interactions, which enable the observation of
superfluid phenomena in the polariton systems.5,6 Over the
past few years, there has been enormous and sustained interest
in the use of lead halide perovskites to study lasing and BEC of
EPs at room temperature due to its many excellent properties,
including large exciton binding energy, high gain coefficient,
and good photothermal stability.7−9 Many intriguing phenom-
ena, such as BEC,10,11 exciton polariton laser,10,12,13 long-range
coherent exciton polariton condensed flow,14 and all-optical
switching,15,16 have been realized in a CsPbBr3 perovskite
microcavity at room temperature. Furthermore, based on their
crystalline anisotropy and strong photonic spin−orbit coupling
(SOC), EPs in a CsPbBr3 microcavity have been exper-
imentally applied to opto-spintronics and topological pho-
tonics,17−19 including optical switching between topologically
nontrivial and trivial phases,18 direct measurement of non-
Hermitian topological invariants,17 and the exciton-polariton
condensed state with orthogonal polarization.19

The abundant morphology of CsPbBr3 microstructures
provides effective constraints on multidimensional light fields.
CsPbBr3 microstructures can form self-configuration micro-
cavities during growth, which can be used as both a gain
medium and an optical microcavity. The EPs in various self-
configuration microcavities have been widely studied,12,13,20−23

while the double-cavity modulation effect in a CsPbBr3
microwire is not well-known. It is well-known that a double-
cavity system will provide a promising avenue to construct new
photonic devices, usually applied in the fields of the lasing
modulation,24,25 parity-time (PT) symmetry-based effects,26,27

and quantum entanglement dynamics in a double-cavity
system.28,29

In this paper, confined photons in both straight and folded
Fabry−Peŕot (F−P) microcavities can be strongly coupled
with excitons to form exciton polaritons in the same CsPbBr3
microwire. The double-cavity modulation of EPs induced by
two types of self-configuration F−P microcavities is demon-
strated by in situ photoluminescence (ISPL) and spatially
resolved photoluminescence (SRPL) spectroscopy. Polar-
ization-resolved photoluminescence spectroscopy reveals the
polarization characteristic of exciton-polaritons emission due
to the crystalline anisotropy. The numerical simulation of
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resonant frequencies, field distributions, and quality factors of
F−P cavity modes agree well with the experimental results
under TE and TM polarization directions. Our results provide
a considerable prospect for the practical applications of an all-
inorganic lead halide perovskite and all-optical polaritonic
devices at room temperature.
The CsPbBr3 microwires with an isosceles right triangle

cross section were grown on a mica substrate by a chemical
vapor deposition (CVD) method (see Methods). The
scanning electron microscopy (SEM) images in Figure 1a,b
show that a single CsPbBr3 microwire on a mica substrate has

an isosceles triangular prism shape, and its smooth surface
indicates that the material crystallizes well during growth. The
CsPbBr3 microwire has a good optical stability and crystalline
quality in the atmosphere (Figure 1S), making them attractive
for real-world application.30 Because the cross-section of this
kind of CsPbBr3 microwire is an isosceles right triangle (Figure
1b), the geometric configuration of this kind of CsPbBr3
microwire can form two types of F−P microcavities, one
straight F−P microcavity is formed along the longitudinal
length (i.e., L) of the CsPbBr3 microwire, and the other folded
F−P microcavity is formed between its two isosceles right

Figure 1. Optical characterization of CsPbBr3 microwires and dispersion relationship of EPs in a straight F−P microcavity. (a) SEM image of a
single CsPbBr3 microwire on a mica substrate. The illustration shows that the F−P microcavity can be formed along the L direction. The lower left
inset shows the zoom-in view of the end facet of the microwire. (b) SEM image of the end facet of a single CsPbBr3 microwire observed from the
vertical end facet direction after 3 months. The illustration is a folded F−P microcavity formed between its two isosceles right triangle side walls of
the microwire. The S is the side length of an isosceles right triangle, and theW is the length of the hypotenuse. (c, d) The ISPL and SRPL spectrum
measurement setup. ISPL refers that the collection point of the PL signal is the same as the excitation point, while SRPL means that the collection
point of the PL signal is different from the excitation point. The blue and green arrows show the direction of the laser excitation and fluorescence
collection, respectively. (e) ISPL spectrum (red line), SRPL spectrum (blue line), and 2nd-SRPL spectrum (green line). (f) The dispersion
relationship of EPs based on the SRPL spectrum in panel e.

Figure 2. Optical characterization of CsPbBr3 microwires and dispersion relationship of EPs in a folded F−P microcavity. (a) Optical micrographs
of a single CsPbBr3 microwire at different tilt angles. The value of the angle represents the angle between the incident light and the substrate
normal. (b) ISPL spectra of a single CsPbBr3 microwire at different tilt angles in panel a. (c) ISPL and their 2nd-ISPL spectra with different side
lengths S at a 30° tilt. (d) ISPL spectrum, ISRE spectrum, and 2nd-ISPL spectrum in a single CsPbBr3 microwire with side length S ∼ 6.0 μm at a
45° tilt. (e) ISRE spectra of four CsPbBr3 microwires with different side lengths at a 45° tilt. (f) ΔE and ℏΩ of a folded F−P microcavity vary with
the inverse of side length 1/S at a 45° tilt.
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triangle side walls (i.e., S), as shown in Figure 1a,b,
respectively. The folded cavity formed by the total reflection
from two isosceles right triangle side walls is not considered
here. The field distributions inside a single CsPbBr3 microwire
simulated by a finite element method software (COMSOL
Multiphysics) indicate that the two types of microcavities can
exist (Figure S2). Next, we will explore the formation of these
two types of microcavities and the strong coupling between the
two types of confined photons and excitons, respectively. First,
we study the EPs in a straight F−P microcavity. Figure 1c,d
shows how the sample is excited and collected for the ISPL
and SRPL measurements, respectively. Figure 1e shows the
ISPL and SRPL spectra of the CsPbBr3 microwire with
longitudinal length L ∼ 25 μm on a mica substrate. The peak
energy of the ISPL spectrum corresponds to the transverse
exciton energy (i.e., ET ∼ 2.348 eV), as shown by the red curve
in Figure 1e. The SRPL spectrum has a series of oscillation
peaks as shown by the blue curve in Figure 1e. To obtain the
oscillation peak values more quickly and accurately, we use the
second derivative spectrum of SRPL (i.e., 2nd-SRPL) spectrum,
in which each dip of the 2nd-SRPL spectrum (green curve in
Figure 1e) indicates one oscillation peak of the original SRPL
spectrum. Compared to the common fitting methods, the 2nd-
SRPL spectroscopy can resolve weaker oscillation peaks. The
asymmetry line-shape of ISPL spectrum is attributed to self-
absorption induced by Urbach tail states,20 while the low
energy oscillation peaks of SRPL spectrum are attributed to
light reabsorption or/and inelastic scattering processes (Figure
S3).20,22 The E−k// dispersion relationship of EPs can be

obtained through the dielectric function model (see
Methods).12,13,20−22,31 Figure 1f shows the dispersion relation-
ship of the EPs in the straight F−P microcavity acquired from
Figure 1e. The red squares are experimental data, and the solid
blue line is the theoretical dispersion curve. From the fitting of
the data, we extracted the Rabi splitting energy (i.e., ℏΩ) of
280 meV, which is much higher than the dissipation energy of
excitons and cavity photons (i.e., ℏγex ∼ 70 meV, ℏγph ∼ 15
meV). Considering the damping relation ℏΩ/2{ℏγex, ℏγph} >
1, we can confirm that this system is in the strong-coupling
regime.3,12,32

The cross section of the single CsPbBr3 microwire is an
isosceles right triangle, which is difficult to form a stable
whispering gallery mode (WGM) due to the leakage of
propagating photons.33 A folded F−P cavity can be formed by
partial reflection from two right-angle side walls and total
reflection from the bottom wall, as shown in Figure 1b.
However, the strong coupling between confined photons and
excitons in this kind of self-configuration folded F−P
microcavity has been seldom studied in CsPbBr3. Figure 2a
exhibits the optical micrographs of a single CsPbBr3 microwire
at different tilt angles. By tilting the microwire, the obvious
cavity modes can be observed when the tilt angle is 30−50° as
shown in Figure 2b. Then, we measured the ISPL spectra from
the side of samples with different S values at a 30° tilt, as
shown in Figure 2c. Here, the geometrical optical path length
(i.e., equal to the side length S) of the folded F−P cavity has a
fixed relationship with the width (i.e., W) of the hypotenuse of
a right triangle, namely W = 2 S, as shown in Figure 1b. To

Figure 3. Polarization-resolved PL spectra of a single CsPbBr3 microwire at two different tilting angles. (a, b) Pseudocolor map of SRPL spectra of
a single CsPbBr3 microwire at 0° and 45° tilts, respectively. The illustration shows the optical micrograph and polarization collection configuration.
The θ is the rotation angle of the fast axis of the linear polarizer. We are specifying that the initial vertical direction is θ = 0. (c, d) ISPL and SRPL
spectra under TE and TM polarization directions, respectively. SRPL0 and SRPL45 represent the SRPL spectra of the sample at 0° and 45° tilts,
respectively. The same notation applies to ISPL0 and ISPL45.
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avoid the influence of the straight F−P cavity, we choose the
measured microwire with rough end facets or place the
acquisition area away from the end facet of the microwire
(Figure S4). Since the mica substrate is tilted more than 30°,
the white light reflected from the mica substrate can hardly
enter the objective lens. Here, the in situ reflection (i.e., ISRE)
spectrum referred to here and later are represented by the
normalized intensity of reflected light. We can see that the
oscillation peaks of ISRE spectrum are very well consistent
with the oscillation peaks of the second-ISPL spectrum, which
provides another evidence of the existence of folded F−P
cavity, as shown in Figure 2d. Figure 2e displays the ISRE
spectra of the CsPbBr3 microwires with different side lengths S
at a 45° tilt. The exciting light is just perpendicular to the side
face of the microwire and the reflection signal from the mica
substrate is very weak. We can see that the cavity mode spacing
(i.e., ΔE) increases with the decrease of the S. Figure 2f shows
that the ΔE near the energy labeled by the dashed line in
Figure 2c,e is linearly related to 1/S, which indicates that this
type of microcavity is a kind of F−P cavity. Based on the group
refractive index (i.e., ng) formula near a certain energy ΔE =
hc/(2ngS),

8,34 the ng increases from 2.2 to 8.8 with the increase
of the energy from 1.80 to 2.33 eV. The variation law of the ng
is consistent with the dispersion relationship of exciton
polaritons. The change of the ng with energy can be used to
study slow light.20 The ℏΩ of the four microwires in Figure 2e
can be obtained by using the coupled oscillator model, as
shown in the red triangle in Figure 2f. Since the microcavities
are micrometer size, the ℏΩ of EPs is close to that of bulk
material (i.e., ℏΩbulk), about 250−270 meV. The uncertainty of
Rabi splitting ℏΩ in Figure 2f results from uncertainty in the
wavevector of the lowest energy mode (i.e., the fitting
parameter k0).
At room temperature, the orthogonal lattice structure8,19,35

of CsPbBr3 will introduce birefringence, which results in X−Y
splitting (related to crystalline anisotropy) of the exciton-
polariton states.17,19,36 This phenomenon can be uncovered by
optical polarization characterization of EPs. The polarization
properties of exciton polaritons in this work are studied by
using confocal polarization-resolved photoluminescence spec-
troscopy. Figure 3a shows the polarization-resolved SRPL0
spectra of a single CsPbBr3 microwire at a 0° tilt, where the

collected light is perpendicular to the substrate. The TE
polarization is specified along the L direction, as shown in the
inset of Figure 3a,b. To quantitatively describe the linear
polarization characteristic of EPs emission, the polarization
degree P is defined as P = (Imax − Imin)/(Imax + Imin). Here, Imax
and Imin are the maximum and minimum intensity of the
polarization-resolved SRPL spectra, respectively. Emission
anisotropy with the P ≈ 25% between 2.16 and 2.30 eV is
demonstrated in the microwires with W > 140 nm due to the
electrostatic dielectric confinement.37 Meanwhile, the polar-
ization direction of the emission light is related to the
geometric structure, and the emission intensity along the
longitudinal L direction is stronger than that along the
transverseW direction. Polarization-resolved anisotropy can be
quantitatively explained by the large dielectric difference
between the CsPbBr3 microwire and the surrounding environ-
ment, and the P is related to the diffraction-related multi-
waveguide mode competition.37 Similarly, Figure 3b shows the
SRPL45 spectra of this CsPbBr3 microwire at a 45° tilt results
in similar polarization characteristics as shown in Figure 3a.
From the photoluminescence (i.e., PL) spectra of two different
polarization modes in Figure 3c,d, the SRPL45 spectra have a
double-cavity modulated pattern. One is induced by a straight
F−P cavity as shown in SRPL0 spectra, and the other is from a
folded F−P cavity as shown in ISPL45 spectra. To our best
knowledge, this kind of double-cavity modulated EPs has never
been reported yet. Due to the influence of measurement
method, the polarization-resolved energy movement detected
here is mainly related to crystalline anisotropy.17−19 Because
the multicavity mode information mainly comes from the
diffraction effect of the end facet of the straight F−P cavity in
SRPL0 spectra, it is not easy to distinguish the change of the
peak position of the cavity mode from the polarization.
However, and the peak energy under TE polarization in ISPL0
spectrum is about 4 meV smaller than that under TM
polarization (Figure S5a), and the peak position of cavity mode
in ISPL45 spectrum changes significantly with polarization
(Figure S5b). Therefore, the orthogonal lattice structure of
CsPbBr3 will exhibit optical anisotropy.

38 Lu et al. confirmed
that the crystal structure of CsPbBr3 micro/nanowires is an
orthorhombic phase.35 It is similar to Rydberg exciton
polaritons in the CsPbBr3 perovskite cavity reported by Bao

Figure 4. Polarization-related PL and 2nd-PL spectra of a straight and folded F−P microcavity. (a) Polarization-dependent 2nd-SRPL spectra of a
straight F−P microcavity at a 0° tilt. The inset shows the fluorescence image of the sample (labeled P1). The inset red dotted line square is the
collection position, and the blue dotted line circle is the excitation position. One of the wave packets of 2nd-SRPL spectral envelope in TE
polarization modes is sandwiched between the two red dashed lines. (b) Polarization-resolved ISPL spectra of a folded F−P microcavity at a 45°
tilt. The inset shows the fluorescence image of the microwire (labeled P2). (c) Polarization-resolved 2nd-SRPL spectra in P1 and polarization-
resolved 2nd-ISPL spectra in P2 under TM and TE polarization directions, respectively. The figure gives information about the S and L of P1 and
P2, respectively.
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et al.,38 which indicates that X−Y splitting plays a key role.
This is consistent with the X−Y splitting of the exciton-
polariton states observed in traditional planar microcav-
ities.17,19,36,38 This makes it possible to achieve polarization-
modulated EPs lasing and EPs BEC in this CsPbBr3 micro/
nanowires.
To further explore the correlation between two types of F−P

microcavities, two CsPbBr3 microwires with the same S but
different L were chosen (Figure 4a,b). Figure 4a shows the
spectral envelopes of polarization-resolved 2nd-SRPL spectra
are modulated by a folded F−P microcavity. This modulation
effect is related to the aspect ratio L/S. The L/S is ∼7 in Figure
4a, and the L/S ∼ 9 in Figure 4b. Figures S6 and S7 shows the
field distribution and corresponding wavelength of the same
order cavity mode, which is consistent with the experimental
results. This further confirms the existence of a double-cavity.
Figure S8a,b shows that the ratio of the mode spacing between
the folded cavity and the straight cavity is almost equal to the
number of cavity modes of the straight cavity contained in the
adjacent folded cavity mode, which is close to the cavity length
ratio L/S ∼ 7. The quality factor Q of each cavity mode was
obtained by multipeak fitting of the spectrum (Figure S8c).
The Q of the straight F−P microcavity is about three times
larger than that of the folded F−P microcavity (Figure S8d).
From Figures S8d and S9, there is an optimized wavelength
range and cavity modes have the highest Q-factor. The quality
factor Q of the cavity mode is affected by cavity loss (i.e., light
escapes at the boundary) and media loss (i.e., light is absorbed
by the media), which lead to an optimized wavelength range
for EPs modes. The simulation result with media loss and
cavity loss considered is in good agreement with the
experimental results (Figure S9). Due to the competition
between cavity losses and dielectric losses, there will be an
optimized wavelength range in which the quality factor of the
resonant mode is highest.39 In our simulations, the refractive
index is a function of energy,20,30 and the mica has a refractive
index of 1.6.33 Despite the differences in the optimal quality
factors Q of the two microcavities, the spectra observed at the
end facet can still carry the signals of the two kinds of F−P
cavities, which may indicate that double-cavity modulation
associated with mode competition can be achieved in SRPL
spectral measurements (Figure 3 and Figure S3). The mode
competition between the two Fabry−Peŕot cavities may be
more evident when stimulated radiation occurs, which needs
further study. Figure 4c gives the polarization-resolved 2nd-
SRPL spectra of P1 and the polarization-resolved second-ISPL
spectra of P2, and the two types of polarization modes do
modulate each other in the energy overlap region. This optical
modulation may be carried out by changing the cavity length
ratio and the optimized wavelength range of two types of F−P
microcavities. The difference between optical gain and loss
may provide a powerful platform for testing various theoretical
proposals regarding PT symmetry.26,27

In conclusion, both experimental and simulated results
confirm the existence of two kinds of F−P cavities, and two
types of microcavity photons (i.e., one is a straight F−P
microcavity and the other is a folded F−P microcavity) can be
strongly coupled with excitons to form exciton polaritons in
the same CsPbBr3 micowire. The crystalline anisotropy is
observed from polarization-resolved PL spectra. We present
the numerical simulation of resonant frequencies, field
distributions, and quality factors of F−P cavity modes under
TE and TM polarization directions, which agree well with the

experimental results. Besides, we found that there is a double-
cavity modulation phenomenon of EPs emission in a single
CsPbBr3 microwire according to the second derivative
spectrum of the PL spectrum. These results indicate that the
CsPbBr3 microwire structure is a good platform for studying
novel optical modulation behavior and optical devices of EPs.

■ METHODS
Sample CVD Growth. CsPbBr3 microwires were grown on

a mica substrate by a single furnace CVD method. Mixed CsBr
and PbBr2 powders with a molar ratio of 2:1 as a precursor
were placed in the center of the quartz tube. The freshly
cleaved mica was cleaned with an acetone solution for 10 min
and put inside the downstream of the quartz tube. The
distance between the mica substrate and precursor was 10 cm.
First, a large amount of argon gas was pumped to expel the air
in the quartz tube, and then the flow rate of argon gas was kept
at 60 sccm. The quartz tube was heated from room
temperature to 550 °C for 30 min. The temperature inside
the quartz tube was stabilized at 550 °C for 10 min. After the
synthesis, the tube was cooled down naturally.

Optical Spectroscopy Characterization. The morphol-
ogy of CsPbBr3 microwires was characterized by field emission
scanning electron microscopy (Hitachi S4800). SmartRaman
confocal-micro-Raman module was used for photolumines-
cence measurement and microscopic imaging with a 100×
objective lens (NA = 0.60) under the backscattering geometry.
The module was developed by Institute of Semiconduc-
tors,Chinese Academy of Sciences, which is coupled with a
Horiba iHR550 spectrometer and a charge-coupled device
(CCD) detector. The optical and fluorescence images were
obtained by illuminating CsPbBr3 microwires with a halogen
lamp and 473 nm laser, respectively. PL spectra measurements
were performed with a continuous 473 nm linearly polarized
laser. After passing through a 473 nm bandpass filter, the
fluorescence of the microwire entered the spectrometer
(Horiba iHR550) and a CCD detector through the same
microscope objective. Based on the same measurement
configuration, the reflection spectra were measured by
changing the laser to the white light source. If polarization
measurement is made, a half-wave plate and a Glan Taylor
prism were added as a polarizer between the microscope
objective and the spectrometer. To improve the spatial
resolution, a confocal system was placed on the collecting
path. All tests were performed at room temperature.

Dielectric Function Model. To explore the strong
interaction between excitons and confined photons in the
CsPbBr3 microwires, the EPs dispersion relationship was
studied according to the classical Lorentz oscillator coupling
model. As shown in the following formula12,13,20−22,31,40

( )
E k
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( )

1 E E
E E iE

//
//

b
L
2

T
2

T
2 2

=
+

Here, EL is the longitudinal exciton energy, ET is the transverse
exciton energy, εb is the background dielectric constant, γ is the
damping constant, k// is the wave vector, and c is the speed of
light in a vacuum. E is the central energy of the oscillation peak
in the SRPL spectrum or the ISPL45 spectrum with cavity
mode information, and ET takes the central energy of the
ISPL0 spectrum without cavity mode information. In this
paper, we use the reported20 εb = 4.6 for fitting. ℏγ is
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determined by the full width at half-maximum (fwhm) of the
ISPL0 spectrum. The wave vector k// = k0 + nπ/L (n = 1, 2, 3,
...), L is the geometrical length of the resonator (e.g., the
longitudinal length L or the side length S), and the k0 is the
adjustable initial wave vector to account for the absence of
knowledge on the wavevector of the lowest energy mode.20,31

When the cavity photons and excitons come close to
resonance, it causes the exciton level to split, called Rabi
splitting (i.e., ℏΩ). The minimum vertical distance between
UPB and LPB on the EPs dispersion curve can be used to
estimate the ℏΩ of the system. Since the microwires studied
close to bulk materials, ℏΩ can be approximated as

E E2bulk T LT , ELT = EL − ET.
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