Fabrication and characterization of a room-temperature ZnO polariton laser
Feng Li, L. Orosz, O. Kamoun, S. Bouchoule, C. Brimont et al.
Citation: Appl. Phys. Lett. 102, 191118 (2013); doi: 10.1063/1.4804986
View online: http://dx.doi.org/10.1063/1.4804986
View Table of Contents: http://apl.aip.org/resource/1/APPLAB/v102/i19
Published by the American Institute of Physics.

Additional information on Appl. Phys. Lett.
Journal Homepage: http://apl.aip.org/
Journal Information: http://apl.aip.org/about/about_the_journal
Top downloads: http://apl.aip.org/features/most_downloaded
Information for Authors: http://apl.aip.org/authors
Copyright (20013) American Institute of Physics. This article may be downloaded for personal use only. Any other use requires
prior permission of the author and the American Institute of Physics.
The following article appeared in (Appl. Phys. Lett. 102, 191118 (2013) and may be found at
http://dx.doi.org/10.1063/1.4804986

APPLIED PHYSICS LETTERS 102, 191118 (2013)

Fabrication and characterization of a room-temperature ZnO polariton laser
Feng Li,1,2 L. Orosz,3 O. Kamoun,4 S. Bouchoule,5 C. Brimont,4 P. Disseix,3 T. Guillet,4
X. Lafosse,5 M. Leroux,1 J. Leymarie,3 G. Malpuech,3 M. Mexis,4 M. Mihailovic,3
veret,3 D. Solnyshkov,3 and J. Zuniga-Perez1,a)
G. Patriarche,5 F. Re
1

CRHEA-CNRS, Rue Bernard Gregory, 06560 Valbonne, France
Universit
e de Nice Sophia-Antipolis, 06103 Nice, France
3
Institut Pascal, PHOTON-N2, Clermont Universit
e, CNRS and Universit
e Blaise Pascal,
24 Avenue des Landais, 63177 Aubière cedex, France
4
Universit
e de Montpellier 2, CNRS, Laboratoire Charles Coulomb, UMR 5221, 34095 Montpellier, France
5
LPN-CNRS, Route de Nozay, 91460 Marcoussis, France
2

(Received 20 March 2013; accepted 27 April 2013; published online 16 May 2013)
A ZnO planar optical microcavity displaying room-temperature polariton lasing over a wide range
of cavity-exciton detunings has been fabricated. The cavity combines optimum crystalline quality,
given by a ZnO single-crystal substrate, and optimum photonic quality, obtained by the use of two
dielectric SiO2/HfO2 Bragg mirrors. A maximum cavity quality factor of about 4000 has been
measured. Typically, the polariton lasing transition is accompanied by an increase of the output
intensity by more than two orders of magnitude, a reduction of the emission linewidth and a
C 2013
relatively small blueshift of the lower polariton branch (less than 5% of the Rabi splitting). V
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Semiconductor planar microcavities operating in the
strong-coupling regime, i.e., optical resonators in which the
eigenmodes of the system are no longer purely excitonic or
photonic but a mixture of them,1 have seen a rapid development in the last years especially since the demonstration of
polariton Bose-Einstein condensation.2,3 The numerous and
exciting discoveries that have followed, including superfluidity4 and topological defects generation,5 have been possible
owing to a mature fabrication technology of distributed
Bragg reflectors (DBR) and semiconductor heterostructures,
mainly based on GaAs or CdTe. This evolution has finally
led to polariton manipulation.6,7 All these experiments were
carried out at low temperatures because, even if the strongcoupling regime might be kept up to room temperature in
these materials, their limited exciton stability at high temperatures and large particle densities precludes condensation at
300 K. In fact, if polariton condensation at the bottom of the
lower polariton branch (LPB) needs to be obtained at room
temperature, materials with larger oscillator strengths and
larger exciton binding energy must be employed. This is the
reason why much attention has been paid lately to organic
semiconductors,8 GaN9–12 and ZnO.
While planar GaN microcavities have been largely
studied since the late 1990s, given their applications in the
solid-state lighting domain (including resonant cavity lightemitting diodes and vertical cavity surface emitting lasers),
the first GaN cavity displaying the strong exciton-photon
coupling regime at room-temperature was not reported until
2005.9 Room-temperature polariton lasing was obtained in a
bulk GaN cavity just two years later10 and in 2008 in a
quantum-well based structure.12 The best figures of merit for
these first room-temperature polariton lasers, as given by the
cavity quality factor, Q-factor (which is proportional to the
cavity photon lifetime), and the Rabi splitting, XRabi (which
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is a measure of the light-matter interaction inside the cavity),
were about 1000 and 56 meV, respectively. However, since
the polariton trap at the bottom of the LPB is roughly given
by XRabi/2,13 and given that the thermal energy at room temperature is 25 meV, optimized polariton lasers operating at
room-temperature or above require larger XRabi.14 In this
context, the use of ZnO appears extremely interesting since,
for a given cavity thickness, the XRabi scales as the square
root of the exciton oscillator strength and the latter is four to
eight times larger in ZnO than in GaN. Indeed, in ZnO cavities XRabi values of more than 200 meV should be attainable
provided that the overlap between the exciton and the cavity
modes is maximized.15 Unfortunately, the exploitation of
such large XRabi values requires the use of DBRs with stopband widths larger than XRabi; otherwise, polaritons can
relax towards LPBs associated with Bragg (leaky) modes
whose lifetimes are much smaller than that of the cavityassociated LPB.16 This limits the use of either ZnO/
ZnMgO17 or AlN/AlGaN18,19 DBRs, which are in principle
best suited for the epitaxial growth of the ZnO active region,
but which exhibit stop-band widths going from about
200 meV to less than 300 meV. This drawback points
towards the need of dielectric DBRs which, due to a much
larger refractive index contrast, allow for larger stop band
widths and, incidentally, larger absolute reflectivities (for the
same number of DBR pairs) and larger XRabi (for the same
cavity thickness) due to a smaller field penetration length
into the DBRs. However, the deposition of the ZnO active
layer onto an amorphous or polycrystalline DBR results in a
multigrain ZnO active medium of degraded crystalline quality,20 compared to the epitaxial approach.17–19
In this letter, we report on the fabrication and characterization of a ZnO-bulk microcavity solving the antagonism
between epitaxial high-crystalline-quality ZnO active region
and dielectric DBRs with large stop-band widths and high
reflectivities.
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FIG. 1. Fabrication of the fully hybrid bulk ZnO
microcavity. (a) A single-crystal c-ZnO substrate is covered by a HfO2/SiO2 DBR (6.5
pairs) completed by Al. (b) The whole DBR/
ZnO substrate is flipped upside-down and transferred to a glass substrate. (c) The ZnO substrate
is backside etched/polished down to a thickness
of several tens to hundreds nanometers. (d) A
HfO2/SiO2 DBR (10 pairs) is deposited on top
of the processed ZnO substrate. (e) High-angle
annular dark field scanning transmission electron microscopy image of a SiO2/HfO2 Bragg
reflector as used in the cavity. (f) 2  2 lm2
atomic force microscopy image of the completed cavity (root mean squared roughness:
9 Å). (g) Height profile along the dashed line
shown in (f).

The processing steps followed for the fabrication of the
current cavity are illustrated in Figs. 1(a) to 1(d). First, a SiO2/
HfO2 DBR (6.5 pairs) is deposited by ion-beam-assisted (Ar,
O2) electron-beam vacuum evaporation on top of a ZnO c-oriented substrate (Fig. 1(a)). The DBR is completed by the evaporation of a 200-nm thick Al layer to achieve a nominal
mirror reflectivity of 99.8% at the Bragg wavelength
(k  380 nm). The whole structure is then turned upside-down
and transferred onto a host substrate (pyrex glass) using anodic
bonding between Al and pyrex (Fig. 1(b)).21 Next, the active
layer is obtained by polishing/etching the 500-lm thick ZnO
substrate down to a few hundreds of nanometers (Fig. 1(c)). A
key-point of the process is that neither the ZnO optical quality
(as shown later) nor its surface is degraded during the thinning.
Indeed, the roughness of the ZnO surface after the final etching
step is typically 5–10 Å in 2  2 lm2 atomic force microscopy
images. Finally, the half-cavity is completed by a second SiO2/
HfO2 DBR (10 pairs, see Fig. 1(d)), whose surface roughness
reproduces that of the polished ZnO, as shown in Figs. 1(f)
and 1(g). As schematically represented in Fig. 1(d), this fabrication approach results in a large active-layer thickness gradient that, as a consequence, leads to a large LPB-energy
gradient (from about 0.5 meV/lm to about 10 meV/lm
depending on the exact location on the wafer).22 This allows to
study polariton condensation or lasing23 over a wide range of
cavity-exciton detunings d (d ¼ ECav  EX, with ECav and EX
being the uncoupled cavity and exciton modes, respectively),
and over cavity optical thicknesses ranging from k=2 to 5k.
The combination of SiO2 and HfO2, with a relative refractive index contrast (nHigh  nLow)/(1/2(nHigh þ nLow)) of
35% at a wavelength of 380 nm, results in measured stopband widths in the order of 500 meV. This value is typically
twice as large as the Rabi splitting of the current cavity
(from about 180 meV to about 260 meV, depending on the
exact cavity thickness)22 thereby preventing any significant
coupling between excitons and Bragg modes. As already
stated, from the photonic point of view the main figure of
merit of the cavity is its Q-factor, which was limited to about
500 for ZnO cavities grown on AlN/AlGaN DBRs18,19 and
to about 1000 in ZnO cavities employing two YSZ/Al2O3
DBRs grown by pulsed laser deposition.20 Indeed, this was
probably one of the limiting factors that prevented the

observation of polariton lasing in ZnO cavities up to roomtemperature. In the cavity described in this letter, the combination of SiO2/HfO2 DBRs and a reduced surface roughness
leads to Qs in the order of 2000, with some spots exhibiting
Qs up to 2600, as shown in Fig. 2(a). The experimental Qs

FIG. 2. Quality factor measurement with pulsed excitation (frequencytripled Ti:Al2O3 laser with a repetition rate of 76 MHz and pulses duration
of 130 fs). (a) lPL spectrum measured at an angle of 0 and T ¼ 300 K
below the polariton lasing threshold. The cavity thickness is 2.5 k. The width
at half maximum of the emission line is 1.2 meV. The inset shows the
Fourier space image of the emission at the same location. (b) lPL spectrum
measured at an angle of 10 and T ¼ 5 K on another point of the sample
just above the polariton lasing threshold. The widths of the individual modes
can be extracted and are as small as 0.8 meV, corresponding to Q values of
up to 4000. The inset shows the Fourier space image of the polariton emission at the same location. The presence of a series of discrete individual
modes is clearly visible.
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are smaller than the theoretical ones (Q ¼ 5200 for a 2kthick cavity); one reason for this is that the measurement
shown in Fig. 2(a) was carried out at a d  0 meV, i.e., with
an excitonic content close to 50%. Indeed, a proper measurement of Q would require a purely photonic mode (i.e., without any coupling to the exciton). However, the XRabi of the
current ZnO cavity is so large that the coupling with excitons
remains noticeable over the whole DBR stop band; thus, all
our measurements suffer from an additional broadening due
to the exciton-associated contribution. In Ref. 15, the authors
estimated an exciton-induced broadening at roomtemperature of about 2–3 meV for a 47% excitonic fraction
polariton (a situation very close to ours in terms of d). In
view of our results, this estimation by Trichet et al. seems to
be exceedingly large but it indicates, in any case, that the
measured Q (2600) is a lower bound and that the actual Q
may be much larger. Furthermore, even if the microPL measurements were performed with a laser spot size of 2 lm, the
contribution of the polariton photonic fraction to the peak

FIG. 3. Room-temperature polariton lasing. (a) Power dependent series of
angle integrated lPL spectra measured at 300 K under quasi-continuous excitation (Nd:YAG laser with 4 kHz repetition rate and pulses of 400 ps, and
a spot size of 2 lm). The excitation power relative to the threshold power is
indicated for each spectrum. Inset: polariton lasing threshold at 300 K as a
function of detuning. The arrow indicates the detuning at which the spectra
in the main panels were obtained. Fourier space images (in linear scale) of
the microcavity emission measured at 300 K and at the same point as in (a),
under excitation power densities of 0.2Pth (b) and 1.2Pth (c), where Pth ¼ 0.6
nJ/pulse is the polariton lasing threshold. At this point, the cavity optical
thickness is 3k, the Rabi splitting is 230 meV, and the detuning of the shown
LPB is 8 meV.
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width might not be purely of homogeneous nature and an inhomogeneous broadening contribution should be considered,
especially taking into account the large thickness gradient of
the active region. Indeed, by monitoring the emission just
above threshold (see Fig. 2(b)), i.e., when the fraction of particles in the condensed state is low enough for still observing
the dispersion of uncondensed polaritons, it is possible to
resolve a series of discrete cavity modes that display equivalent dispersions but slightly different energies (whose origin
is the large thickness gradient already discussed). In this
case, Qs of several thousands can be measured, as shown in
Fig. 2(b).
Such large Qs, the largest among room-temperature
polariton lasers,24 enable to achieve room-temperature polariton lasing in this ZnO cavity for a wide range of d, as shown
in the inset of Fig. 3. The minimum threshold is obtained for
d  0 meV,22 which corresponds to cavity polaritons with an
almost perfect 50% matter-50% light character, compared to
an optimum d  50 meV for a bulk-GaN polariton laser.25
The difference for the optimum d is explained by a much
larger XRabi in our case, which is four times that of the GaN
one and allows for a deeper polariton trap while maintaining
a large excitonic fraction. The characteristics of the transition to the polariton laser regime are illustrated in Fig. 4 for
d close to the optimum, but at slightly more negative values,
as indicated by the arrow in the inset of Fig. 3(a). At roomtemperature, this transition is accompanied by a nonlinear
increase of the output power (Fig. 4(b)), typically a factor
100 to 500 for less than 30% increase in the excitation
power, and a reduction of the emission linewidth (Fig. 4(c))
well below the bare cavity mode linewidth, a clear signature
of the onset of temporal coherence. An extremely important
aspect to ensure that the cavity still operates in the strongcoupling regime above the nonlinear threshold, i.e., with no
transition into the weak-coupling one,26 is that the blueshift
(Dblue) below threshold should be small compared to the
actual XRabi and, especially, compared to the energy

FIG. 4. Room temperature polariton lasing characteristics extracted from
Fig. 3(a). (a) Detailed view around 3.195 eV of the spectrum at 1.4Pth. For
this power, and larger, two lasing modes, labelled by a square and by a circle
symbols, can be resolved. (b) Integrated intensity, (c) linewidth, and (d)
energy of the LPB/first lasing mode (square) and second lasing mode
(circle), as a function of the excitation power.
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difference between the bare cavity mode and the LPB
(107 meV for the current position). In Fig. 4(d), these ratios
amount to Dblue/XRabi  6 meV/230 meV  3% (at most 5%
for any of the studied d) and Dblue/(ECav  ELPB)  6%,
which is much smaller than in previous reports.27 These
numbers ensure that lasing is occurring in the strongcoupling regime and, indeed, the bare cavity mode associated to the LPB monitored in Fig. 3 (and Fig. 4) is out of
scale in Fig. 3(a).
The transition into a polariton lasing regime can occur
under very different conditions considering the nature of
the initial and final states (i.e., in equilibrium or out of equilibrium), and depends on the exact temperature and d.23,25
For the example used to illustrate it in the current letter, the
out-of-equilibrium nature of the initial polariton gas reflects
itself in the accumulation of polaritons, below threshold, at
high energy and wavevectors different from zero (at an
angle of about 20 in Fig. 3(b)). This situation is similar to
that observed previously in GaAs cavities for sufficiently
negative d,28 and which occurs when the LPB lifetime is
shorter than the polariton relaxation time from the exciton
reservoir to the bottom of the LPB. It should be noted that
at more positive d (e.g., d  100 meV in the inset of Figure
3(a)), the LPB lifetime becomes larger and polaritons can
relax down to the bottom of the LPB before condensation
occurs. Finally, above threshold, and for excitation powers
larger than 1.4 times the threshold power, multimode lasing
is observed (for the point illustrated in Figs. 3 and 4), confirming the out-of-equilibrium character of the final
condensate.29
To conclude, we have fabricated a ZnO optical microcavity displaying room-temperature polariton lasing by an innovative approach that combines the crystalline perfection of a
ZnO bulk substrate and the optical superiority of UVoptimized dielectric mirrors. While this fabrication approach,
and proposals in the same direction,21 can be still improved
(e.g., for controlling single-mode lasing), they open the way
to large Q cavities displaying room-temperature polariton condensation as well as, subsequently, to manipulation of polariton condensates at room-temperature.
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