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Abstract
Based on ZnO microcavities with high quality factors, where the gain medium exhibits
confinement of wave packets due to the intrinsically formed whispering gallery microcavity,
strong coupling between excitons and cavity photons can be obtained at room temperature
resulting in hybrid quasiparticles, e.g. exciton polaritons. In this work, polariton condensation
is induced under the non-resonant excitation by linearly polarized femtosecond laser pulses
with different polarization directions. The dynamical angle-resolved k-space spectra of the
photoluminescence emission of polariton condensates are measured with sub-picosecond
resolution by the self-developed femtosecond angle-resolved spectroscopic imaging technique.
Our results show that the ultrafast dynamics of polariton condensation is sensitive to the
polarization direction of the excitation pulses which can be explained qualitatively by the
combined effect of selective excitation of distinct exciton modes in the sample and the
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effective coupling strength of the excitation pulses in the ZnO microcavity for various
polarization directions. This work strengthened the understanding of the condensation process
for cavity exciton polaritons at room temperature.

Keywords: exciton polariton, ultrafast dynamics, polarization-dependence

(Some figures may appear in colour only in the online journal)

1. Introduction

It is known that in the bosonic systems, when the interpar-
ticle distance is smaller than the de Broglie wavelength, the
particles can spontaneously accumulate in the ground state,
forming Bose–Einstein condensation (BEC). BEC was first
observed in cold rubidium atoms in 1995 [1]. However, the
extreme conditions to achieve atomic BEC are harsh, e.g.
ultralow temperatures in the nanoKelvin (10−9 K) level are
usually required. Recently, a new state of matter has shown
advantages to achieve BEC at high or even room tempera-
ture. Exciton–polariton (EP) is a bosonic quasiparticle formed
by the strong coupling between excitons and cavity photons
in semiconductors [2]. Polariton’s photonic component con-
tributes to its small effective mass, about eight orders of mag-
nitude smaller than that of an atom, which means BEC can
be obtained in EPs at high temperatures [3]. The long range
spatial and temporal correlation as well as phenomena such as
condensation, vortices, and superfluidity have been realized in
polaritonic systems [4–8]. So far, experimental studies have
focused on static state measurements or exciton dynamics [9],
and the highest time resolution is in the order of picosecond
[4, 10, 11]. Nevertheless, room-temperature polariton conden-
sates have shown broad potential in applications of compact
polaritonic devices where exploration of the ultrafast dynamics
is yet in urgent need.

ZnO is one kind of semiconductor with a direct bandgap
of 3.37 eV at room temperature. The large exciton binding
energy of 60 meV and a large oscillator strength make ZnO
a good candidate for the realization of polariton condensa-
tion at room temperature [12–16]. The ZnO microwires grown
by the chemical vapor deposition (CVD) method intrinsically
form whispering-gallery (WG) microcavities with quality fac-
tors (Q factors) above 1000 [17]. The coupling efficiency of
photons and excitons can be dramatically enhanced in these
WG microcavities. Polariton LED, and polariton lasing in the
ultraviolet region have been realized in ZnO WG microcavi-
ties [18, 19]. However, the exploration of underlying dynamics
of the related polariton condensation process is not suffi-
cient. One major issue is the short lifetime of the polaritons
at room temperature, which requires experimental resolution
at sub-picosecond time scale that cannot be achieved with
commercial streak cameras.

Based on the fact that the coherence of the ensemble is
reconstructed during the polariton condensation process, it is

found that the observed condensation signal represents intrin-
sic features in polarization [20, 21]. Nevertheless, the depen-
dence on the polarization direction of the pumping pulses has
been rarely explored. In the present work, linearly polarized
femtosecond laser pulses at 350 nm are used for the non-
resonant excitation of polariton condensates in a ZnO WG
microcavity at room temperature. The angle-resolved k-space
spectra of polariton condensates are measured explicitly with
femtosecond resolutions using self-developed techniques [22].
Clear excitation polarization dependence can be recognized in
the dynamics of polariton condensation. It is found that when
the microcavity is excited with the polarization direction per-
pendicular to its c-axis, the polaritons are formed the most effi-
ciently accompanying with the fastest dynamics. The excited
particle density monochromatically decreases when the polar-
ization direction rotates towards the c-axis. Besides the possi-
ble coupling efficiency of the excitation pulses into the ZnO
microwire, the selective excitation of different species of exci-
tons is found to be responsible for the observed polarization-
dependent dynamics.

2. Experimental materials and methods

In our experiment, the ZnO WG microcavity (with the diame-
ter in the range of about 2–4 μm and the length over 100 μm)
is grown along the c-axis by the CVD method. Femtosecond
pulses (central wavelength at about 800 nm, pulse duration
of around 35 fs, repetition rate at 1 kHz) obtained from a
Ti:sapphire amplification system (Coherent Astrella) are sent
to a parametric amplifier (TOPAS Prime) for frequency con-
version. The output femtosecond pulses at 350 nm are focused
onto the ZnO microcavity by an 15× objective (Thorlabs,
LMU-15X-UVB) to excite polaritons nonresonantly. The laser
spot is about 4 μm in diameter. The pulse duration of the exci-
tation pulses is estimated to be around 240 fs (full width at
half maximum, FWHM) at the interaction region. The polar-
ization directions of the excitation pulses are controlled by a
half-wave plate mounted on a motorized rotational stage. The
k-space photoluminescence (PL) emission is measured by the
angle-resolved fluorescence spectrum system [23], and the
resulting distributions are detected by a spectrometer (Andor,
SR-500i-B1) implementing a two-dimensional intensified
charge-coupled detector (ICCD, iStar). In addition, a beam of
35 fs pulses centered at 800 nm with pulse energy of approx-
imately 200 μJ are used as the gating pulses applied on a
piece of fused silica placed at a focusing plane along the PL
light path. Ultrafast gating can be realized based on optical
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Kerr effect in the medium. The timing of the gating pulse is
precisely controlled using a high-precision motorized delay
stage. In this femtosecond angle-resolved spectroscopic imag-
ing (FARSI) technique, the distributions of the PL emission in
both the energy and the momentum degrees of freedom can
be detected with femtosecond resolutions [22]. All the mea-
surements are carried out for transverse electric (TE) mode
emission.

3. Results and discussions

The linearly polarized excitation pulses at 350 nm can effi-
ciently produce polariton condensates in ZnO WG microcavity
as long as a certain threshold is reached. The power depen-
dence of the ground-state occupancy is measured for differ-
ent polarization directions of the excitation pulses. The results
are shown in figure 1. The ground-state occupancy shows a
linear increase with respect to the pumping power below the
threshold. It starts to increase nonlinearly at the onset of con-
densation. This nonlinear region is usually accompanied with
strong inter-particle interactions and can be characterized by a
linewidth narrowing. The population dependence returns to a
linear dependence after this transition region [5, 6]. The point
of the first inflection of each curve indicates the correspond-
ing threshold power for polariton condensation. According to
figure 1, it can be found apparently that the threshold power
exhibits difference for various excitation polarization direc-
tions. As the polarization changes from along 0 degree to 90
degree (where 0/90 degree represents the polarization direction
perpendicular/parallel to the c-axis, as shown in the inserted
figure in figure 1), the thresholds are obtained at about 0.52μW
(0 degree), 0.56 μW (30 degree), 0.61 μW (60 degree), and
0.66 μW (90 degree), respectively. Accordingly, at a certain
excitation power, e.g. at about 0.6 μW, polariton condensation
can be achieved for the 0 degree polarization, but not for the
polarization directions along 60 and 90 degree. It is verified by
this measurement that to achieve the same amount of ground-
state occupancy, the required excitation power is increasing for
the polarization directions rotating away from 0 degree. As the
pump power increases, larger amount of polaritons accumulate
at the ground state, leading to stronger interactions. Power-
dependent blue shifts can be observed in various polarization
conditions.

The dispersion relation of the polaritons can be obtained
by using angle-resolved k-space spectroscopy. Generally, the
dispersion curves of multiple lower polariton (LP) branches
can be observed for ZnO microwire below the condensation
threshold [23]. Whereas above the threshold, polariton con-
densates will suddenly accumulate on the ground-state of a cer-
tain LP branch where the effective quality factor is optimized
[17]. Figures 2(a)–(c) present the static-state k-space angle-
resolved PL distributions with different polarization directions
along 0, 45, and 90 degree for the same pumping power of
0.8 μW. Polariton condensates at the bottom of the dispersion
curve with N = 43 are obtained for all the three polarization
directions, where the dispersion curves (indicated by the white
dashed curves) are obtained from the fitting results using the
classical plane waves model [24]. In the comparison of the

Figure 1. The ground-state occupancy vs pump power for
polarization directions along 0, 30, 60 and 90 degree, respectively.
Corresponding condensation threshold powers are found to be
around 0.52 μW, 0.56 μW, 0.61 μW and 0.66 μW. Inserted figure:
sketch of the ZnO WG microcavity and the coordinates. The pump
pulses are along the x axis. 0/90 degree polarization is along the
y/z-axis. The crystallographic axis (c-axis) is along the z-axis.

integrated condensation signal for various polarization direc-
tions (shown in figure 2(d)), it is shown that as the polarization
direction changes from 0 degree to 90 degree, the intensity of
condensates follows a linearly decreasing trend, indicating a
monochromatic reduction of the particle densities in the polari-
ton condensates. The polariton condensates also show a red
shift in energy when the polarization direction changes from 0
to 90 degree.

To reveal the underlying mechanism of the excitation polar-
ization dependence of polariton condensates, FARSI tech-
nique is used to measure the condensation dynamics for
different pumping polarization directions at about 0.85 μW.
Figures 3(a)–(d) show the angle-integrated PL distributions as
a function of energy and delay time for four distinct polariza-
tion directions. A dynamical red shift of the condensation is
observed for each scan, which can be attributed to the decay
of the particle density. Showing in figure 3(e), the slower red
shift at larger polarization angle is due to the fact that the
lower intensity of condensates results in a reduction in the
polariton–polariton interaction. When we compare the time-
integrated spectra obtained at different excitation polarization
directions (as shown in figure 3(e)), slight red shift can be
recognized as the polarization direction rotates from 0 degree
to 90 degree, which can be an indication of the variation in
the overall occupation density. From these scans, lifetimes of
a few picoseconds can be extracted for the EPs in ZnO WG
microcavity at room temperature.

The dynamics of polariton condensation can be clearly ver-
ified by the time-dependent results. The data presented in
figure 3(f) are obtained by integrating the signals shown in
figures 3(a)–(d) for the related energies, and the results are
compared with the calculations based on rate equations. In our
simulation, the arriving excitation pulses upon the ZnO micro-
cavity generate pump excitons at higher energy. The pump
excitons are then scattered to form an exciton reservoir. Some
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Figure 2. (a)–(c) Static-state k-space angle-resolved PL mappings for polariton condensates under excitation pulses along three different
polarization directions. The dispersion curves (indicated by the white dashed curves) are obtained from fitting with the classical plane waves
model. (d) The excitation polarization dependence of the condensation signal at a fixed pump power of 0.8 μW. The solid line is from a
linear fitting.

particles in the exciton reservoir strongly coupled with the cav-
ity photon can generate polaritons, which relax to the bottom
of a certain dispersion curve and form polariton condensates
when the threshold condition is reached. The equations are
written as follows.

∂nP

∂t
= P(x, t) − γPnP − rnPnR (1)

∂nR

∂t
= rnP − γRnR − R1nR(n1 + 1) (2)

∂n1

∂t
= −γ1n1 + R1nR(n1 + 1) (3)

Here, P(t) indicates the pump power. nP, nR, and n1 represent
the densities for the pump exciton, the exciton reservoir, and
the polaritons, respectively. γP, γR, γ1 are the corresponding
decay rates. r and R1 are the scattering rates from the pump
exciton to the exciton reservoir, and from the exciton reservoir
to the EPs, respectively. The numerically simulated results are
shown explicitly by the solid curves in figure 3(f). The simula-
tion results can reproduce the main features of the experimen-
tal data to a large extent. For a fixed pumping power, the rising

of polariton condensates signals appear successively for exci-
tation polarization directions at 0, 30, 60 and 90 degree, respec-
tively. The most intense condensation signals are at around
7.96 ps, 9.12 ps, 10.43 ps, and 12.52 ps. Compared with the
case obtained at 0 degree polarization, the condensation pro-
cess at 90 degree lags by about 4.56 ps. Moreover, the life-
times extend for polarizations at larger polarization angles.
Through the exponential fitting of the relaxation process of
condensation for various polarization directions, the polariton
lifetimes are extracted to be 1.76 (0 degree), 2.02 (30 degree),
2.43 (60 degree), and 2.72 ps (90 degree), respectively. All
these phenomena demonstrate that when the excitation laser
pulses are polarized perpendicular to the c-axis of the ZnO
microwire, the most efficient injection of polariton conden-
sates can be realized. However, when the polarization is rotated
towards the parallel direction with respect to the c-axis and
by fixing the excitation strength, the injected polariton den-
sity becomes less and less, which is embodied in the reduc-
tion of the condensation signal, the ascending threshold, and
the extended dynamics of the polariton condensates towards
longer time scales.
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Figure 3. (a)–(d) The PL emission of the polariton condensation as a function of energy and time. (e) The signal are projected onto the
energy axis for various polarization directions. The solid curves are fit with Gaussian function. (f) The dynamics of polariton condensation
for various polarization directions. The solid curves are the calculation results based on rate equations. For a better quality of the figure, only
10% of the measured data points are shown here.

The excitation polarization dependence of polariton
dynamics is explicitly measured under a series of pump
powers and the results are shown in figure 4. The polarization
dependence under each pump power shows similar tendency
compared to the results presented in figure 3, such that the
whole dynamics of the polariton condensates lags for polar-
ization directions rotating away from the 0 degree. With the
increase of the pump power, the overall polaritonic dynamics
become faster, manifesting as the curves getting closer to
each other on the time axis. As can be seen in figure 4, when
the pump power increases from 0.80 to 1.10 μW, the time
intervals of the condensation signal between 0 degree and
90 degree polarization directions are 6.70 ps, 3.76 ps and
2.37 ps, respectively. These indicate that the effective excita-
tion power for the various polarization direction is different
within the ZnO microcavity.

The observed excitation polarization dependence could be
attributed to two reasons. Considering sending a beam of fem-
tosecond pulses onto a ZnO microwire, the effective reflec-
tivity and coupling efficiency could be different for various
polarization directions. Applying the finite element analysis
method, we simulate the electric field distribution when pulses

with different polarization directions incident normally on the
ZnO microwire (as schematically shown in figure 1) [25, 26].
We find that the incidence polarization direction affects the dis-
tribution of electric field inside and outside the microcavity.
When the polarization direction rotates from 0 to 90 degree,
the effective reflectance in the microcavity increases, resulting
in an enhancement of the light field blocked out of the cavity.
The summed intensity of the electric field inside the hexagonal
cross section of ZnO microwire shows a decrease of about 6%
when the polarization of excitation pulses changes from 0 to
90 degree, despite the fact that the actual incident powers of
these cases are the same.

The other possible reason for the observed polarization
dependence could be the selective excitation of distinct exci-
ton species in ZnO microcavities. The ZnO crystal possesses
wurtzite structure, with Γ7 symmetry for the conduction band
derived from an s state, and the valence band derived from a p
state. Due to the spin-orbital interaction and the field effect, the
valence band can split into three energy states corresponding
to three excitonic states, i.e. A-Γ9, B-Γ7 and C-Γ7, respec-
tively [27, 28]. The pumping polarization could result in the
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Figure 4. The polarization dependence of polariton condensates
dynamics at pump powers of (a) P = 0.80 μW (b) P = 0.95 μW
(c) P = 1.10 μW. As P increasing, the time interval shrinks. For a
better quality of the figure, only 10% of the measured data points are
shown here.

excitation of different excitons. Recently, polarization depen-
dence in the exciton–photon coupling below the condensation
threshold has been reported [29]. Based on the selection rules,
for the σ polarization configuration (with both the polariza-
tion and the wave vector perpendicular to the c axis, i.e. the
0 degree polarization in our work), transition can occur for all
the three species of excitons, where the transition probability
is large for the A and B excitons but smaller for the C exci-
ton. However, for the π polarization configuration (with the
polarization parallel to c axis and the wave vector perpendic-
ular to the c axis, i.e. the 90 degree polarization), transition
is forbidden for the A excitons, but allowed for the B and C
excitons [28]. Moreover, these three types of excitons have
different preferences with cavity modes. For instance, A and
B excitons prefer to interact with TE cavity modes forming
TE polarized EPs. And C excitons like to interact with the
transverse magnetic (TM) cavity modes (polarizing parallel
to the c axis), forming TM EPs [24]. In the ZnO microcav-
ity used in the present work, polariton condensates prefer to
form in the TE modes under the nonresonant excitations [6].
All the measured data presented are obtained for the TE mode
emission. As a result the signal detected is mainly from the
A and B excitons. Comparing to other excitation polarization
directions, there is the highest transition probability of the A
and B excitons for the polarization along 0 degree. The cor-
responding TE mode polariton condensates show the highest
density. Besides, the nonlinear interaction between particles
is the strongest, contributing to the fastest dynamic process.

On the contrary, for the 90 degree polarization, the transi-
tion for the A exciton is forbidden, meanwhile, the transition
probability of the B exciton is weak, thus the condensation sig-
nal is the lowest. The combined effect of these two reasons
leads to the excitation polarization dependence of EPs.

On the other hand, it is found that various resonance modes
(such as whispering gallery mode (WGM) and quasi-WGM)
can be excited in our sample [30]. The optical paths in the cav-
ity could be dramatic different for distinct modes, therefore the
excitation polarization dependent dynamic behavior of polari-
ton condensates may also be affected. This should be explored
in the future in the ZnO microwires with varied diameter or
length.

4. Conclusions

In conclusion, we have investigated the excitation polarization
dependence of polariton condensates in a ZnO WG microcav-
ity at room temperature. Both the static-state and the dynami-
cal k-space angular distributions of polariton condensates are
measured explicitly. It is found that the pumping pulses with
polarization direction perpendicular to the ZnO microwire is
the most efficient to inject polariton condensates, where the
condensates have the maximum density, the minimum pump-
ing power threshold and the fastest dynamics. When rotating
the polarization direction parallel to the c-axis, such prepon-
derance gradually diminish. The induced polariton dynam-
ics can be numerically reproduced by calculations based on
rate equations, indicating a gradual decrease in the ground-
state occupancy as the polarization direction rotates from 0 to
90 degree. The observed excitation polarization dependence
can be attributed to two reasons. One is that the ZnO WG
microcavity exhibits different responses to the incident laser
pulses with different polarization directions. The other possi-
ble reason is the selective excitation of distinct exciton species
in ZnO microcavities under different polarization directions.
The revealed mechanism can deepen our understanding about
the polariton dynamics at room temperature, which has shown
great significance in the development of applicable polaritonic
devices.
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