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Room-temperature polariton lasers based on GaN microcavities
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The critical temperature for Bose condensation of exciton polaritons in an AlIGaN microcavity
containing 9 GaN quantum wells is calculated toThe 460 K. We have modeled the kinetics of
polaritons in such a microcavity device using the two-dimensional Boltzmann equation.
Room-temperature lasing is found with a threshold as small as 100 mW. The kinetic blocking of
polariton relaxation that prevents formation of the Bose-condensed phase of polaritons at low
temperatures disappears at high temperatures, especiallg-doped samples. Thus, GaN
microcavities are excellent candidates for realization of room-temperature polariton las@@020
American Institute of Physics[DOI: 10.1063/1.1494126

In recent years planar semiconductor microcavitiesphotoexcited polaritons down to the bottom of the lower po-
(MCs) have attracted a lot of attention due to the possibilitylariton (LP) band®~° Moreover, the strong exciton-light cou-
of enhancing and controlling the interaction between lightpling regime necessary for polariton lasing does not hold at
and electronic excitations in these structures. If the couplingoom temperature in these structures because the thermal
between the exciton and the photon mode of the resonators goadening of the exciton resonance exceeds its binding en-
strong enough, this has been shown to result in a pronounceafgy. Thus for realization of practical polariton laser devices,
Rabi splitting in the two-dimensiondRD) cavity spectrd. @ different material is needed which allows fast polariton
This observation has generated much speculation regardirf§laxation together with temperature-resistant excitons.
the possibility of low-threshold optical devicebased on Here, we present a realistic model room-temperature po-
Bose condensation of exciton polaritch&n contrast with lariton laser based on a GaN microcavity. GaN fits three
the polaritons in bulk crystals, MC polaritons have a quasima&jor material's requirements neccessary for observing po-
2D nature, with a finite energy at zero wave vecker0.  lariton lasing:

They are also characterized by an in-plane effective masgl) GaN excitons are stable at room temperature;

four orders of magnitude smaller than that of quantum well2) the light-matter coupling is enormously strong, as we
(QW) excitons. These properties allow the study of bosonic  will show below; and

effects in MCs that cannot be achieved in bulk semiconduc¢3) GaN technology is now increasingly well developed, and
tors or in a pure excitonic systeht. This paves the way the observation of the strong coupling regime in such
towards the realization of so-called “polariton lasers” in structures seems likely to be achieved.

which the thermalized distribution of polariton quasiparticles

spontaneously collapses into one state only. A feature of Our model microcavity consisted of 9 GaN quantum
these devices is that no population inversion is required tavells (QWSs) of 4 ML width each embedded inside the\®
achieve optical amplification in such a system: it arises aé\lo1Ga N microcavity [Fig. 1(@]. The cavity is sand-
soon as the relaxation of excitations into the ground statéiched between Al,Ga gN/Alo (& ;N Bragg mirrors hav-
exceeds their escape time. ing 11 pairs ofA/4 layers(upper mirroj and 14 pairs oh/4

However, experimental observation of this effect is pre-layers(bottom mirroj. The structure is intended to be grown
vented at low temperature in conventional GaAs- or ll-VI-On @ GaN substrate. An alternative possibility is to grow an

based microcavities because of the slow rate of relaxation dxide dielectric mirror on the top of the sampfeThe 4
monolayer thick QWSs are grouped in threes at each antinode

a5l NEMD ¢ Electrical Ina.. University of R . of the electric field of the microcavity eigenmode. All the
so at: -Department of Electrical Ing., University of Rome “Tor ; ; ot
Vergata,” via Tor Vergata 110-100133, Roma, ltaly. parameters we use in the calculation are those of existing

YAuthor to whom correspondence should be addressed; electronic maiﬁFrUCtureS- Namely, the QW eX_Citon enel@p43 meV, 0s-
j.j.baumberg@soton.ac.uk cillator strength(0.6 me\j, and inhomogeneous broadening
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FIG. 1. (a) Schematic of the proposed microcavity structte.Calculated _broadenlng of the exutqn resona_r(vertlcal I|n_e). Note that

upper and lowefLP) dispersion of exciton polaritons in this cavity at zero 1IN OuUr structure the exciton-polariton screening occurs at an
detuning between photon and exciton modes. The arrow shows schematptical pumping density nine times larger than for a single
cally the resonant relaxation of polaritons of the reservélg)(to their QW16 due to the presence of nine QWs embedded within the
ground state Nly) via their scattering with a free electron coming from the . . .

Fermi level (N,). The electron cooling is ensured via their interaction with cavity. One can see that the Bose condensation of polarltons
acoustic phononédashed arrow of the inget is possible for a large range of temperatures and pumping

powers limited by a critical temperatufie: proportional to

(8 meV) are taken from Ref. 11. A single exciton resonancethe IeXC|ton b'nd_'Pg; 460 K. | hat th

is considered. The refractive indices of AIGaN are taken N Ouf cas€lic= - In contrast, We_note that t_e
from Ref. 12. The polariton dispersion relation of the micro-critical temperature for the Bose condensation of Wannier—
cavity for small wave vectors and for zero detuning betweer1Ott Excno_n_s IIS anly of the or?er (I)f _hundlreqls O.f kind

the exciton and the cavity mode is obtained by the scattering1at the critical temperature of polariton lasing in conven-

state methot [Figure ib)]. A remarkable fact is that the onal GaAs cavities estimated in the same way is lower than
vacuum-field Rabi splitting between upper and lower polari--00 K for the best samples available. The proposed system
tons exceeds 90 meV in our system. Thie strong cou- thus offers a chance to observe Bose condensation of mas-

pling in GaN microcavities is convincingly retained at room sive quasiparticles in solids at temperatures at and above

temperaturewhich is one of the most important conditions room temperatur.e'. : . . ,
for realization of room-temperature polariton lasers. Below the critical density, the microcavity device oper-

The Bose condensation is expected to appear as a reSlf’i’irte_S in the r_egi_me of a polariton o_liode in_the strong c_oupling
of polariton relaxation at the bottom of the LP bran@to regime, _wh|le in the w_eak cquplmg regime _the qlewce be-
the k=0 state. In order to accelerate this relaxation we as_haves like ?_CO”VG”"_O”?' light-emitting d_|od(§|g._ 2.
sume that a small concentration of free electrons is intro?*POVe the critical density, in the weak coupling regime, the
duced into the cavity Figure 2 shows the critical density of Microcavity acts as a conventional laser.
formation of the condensed phase for the polaritons in th

e However, it should be noted that additioridhetic con-
cavity (solid line). In a model of an ideal Bose gas it is given ditions are imposed on the critical parameters of the polar-

iton Bose condensation in MCs. Below the critical tempera-

b
y ture and carrier density, exciton-polariton Bose condensation
_ _ takes place if the polariton relaxation to tke O state is fast
ne(T)= (2m)? fk,kzzw,RNk(""_o)dk’ @ enough with respect to their radiative decay rate. In order to
examine the polariton kinetics we have solved numerically
where the 2D Boltzmann equation that describes our system
1 dn
_ k
Nic= F{E(k)—E(O)—,u ’ 2) W:Pk_rknk_nkz Wik (N +1)
exg————| — k
kT
E(k) is the exciton-polariton energy as a function of its +(Me+1) > Wi e ©)
k/

wave-vectork, taken from Fig. 1b),'® u is the chemical
potential ky, is the Boltzmann constant, is the temperature, wheren, is the polariton distribution function which is as-
andR is the radius of the excitation spot which is optically or sumed to have a cylindrical symmeti, is the generation

electrically pumped, and assumed to be sa. term,T", describes the escape of polaritons via radiative and
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achieved, as one concludes when comparing the c(bye
with the Bose—Einstein distribution function of the exciton
polaritons calculated according to E®) for =0 (dashed
line). The radiative efficiency of the lag@versus pumping
power is presented in the inset. It shows a clear threshold
amplification at the extremely low power of 100 mW and a
quantum efficiency close to 50%. Smaller area devices have
a correspondingly smaller threshold power, so we envisage
thresholds below 1 mW.

In conclusion, we have shown that a new generation of
optoelectronic devices called polariton lasers, based on the
0 10° P Bose condensation of MC polaritons, can be realized with

Wave vector (cm™) the use ofn-doped microcavities based on GaN materials.
The model polariton laser we have considered here is based
FIG. 3. Solid lines: exciton-polariton kinetic distribution functions of the on current technologies and shows an extremely low thresh-

GaN microcavity under nonresonant cw optical pumping at 300 K. Theo|d ower at room temperature and a high quantum effi-
pump power densities used af@ 1000 W/cn? and (b) 40 000 W/cm. . P P gh q

Black points and open circles show the values of the distribution functionCI€NCY-

for the lowest energy statggssuming the exciting light spot is 50m h h hank Gil f lioh . di
radiug for pump densities of 1000 W/cvand 40 000 W/crh respectively. The authors thank B. Gil for many enlightening discus-

Dashed line shows the Bose—Einstein polariton distribution function of thesions. This work has been supported by the EU RTN
same microcavity assuming a vanishing chemical potential. Inset shows theC| ERMONT” program, Contract Nos. HPRN-CT-1999-

radiative efficiency of the polariton laser vs the pumping power density a
300 K. 00132 and EPSRC GR/N18598.

—_
[=)
-
o

Radiative efficiencv

—_

o
=)
*

.,

Polariton distribution function

=,

0 10°*

1C. Weisbuch, M. Nishioka, A. Ishikawa, and Y. Arakawa, Phys. Rev. Lett.

_ L . 69, 3314(1992.
nonradiative recombination channels. We calculateas in 2p. G. Sawidis, J. J. Baumberg, R. M. Stevenson, M. Skolnick, D. M.

Ref. 6 using the cavity photon lifetime of 130 fs and the whittaker, and J. S. Roberts, Phys. Rev. L&#.1547(2000; J. J. Baum-
exciton nonradiative decay time of 100 p%8,,_., is the rate berg, P. G. Savvidis, R. M. Stevenson, A. |. Tartakovskii, M. S. Skolnick,

of polariton scattering between the states characterized byP: M- Whittaker, and J. S. Roberts, Phys. Rev6B R16247(2000.
Polaritons being mixed as exciton-photon quasiparticles, see, e.g., L. C.

the wave vectork andk’. In our model it is composed of  angreani, inConfined Electrons and Photanedited by E. Burstein and
three terms that describe the polariton-acoustic phonon c. Weisbuch(Plenum, New York, 1996 p. 57.
scatterind, the polariton—polariton scatteriffg,and the 4L. Keldysh and A. N. Kozlov, Zh. Eksp. Teor. Fi54, 978 (1968 [Sov.

i N . . . _ Phys. JETR27, 521 (1968].
polariton-electron scattering.We do not consider the piezo SL. V. Butov, A. L. Ivanov, A. Imamoglu, P. B. Littlewood, A. A. Shashkin,

electric scattering since it is negligible at room v, T poigopolov, K. L. Campman, and A. C. Gossard, Phys. Rev. Bét.
temperaturé’ 5608 (2001).

We assume an electron mass of 0,2mnd an electron ®F. Tassone, C. Piermarocchi, V. Savona, A. Quattropani, and P. Schwen-

; 1 —2 - . dimann, Phys. Rev. B6, 7554(1997).

Qer.]s;t(sy of 16" cm ! _We” below the exmton bleaching A. I. Tartakovskii, M. Emam-Ismai, R. M. Stevenson, M. S. Skolnick, V.
limit. ™ Because of their small mass and of their strong Cou- N. Astratov, D. M. Whittaker, J. J. Baumberg, and J. S. Roberts, Phys.
lomb interaction with the excitons, electrons provide effi- ,Rev. B62, R2283(2000. _
cient scattering of the polaritons towards their ground state. ;-13232;?6803- Bloch, B. Sermage, and J. Y. Marzin, Phys. Ret2,B
Note also that the strong e[ectrpn—glectron interactions and, "¢ Dang, D. Heger, R. Andre, F. Boeuf, and A. Romestain, Phys. Rev.
the fast electronic thermal diffusion in the plane of the QWS Lett. 81, 3920(1998.
lead to fast cooling of the electron gas back down to the®M. Diagne, Y. He, H. Zhou, E. Makarona, A. V. Nurmikko, J. Han, K. E.
lattice temperature within the excitation area. The energy of \é\;eggr(lg(’)(}]j)l Figiel, T. Takeuchi, and M. Krames, Appl. Phys. Leg.
hot pola_rltons W|th!n this ex0|tat_|on area is transferred to thewy, zamfirescu, B. Gil, N. Grandjean, G. Malpuech, A. Kavokin, P. Big-
electronic reservoir of the entire sample and then slowly enwald, and J. Massies, Phys. Rev6& 1213QR) (2001).

transferred to the crystal lattice via electron-phonon interac®’D. Brunner, H Angerer, E. Bustarret, F. Freudenberg, R. Hopler, R. Dim-
tions itrov, O. Ambacher, and M. Stutzmann., J. Appl. Phg2. 5090(1997).

. A o . 13See, e.g., G. Malpuech and A. Kavokin, Semicond. Sci. TecHr&IR1
Figure 3 shows the equilibrium distribution functions of g9y, gnd refereﬁ,ces therein.

the exciton polaritons in our cavity at the continuous wave'*G. Malpuech, A. Kavokin, A. Di Carlo, and J. J. Baumberg, Phys. Rev. B
(cw) nonresonant excitation density @ 1000 W/cn? or (b) &2 153310(2002. o _
40000 W/cri. The discrete nature of the reciprocal space is For large wave vectordarger than the wave vector of light in the mexlia

. ) .~ the dispersion relation is that of a heavy-hole exciton having an effective
taken into account for the lowest energy states correspondingmass of 1.t .
tok=0,k=27/R,.... At thesmall excitation densitya) the  ®p, Bigenwald, A. Kavokin, B. Gil, and P. Lefebvre, Phys. Rev68
population of the polariton ground statg is approximately l7035315(200@.
unity, marking the threshold to the bosonic amplification re- V. W. L. Chin, T. L. Tansley, and T. Ostochan, J. Appl. Phys, 7365
gime. For a large exc_ltatlon density), n0*1_04- In t_h|3 Cas€  18The radiative efficiency is defined as the ratio of pump power to the
the Bose condensation of the MC polaritons is definitely emission power of the cavity within a cone of 2°.

Downloaded 26 Jul 2002 to 152.78.0.29. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



