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We demonstrate a novel way to realize room-temperature polariton parametric scattering in a one-
dimensional ZnO microcavity. The polariton parametric scattering is driven by a polariton condensate,
with a balanced polariton pair generated at the adjacent polariton mode. This parametric scattering is
experimentally investigated by the angle-resolved photoluminescence spectroscopy technique under
different pump powers and it is well described by the rate equation of interacting bosons. The direct
relation between the intensity of the scattered polariton signal and that of the polariton reservoir is
acquired under nonresonant excitation, exhibiting the explicit nonlinear characteristic of this room-

temperature polariton parametric process.
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Exciton-polaritons are bosonic excitations formed by
the strong coupling between excitons and photons [1,2].
Unique scattering processes can occur through the interac-
tion among the excitonic components of the half-light,
half-matter quasiparticles [3]. These scatterings are re-
sponsible for the energy relaxation, thermalization [4],
and nonlinearities of polaritons. Great effort has been
devoted to the study of polariton nonlinear scatterings in
the last decades. The stimulated polariton scattering to the
final state has been used to realize the polariton laser [5].
Polariton parametric scattering (PPS) processes have been
achieved in microcavities [6—14], and lead to many inter-
esting macro-quantum phenomena, such as the polariton
superfluidity [15], condensate, vortices [16], etc.

High-density polariton gases (HPGs) are indispensable
to optical nonlinearities of polaritons. One usually uses
external lasers to resonantly excite the HPGs for the studies
of optical nonlinearities. An alternative way to obtain
HPGs is to utilize the gain mechanism of polariton con-
densation. In this mechanism, polaritons are scattered to
some final states and accumulate when the stimulated
process occurs under nonresonant excitation [17]. These
coherent polaritons [18] are ideal scattering sources for the
PPS processes. Compared with the conventional method of
resonant pumping at the specific incident angle, this ap-
proach is much easier to operate because of nonresonant
excitation. Moreover, the polariton condensate at the low-
est energy state easily induces interbranch PPS and gen-
erates balanced signal and idler beams [19]. These
balanced polariton pairs are intrinsically quantum en-
tangled, making them ideal candidates for quantum corre-
lation and information application such as quantum
cryptography, etc. However, so far, experimental work
regarding such polariton condensate induced interbranch
PPS is yet to be demonstrated.
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From the application point of view, the operation tem-
perature of PPS is crucial. In the work of Ref. [20], polar-
iton parametric amplification was achieved at 220 K in a
CdTe planar microcavity. However, the temperature upper
limit is expected to be above room temperature for some
wide bandgap semiconductors like ZnO and GaN. The
large exciton binding energy and oscillator strength in
these materials enable polaritons to remain stable at
room temperature [21]. Furthermore, in the one-
dimensional (1D) microcavity systems based on these
materials, a variety of scattering channels are available
for PPSs due to their multiplet of subbranches [22]. And
the intersubbranch PPS processes are more efficient in 1D
microcavities than in planar microcavities because of the
favorable configurations for momentum conservation [23].
However, to our knowledge, the characteristics of room-
temperature PPS in 1D microcavity systems remain unex-
plored until now.

In this work, we demonstrate a room-temperature PPS
process driven by a polariton condensate in a ZnO 1D
microcavity. The scattering source, i.e., the polariton con-
densate, is generated by nonresonant excitation.
Scatterings to the adjacent polariton mode are amplified
when the excitation power exceeds the threshold, leading
to an intersubbranch PPS in this 1D microcavity. The
signal and idler are balanced polariton pairs with degener-
ate energy and opposite momenta.

The samples used in our experiments are ZnO micro-
wires fabricated by a carbothermal method. Figure 1(a) is
the scanning electron microscope image of a typical ZnO
microwire, showing smooth facets and a regular hexagonal
cross section. The ZnO microwire is a uniaxial crystal with
an optical axis (¢ axis) perpendicular to its hexagonal
plane. It is found that such a microwire can be used as a
whispering gallery type optical resonator [24] with a high
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FIG. 1 (color). (a) Scanning electron microscope image of a
single ZnO microwire. c¢: the crystallographic axis. (b) The
angle-resolved photoluminescence spectral (k-space) mapping
under cw excitation. Both TE (electric field component of light
& 1 ¢) and TM (& || ¢) polarized polariton modes in the ZnO
microcavity are shown. Dashed curves: Theoretical fittings for
the lower polariton branches. The photon emitted at angle ¢
carries the polariton energy E and its wave vector component
k” = (E/hc) sin¢.

quality factor Q several times larger than that of the ZnO
planar microcavity. This whispering gallery microcavity
provides two-dimensional confinement for photons, lead-
ing to a one-dimensional optical system. With an angle-
resolved photoluminescence (PL) spectroscopy technique,
it has been demonstrated that the strong coupling between
exciton and photon (i.e., exciton-polariton) can be realized
in such microcavities [25,26]. Figure 1(b) shows the energy
dispersions of the polariton lower branches for a ZnO
microwire with the radius being 1.45 wm, under continu-
ous He-Cd laser (325 nm) excitation. The dispersion cur-
vatures for both TE and TM polarizations tend to be
smaller and smaller at large angles, showing the typical
repulsion-like behavior of strong coupling. These disper-
sions can be well described by the coupled oscillator
model, as illustrated in Fig. 1(b) (dashed curves), and the
Rabi splitting obtained is as large as 300 meV.
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FIG. 2 (color).
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Under high excitation, exciton-polaritons show nonlin-
ear characteristics at room temperature. The excitation
source is a Nd:YAG pulsed laser (wavelength: 355 nm,
pulse width: 3 ns, repetition rate: 10 Hz) with a spot size of
~10 um?, which can create high-density carriers in the
ZnO microcavity. When the excitation power exceeds a
certain threshold (P = 0.33 uW), the lowest energy states
(ky = 0) of the N = 47, 48 polariton modes are remark-
ably populated, and lasing phenomena [27] from these two
TE polarized polariton modes are observed, as shown in
Fig. 2(a). Interestingly, when the pumping power further
increases, there appear two bright spots degenerate in
energy with their lasing source and located symmetrically
at the dispersion curve of the adjacent polariton mode, as
shown in Fig. 2(b). The intensities of these spots (~ 5000
for the mode N = 48 and ~30000 for the mode N = 47,
P =130 uW) are much larger than that of the back-
ground polariton modes (~ 500) without the contribution
of scattering. This characteristic indicates that the two
bright spots are induced by the intersubbranch PPS, as
shown schematically in Fig. 2(c). The balanced signal
and idler have degenerate energy and opposite momenta,
with the polarizations being the same as that of the scat-
tering source. One can describe the scattering process with
{[E, k(0)].[E, k(0) [y — {[E, k()] [E, k(=) I}y

To further study the underlying physics, we carried out
power-dependent experiments on this nonlinear scattering
process. Four typical k-space PL. mappings under different
excitation powers are shown in Fig. 3(a). Here, we study
the scattering probabilities to the signal beam, i.e., at the
positions B and B’ (the scattering to the idler beam has a
similar behavior). For comparisons, the off-resonance po-
sitions (marked A, A’, C, C') are also selected. The intensity
ratios 1/, at positions A, B, and C have been plotted in
Fig. 3(b), as functions of the intensity of scattering source
1. The nonlinearity of the scatterings to the on-resonance
position B is unambiguously demonstrated, while scatter-
ings to the off-resonance positions (A and C) show nearly
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Room-temperature k-space PL mapping under high excitation. (a) Polariton lasing in the 1D microcavity with

pumping power P = 0.33 uwW. The intensity has been color scaled in logarithm. (b) Polariton nonlinear scatterings with pumping
power P = 1.30 uW. (c) Schematic picture for the PPS process, {[E, k(0)], [E, k(0)}y — {[E, k()] [E, k(=) }y—1.
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FIG. 3 (color). (a) k-space PL mappings under four different
pumping powers. (b) Scattering probabilities at positions A, B, C
as a function of the intensity of the polariton scattering source.
B: Scattering to the N = 47 polariton mode, A and C: Off-
resonance scatterings. (c) The similar scattering behavior be-
tween polariton modes N = 47 and N = 46.

linear characteristics. The linear scatterings to those off-
resonance positions are attributed to the polariton scatter-
ings by the static disorder in the sample, with random
scattering directions [28]. The ‘“‘scattering belt,” i.e., the
red zonal area extending from the scattering source [see in
Fig. 3(a)], is a clear manifestation of the normal Rayleigh
scattering. On the other hand, the nonlinear scattering to
position B confirms the intrinsic threshold characteristic of
PPS, and the discontinuous derivative of the scattering
probability at the threshold [see in Fig. 3(b)] shows the
peculiar feature of PPS: a second-order phase transition
[11]. These properties distinguish the intersubbranch PPS
from the polariton-disorder scattering. In addition, a simi-
lar behavior is observed for the scattering process between
modes N =47 and N = 46, but with a lower scattering
gain, as depicted in Fig. 3(c). This difference could proba-
bly be ascribed to a smaller excitonic fraction of the polar-
iton condensate at mode N = 47 (~ 45% at the k = 0
polariton state for the mode N = 47, while ~56% for the
mode N = 48).

Theoretically, the dynamics of polariton scattering pro-
cesses can be described by the rate equation of interacting
bosons [3]. A schematic diagram is shown in Fig. 4(a). In
this model, the polariton occupation number of the scat-
tering source n; is determined by the following physical
processes: the effective injection by the gain mechanism of
polariton condensate (with injection rate Pg), the loss by
scatterings (with scattering coefficient «) and other damp-
ing processes (with damping coefficient vy): radiative

recombination, some nonradiative relaxation channels
like interactions with phonons, etc. For the signal ng and
idler n;, the polariton populations are mainly determined
by the scattering from polariton reservoirs and their damp-
ing processes (with damping coefficients 7y, v, respec-
tively). Direct injection from the exciton bath is ignored,
considering the fact that the contribution from the back-
ground polariton mode is negligibly small, as mentioned
above. In this model, both the linear polariton-disorder
scattering (Anjje,r) and PPS (Anppg) have been taken
into account. Considering the bosonic characteristic of
polaritons and the symmetry of signal and idler, the time
evolution of signal population can be described as follows:

di’ls

T = —ygsng + Anpps + Anjinear (D

Anpps = appsni(ng + 1)* — appsni(ng + 1%, (2)

Anlinear = alinearn()(ns + 1) - alinearnS(nO + 1): (3)

where appg is the scattering coefficient for the PPS process,
and ajje,r corresponds to the coefficient of polariton-
disorder scattering. Because polariton-polariton scattering
is a transient process and the time for building up PPS gain
(~ps) [7] is much smaller than the laser pulse width
(~ ns), it is reasonable to consider that the system reaches
a steady state. By seeking the stationary solution of the rate
equation, we deduce the polariton occupation number of
the signal state ng (idler n;) as a function of the scattering
source population ng, which is used in the following
fittings.

The experimental data of the scattered signal I¢(Ig)
versus the scattering source [y(ly) are shown in
Figs. 4(b) and 4(c). Unlike traditional PPSs by resonant
excitation, the PL intensity of polariton reservoirs does not
mix up with the light signal from the pumping laser in our
case. Thus, the direct relationship between the intensity of
scattered polariton signal /5 and that of the scattering source
Iy can be experimentally investigated, which is different
from its dependence on the polariton injection rate P (or
the laser power). In addition, the approximately equal in-
tensity and the same variation trend of signal and idler
confirm that this interbranch PPS process generates bal-
anced polariton pairs. The PL intensity is proportional to the
polariton population, and the scaling coefficient is deter-
mined by setting ng = 1 at the threshold of PPS [3]. The
damping coefficient g is extracted (iyg ~ 3 meV) under
low excitation conditions when polariton scatterings can be
ignored. For the scattering between modes N = 48 and
N = 47, the fitting of this PPS process with appg = 1.1 X
10~* meV is shown in Fig. 4(b) (see the blue line), which
agrees well with our experimental data (for both signal and
idler). A similar fitting is carried out for the scattering
process between modes N = 47 and N = 46, with a smaller
scattering coefficient happs = 0.3 X 10™* meV, as shown
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FIG. 4 (color).

(a) Sketch for the dynamics of the PPS process. (b) Theoretical fitting for the scattering between modes N = 48 and

N = 47. The red diamonds (green circles) represent the dependence of the scattered polariton signal I (idler /;) on the scattering
source /. The blue line is the fitting of the PPS process with appg = 1.1 X 10™* meV. (c) Similar fitting for the scattering between
modes N =47 and N = 46 with happs = 0.3 X 10* meV. The polariton-disorder scattering coefficients faje,, for these two

scattering processes are of the order of 1072 meV.

in Fig. 4(c). The polariton-polariton scattering coefficient
apps here is expected to be smaller, as the excitonic fraction
of the scattering polaritons is less [3]. At the threshold of

PPS, the polariton population n{" can be expressed as

v 7Vs/2apps [3], and the polariton-polariton interaction co-
efficient M, = (S/mAZ)hys/ni" [11] can be acquired in
units of Az, where S is the area of the hexagonal cross
section of the ZnO microwire and Ay is the Bohr radius of
the exciton. With the value of this interaction coefficient,
the density of polaritons can be estimated: p =
(AE/M,,)/ (% mA3), where AE is the energy blueshift of
polaritons in present density surroundings. In our system,
the polariton energy blueshift from the low excitation power
to the PPS threshold is ~18 meV; hence, the polariton
density is ~10'7 cm™3 at the threshold, which is still
smaller than the Mott density (~ 10'° cm™3) for the ZnO
system [29].

The nonlinear scattering processes discussed above oc-
cur at high excitation conditions; it is thus necessary to
confirm that the system is still in the strong coupling
regime. Besides the estimated polariton density, there is
other evidence to support this view. The blue dotted curves
in Figs. 2(a) and 2(b) show the well-defined polariton
dispersion curves, which are extracted from the mappings
under low excitation conditions by the continuous laser.
Obviously, the dispersion curves under high excitations
resemble those obtained under low excitations, with a
small energy blueshift (~ 18 meV, one-fifteenth of the
Rabi splitting) originating from the polariton-polariton
interaction, as mentioned above. Moreover, these disper-
sions under high excitation can also be well fitted by the
coupled oscillator model when the polariton-polariton in-
teraction is taken into account (the green short-dashed
curves). For comparison, the theoretical dispersions of
pure optical cavity modes are also depicted in Figs. 2(a)

and 2(b) (the white long-dashed curves), showing a large
deviation from our experimental dispersion curves.
Therefore, one can conclude that the strong coupling be-
tween excitons and photons is still maintained under such
excitation conditions.

In summary, we have reported the first experimental
observation of room-temperature PPS in a one-
dimensional ZnO whispering gallery microcavity. Unlike
conventional PPS processes, the scatterings in our work are
driven by a polariton condensate under nonresonant exci-
tation conditions. Thanks to the multiplet subbranches in
this 1D microcavity, an intersubbranch scattering channel
is available and balanced polariton pairs are generated at
room temperature. The direct relation between the inten-
sity of the scattered polariton signal and that of the scat-
tering source is acquired, and the dynamics of this
parametric scattering process is well described by the
rate equation of interacting bosons. Our work opens a
new way for the generation of scattering sources in PPS
and is promising for the development of polariton para-
metric process applications at room temperature.
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