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Figure S1 | Photonic Fabry—Pérot mode in empty DBR cavity. (a) Before depositing the top
layers of DBR, only Bragg modes and optical stop band can be seen in ARR spectral. (b) After
depositing the top DBR layers without additional filler, a new Fabry—Pérot cavity mode centered
at 2.41 eV generates in the gap region.
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Figure S2 | Atomic force microscopy (AFM) image of a typical CsPbBr; thin flake with a
thickness of 139 nm. The wrinkle results from stress in transfer of sample. Scale bar, 1um.
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Figure S3 | PL emission of CsPbBr; flakes with different thickness. (a) Normalized PL

intensity of CsPbBr; flakes with different thickness and width of 5-10 um. The thickness is

determined by AFM. (b) The PL peak energy (olive dots with dash guided line) versus thickness

extracted from (a). The black and red dash line indicates the approximate emission energy of the

flakes with thickness of 1 um and 150 nm.
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Figure S4 | Real-space images of CsPbBr; flakes in figure 2. (a-c) are optical images (upper)
and corresponding emission images (lower) below threshold of the flakes in figure 2a-c. Scale
bar, 5 pm.
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Figure S5 | Polarization of polariton dispersion. (a)TE-TM splitting at large angle in the ARR
spectra of the CsPbBr; flake in figure 1a,d with its longer side parallelled to y axis. (b) TM
polarized ARE spectra above laser threshold by using a polarizer with vertical polarization
before the spectrometer. By changing the polarization to horizontal direction, TE polarized ARE
spectra can also be obtained in (¢). The intensity in (b) and (c) have been scaled to the maximum
intensity of TE- polarized ARE spectra, indicating that polariton emission are more TE like.
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Figure S6 | Calculated discrete polariton energyE;induced by optical trap at different

detuning. The red dots are experimental data.
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Figure S7 | Estimation of injected laser power inside cavity. (a) Emission spectral of two
perovskite flakes marked as NO.1-2 inserted in the DBR cavity with the intrinsic PL peak of
527-530 nm. (b) PL spectral of two perovskite flakes NO.3-4 on the bottom DBR mirror with
the same pump power as in (a) and PL peak of 528-530 nm. The similar PL peaks suggest the
similar thickness of perovskite flakes. (¢) Corresponding optical images of perovskite flakes.
Scale bar is 10 um. (d) Integrated intensity of samples on cavity (NO. 1-2) and off cavity (NO.
3-4) with the same excitation condition. The ration of this value indicates the rate of laser power

transmitted into the cavity.
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Figure S8 | Group velocity of discrete polariton mode. (a) Polariton dispersion of sample in
figure 3 converted to the energy-wave vector (k) coordinates. The blue and pink dash lines are
uncoupled exciton resonant energy and cavity mode. The black dash line indicates the
coordinate of the first polariton condensed mode E4 shown in figure 3a. (b) Group velocity of
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Figure S9 | Emission spectra of the perovskite/DBR microcavity with detuning energy of -118
meV at different pump fluence. E(_¢ indicate discrete polariton states above laser threshold.

At high pump fluence, Ey_, are mixed together.
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Figure S10 | WGM mode laser in CsPbBr; bulk square crystals inside the DBR cavity. (a) ARE

spectral of the cavity with the perovskite thickness of ~500 nm. Left part, below threshold,

corresponds to spontaneous emission. Right part, above threshold, corresponds to laser

behavior. The red solid lines are the emission spectral at the same energy coordinate. Inserts at

the bottom are optical images at corresponding pump fluence. Scale bar, 2 pm. (b) Normalized

emission spectra above laser threshold for six bulk samples. The black dash line indicates the

wavelength where group index n, is to be analyzed. (c) The value of A%/AL (black dots)

versus cavity length L at the fixed wavelength of 534.7 nm is fitted by the relation A\%/A\ =

ng/L.! The cavity length of WGM cavity can be expressed as L = 2+/2d where d is the edge

length of a square cavity.
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Figure S11 | Angle-resolved reflectivity (left part) and angle-resolved emission (right part) of
perovskites at different detuning energies from -28 meV to -182 meV. The yellow arrows
indicate the energy difference of cavity mode and exciton energy.
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Figure S12 | Optical setup for angle-resolved spectroscopy by spatially-resolved Fourier
imaging. BS1 and BS2 are beam splitters for introducing laser source and white light. Ob;. is a
50X objective lens. L1, L2 and L3 are lenses for transformation between real-space image and
Fourier image. L4 is a lens for collimation of white light. BSC is the beam-splitter cube for the
observation of Fourier image and corresponding real-space image simultaneously.
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Note S1: Polariton dispersion model in perovskite/DBR cavity

We define the refractive index and thickness of two periodic layers of the DBR mirrors as

nq, ny and Lq, Lp. The cavity mode dispersion can be expressed as?
Ec(0) = (Es(®)Ls + Ep(0)Lp(0))/Loi(0)  (SD),
Here Lg and Lp are cavity space between two DBRs and penetration depth into two
DBRs, and the effective cavity length L, f=Ls+ Lp. Es(0) and Ep(8) are Fabry-Pe'rot

energy considering no phase delay in the mirrors and center of the stop band energy. They are

expressed as:

hAmnc  nicosO; + nycos0;

2(L; + L2) ninacosOicosdr

Es(0) = MAAC/n g, Lecos(0s), Ep(0) = (82),

where m is the mode order, n.,, is the refractive index of the intracavity region. For a
light emitted from the cavity with a certain angle 6, 65 and 6;_, are the incident angles
inside the active layer and two periodic layers, which can be determined by transfer matrix
approach.?

The dispersion of exciton-polariton is modeled by coupled oscillator containing the

excitonic energy Ey and cavity mode E.(0) as
Ex(e) - lh’\{x V cx) Cx
( V Ec(e) - lh’yc) (Cc) - EP(O) (Cc) (83)

where ypx and y. are the linewidth of exciton and cavity photon, 7 is the coupling
strength. ¢, and ¢, are Hopfield coefficients for describing the relative proportion of exciton
and photon with the relation of ¢Z + ¢ =1.

The resulted two polariton branches are

1 . .
Eupp= E[Ex + Ec(0) +i(ye +yx) £ \/4V2 + Ex - Ec«(8) +i(yc - yx)° ] (S4).

Here we use the parameter of angle § obtained by angle-resolved spectroscopy which can

. . mm .1 sind
be equivalent to the in-plane wave vector kj =-—tan|sin (

)], where mis the mode

ncau

order, L is cavity length.
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Note S2: fitting parameters of polariton model

The dielectric function of CsPbBr; is adopted from the report of Eaton, S. W. et.al.* Excitonic
energy Ex = 2.42 eV and linewidth of Ayy = 73.6 meV is obtained from the intrinsic PL and
absorption spectral. Linewidth of VFPC mode (embedded with perovskite flakes) is deduced

from the fitting of polariton linewidth of LPB at different angles by>-¢

i = lexl®yx + leel®ve  (S5).

Hopfield coefficients ¢, and c, of LPB is expressed as:

= 3t o= l3-me (SO
where §(0) :m and A(0) =\/lm is the detuning energy. To obtain the
linewidth of cavity mode, we analyzed the emission spectral at different angle from the ARE
spectral with the detuning of -139 meV in figure S12(a). The linewidth of polariton by
simulation and emission spectral are displayed in figure S12 (b) with the fitted value of hy,

=10 meV. The experimental values at large angle may have large deviation due to the

disturbing intrinsic emission of perovskite.
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Figure S13 | Fitting of the polariton linewidth. (a) Emission spectral of perovskite/DBR
microcavity at different angle with the detuning of -139 meV. (b) Polariton linewidth fitted from
emission spectral (red dots) and simulation result (black line) using the equation (S3).

16 /22



Note S3: Simulation of rate equations for kinetic model

To simulate the rate equations (2-3) in main text, we should obtain the lifetime of exciton in
reservoir and polaritons at different energies. The polariton’s lifetimes 7,can be determined by

the relation below:

1 cg cf

—=4+2 (ST

T, T Ty
Hopfield coefficients ¢, and c, can be obtained from the dispersion model. The value of
cavity mode lifetime 7.= Q/a)c, and the quality factor Q = E/FWHM can be obtained by

using E.=2.3eV and FWHM=10 meV. The lifetime of exciton is measured by testing the
photoluminescence (PL) decay of CsPbBr; flakes on silicon wafer. The lifetime of exciton and

polariton at different energies are shown in Figure S14.
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Figure S14 | Lifetime of exciton and polariton at different energies of LPB. (a) PL decay of
CsPbBrj; flake. The decay I(t) can be fitted by a single exponential decay relation I(t) =1

+A - exp (—t/t) with fitted value of 7=4.8 ns. (b) Calculated polariton lifetime at different
energy of LPB by using the relation (S7).

The decay rate of exciton I, and polariton at different energy states I'; is simply the
reciprocal of their lifetimes. However, the energies of E; are blue shifted with the increasing
pump fluence. To simplify the simulation, we trace the peak energies of different polariton
states E; at different pump fluence from Figure S9 and take the average values as the energy
value for simulation. The average energies of different energies are E3=2.304¢eV, E,4
=2314eV,Es=2.323eV. They behave as similar energy spacings and suitable for
polariton-polariton scattering. Considering that the intensities of Ey_, are difficult to be

analyzed separately, we define an overall energy state E,_, = 2.295 eV for the scattering
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between Ey_, and higher energy states. Next, the decay rates of exciton in reservoir I'y =
1/4800ps—1 and polaritons at different states I'y_, = 1/0.084ps~1, I's=1/0.088ps~!, T,

=1/0.091ps 1, and I's = 1/0.095ps ~'are used. The excitation pulse is expressed as N = N

t—1¢ty
- exp (— ( 2
of different energy sates with the parameters A =4 x 10 =7, B=0.014, and Ny=1 x 10° is

2
) ) with pulse width A =0.1ps and ty = 1ps. The time-resolved population

shown in Figure S15
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Figure S15 | Time-resolved population distribution of different polariton state and exciton in
reservoir at the pumped population of Ny =1 x 10°.
The integrated intensities of different energy states at different pumped population can be

obtained by sweeping the population of pumped pulse from 10°to 107, see Figure 3e in main

text.
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Note S4: Mean-field Gross—Pitaevskii equation of driven-dissipative model

Considering the nonequilibrium polariton condensate generated in a cavity with finite
lateral dimension under a homogeneous pumping, a mean-field description of a condensate

wave function can be adopted as the generalized Gross—Pitaevskii equation:’

., ou(r,t)
ih o :(

022+ SR () - 1)) + hephy (02 + V(r))\y(r,t) S (8),

Here Eo and m are the minimum energy and effective mass of the LPB, g, is the
strength of repulsive interaction between condensate polaritons. R(n,) and Yp are scattering
rate (gain rate) and loss rate of condensate polaritons. V(r) is the external potential including

confinement potential V,,r(r) defined by the cavity edge under study, and mean-field

repulsive potential V,.4(r) = hggn, induced by interaction between exciton reservoir n, and
polariton. The exciton reservoir can be described by a rate equation:

nr:P(t) - ¥Yx0Or - R(nr) |\|l(1‘,t) |2 S (9),
where the exciton reservoir decay rate yx > y, and depletion of the reservoir due to stimulated

scatter into condensate mode are considered.

Considering a rectangular cavity with edge length of L, and L,, and effective mass m, the

2022 2
m°h*(ny  ny . . .
(LZ + ), which is equivalent
pe

Veons(r) can generate the quantization potential energy E,, = 2
Y,

2m
to the optical mode energy in such planer cavity. At large negative detuning, the repulsive
potential between exciton reservoir and polariton V,.4(r) is relatively weak, then V(r)=V . f
().} These results in the multi-mode polariton both below and above nolinear threshold (see
Figure 3). In contrast, for a small negative detuning, polaritons are more exciton like with large
repulsive potential V,.s(r). The external potential is more influenced by V,.4(7), i.e., V(r)=
V,es(r).? This can be evidenced as single dispersion curve and stationary condense at zero

momentum of LPB E; (see Figure 4). Compared to the initial energy of the bottom of LPB E|,

there is a linear bluesified energy depending on the pumping rate P:’
hg hgy
Ese - Eo= hggly(0)* + hgxn, =3 (P - Po) + 5 Pw - (P>Pw) S (10)

hgy
Es - Eo = hgxn, = P (P<Py) S(1)
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Note S5: Finite element simulation of the electronic field of perovskite in DBR cavity

The simulation is based on a three — dimensional FDTD method with perfectly matched
layer (PML) boundary conditions and cavity structure shown as below in x-z direction, which is
based on the parameter introduced in experimental section. To compare the electronic field of
cavity with thin perovskite flake and bulk crystal, we design the cavity structures with
perovskite thickness of 150 nm and 1 pum (at z direction) and same width of perovskite
(1 X 0.8 um in x-y direction) and mirrors (2.5 X 1.5 ym in x-y direction) shown in Figure

S16. Different material of the cavities is identified by the refractive index.
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Figure S16 | Cavity structures and refractive index of the simulated model at x-z coordinates.
(a) and (b) are cavities with different thickness of perovskite, i.e., 150 nm and 1 um,
respectively.

A transverse electric (TE) - polarized mode source with central wavelength of 516 nm and
530 nm (corresponding to the intrinsic PL peaks at these thicknesses, see Figure S3) is
introduced in the sandwiched perovskite layer. Electronic field |E|?at x-y coordinates is
monitored at 530 nm where cavity emission can be observed in these two cavities. Figure S17 is
the |E|? of different vector attribution for these two cavities. The intensity of |E;|? at different

vectors (i = x,y,z) have been normalized to the magnitude of |E|? at all vectors.

In the cavity with perovskite thickness of 150 nm, the electronic field at z vector is more
favored at the central of perovskite cavity with amplitude of 0.62, where efficient generation of
VFPC modes and coupling with excitons can be expected. For comparison, |E|?> of the 1 pm -
thickness is more concentrated on x vector, with slight components at z (0.11) and y vector (not
shown here). This suggests the inefficient generation of VFPC modes and hindering the strong

coupling between VFPC modes and excitonic emission inside the perovskite crystal. Optical
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image also reveals that light leaks out from the crystal edge (see left part of Figure S10a),
which is in contrast to that in Figure S4 where the emission below threshold is mainly uniform.

Therefore, the photonic laser occurs as the WGM laser rather than from the VFPC optical mode.
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Figure S17 | Distribution of electric field at the cross section of perovskite. (a-c) are the electric
field of the cavity with 150 nm perovskite thickness at z vector of |E,|%, x vector |E,|% and
magnitude of |E|?, respectively. (d-e) are the electric field of the cavity with the bulk perovskite
crystal at z vector |E,|?, x vector |E,|?, and magnitude of |E|?.
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