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Condensation kinetics of cavity polaritons interacting with a thermal phonon bath
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The kinetics of the boson condensation for micro-cayMC) polaritons interacting with thermal acoustic
phonons is studied within rate equations, taking into account the finite MC cross-section. For a smoothly
switched on cw excitation and finite polariton lifetimes we find a build-up of a large population in the lowest
state of the polariton spectrum for sufficiently large deformation potential coupling at sufficiently high densi-
ties, which are still below the saturation density. The critical influence of the value of the heavy-hole defor-
mation potential is illustrated, as well as the favorable influence of positive values of the detuning. This
spontaneous polariton condensation would result in a perpendicular emission out of the micro-cavity.
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I. INTRODUCTION nent atk=0, a relaxation towards a boson condensation in

Semiconductor micro-cavitesMC) with embedded the lower branch becomes possible. In order to analyze the

quantum wells have recently attracted considerable attentio{in€ticS of a spontaneous condensation, we only treat the

As a result of the strong coupling between photons of the&oupling of the polaritons to thermal acoustic phonons, but

lowest cavity mode and two-dimension@D) quantum well do not consider the polariton-polariton scattering which has
excitons with the same in-plane wave vector, cavity polari-P€€n lar)alyz?dhpy Ciueet aI.lGIPamcularlly gnde:{ thteTaa|

tons are formed. The Rabi splitting and the dispersion of ther':‘_té)mu atlgn 0 r;[ IS %rocissﬁ?] arge po_puda;|on 0 L €s tlte i
cavity polaritons are readily observable using reflection, ab;_ - ¢an P€ achieved, which NOWEVEr, IS driven conerently.

g ; free-carriers are present by doping or optical excit&ttbey
sorption, photoluminescence measureméritBecause the may support the acoustic phonon relaxation scattering.

exciton component of the lower branch polaritons remains Recently Banyai and Gartriérshowed that the BEC oc-

finite in thg Iong_—wavelength limit, polaritons can be Scat-curs in a finite system at densities which are considerably
tered effectively into the lowest momentumstate support- | wer than those in the thermodynamic limit.

ing a non-equilibrium condensation. All the exciton scat- Here, we investigate the rate equation for the condensa-
tering processes which have been studied more than twenfi kinetics of 2D cavity polaritons by scattering with ther-
years ago for exciton laser gain mechanisms, namelyha| acoustic phonons by taking the finite cross-section of the
x-phonon, x-x, and x-e scatterihgghave recently also been MC into account. Strictly speaking a condensation into a
considered for the MC polariton relaxation into a condensegtate with a strongly populated ground state in such a system
state® is not a BEC, because in an infinite 2D system a BEC does
Many new phenomena have been studied in MC’s: E.g.not occur. However, due to the finite size, in particular the
super-linear behavior in emission intensistimulated polar-  ground state is separated by an energy gap from the excited
iton amplification®® and the suppression of the relaxation states. For such a spectrum also the equilibrium ideal gas
bottlenecki® which favor a condensation of cavity polari- theory results in a strongly populated ground state at suffi-
tons. Very recently Dengt al1? even attempted to measured ciently low temperatures and sufficiently high densities. We
coherence properties of the condensate in a Hanbury-Browrmwill present numerical solutions of the kinetic equations for a
Twiss experiment. GaAs quantum well embedded in a MC with a smoothly
As is well-known from laser theory, a rate equation ap-switched on incoherent cw excitation of exciton-like polari-
proach is the simplest way to describe the kinetics of thdons in the lower branch above the bottleneck region. With
condensation. The Bose-Einstein condensati®iaC) kinet-  finite polariton lifetimes a stationary large population in the
ics for bulk excitons coupled to a thermal bath has beerowest state of lower-branch polaritons can be reached at a
analyzed beforé>'51t has been shown for G@'° that un-  sufficiently high concentration of polaritons, which will be
der pulse excitation the BEC of ortho-exciton polaritons inshown to be still below the exciton saturation density, pro-
thek=0 state of the upper branch is only a transient phenomvided the deformation potential coupling to the phonons is
enon, because of the scattering of the upper-branch polarstrong enough. The influence of the size., its cross sec-
tons into the states on the lower branch. On the other handion) of the quantum well is studied in detail. The critical
the lower-branch polaritons cannot relax toward the loweiinfluence of the value of the deformation potential of the
k-states because of the bottleneck, caused by the rapid vaheavy-hole excitons on the polariton relaxation kinetics ana-
ishing of the exciton component. With the suppression of thdyzed. Only if the coupling is strong enough the relaxation
bottleneck in MC¥1 due to the finite x Hopfield compo- kinetics can result in a condensation. Furthermore, we show
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FIG. 2. Exciton Hopfield coefficientsu;)? (dashed ling and
(up)? (solid line) of upper and lower branch, respectively, fér
=0 meV (thin line), and =6 meV (thick line).

FIG. 1. Dispersion of microcavity polaritons with embeded
GaAs quantum wells fofi{2=6 meV, §=0 meV (solid line), and
6=6 meV (dashed ling

\)XIC. A finite positive detuning increases the exciton compo-
nent on the lower branch particularly in the region of low
n&omenta as can be seen from the full upper line in Fig. 2.
A finite cross section will make the spectrum of the mo-
menta discretek,, ;=ny(=/L;) with n=1,2,3;-- and S

that a positive detuning can be used to increase the effecti
coupling of the lower branch polaritons to the acoustic
phonons, and by these means support the occurrence of
spontaneous condensation.

=L,L,.
Il. RELAXATION KINETICS OF MICRO-CAVITY In the following we will use the semi-classical Boltzmann
POLARITONS kinetics as in Refs. 13, 15, and 17-20 to investigate the 2D

. o cavity polariton relaxation due to the scattering with thermal
Within the two-coupled band modggonsidering only the |k ‘acoustic phonons. In the rate equations for the popula-
1s state of the heavy-hole quantum well excitprtBe ener- 0 o polariton states :E(t) (the upper index is the

gies for the upper and lower cavity polariton branches areE)ranch index we will treat the population of the lowest

given by1820 : |
o) — Ly . ex ¢ xo - states with the lowest momentukg separately. Because we
Bl =SB+ Bkt [(ER - B2+ (RQ)]Y3, (1) are interested in a large population density of this lowest
state, we introduce its 2D density=f {,/S. Here we write,

where B .
e.g., fy,— fo for conciseness.
c_ hc|m 2 2 5 With this notation the polariton rate equation can be writ-
S Neavl Le ' ) ten ad®
fl
2|2 9 : S . N R
= L. 3) Ef:fG:;——ik—E D W+ 1) = (ki K, )
2(mg + my,) oo Rk
HereEj is the fundamental exciton energy, (m) the elec- Wit 1 I |
tron (hole)in-plane massn,,, the cavity refraction index.. — S Weof ¢ st W1 +F0) (5)
the cavity length{) the Rabi splitting, andk is the 2D mo-
mentum wave number. Figure 1 shows the cavity polaritorgnd
dispersion of GaAs quantum wells embedded in cavity for
Rabi splitting #Q=6 meV, n.,,=3.43, detunings=Ej—E} L T i T i
=0 meV (solid line) and 6=E5-E5=6 meV (dashed ling P P 2 (Wi fy s Mo ~W o+
The corresponding Hopfield coefficientsee Fig. 2 for Ik#ko

the transformation of polariton operators of bran'c(u:;) goallroT Py — .

) ; N i =S Wg ool =+ =Wg ool =+ |, 1 #1,
from e.x0|ton‘s(ak) and photons(by) with e =uay+v by,
with (u)?+(v,)?=1, are (6)

U=t 1 . (4) whereSis the cross-section of quantum well aneriVs the
\/1+( Q/2 )2 radiative recombination ratéS,=AH(t) is the generation
By~ Ex rate. The transition ratés/ -, due to the deformation poten-

kK’
Note that the exciton Hopfield coefficients are finite whential scattering are weighted with the exciton Hopfield coeffi-
k— 0 so that the bottleneck effect is strongly reduced in ecientsu, and u{(,
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Luu Al )2 cross-sectionS# 0 which starts the condensation kinetics

i AU A) - - h . o - L -

WQJ,;, = —————Bq,)D?(|k-K'|)|N Ej _Ei|0(A'k'Jk, without an initial condensate density, i.e., the initial condi-
' hipVUra, Kk ' tions will be ny(t=0)=0 andf ,(t=0)=0.

- k=K', (7 IIl. NUMERICAL RESULTS

where In this section we carry out numerical calculations using
the following parameters for a MC with embedded GaAs

O, -Ey quantum  wellg®?122 Ej=1515 eV, m,=0.067my, m,

Ay =—7, (8) =0.45my, a,p=10 nm, the deformation potentiald,

* hu =-8.6 eV, D,=5.7eV® u=481x10°cm/s, p=5.3
X 10° kg/m?. Particularly the value of the heavy-hole defor-

4= (Al )2 - “2_ E,|2)1,2 9) mation potential will turn out to be crucial for the relaxation
z kK’ ' kinetics. Unfortunately, one finds in the literature a consider-
able spread of values for GaAs quantum wells. Bloch and
qm, qm Marzin*® and Bockelmantt used D.=-8.6 eV, D,=5.7
D(Q)=De|:< >_DhF< ) (100  +3(q2/Q?)=5.7 eV. In our numerical simulation we will
me + My, Me + My

mainly useD,=5.7 eV. Ilvanowet al?®>?*have approximated
the expression10) by |D(q)|=|D.—Dy|=15.5 eV, which is
87 . (Lg slightly greater than our value taken from Bloch and M&%in
B(q):msm o) (1) and BockelmanA? But also smaller values ob;, are re-
A 2 ported in the literature, e.gR,=3.5 eV by Selbmanet al3°
andD,=2.7 eV by Tassonet al2%3Numerical solutions for

F(q) = (1 +(qayp/2)?) %2 (120 such lower values of the deformation potential will also be
, i ) ) presented here.
Herel, is quantum well widthayp is the exciton Bohr ra- ~ The generation rate is assumed to produce a Gauss distri-

dius of 2D GaAs,V the crystal volumey the longitudinal  ption A of exciton on the lower branch with a widthE
sound vgl00|ty,p th.e mass. density of the solidqp the =0.1 meV centered at a momentuky=1.1x 10" nm
deformation potentialsNg| is the thermal phonon popula- ghove the bottleneck region.
tion factor for the phonon absorption or emission. For the \we take into account the energy gap of the order
decay rate 17, we use the same approximation as given by372:2/2ms? of a quadratic cross section between the ground
Bloch and Marzin for a GaAs quantum weél:1/7,  state and the first excited state into accotiRtm s given by
=(v)?/7° for 0<k<ke=6x10*cm’; 1/7=1/7 for  the second derivative of the polariton dispersidn with
Keav<K<Kaq=NcaEy/fic=2.3xX 10° cm'}; and 1/4=0 for  respect tck for smallk values. As an approximation we treat
k> kg (7¢andr* are the radiative lifetimes of photons and the spectrum of the higher states as a continuum and assume
excitons, respectively. that the distribution functions are isotropic in momentum
If we setny=0 and 15=0 in Egs.(5) and(6), we retrieve  space, i.e., they are assumed to depend onlikjoBecause

the rate equation for cavity polaritons studied in Refs. 11, 18of the stronger dispersion for smadlvalues on the lower
and 20. If we replace the expressions\Mt’t,, fi and ng of polariton branch, the momentum of the last excited state
the cavity polaritons in Eqg5) and(6) by the corresponding wh|c|r|1 fcouples by ph()lnqn emission to the Iowes';]sta'ge IS very
expressions of the bulk polaritons and sgt 0 1ri=0we >man for MC-QW po aritons in comparison to the situation

. ) e k™ . quantum wells. Correspondingly the effect of this minimal
will get the rate equation for ortho-exciton polaritons in

A X omentum is of minor importance to relaxation kinetics of
Cuw,0 studied in Ref. 15. If we replace the expressions Oth-QW polaritons compared with that for QW excitofi€4

Wlkjk ko andng of cavity polaritons in Eqs(5) and(6) by The switch-on of the pump rate has a ramp shape of the
the corresponding expressions for bulk excitons and séorm H(t)=Hgth(t/ty) with t,=50 ps. Unless stated other-
1/7=0, we obtain the rate equation for the bulk excitonswise, we choosé,=3 nm, T=5 K, §=Eg-Ej=1 meV, 7*
studied in Ref. 13 or its simple version with two state model=10 ps?°® 7°=8 ps®
(a ground state and an excited sjastudied recently in Note that the exciton model in Eq) and (6) is only
Ref. 17. meaningful, if the generated x density is not too large. We
In three-dimensional3D) it has been shown that the con- can evaluate an upper limit by the saturation density at which
densation kinetics can be started in a finite system by théhe exciton oscillator strength is completely screened by ex-
spontaneous transitions contained in the first term of th&€hange interaction and phase space filling effects and, there-
population factor(1/V)+ny23 In the thermodynamic limit fore, the coupling between exciton and photon is destréyed.
V—» one looses these spontaneous transition rates, andF@llowing Schmitt-Rinket al,* we can estimate the satura-
dynamical version of Bogoljubov's symmetry breaking hastion densityns for a GaAs microcavity as

to be used in the form of small but finite initial values of the 0.117 _—
condensate density(t=0)# 0. Both versions have been Ne="——2 = 1.5x 10" cm?, (13
shown to yield a similar condensation kinettésAs already Bt

mentioned, in infinite 2D systems an ideal Bose gas has nwhere a.s=a,p/2 (see Refs. 27-29 For GaAs QWs we
BEC at finite temperatures. Therefore, we have to use a finithave chosera,;=10 nm as given by Tassonet al?® A
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FIG. 3. Condensate densities for the lower and upper branch FIG. 5. 1Con_ozlen_sate fractiong(t)/ny; for a total densitynio
ng(t) (solid line) and nj(t) (dashed-dotted ling respectively, and ~ =1.24X 191 cm © with different qzuantum well cross SeCthf%
total density(dashed lingwhich reaches a stationary super-critical =100 um” (solid line), S=2500um* (dashed ling S=10000um
value ofn,=1.17x 101 cmi2 with a quantum well cross section of (dashed-dotted line

_ 2
5100k crease of the condensate fraction with increasing quantum
choice ofay,p=ag/2 would lead to a too high, unphysical well cros;—seqtio_rs This decreasg of the stationary c.o.nd.en-
saturation density, wherag is the bulk exciton’radius. For sate fract|on.|s_ In agreement W'.th the thermal equilibrium
CdTe, Porraset al2® and Le Si Danget al2® have chosen resulgg for a finite 2D system as discussed, e.g., by Baumberg
a,p=ag/2 and this choice results in=6.7x 10" cm™2. et il.' 6 sh the Kinetics f b-critical densi
In Fig. 3 we show the lower branch condens%te d(gnsiqél s;g);(ulr(e)g C;_SWTShe ede:;?t;/? ((')s,rofi‘ dsﬁné)crilslct% o ?Or:;'%
which reaches a stationary value 0=7.7x 101. o achieve a condensation. The t(:)orresponding distribution func-
(solid line) and the total densitp,(t) (dashed lingwith the tion for the hiaher polariton statds. is shown in Fia. 7. In
supercritical stationary density of 1.X710'' cm™ for a - Nigher polart * g7
quantum well cross sectio®= 100 um?2. The absolute num- the ;ub-crltlcal regime, is very small and most polaritons
) . e . are in the non-condensate states staying around the bottle-
ber of condensed polaritons is thogS=7.7x 10*>1, which neck as shown in Fig. 7
indeed is mugh larger than 1. We also show the densit.y of the Figure 8 shows thé céndensate densgyersus the total
lowest state in thg upper bran_clé(t) (.d ashed-dotted line density ny, for various values quantum well cross-section.
where no appreciable population builds up as can be se e can estimate the critical density for BEC from the
from the stationary value df;=Sn=1.9x 10"* The station- abrupt increase inn;. From Fig. 8 we findn®=1.02
ary distribution function of the higher states of the lower . ;i1 12 for 5= 10(6,um2 s cormbamonds L
branchf, is shown in Fig. 4. It is clearly seen that the .} .12 ang f('):ngS:l'.SX 1%>1. For a Iargoe total
distribution function in the vicinity ok— ko is much larger density the depletion of the condensate due to the increasing
than 1. _ . cross-section is relative small. Only for large cross sections
The stationary cond_ensat_e density depends on the (see dotted linethe reduction of the condensate density be-
quantum well cross-sectida Figure 503h°1’g3 the condensate ¢, 0 large. This is in agreement with the evaluation of the
fraction nO_(t)/ Niot_fOT Ni=1.24X _101 cm and Qn‘ferent total particle number and of the number of condensed par-
cross sections. The pump rate is adjusted to give for all jicjes for an ideal finite size 2D boson gas in thermal equi-
values ofSthe same stationary total density,. One clearly  jinriym It is clearly seen from Fig. 8 that above the critical
sees the slow-down of the condensation kinetics and the de-

10°F 8~
U
10°F iEi &
c
(=
< O
10'F i
2 1 1 1 1
107 L s . . 0 2 4 6 8 10
2 4 6 8 t (ns)

k (10° cm™)
FIG. 6. Condensate density (solid line) for a sub-critical total

density n,;=1.9x 108 cm™ (dashed ling with a quantum well

FIG. 4. Polariton distributiorf , for the higher lying states cor-
cross sectiors=100 um?.

responding to parameters given in Fig. 3.
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FIG. 7. Distributionf, for the higher states corresponding to
parameters given in Fig. 7.

FIG. 9. Condensate density of lower branghversus total den-
sity for three values of the detuning=1 meV(dashed-dotted line
6=3 meV (dashed ling and 6=6 meV (solid line) and for S
density we obtain a linear relation betwegpandny,. The = =100um?.
slope of the line in the linear region is almost identical to 1,

i.e., all added polaritons really fall into the condensate stat&inetics for various values of the heavy-hole deformation
potential D,, and of the detuning. Again it is seen that the

For densities, > 10'° cm™2 one should take into account decrease of the heavy-hole deformation potential can at least
the polariton-polariton scattering. We expect the inclusion of0 some extend by compensated by an increasing detuning.
the polariton-polariton scattering would decrease the esti- There are some differences between our work and the
mated value ofn® in favor of the condensation. Note that recent work by Porrast al?® studying CdTe micro-cavities.
Deng et al!2 have experimentally increased the saturation'hile we have considered low- and high-energy polaritons
density by using a system with 12 GaAs quantum wellsas full polaritons, Porragt al?® have treated high-energy
placed at the anti-node positions of a GaAs@d4,_As, Polaritons as thermalized excitons. But the main difference
micro-cavity. between both studies is the scattering mechanism. In our

In Fig. 9 we display the lower branch condensagever- ~ model the phonon-polariton scattering is the only considered
sus the total density,, for three values of the detuning. mechanism. In the model of Porresal. the main scattering
High values of positive detuning lower the critical density mechanism for the relaxation into the lower polariton states
considerably mainly by increasing the effective deformationis an exciton-exciton scattering of the fomm x=x+p.
potential coupling on the lower branch via the exciton Tassoneet al?® considered also only polariton-phonon

Hopfield coefficient. We got a rather low value of=2  scattering, but only in the range=<210"cm™2 In this
x 10 cm2 for =6 meV in comparison withn°=1.02  range our results confirm those of Tassa@teal. The main

x 10" cm2 for =1 meV. The lowering of the critical den- difference is that we extended for comparable parameters the

sity for the condensation can be used in situations, where @ensity range angofind there a spontaneous condensation.
condensation would not occur say with zero detuning, e.g., Selbmanret al>" who studied for 3D GaAs the relaxation

because the deformation potential is too small. For the purkinetics with a heavy-hole deformation potentidD,
pose of illustration we show in Fig. 10 the condensation=3.5 €V find no spontaneous condensation. We get the same

10’
10} - ATTTTTSIIIIIIIIIIIINIS

10 g .

— 10"e

o ~— Tt

£ P i =

oo 10° ! ”’,' ;;;;

¢ -3 i iy

e gl g0 . f

~ 6 9 12 15 H f

c 10 -2 H , ’,

n, (107 cm™) g

11 12 13 14

n, (1 0" em?)

W 0.0 1 . | )
Ly . 0 5 10 15 20

t (ns)

25 30

FIG. 10. Condensate density(t)/ny, for a total densityny
=1.35% 10" cmi 2 for various values of the heavy-hole deformation
potential and the detunind®,,=5.7 eV, 6=1 meV (solid line); D,
=3.5 eV, 6=3 meV (dashed ling D,=1 eV, 6=6 meV (dashed-
dotted ling. Inset shows the stationary condensate demgityersus
the stationary total density.

FIG. 8. Condensate density of lower branmgversus total den-
sity for different cross-sectionsS=100um? (solid line), S
=900 um? (dashed ling S=2500um? (dashed-dotted line S
=10000um? (dotted ling and for =1 meV. The inset gives a log
plot of the full line.

245325-5



CAO et al. PHYSICAL REVIEW B 69, 245325(2004)

result for zero detuning. However, we showed that with adetuning has been analyzed in detail. Our analysis reveals
detuning of 5=3 meV one gets for otherwise equal condi- the critical influence of the value of the heavy-hole deforma-
tions again a spontaneous condensation. A similar conclusiotion potential which explains at least to some extend the
holds concerning the work of Tassoee al3! in which a  different results concerning the occurrence of a spontaneous
deformation potentiaD,=2.7 eV does not allow a conden- condensation in GaAs QW-Mc’s. Thus, it is a good strategy
sation for =0 meV, but well with a detuning of, e.gd  to look for QW materials with a large heavy-hole deforma-
=6 meV as can be seen from Fig. 10 tion potential, if one wants to achieve a spontaneous polar-
In the work of Patet al® a too large value for the defor- 1o condensation. At the same time we showed that the
mation potentiaD,=12 eV has been used which naturally is polariton-phonon coupling on the lower branch can be in-

very favorable for a condensation. creased to some extend by a positive detuning, which will
The results of other studies cannot be compared directlyn y ap g

because also other scattering mechanism have been includ gcrease the exciton component on the lower branch, and
. 9 . . ? us will make the kinetics towards a condensation more
In conclusion, we have presented the MC polariton kinet-

ics due to deformation potential scattering by thermal acousl-'kely' A spontaneous condensation of excitonic polaritons

tic phonons without any external stimulation for a cw exci- WOUId. result i.n a strong,'partially.cohe.rent emission out of
: - ; e IR the micro-cavity perpendicular to its mirrors.

tation and for finite polariton lifetimes with finite quantum

well cross sections. We have shown that with realistic param-

eters a large population in the lowest state of the lower po-

lariton branch withf,=n,S<1 can be obtained for total den-

sities which are still below the saturation density. In  Two of us(H.T.C., D.B.T.T) gratefully acknowledge the

particular, the dependence of the condensate fraction on tHaancial support of the National Program for Basic Re-

cross section, the heavy-hole deformation potential and theearch.
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