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Abstract. Optical parametric oscillators (OPOs) have been widely applied in spectroscopy, squeezed light,
and correlated photons, as well as quantum information. Conventional OPOs usually suffer from a high power
threshold limited by weak high-order nonlinearity in traditional pure photonic systems. Alternatively, polaritonic
systems based on hybridized exciton—photon quasi-particles exhibit enhanced optical nonlinearity by dressing
photons with excitons, ensuring highly nonlinear operations with low power consumption. We report an on-chip
perovskite polariton parametric oscillator with a low threshold. Under the resonant excitation at a range of
angles, the signal at the ground state is obtained, emerging from the polariton—polariton interactions at room
temperature. Our results advocate a practical way toward integrated nonlinear polaritonic devices with low

thresholds.
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1 Introduction

Optical parametric oscillators (OPOs) convert a pump frequency
o, into signal ; and idler w; frequencies, satisfying the energy
conservation law (with the second-order nonlinearity, p =
; + wy; with the third-order nonlinearity, 20, = o; + wy).
These indispensable devices have been widely used in creating
tunable and coherent light for the application of spectroscopy.'
In addition, OPOs have attracted considerable interest in other
fields such as the generation of squeezed light,>* correlated pho-
tons,”® and quantum information including quantum random
number generation and Ising machines.” In traditional systems,
OPOs usually require noncentrosymmetric crystals (second-
order nonlinearity) embedded in an external resonator, which
is resonant with the pump wavelength as well as the wavelength
of generated signal and idler states. Such generated signal and
idler states can be further tuned by controlling the phase match-
ing condition via changing the temperature or angle of the

*Address all correspondence to Qihua Xiong, Qihua_xiong@tsinghua.edu.cn;
Timothy C. H. Liew, Timothyliew @ntu.edu.sg; Rui Su, surui@ntu.edu.sg.
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nonlinear crystal or tuning the pump wavelength.® However,
such traditional OPOs usually suffer from a high power thresh-
old,® since anisotropic crystals require stringent birefringence
phase matching requirements and usually exhibit limited
high-order nonlinearity.” Moreover, crystals in centrosymmetric
space groups such as all-inorganic cesium lead halide perov-
skites (CsPbBr3) need to break inversion-symmetry by anion
substitution or other specific complex processes.'”'? Despite
the recent progresses achieved in various bulk whispering
gallery mode-based OPOs,"*™'® the threshold powers are still
relatively large, particularly the chip-scale planar OPQOs,*""""
which hinder the road toward integrated nonlinear photonic
devices.

Alternatively, exciton—polaritons are hybrid quasi-particles
resulting from the strong coupling between photons and exci-
tons, inheriting a high nonlinearity from their excitonic compo-
nent. The nonlinearity of such a polariton system is orders of
magnitude stronger than that of traditional nonlinear optical
systems, which opens a new way for nonlinear polaritonic
devices.”* Thanks to S-shaped polariton dispersion, the idler
at a high k (wavevector) state and the signal at the ground state

Sep/Oct 2021 ¢ Vol. 3(5)


https://orcid.org/0000-0002-8912-1137
https://orcid.org/0000-0002-2555-4363
https://doi.org/10.1117/1.AP.3.5.055003
https://doi.org/10.1117/1.AP.3.5.055003
https://doi.org/10.1117/1.AP.3.5.055003
https://doi.org/10.1117/1.AP.3.5.055003
https://doi.org/10.1117/1.AP.3.5.055003
https://doi.org/10.1117/1.AP.3.5.055003
mailto:Qihua_xiong@tsinghua.edu.cn
mailto:Qihua_xiong@tsinghua.edu.cn
mailto:Qihua_xiong@tsinghua.edu.cn
mailto:Timothyliew@ntu.edu.sg
mailto:surui@ntu.edu.sg

Wu et al.: Perovskite polariton parametric oscillj

can be obtained when two polaritons are resonantly pumped
at the inflection point, obeying the conservation law of both
energy and momentum.”? In addition to this nondegenerate
polariton oscillator geometry, in a system with multiple
branches, two polaritons at the lowest energy of one polariton
branch can scatter to momentum-degenerate states’** or
energy-degenerate states* at adjacent polariton branches.
The large third-order polaritonic nonlinearity promotes the reali-
zation of polariton oscillators at lower threshold, which has been
demonstrated in a variety of semiconductor microcavities.>>*
Compared with the conventional OPOs, the polaritonic con-
figuration is more versatile and suitable for the realization of
quantum correlation and parametric down-conversion toward
miniaturized, integrated devices.”*> So far, polariton oscilla-
tors in GaAs or CdTe-based quantum wells demand cryogenic
temperatures due to the small exciton binding energy, whereas
polariton oscillators have not been realized in organic micro-
cavities due to the low nonlinearity of Frenkel excitons.

Halide perovskites with a wide structural diversity, tunable
bandgap, and remarkable optical properties, have rapidly emerged
as excellent semiconductors for photonic technologies ranging
from light-emitting diodes*** and lasers™* to photodetectors.”
More recently, for engineering their applications in next-genera-
tion photonic devices, the nonlinear properties of perovskite
attract tremendous interest. The versatile architecture of halide
perovskites along with their scalable synthesis allows for struc-
tural and electronic engineering for nonlinear optical functional-
ities including OPOs, ultra-fast laser modulators,'*® and THz
generators/detectors.”** Due to the large exciton binding energy,
perovskite microcavities can sustain robust exciton polaritons and
polariton lasing with lower threshold at room temperature.*' ™
Moreover, the strong nonlinear polariton—polariton interaction
has been demonstrated in both 2D hybrid perovskites and 3D
all-inorganic perovskites.”>*> Combining these advantages, halide
perovskites provide a promising platform for nonlinear polari-
tonic devices with low thresholds. Although energy-degenerate
parametric scattering has been reported in 3D all-inorganic per-
ovskites, the fixed wavelength of the signal and idler is not adjust-
able. This limits some applications, specifically down conversion,
as well as the possibility of reaching the quantum correlated re-
gime, due to the presence of degenerate uncorrelated scattering
processes.*°

Here, we demonstrate nondegenerate polariton parametric
oscillators with low thresholds in all-inorganic CsPbBr; micro-
cavities at room temperature. This is achieved by taking advan-
tage of the large third-order nonlinearity and S-shaped polariton
dispersion of our on-chip perovskite microcavities.

2 Methods

2.1 Perovskite Microcavity Fabrication

The perovskite microcavity is formed by the central perovskite
embedded in a bottom distributed Bragg reflector (DBR) and
a top DBR. First, the all-inorganic CsPbBr; single crystal film
is grown on a mica substrate via chemical vapor deposition
(CVD) as reported before.””*® Subsequently, the perovskite is
tape-transferred to the bottom DBR composed of 30.5 pairs of
TiO, /SiO,, followed by the spin-coating of a PMMA spacer
layer. Finally, another 7.5 pairs of TiO,/SiO, are deposited by
an electron beam evaporator as the top DBR.
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2.2 Optical Spectroscopy Characterizations

The momentum-space PL mappings are measured by a home-
built angle-resolved spectroscopy setup consisting of the excita-
tion, transparent stage, and detection in order with Fourier optics
at room temperature. In the linear regime, the perovskite micro-
cavity is pumped by the continuous-wave (CW) laser (457 nm) at
normal incidence with a spot size of 10 yum?. In the nonlinear
regime, the excitation source is a pulsed laser (pulse width:
6 ns, repetition rate: 20 Hz) with tunable wavelength. It goes
through a 50x microscope objective (NA = 0.75) to resonantly
excite the microcavity (spot size ~10 ym?) with an adjustable
angular range of +48.6 deg at each wavelength. After excitation,
the transmission from the perovskite microcavity is collected by
a 100x microscope objective (NA = 0.9) covering an angular
range of £64.1 deg (k, = 10.8 yum~") and sent to the spectrom-
eter (Horiba iHR550) equipped with a grating of 600 lines mm™!
and a liquid-nitrogen-cooled charge coupled device of 256 x
1024 pixels.

2.3 Theoretical Calculations

Since our experimental condensates occur only at the lower
branch of the polariton dispersion, we consider an effective
dynamical equation for the condensate wavefunction ¥(7, 1),
given by

in (7, 1) = [(1 —iA)Hy + V() — iy
+ (ag — ia)) [P(7, 1) P]¥(F. 1) + F(7),

where Hy = [E, + E, — 1/ (E, — E,)> + 4¢%]/2 is the kinetic
part of the Hamiltonian operator for the lower polariton (LP)
branch, £, = h?k?/(2m,) is the photonic part of the kinetic en-
ergy, E, is the exciton energy with respect to the lowest photon
energy, V(7) is a random potential representing the disorder in
the system, and F(7) = Foe*»7/4; is the coherent pump ap-
plied to the condensate. The parameter y is the decay strength
due to a finite polariton lifetime, ay is the nonlinear interaction
strength, ¢; is the nonlinear decay strength, A is a phenomeno-
logical parameter representing the energy relaxation, m, is the
effective mass of the photonic mode, g/# is the Rabi frequency,
A, is the effective pump area, k,, is the wavevector of the pump,
and F| is a constant representing the strength of the pump. The
energy dispersion is calculated using the formula

Ik, E) = / * dwe=E0 /07 |Gk k, = 0, ),

(o)

where A, is the energy resolution in the dispersion, and ‘f‘(% )
is the Fourier transform of the wavefunction W(7,7) with
respect to the space 7 and time . We considered the para-
meters E, =82 meV, m. =3 x 102 m,, y =3 meV, ai =
0.6 meV um?, a; = 0.2 meV um?, 1 =0.07, k, =6.7 yum™!,
g=60meV,and A, = 12 um?, where m, is the electron mass.

3 Configuration of the Perovskite Polariton
Parametric Oscillator

In our experiment, the CsPbBr; single-crystal film grown
by CVD (Sec. 2)"* exhibits a flat surface with strong
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Fig. 1 Schematic diagram and mechanism of polariton parametric oscillator in the perovskite mi-
crocavity. (a) Microscopy image and fluorescence microscopy image of the CsPbBr; perovskite
single crystal. (b) Experimental geometry of the CsPbBr; perovskite microcavity, in which a thick
CsPbBr; perovskite is sandwiched by two DBRs. (c) Angle-resolved photoluminescence spectrum
of CsPbBr; microcavity along H polarization under CW excitations. The dashed black line displays
the theoretical fitting dispersion of the LP dispersion; the solid black lines show the dispersions of
uncoupled CsPbBr; perovskite exciton (X) and cavity photon mode (C); the detuning A is indi-
cated in this figure. (d) Hopfield coefficients illustrating the exciton (X p) and photon (C,p) fraction
of the LP dispersion along x polarization; the blue vertical line denotes the signal state polariton
(ks); the green vertical line represents the pump state polariton (k).

green fluorescence, as shown in Fig. 1(a) (see also Fig. S1 in the
Supplementary Material). The geometry of the polariton para-
metric oscillator is schematically displayed in Fig. 1(b), where
the signal and idler can be generated along the &, axis in far-field
emission after the CsPbBr; microcavity is resonantly excited
with a critical (magic) angle along k. The CsPbBr; microcavity
itself consists of a CsPbBr; single-crystal film with a thickness
of 280 nm (Fig. S2 in the Supplementary Material), sandwiched
between two DBRs deposited by electron beam evaporation
(Sec. 2). Figure 1(c) presents the angle-resolved photolumines-
cence spectrum of the microcavity in horizontal (H) polarization
under nonresonant CW laser (457 nm) excitation. Using a
coupled oscillator model to fit the polariton dispersion obtained
in the measurement, we extract a bare exciton energy of
2.407 eV, cavity-exciton detuning A = —82 meV, Rabi split-
ting of 120 meV, and refractive index of 2.860. If this system
is excited by a resonant pump laser matching with the polariton
dispersion at k,,, the polariton pairs could scatter and oscillate to
the signal state and the high k state (idler), respectively. The
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intensity of the polariton dispersion shown in Fig. 1(c) is weaker
at higher k states. We attribute this to the small photonic fraction
of these states as well as their effective losses caused by addi-
tional energy relaxation processes. We can also see that the
polariton blueshift is larger for higher k. This can be attributed
to k-dependence of the excitonic fraction, where the exciton
fraction of the pump state at k, is twice as large as that of
the signal state at k;. Such nonuniform renormalization of the
dispersion has also been discussed theoretically.*

4 Observation and Characterizations of
Polariton Oscillation

The system is further resonantly excited by a pulsed nanosecond
laser at 533 nm to reach the nonlinear regime in the transmission
configuration, and the resonant excitation is spectrally tuned
to match the high k state (k, = 6.8 um™') in the polariton
dispersion with a negative detuning of A = —82 meV. At the
pump power of 0.5Py, where Py, is the power threshold for
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Fig. 2 Observation and characterizations of polariton oscillation at room temperature.
Experimental far-field emission of (a) energy—k, and (b) k,-k, at the pump power of 0.5Py,.
Experimental far-field emission of (c) energy-k, and (d) k,-k, at the pump power of 3P,.
Theoretically calculated far-field emission of (e) energy-k, and (f) k,-k, at the pump power of
0.5Py,. Theoretically calculated far-field emission of (g) energy-k, and (h) k,-k, at the pump
power of 3Py,. (i) Signal-state ks emission intensity as a function of pump k,, fluence in a log-log
scale, demonstrating a super-linear increase by three orders of magnitude near threshold.
(j) Signal-state ks emission linewidth as a function of pump k, fluence along with a sharp narrow-
ing linewidth from 12 to 2 meV at the threshold. (k) Signal-state ks emission peak energy with a

continuous blueshift trend.

parametric oscillation, the polariton energy dispersion along k,
is observed without a clear signal state in Fig. 2(a), in accor-
dance with the dispersions displayed in Fig. 1(c). Similarly,
the k,-k, far-field emission [Fig. 2(b)] shows the strong pump
state along k,. With increasing pump power, polariton scattering
becomes more efficient and triggers polariton parametric oscil-
lation, where we observe strong emission from the ground state
as the signal state. As shown in Figure 2(c), at the pump power
of 3Py, the signal state appears at the ground state of the
dispersion, whereas the idler state at k, = 13.6 um~' was not
observed (partly since the wavevector of the idler was beyond
the collected range). Accordingly, the k, — k, far-field emission
exhibits a signal state at k, = 0 um™', k, = 0 yum™~" and a pump
state at k, = 6.8 um~', k, = 0 yum~'. Considering the polari-
ton—polariton nonlinear pump term, the theoretical calculations
[Figs. 2(e)-2(h)] are in good agreement with experiments
[Figs. 2(a)-2(d)], respectively.
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To characterize the occurrence of polariton parametric
oscillation quantitatively, we extract the emission intensity,
linewidth, and peak energy of the signal state from the
power-dependent angle-resolved emission spectra. A super-
linear increase of emission intensity by three orders of magni-
tude is observed near the threshold Py, = 0.8 uW [Fig. 2(1)],
as well as a sharp linewidth narrowing from 12 to 2 meV
[Fig. 2(j)]. Importantly, with increasing pump power, the peak
energy of the signal state exhibits a continuous blueshift
[Fig. 2(k)], arising from polariton—polariton interaction in the
system.

5 Characterizations of Polariton Oscillator
versus Pump States

To further prove the occurrence of polariton parametric oscilla-
tion, we have conducted measurements by changing the incident

Sep/Oct 2021 e Vol. 3(5)
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Fig. 3 Characterizations of polariton oscillator versus pump states for three samples with different
detunings A = -50, -82, —100 meV, respectively. (a)-(c) The pump state is tuned with energy and
angle to resonantly excite the LP dispersion for detunings (a) A = -50 meV, (b) A =-82 meV,
and (c) A = -100 meV. (d)-(f) The energy conversion threshold as a function of pump state angle
for detunings (d) A = -50 meV, (e) A = -82 meV, and (f) A = —100 meV. The lowest energy con-
version threshold peaks at (d) Py, = 0.3 uW, (e) Py, = 0.8 yW, and (f) Py, = 2.5 uW, respectively.
The black circles denote the occurrence of OPO, whereas the red circles represent cases where

the OPO was not present.

pump state along the polariton dispersion for three different cav-
ity-exciton detunings. Specifically, the wavelength (energy) of
the excitation can be changed by the nanosecond pulsed laser in
steps of one nanometer precision, while the incident pump angle
(momentum) is continuously tuned at each wavelength of the
excitation to obtain the maximum intensity with the lowest
threshold and in resonance with the LP dispersion. As shown
in Figs. 3(a)-3(c), the pump states are resonantly excited, while
a slight blueshift is observed between pump states and polariton
dispersion at higher k, resulting from the higher exciton fraction.
The parametric oscillation thresholds as a function of pump
states in Figs. 3(a)-3(c) are plotted in Figs. 3(d)-3(f), respec-
tively. A strong reduction of threshold is observed at the critical
resonant angle, where phase matching conditions best match the
shape of the LP dispersions. Above the resonant critical angle,
the threshold increases with the increase of the pump angle.
When the resonant pump angle is smaller than the resonant
critical angle, the oscillator threshold increases with the de-
crease of pump angle and is absent approaching normal inci-
dence. Such evidence strongly suggests that the signal is
dominantly contributed from parametric oscillation rather than
energy relaxation. Furthermore, the critical angle changes with
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the detuning: k, = 5.7 um~! for detuning A = —50 meV with
Py, = 0.3 uW [Figs. 3(a) and 3(d)], k, = 6.8 um~! for detuning
A =—-82 meV with Py =0.8 uW [Figs. 3(b) and 3(e)],
and k, = 7.6 um~' for detuning A = —100 meV with Py, =
2.5 uW [Figs. 3(c) and 3(f)], following the principle of larger
critical angle for more negative detuning due to the conservation
of energy and momentum. In addition, the lowest threshold at
critical angle is lower at a less negative detuning as a result of a
higher exciton fraction leading to a stronger polariton—polariton
interaction, which further implies the appearance of polariton
parametric oscillation.

6 Polarization Dependence of the Polariton
Parametric Oscillator

We further investigate the polarization dependence of the signal
in our perovskite microcavity.”*® Under CW laser (457 nm)
excitation, due to the intrinsic anisotropy of the perovskite
crystal,” the LP dispersion shows a linearly polarized splitting
at k=0, E;y =2.296 eV along V polarization, and E g =
2.287 eV along H polarization in Fig. 4(a). The sample is
oriented with the crystal boundary exhibited in Fig. S1 in the

Sep/Oct 2021 * Vol. 3(5)
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Fig. 4 Polarization dependence of the polariton parametric oscillator. (a) Angle-resolved photo-
luminescence spectrum of CsPbBr; microcavity along V polarization and H polarization under CW
excitation. (b) Polar plot of the H polarized pump excited at £, = 2.326 eV (533 nm), centered
ky, = 6.8 um™! (black circle dots), and fitting function (black solid line) f « cos?é. (c) Under
excitation of (b), polar plot of the measured polarization emission of the signal state at
Esy =2.287 eV, k, =0 um~" (red circle dots) and fitting function (red solid line) f « cos? 6.
(d) Polar plot of the left circularly polarized pump excited at £, = 2.326 eV (533 nm), centered
k. =6.8 um™' (black circle dots), as well as a fitting constant function (continuous line).
(e) Under excitation of (d), polar plot of the measured polarization emission of the signal state
at E;y =2.287 eV, k, =0 um™" (red circle dots), and fitting function (red solid line) f « cos? 8,
at E;y =2.296 eV, k, =0um-' (blue circle dots), and fitting function (blue solid line)

f « cos?(0 + 90 deg).

Supplementary Material, so the linear polarization direction co-
incides with the crystal axes. For characterizing the polarization
dependence of the signal in the perovskite polariton oscillator,
the polarization of the signal is explored under a linearly
polarized pump and circularly polarized pump, respectively.
Figure 4(b) displays the high H linearly polarized pump after
the DBR microcavity. Under this H polarized pump at critical
point [E, = 2.326 €V (533 nm), k, = 6.8 um~'], the polar plot
of the signal is detected and fitted by Malus’s law, showing high
H linear polarization as well [Fig. 4(c)]. Furthermore, the sys-
tem is excited by a left circular pump [Fig. 4(d)] near the critical
angle [E, =2.326 ¢V (533 nm), k, = 6.8 ym_l], where the
pump in k space is wide enough to cover the H polarized polar-
iton mode and V polarized polariton mode simultaneously.
The H linearly polarized signal at E; = 2.287 eV or V linearly
polarized signal at E,, = 2.296 eV [Fig. 4(e)] with respective
blueshifts is observed, rather than inheriting the circular polari-
zation of the pump, corresponding with the states noted in
Fig. 4(a). The pump angle is the critical (magic) angle for
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the H polariton mode, while slightly larger than that for V polar-
iton mode, thus the intensity of the H polarized signal is found
to be about two times stronger than that of the V polarized signal
in Fig. 4(e). These linearly polarized signal dependences corre-
spond with the strong linear anisotropy in the perovskite system
that could split the polarization of excitation into linearly polar-
ized components.

7 Conclusions and Discussions

By implementing resonant excitation at a critical (magic) angle,
we experimentally and theoretically report the nondegenerate
polariton parametric oscillator in perovskite exciton—polaritons
at room temperature. The result corresponds to spontaneous
parametric down conversion over a range of angles. Meanwhile,
the signal state is split into two nondegenerate orthogonal linear
polarizations due to the strong anisotropy of perovskite. Our
work reveals an alternative avenue for lower threshold nonlinear
polaritonic devices.

Sep/Oct 2021 ¢ Vol. 3(5)
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