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We report exciton-polariton condensation in a new family of fully hybrid ZnO-based microcavity
demonstrating the best-quality ZnO material available (a bulk substrate), a large quality factor (~4000)
and large Rabi splittings (~ 240 meV). Condensation is achieved between 4 and 300 K and for excitonic
fractions ranging between 17% and 96%, which corresponds to a tuning of the exciton-polariton mass,
lifetime, and interaction constant by 1 order of magnitude. We demonstrate mode switching between
polariton branches allowing, just by controlling the pumping power, to tune the photonic fraction by a

factor of 4.

DOI: 10.1103/PhysRevLett.110.196406

Cavity exciton-polaritons [1] (polaritons) are the quasi-
particles resulting from the strong coupling between pho-
tons confined in a microcavity and excitons. Polariton
properties have been very extensively studied in the past
years, and an impressive set of striking physical phe-
nomena have been demonstrated. One can cite parametric
amplification [2] and oscillation [3], bistability [4], and
multistability [5,6], Bose-Einstein Condensation in various
geometries [7-9], and up to room temperature [10,11],
superfluidity [12], topological defect generation, [13-16],
Josephson oscillations [17,18], and even magnetricity [19].
These phenomena of very strong fundamental interest can,
in principle, serve as a basis for the development of a new
generation of optoelectronic devices: polariton lasers [20],
polariton switches [21,22], transistors [23] and, ultimately,
polariton circuits. Switches and circuits based on polar-
itons profit from the nonlinearity provided by the exciton-
exciton interaction, which is orders of magnitude larger
than the one of standard nonlinear crystals. The properties
of cavity polaritons are inherited from the properties of
their bare constituents, the photon and the exciton, which
are two particles very different in nature. Indeed, cavity
photons are noninteracting extremely light particles with a
lifetime controlled by the quality factor (Q) of the cavity.
On the other hand, the exciton mass is 4 orders of magni-
tude larger than the one of the cavity photon, and they
strongly interact with each other. A key principle advan-
tage of cavity polaritons, with respect to their individual
constituents, is the possibility to tune their exciton-photon
fraction and to completely modify the properties of the
polariton single particles as well as of the collective polar-
iton states [24-27]. However, the development of commer-
cial devices exploiting these potentialities requires room

0031-9007/13/110(19)/196406(5)
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temperature operation, which implies the use of active
materials with large exciton binding energy and oscillator
strength. This is why attention has turned to wide-band gap
inorganic semiconductors, such as GaN and ZnO, and to
organic materials [28]. Room temperature polariton lasing,
as well as other fundamental effects such as spontaneous
symmetry breaking [10] and self-induced Larmor preces-
sion [29], was demonstrated in GaN-based microcavities.
In ZnO, both exciton oscillator strength and binding ener-
gies are much larger than in nitrides [30-32]. As a result,
the energy splitting between the polariton eigenmodes can
reach 200-300 meV, a record for inorganic structures
[33,34]. This feature makes ZnO-based structures an opti-
mum choice for a blue-light- and UV-emitting polariton
laser device [35-38]. Another key advantage of such large
Rabi splitting values is the possibility to create polariton
condensates at positive exciton-photon detuning [37],
namely, with a large excitonic nonlinearity fraction, even
at room temperature. Following the approach developed in
GaN based systems, ZnO-based planar cavities have been
fabricated with a bottom epitaxial mirror, an epitaxial ZnO
active layer, and a final top dielectric DBR [32,38-40].
Vertical cavity surface emitting lasers [32] and polariton
lasers [38,39] were fabricated from such structures, despite
a rather low Q (200-600) and strong spatial inhomogene-
ities. Alternatively, polycrystalline ZnO has been deposited
between two dielectric DBRs, thereby sacrificing the crys-
talline quality of the active material but increasing the
cavity Q up to 1000, which has also allowed the observa-
tion of polariton lasing up to 250 K [35].

In this Letter we study a new type of microcavity that
merges the excellent crystalline properties of bulk ZnO
substrates (i.e., defect-free material) with the large Qs of

© 2013 American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.110.196406

PRL 110, 196406 (2013)

PHYSICAL REVIEW LETTERS

week ending
10 MAY 2013

ZnO thickness (nm)

100 200 300 400 500

Energy (eV)

I, \

- - - - Cavity mode .

— = - Polaron modet-
K

T=300K |

y 100
Position (um)

FIG. 1 (color online). Emission intensity below threshold mea-
sured at room temperature along the thickness gradient and
showing five LPB when the cavity thickness changes from A
to 3A. A is the wavelength corresponding to the excitonic
resonance (shown as a solid line). The dashed (dotted) lines
show the calculated dispersion of the LPB (bare cavity modes).

enabled by dielectric DBRs (4000 in our sample). As a
result, polariton condensates are created in an unprece-
dented range of parameters: from 4 to 300 K, and for
excitonic fractions of the polariton condensate between
17% and 96%. This means that we can create polariton
condensates with a broad tuning range of their dispersion
and nonlinearities. Furthermore, we demonstrate mode
switching allowing, simply by controlling the pumping
power, to tune the photonic fraction by a factor 4 (from
7% to 28%).

The studied microcavity is fabricated by etching a ZnO
substrate down to a few hundreds of nanometers and by
surrounding the remaining ZnO by two HfO,/SiO, dis-
tributed Bragg reflectors. This fabrication technique yields
a large, quasicontinuous thickness gradient whose value
depends on the exact location of the sample, as shown by
MPL in Fig. 1. Such a thickness gradient allows for a very
large tuning of the energies of the cavity modes and of the

(a) 6= +450 meV, T=5K
96% exciton-like condensate
| DOYr e
3.35
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Energy (eV)

02P,
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FIG. 2 (color online).

Energy (eV)

resulting lower polariton branches (LPBs). The curvature
of the LPBs as they approach the bare exciton modes
evidences clearly the achievement of the strong coupling
regime. The fit of these five dispersions, using the transfer-
matrix formalism [41], allows us to extract the Rabi split-
ting, which ranges from 180 to 260 meV (see Supplemental
Material [41]), as a function of the active layer thickness.
For the following, the exciton-photon detuning as a func-
tion of the cavity thickness and the photon-exciton fraction
of the polariton modes were estimated within a standard
model of coupled oscillators [41].

Polariton condensation is observed in every investigated
spot within the microcavity. It is demonstrated by a non-
linear threshold of the ©PL emission against pumping. This
nonlinear rise of the output intensity, typically of 2 to 4
orders of magnitude, is accompanied by a line sharpening of
1 order of magnitude (down to 0.4 meV) and a moderate
blueshift of the LPB energy (typically 1-10 meV, i.e., less
than 4% of the actual Rabi splitting). The corresponding
data showing condensation at 5, 70, and 300 K, and for
various exciton-photon detunings are shown in the
Supplemental Material [41]. We do not present here a
detailed analysis of the energetic distribution of the emis-
sion below threshold (thermalization). We therefore do not
claim the achievement of Bose-Einstein Condensation, but
the spontaneous formation of a condensate, namely, a mac-
roscopically occupied coherent state. Thanks to the large
Rabi splitting value, condensation is observed in a very
wide range of parameters between 5 and 300 K, and both
for strongly excitonic (96% of exciton fraction) and
strongly photonic (83% photon fraction) polaritons. Two
representative extreme cases are presented on the same
scale in Fig. 2. Below threshold, the excitonlike dispersion
is spectrally narrow, being very weakly affected by the
photonic inhomogeneous broadening induced by the thick-
ness gradient. On the other hand, the more photoniclike
condensate exhibits a large inhomogeneous broadening,
with several neighboring modes being visible. The differ-
ences are also clear above threshold, with the excitonlike

(b) 6=-95 meV , T=300K
70% photon-like condensate

S e S s sttt B e s s s s

0 10 20 30 40 0
Angle (deg)

10 20 30 40

(a) Fourier space images of the emission below (left) and above (right) the condensation threshold for an LPB

with a 96% exciton fraction, corresponding to a 2.5 cavity mode. The data is taken under 130 fs pulsed excitation. Below threshold,
the emission consists of the LPB and the nondispersive donor-bound exciton transition (D°X). (b) Same as (a), but taken under
quasicontinuous excitation at 300 K and for a 3A cavity mode. The photon fraction of the LPB is 70%.
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TABLE I. Range of exciton-photon detunings in which polar-
iton condensation has been achieved and the corresponding
extreme exciton-photon fractions.

Photon
fraction

Exciton

Temperature (K) Detuning (meV) fraction

300 +91 to —152 68% to 24% 32% to 76%
250 +118 to —214  72% to 17% 28% to 83%
150 +273 to —132  87% to 26% 13% to 74%
5 +450 to +105 96% to 63% 4% to 37%

condensate appearing well above the LPB dispersion below
threshold and being wide in k space due to its interaction
with the excitonic reservoir. On the contrary, above thresh-
old the photonic condensate is much less affected by the
exciton reservoir, which is localized within the 2 um
pumping laser spot, and, therefore, shows a narrower dis-
tribution in k space.

The range of studied exciton-photon detunings where con-
densation has been achieved, and of corresponding exciton-
photon fractions are shown on Table I versus temperature. One
can see that properties associated with the exciton fraction
(interaction constant) can be tuned by a factor of ~6, whereas
properties associated with the photon fraction (mass, lifetime)
can be tuned by a factor of ~20. One can therefore create, at
will, either strongly interacting condensates with a large life-
time (already more than 10 ps in our structure), or almost
interacting-less ones (i.e., more photoniclike states) just by
changing the operation temperature (and the detuning).

The dependence of the condensation threshold versus detun-
ing under quasicontinuous excitation and for temperatures
ranging from 5 to 300 K is presented in Fig. 3(a). The corre-
sponding theoretical curves, obtained by the numerical solu-
tion of semiclassical Boltzmann equations [1,41], are shown in
Fig. 3(b). The dependence of the threshold appears quite
similar to the one measured in other material systems

[24,25,27]: For a given temperature, the threshold first
decreases versus detuning, passes through a minimum and
then increases. This optimal detuning is determined by the
trade-off between thermodynamics and kinetics. The optimal
detuning decreases versus temperature because the kinetics
becomes more favorable, contrary to the thermodynamic limit,
which degrades. In contrast with the observations in GaN-
based cavities [25], and for the same temperature range, the
optimal detuning of our ZnO-based structure is positive, as
theoretically expected [37]. This behavior is due to the large
Rabi splitting value, which induces a very deep energy mini-
mum at the bottom of the LPB while keeping a large density of
final states and, therefore, fast relaxation kinetics. Interestingly,
the polariton lasing threshold versus detuning at low tempera-
tures shows a double-dip structure [Fig. 3(a), inset]. The exis-
tence of a second optimum is induced by efficient polariton
scattering directly from the reservoir to the LPB via interaction
with an LO phonon, as we recently suggested [39]. At inter-
mediate temperatures (100 K), the two dips merge to form a
single minimum, and this is where we obtain the overall lowest
pumping threshold. At higher temperature, the optimal detun-
ing value keeps decreasing reaching a value compatible with a
relaxation assisted by the emission of 2 LO Phonons. The
efficiency of this process allows polariton relaxation towards
the LPB despite its large energy offset with respect to the
exciton energy. This mechanism, combined with the large
density of final states induced by the large Rabi splitting (3 to
5 times larger than in GaN), provides fast scattering rates and is
responsible for the low threshold.

A remarkable regime can be achieved in thicker regions
of the sample, where several LPBs are present simulta-
neously. Depending on the above-mentioned trade-off
between the thermodynamic (negative detuning) and
kinetic (positive detuning) requirements, polaritons
“choose” the optimal branch to condense. This is illus-
trated in Fig. 4(a), where the exciton-photon detuning of

(a) . E psEx (meV) (b)
20 Experiment . 5 0 1 Simulation
0 —— s r r r r
=0.03F = .
B I T=25K, fs exc. ] 300K
20.02F <E - —— 200K
8 ol ~ 8 100K 1
15} £ %
o 0.01E, [ ] 2" —5K
. o
= ——300K| 3 6f ]
< 10t 250K | ¥
5 @
5 150K | & af .
g
* 0.5 E
. - - [}
£ 2f :
'_
1 1 1 " 1 L 1 L 1 " 1 n 1 1
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FIG. 3 (color online).

-100 0 100 200

Detuning (meV)

(a) Polariton condensation threshold measured under quasi-continuous excitation, from 5 to 300 K, versus the

exciton-photon detuning. The thickness of the cavity is about 2.5A. Inset: Double dip dependence of the threshold against the offset
(Erpg — Ey), better revealed by 130 fs pulsed excitation. (b) Polariton condensation threshold density calculated for the same range of

parameters as in (a), using the semiclassical Boltzmann equation.
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three consecutive LPBs is shown versus the active layer
thickness along the gradient. The modes in which polariton
condensation takes place are connected with a solid line.
While going to less positive detuning [i.e., from left to right
in Fig. 4(a)], lasing is continuously observed from the same
mode. When the mode becomes too much photoniclike [at
a thickness of 913 nm in Fig. 4(a)], the system switches
and lasing takes place on the next mode, which is closer
to the optimal detuning value and kinetically favored.
Furthermore, for a given detuning (comparable to the point
at a thickness of 913 nm), the switching can be externally
controlled by the pumping, as shown in Figs. 4(b)—4(d).
Figure 4(b) (below threshold) shows three polariton
modes with very different excitonic contents. Figure 4(c)
(at threshold) demonstrates lasing from the intermediate

(a) 7y (b)
500 A PB1®
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< 200 33.32
€ 200[LPB O $ 3.30
] w
© 100} Twy ®1 328
0852 865 892 913 -20-10 0 10 20
ZnO thickness (nm) Angle (deg)
(© (d)
S 334
L
3 3.32
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FIG. 4 (color online). (a) Detuning versus ZnO thickness for
three LPB. The solid line binds the modes on which the polariton
condensation occurs. The data are taken under 130 fs pulsed
excitation at 70 K. (b), (c), (d) Fourier space images illustrating
mode switching as a function of pumping intensity (situation
similar to point at a thickness of 913 nm in panel (a)). (b) Image
below the condensation threshold. (c) Image taken at threshold.
Polariton condensation occurs on LPB1 (7% photon). (d) At 1.2
Py,, the polariton condensate switches to the mode LPBO (27%
photon). (e), (f) Calculated emission of the polariton condensate
created under the 2 um pumping area and propagating in the
potentials shown on the panel (e) (see [41] for details on the
simulation). Inset (e) Effective potential seen by the polaritons
on LPBI1 (red-grey) and LPBO (black), respectively.

branch LPB1 (7% photon). The relaxation toward this
branch is indeed kinetically easier, whereas particles cannot
reach the LPBO, which would be more thermodynamically
favorable. A further increase of the pumping enhances
exciton-exciton scattering processes and the condensate is
then able to reach a lower energy state, at the bottom of
LPBO, which is 27% photonic [Fig. 4(d)]. This process can
be used to realize a tunable laser and is also very promising
for room-temperature optical switches as discussed below.
Interestingly, the photon fraction of the condensate increases
by a factor of 4 by passing from one branch (LPB1) to
another (LPBO0). This should, in principle, strongly modify
the properties of the created condensate and opens a number
of possibilities to manipulate them in optical devices.

This modification of properties is clearly visible in our
data. The inset of Fig. 4(e) depicts the typical potential
seen by the polaritons in both cases. It is composed of a
Gaussian potential induced by the excitonic reservoir,
which acts on the excitonic part of the polaritons, and a
staircase potential induced by the thickness gradient, act-
ing on the photonic part only. The height of a step corre-
sponds to 1 monolayer variation of the cavity thickness. A
simulation [41] based on the numerical solution of the
modified Gross-Pitaevskii equation [42] using the above-
mentioned potential, reproduces very well the observed
features [Figs. 4(e) and 4(f)] and gives further insight
into the behavior of the condensate in this cavity. The k
distribution of the condensate occurring on the LPBI1
shows a wide homogeneous peak due to the interaction
of the heavy excitonlike polaritons with the localized
excitonic reservoir [43]. On the other hand, the more
photonic condensate of LPB0O shows a series of discrete
well-defined sharp peaks up to large wave vectors values.
This is due to the steplike acceleration of the condensed
polaritons [44], similar to the one recently evidenced in
Ref. [45], where the staircase potential was created by a
spatially varying nonresonant pump and was acting on the
excitonic part. In the current situation, the condensate
propagates along the main thickness gradient, away from
the pumping area, and crosses the successive polariton
modes associated with the discrete values of the two-
dimensional potential. Interestingly, by combining the
two types of potentials, acting independently on the photon
and on the exciton fractions, one can create a spatial trap
for polaritons whose shape would be entirely controlled by
the exciton-photon fraction. The condensate could be
trapped for a higher exciton fraction and automatically
released to a more photonic state when the switching
occurs. Then, the released propagating condensate can be
used to switch another neighboring condensate. This
scheme is very similar to the one recently demonstrated
in Ref. [46], but has the advantage of being controlled by a
nonresonant optical pump and, ultimately, to be compatible
with room temperature operation. Its achievement will
however require further investigation on the magnitude of
the exciton-exciton interaction in ZnO cavities.
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In conclusion, we studied a fully hybrid ZnO cavity com-
bining high material quality and high cavity Q, which allows
us to observe polariton condensation from 4 to 300 K and to
tune the exciton fraction of the polariton condensate from 17%
to 96%. Beyond the technological interest, these new hybrid
structures open the very interesting perspective to perform
propagation experiments at room temperature and to study
the temperature and exciton fraction dependence of the super-
fluid behavior and topological defects in polariton fluids.
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