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ZnO as a material mostly adapted for the realization of room-temperature polariton lasers

Marian Zamfirescu,1 Alexey Kavokin,1 Bernard Gil,2 Guillaume Malpuech,1,3 and Mikhail Kaliteevski2
1LASMEA, UMR 6602 du CNRS, Universit Blaise Pascal–Clermont-Ferrand II, 63177 Aubire Cedex, France

2GES, CNRS/Universit Montpellier II, Case courrier 074, 34095 Montpellier Cedex 5, France
3Department of Physics and Astronomy, University of Southampton, Southampton SO17 1BJ, United Kingdom

~Received 26 November 2001; published 15 April 2002!

Wannier-Mott excitons in the wurzite-type semiconductor material ZnO are stable at room temperature, have
an extremely large oscillator strength, and emit blue light. This makes ZnO an excellent potential candidate for
the fabrication of room-temperature lasers where the coherent light amplification is ruled by the fascinating
mechanism of the Bose condensation of the exciton polaritons. We report the direct optical measurement of the
exciton oscillator strengthf in ZnO. The longitudinal transverse splitting of the exciton resonancesG5(B) and
G1(C) are found to achieve record values of 5 and 7 meV, respectively, that, is two orders of magnitude larger
than in GaAs. Second, we propose a model ZnO-based microcavity structure that is found to be the most
adapted structure for the observation of the polariton laser effect. We thus can compute the phase diagram of
the lasing regimes. A record value of the threshold power of 2 mW per device~at power density of
3000 W/cm2) at room temperature is found for the model laser structure.
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During the last decade planar semiconductor microca
ties ~MC’s! have attracted a lot of attention, due to the po
sibilities to enhance and control the interaction between li
and electronic excitations in these structures. The contro
this interaction is a key requirement for realizing ultralo
threshold lasers. The observation of the strong coupling
light with excitons in semiconductor MC’s has generat
much speculation regarding the possibility for low thresh
optical devices1 and optical parametric oscillators.2

From the point of view of fundamental physics, MC’s a
particularly fascinating: they offer interesting possibilities
control the optical properties of excitons via their coupli
with photons in resonance with the cavity mode. The pola
tonlike coupling between the exciton and the photon mode
the cavities has been shown to produce pronounced R
oscillations splitting in the two-dimensional~2D! cavity
spectra.3–5 Contrarily to polaritons in bulk crystals, MC po
laritons have a quasi-two-dimensional nature, with a fin
energy at zero wave vectork50 and are characterized by a
extremely small in-plane effective mass. These unique
polariton properties offer the possibility to study bosonic
fects that cannot be achieved in the excitonic system. In
ticular, a large occupation number and Bose condensatio
the lower polariton~LP! band bottom seem to be accessib
at densities well below the onset of exciton bleaching. T
paves the way towards the realization of so-called ‘‘polari
lasers.’’ A revolutionary feature of these devices is that
population inversion is required to achieve optical amplific
tion in such a system: it starts as soon as the relaxatio
excitatons into the ground LP state exceeds its escape t
The experimental observation of this effect is prevent
however, in conventional GaAs-based microcavities. T
reason for this is the slow acoustic-phonon-mediated re
ation of photoexcited polaritons into the LP band bottom.6–8

In addition, as their binding energy amounts to only 4 m
~6–10 meV in quantum wells!, excitons are not stable a
room temperature in GaAs-based structures. The str
exciton-light coupling regime necessary for polariton las
0163-1829/2002/65~16!/161205~4!/$20.00 65 1612
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does not hold at room temperature in GaAs. Thus, the r
ization of a commercial polariton laser device requires use
an alternative material. Although cubic II-VI semiconducto
have been shown to be better adapted to this purpose
GaAs,9 the problem of temperature stability of excitons
not entirely resolved to date, and to the best of our kno
edge, polariton lasing remains to be seen.

In this work we consider a new wide-band-gap mater
ZnO, as a candidate for the realization of polariton las
operating at room temperature. It fits four major mater
requirements adapted for observing polariton lasing in
visible spectrum:

1. It emits light in the blue region of the electromagne
spectrum.

2. It can now be dopedp-type.10

3. ZnO excitons are stable at room temperature.
4. Light-matter coupling occurs with a record strength,

we will show below.
The literature is well documented with reflectivity me

surements performed at liquid-helium temperature on b
and thin film ZnO epilayers. We refer here to Refs. 11 a
12, although the list is not exhaustive. The spectra sh
several pronounced but strongly inhomogeneously bro
ened resonances at the energies of ground state (1s) of
A,B,C excitons and near their excited states. In order
obtain exciton parameters with good accuracy and des
the inhomogeneous broadening, we have applied an orig
technique described in Ref. 13 that consists of the sim
comparison of not only the frequency-resolved experimen
spectra but also of their numerical Fourier transforms w
theoretical calculations of the reflectivity and time-resolv
reflection, respectively. Results of such a comparison
shown in Fig. 1 forG5(A) and G5(B) excitons. Analyzing
the spectra in the time domain, one can distinguish betw
homogeneous and inhomogeneous broadening mechan
and extract the exciton oscillator strength with go
accuracy.14 The excitonic characteristics obtained in this w
are summarized in Table I. Note a large, record value of
©2002 The American Physical Society05-1
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exciton longitudinal-transverse splitting15 for G5(B) and
G1(C) resonances~5 and 7 meV, respectively, to be com
pared with 0.08 meV in GaAs!. Note also that the inhomo
geneous distribution of the exciton resonance is asymme
having a shorter wing at the low-energy side that is a ma
festation of themotional narrowingeffect.16

Next, we have examined theoretically the optical prop
ties of a microcavity based on ZnO and grown along
@0001# direction. Zn-Mg-O alloys are available up to a M
composition of 33%, to the best of our knowledge.17 The
model structure consists of thel cavity of ZnO sandwiched
between ZnO/Zn0.7Mg0.3O Bragg mirrors having 14 and 1
pairs of quarter-wavelength layers in the top and bottom m
rors, respectively. A sapphire substrate has been assu
The cavity photon mode has been placed at 3385.6 meV~at

FIG. 1. ~a! Reflection spectrum of the thick layer of ZnO grow
on a sapphire substrate along the~0001! direction and~b! the time-
resolved reflection obtained by the numerical Fourier transform
the frequency resolved spectra. Experimental data are show
solid lines, theoretical results are shown by dashed lines. Arr
indicate theA, B, andC exciton resonances.
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zero detuning from theB exciton resonance!.18 All the exci-
tonic parameters are assumed to be the same as those
ered in Table I forG5 excitons.

Figure 2 shows the calculated reflection spectra of
model microcavity at different incidence angles. A rema
able fact is that the vacuum-field Rabi splitting is as large
120 meV in our system, which is the highest value record
for a semiconductor microcavity. Definitely, the strong co
pling regime in ZnO microcavities may be held at room te
perature, which is one of the most important conditions
realization of the room-temperature polariton lasers.

Figure 3 shows the calculated exciton-polariton dispers
in our model microcavity. It shows four branches originati
from three exciton resonances and the cavity photon mo
The lowest polariton branch is of the highest interest for
purpose of the polariton Bose condensation and lasing. N
that it is calculated for zero detuning between the pho
mode and the excitonB. The eigenfunction of the fundamen
tal state~at zero incidence angle! has less than 50% of th
photonic component~see the inset of Fig. 2!, which is essen-

f
by
s

FIG. 2. Calculated spectra of a ZnO-based microcavity for d
ferent incidence angles. Dotted lines indicate the cavity eig
modes.
in

,

en for
TABLE I. Parameters forA, B, andC excitons in ZnO that were obtained from the reflection spectra

~0001! and (101̄0) polarizations.\v0 is the exciton energy,\vLT is the longitudinal-transverse splitting
D1 (D2) are the parameters of the inhomogeneous distribution of exciton resonances towards lower~higher!
energies, andg is the exciton nonradiative damping due to acoustic phonons. Note that data are giv
both G5 andG1 excitons.

G5 excitonA G5 excitonB G5 excitonC G1 excitonB G1 excitonC

\v0 (meV) 3377.6 3385.6 3422 3380 3427
\vLT (meV) 1.45 5 0.1 0.8 7
D1 (meV) 2.8 3.5 7 4 5
D2 (meV) 2.9 5 7 4 5
G(meV) 1 1 1 1 1
Reference 11 11 11 12 12
5-2
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tial for efficient polariton relaxation toward the ground sta
via scattering of the excitonic component with acous
phonons, other excitons, and free carriers eventually in
duced in the cavity. We expect no relaxation bottleneck p
nomena in ZnO, because at room temperature the relaxa
of polaritons via interaction with acoustic phonons is ve
efficient, especially if a small concentration of free holes
introduced to the cavity byp doping.19

Let us now examine the possibility of Bose condensat
of exciton polaritons in our structure. The critical density
formation of the condensed phase by an ideal gas of bo
in a finite-size 2D system is given by20

nc~T!5
1

~2p!2EkW ,k.2p/R
NkW~m50!dkW , ~1!

where

NkW5
1

exp$@E~kW !2E~0!2m#/kBT%21
. ~2!

E(kW ) is the energy of the bosonic particle as function of
wave vectorkW , m is the chemical potential,kb is the Boltz-
mann constant,T is the temperature, andR is the size of the
system. Equations~1! and~2! yield also the critical tempera
ture of Bose condesation for a given density.

Figure 4 shows the phase diagram of the lasing regime
our model microcavity device. The solid line shows the cr
cal density of polaritons versus temperature calculated f
Eq. ~1! using the polariton dispersionE(k) from Fig. 3. The

FIG. 3. Eigenenergies of the ZnO cavity modes versus the i
dence angle. Dotted lines indicate the positions of the unpertu
modes: L indicates the light mode, and A,B,C indicate theA,B,C
exciton resonances in ZnO, respectively. The inset shows the
centage of the excitonic components and the photonic compone
the eigenmode of the lowest cavity-polariton state versus the
plane wave vector.
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vertical and horizontal dashed lines show the approxim
limits of the strong coupling regime in the microcavity th
come from either exciton screening by the photoinduc
electron-hole plasma~Mott transition in the excitonic sys
tem! or from the temperature-induced broadening of the
citon resonance. One can see that the Bose-condensed
is formed in a large range of temperatures and pumping p
ers limited by a critical temperature. The critical temperatu
Tc5560 K is given by the exciton dissociation energy. Su
a temperature would be, to the best of our knowledge,
highest critical temperature ever observed for the Bose c
densation of a massive particle. Note that the critical te
perature for the Wannier-Mott exciton Bose condensation
of the order of hundreds of mK~Ref. 20! and that the critical
temperature of polariton lasing in conventional GaAs ca
ties estimated in the same way is 100 K for the best sam
available. Beneath the critical density, the microcavity dev
operates in the regime of a polariton diode in the stro
coupling regime, while in the weak coupling regime the d
vice behaves like a conventional light-emitting diode. B
yond the critical density, in the weak coupling regime, t
microcavity acts as a conventional laser. As follows from t
phase diagram in Fig. 4, and assuming the exciton nonr
ative lifetime of 100 ps~which is a typical value for the
VECSEL structures currently used!, the lasing threshold
power in our microcavity device can be as low as 2 mW
room temperature.21 This value is lower than the threshol
power in any of the currently existing lasers, to our know
edge. The recent achievement ofp doping10 indicates that the
realization of the polariton laser with electric pumping th
requires simultaneous injection of electrons and holes in
cavity can be envisioned in the near future.

In conclusion, we have shown that a new generation
opto-electronic devices, namely, polariton lasers, can be
alized with the use ofp-doped microcavities based on ZnO
The model polariton laser we have considered here show
extremely low threshold power~2 mW! at room temperature

This work has been supported by the EU RTN ‘‘CLER
MONT’’ program, Contract No. HPRN-CT-1999-00132.
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FIG. 4. Exciton-polariton phase diagram in the ZnO microca
ity. The solid line shows the polariton critical density versus latt
temperature. The vertical dashed line shows the exciton ther
dissociation limit. The horizontal dashed line shows the Mott tra
sition for excitons.
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