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ZnO as a material mostly adapted for the realization of room-temperature polariton lasers
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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 strengthin ZnO. The longitudinal transverse splitting of the exciton resonahgéB) and
I'1(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 ddeicgpower density of
3000 Wicnf) at room temperature is found for the model laser structure.
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During the last decade planar semiconductor microcavidoes not hold at room temperature in GaAs. Thus, the real-
ties (MC's) have attracted a lot of attention, due to the pos-ization of a commercial polariton laser device requires use of
sibilities to enhance and control the interaction between lighan alternative material. Although cubic 11-VI semiconductors
and electronic excitations in these structures. The control dfiave been shown to be better adapted to this purpose than
this interaction is a key requirement for realizing ultralow GaAs? the problem of temperature stability of excitons is
threshold lasers. The observation of the strong coupling ofiot entirely resolved to date, and to the best of our knowl-
light with excitons in semiconductor MC’s has generatededge, polariton lasing remains to be seen.
much speculation regarding the possibility for low threshold In this work we consider a new wide-band-gap material,
optical deviceband optical parametric oscillatofs. ZnO, as a candidate for the realization of polariton lasers

From the point of view of fundamental physics, MC’s are operating at room temperature. It fits four major material
particularly fascinating: they offer interesting possibilities to requirements adapted for observing polariton lasing in the
control the optical properties of excitons via their couplingvisible spectrum:
with photons in resonance with the cavity mode. The polari- 1. It emits light in the blue region of the electromagnetic
tonlike coupling between the exciton and the photon mode o$pectrum.
the cavities has been shown to produce pronounced Rabi 2. It can now be dopeg-typel°
oscillations splitting in the two-dimensiongRD) cavity 3. ZnO excitons are stable at room temperature.
spectras~° Contrarily to polaritons in bulk crystals, MC po- 4. Light-matter coupling occurs with a record strength, as
laritons have a quasi-two-dimensional nature, with a finitewe will show below.
energy at zero wave vectkr=0 and are characterized by an  The literature is well documented with reflectivity mea-
extremely small in-plane effective mass. These unique MGurements performed at liquid-helium temperature on bulk
polariton properties offer the possibility to study bosonic ef-and thin film ZnO epilayers. We refer here to Refs. 11 and
fects that cannot be achieved in the excitonic system. In part2, although the list is not exhaustive. The spectra show
ticular, a large occupation number and Bose condensation aeveral pronounced but strongly inhomogeneously broad-
the lower polariton(LP) band bottom seem to be accessibleened resonances at the energies of ground stasg ¢l
at densities well below the onset of exciton bleaching. ThisA,B,C excitons and near their excited states. In order to
paves the way towards the realization of so-called “polaritonobtain exciton parameters with good accuracy and despite
lasers.” A revolutionary feature of these devices is that nathe inhomogeneous broadening, we have applied an original
population inversion is required to achieve optical amplifica-technique described in Ref. 13 that consists of the simple
tion in such a system: it starts as soon as the relaxation afomparison of not only the frequency-resolved experimental
excitatons into the ground LP state exceeds its escape timspectra but also of their numerical Fourier transforms with
The experimental observation of this effect is preventedtheoretical calculations of the reflectivity and time-resolved
however, in conventional GaAs-based microcavities. Theeflection, respectively. Results of such a comparison are
reason for this is the slow acoustic-phonon-mediated relaxshown in Fig. 1 forl'5(A) andI'5(B) excitons. Analyzing
ation of photoexcited polaritons into the LP band botfoff.  the spectra in the time domain, one can distinguish between
In addition, as their binding energy amounts to only 4 meVhomogeneous and inhomogeneous broadening mechanisms
(6—10 meV in quantum wells excitons are not stable at and extract the exciton oscillator strength with good
room temperature in GaAs-based structures. The strongccuracy:* The excitonic characteristics obtained in this way
exciton-light coupling regime necessary for polariton lasingare summarized in Table I. Note a large, record value of the
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Time {ps) FIG. 2. Calculated spectra of a ZnO-based microcavity for dif-

ferent incidence angles. Dotted lines indicate the cavity eigen-

FIG. 1. (a) Reflection spectrum of the thick layer of ZnO grown
modes.

on a sapphire substrate along 001 direction and(b) the time-

resolved reflection obtained by the numerical Fourier transform oferg detuning from th® exciton resonange® All the exci-

the frequency resolved spectra. Experimental data are shown BQynic parameters are assumed to be the same as those gath-
solid lines, theoretical results are shown by dashed lines. A"ow%red in Table | fol's excitons

indicate theA, B, andC exciton resonances. Figure 2 shows the calculated reflection spectra of the

model microcavity at different incidence angles. A remark-
exciton longitudinal-transverse splittittyfor I's(B) and  able fact is that the vacuum-field Rabi splitting is as large as
I';(C) resonances5 and 7 meV, respectively, to be com- 120 meV in our system, which is the highest value recorded
pared with 0.08 meV in GaAsNote also that the inhomo- for a semiconductor microcavity. Definitely, the strong cou-
geneous distribution of the exciton resonance is asymmetrigling regime in ZnO microcavities may be held at room tem-
having a shorter wing at the low-energy side that is a maniperature, which is one of the most important conditions for
festation of themotional narrowingeffect® realization of the room-temperature polariton lasers.

Next, we have examined theoretically the optical proper- Figure 3 shows the calculated exciton-polariton dispersion
ties of a microcavity based on ZnO and grown along thein our model microcavity. It shows four branches originating
[0001] direction. Zn-Mg-O alloys are available up to a Mg from three exciton resonances and the cavity photon mode.
composition of 33%, to the best of our knowleddeThe — The lowest polariton branch is of the highest interest for the
model structure consists of thecavity of ZnO sandwiched purpose of the polariton Bose condensation and lasing. Note
between ZnO/ZgMg, ;0 Bragg mirrors having 14 and 15 that it is calculated for zero detuning between the photon
pairs of quarter-wavelength layers in the top and bottom mirmode and the excitoB. The eigenfunction of the fundamen-
rors, respectively. A sapphire substrate has been assumeel state(at zero incidence angléhas less than 50% of the
The cavity photon mode has been placed at 3385.6 faéV photonic componer(see the inset of Fig.)2which is essen-

TABLE |. Parameters foA, B, andC excitons in ZnO that were obtained from the reflection spectra in
(0001 and (10D) polarizations£ w, is the exciton energyh w1 is the longitudinal-transverse splitting,
A; (A,) are the parameters of the inhomogeneous distribution of exciton resonances towardsilgresr
energies, and is the exciton nonradiative damping due to acoustic phonons. Note that data are given for
bothT's andI'; excitons.

I's excitonA I's excitonB I's excitonC I', excitonB I'; excitonC

hwy (MmeV) 3377.6 3385.6 3422 3380 3427
fio 1 (MmeV) 1.45 5 0.1 0.8 7
Ay (meV) 2.8 3.5 7 4 5
A, (meV) 29 5 7 4 5
I'(meV) 1 1 1 1 1
Reference 11 11 11 12 12
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sition for excitons.

_ _ _ ~vertical and horizontal dashed lines show the approximate
FIG. 3. Eigenenergies of the ZnO cavity modes versus the incifimits of the strong coupling regime in the microcavity that

dence angle. Dotted lines indicate the positions of the unperturbegome from either exciton screening by the photoinduced
modes: L indicates the light mode, and A,B,C indicate 4/8,C  glectron-hole plasmé&Mott transition in the excitonic sys-
exciton resonances in ZnO, respectively. The |nset_shows the Pefem) or from the temperature-induced broadening of the ex-
centage of the excitonic components and the photonic component ifiton resonance. One can see that the Bose-condensed phase
the eigenmode of the lowest cavity-polariton state versus the inl-s formed in a large range of temperatures and pumping pow-
plane wave vector. ers limited by a critical temperature. The critical temperature
tial for efficient polariton relaxation toward the ground state-la-c,;sg% I’;LIJSI’ egl\\//vizlzyk;tge tixgtgnbglsisgflgﬂfiﬁgﬂggésu;? e
via scattering of the excitonic_component with aCOl.JSt'Chighest critical temperature ever observed for the Bose con-
phonons, other excitons, and free carriers eventually intro-

duced in the cavity. We expect no relaxation bottleneck phegiensatlon of a massive particle. Note that the critical tem-

nomena in ZnO. because at room temperature the relaxaticperature for the Wannier-Mott exciton Bose condensation is
’ P Ot the order of hundreds of mkRef. 20 and that the critical

g;g%i{'tzgsevc'%l'lntﬁrzc:r?]gl?N(':tgnsggturzi'ignp2??:)8”:h'zlgseri)étemperature of polariton lasing in conventional GaAs cavi-
» €SP y ties estimated in the same way is 100 K for the best samples

: ; 019
introduced to the cavity by doplr_lg_.. . _available. Beneath the critical density, the microcavity device
Let us now examine the possibility of Bose condensation

of exciton polaritons in our structure. The critical density of operates in the regime of a polariton diode in the strong

: . coupling regime, while in the weak coupling regime the de-
forma_ltl_on O.f the condense_d phase by an ideal gas of bosor\'/?ce behaves like a conventional light-emitting diode. Be-
in a finite-size 2D system is given By

yond the critical density, in the weak coupling regime, the

microcavity acts as a conventional laser. As follows from the

f* N;z(,uzO)dE, (1) phase diagram in Fig. 4, and assuming the exciton nonradi-

kk>2m/R ative lifetime of 100 ps(which is a typical value for the

VECSEL structures currently usgdthe lasing threshold
power in our microcavity device can be as low as 2 mW at
room temperatur& This value is lower than the threshold

2) power in any of the currently existing lasers, to our knowl-
edge. The recent achievementpadoping?® indicates that the

- realization of the polariton laser with electric pumping that

E(k) is the energy of the bosonic particle as function of itSrequires simultaneous injection of electrons and holes in the

ne(T)= (2,”_)2

where

1
exp{[E(K)—E(0)— u]/kgT}—1

Ng=

wave vectork, w is the chemical potentiak,, is the Boltz-
mann constanfJ is the temperature, arid is the size of the

ture of Bose condesation for a given density.

Eq. (1) using the polariton dispersida(k) from Fig. 3. The

cavity can be envisioned in the near future.

In conclusion, we have shown that a new generation of
system. Equation€l) and(2) yield also the critical tempera- opto-electronic devices, namely, polariton lasers, can be re-
alized with the use op-doped microcavities based on ZnO.

Figure 4 shows the phase diagram of the lasing regimes ifthe model polariton laser we have considered here shows an
our model microcavity device. The solid line shows the criti- extremely low threshold powd&R mW) at room temperature.
cal density of polaritons versus temperature calculated from This work has been supported by the EU RTN “CLER-
MONT” program, Contract No. HPRN-CT-1999-00132.
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