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Bose-Einstein statistics in thermalization and photoluminescence of quantum-well excitons
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Quasiequilibrium relaxational thermodynamics is developed to understand LA-phonon-assisted thermaliza-
tion of Bose-Einstein distributed excitons in quantum wells. We study quantum-statistical effects in the relax-
ational dynamics of the effective temperature of excitdnsT(t). When T is less than the degeneracy
temperaturdly, well-developed Bose-Einstein statistics of quantum-well excitons leads to nonexponential and
density-dependent thermalization. At low bath temperatliges 0, the thermalization of quantum statistically
degenerate excitons effectively slows down afd)e1/Int. We also analyze the optical decay of Bose-
Einstein distributed excitons in perfect quantum wells, and show how nonclassical statistics influences the
effective lifetimer,,. In particular, 7, of a strongly degenerate gas of excitons is given by, 2whererg
is the intrinsic radiative lifetime of quasi-two-dimensional excitons. Kinetics of resonant photoluminescence of
guantum-well excitons during their thermalization is studied within the thermodynamic approach and taking
into account Bose-Einstein statistics. We find density-dependent photoluminescence dynamics of statistically
degenerate excitons. Numerical modeling of the thermalization and photoluminescence kinetics of quasi-two-
dimensional excitons are given for GaAs/Bk, _,As quantum wells[S0163-182@9)05507-1

I. INTRODUCTION quasi-2D excitons. In particular, we attribute the density-
dependent PL kinetics reported, e.g., in Refs. 4 and 7, to
The fundamental features of relaxation and photolumineshonclassical statistics of QW excitons. In the past, most the-
cence(PL) of the excitons in quantum wellQW’s) origi-  oretical modeling of the relaxation kinetics in QWRefs.
nate from the quasi-two-dimensionalitguasi-2D of the  2,3,8,10,15 and J6dealt with a classical gas of Maxwell-
system. In the last decade these basic processes in GaBsltzmann distributed excitons. Quantum-statistical effects
QW's have attracted continual attentibit! The formation ~ were included in numerical simulations of the relaxation ki-
of QW excitons through LO-phonon cascade emission, LANetics of a trapped quasi-2D exciton Yaand in the study of
phonon, and carrier-carrier scattering completes within 20 pghe exciton-biexciton law of mass action in QW'.
after the initial excitation of electron-hole paft$1?The cre- Crossover from classical to quantum statistics occurs near
ated hot QW excitons then thermalize through low-energythe degeneracy temperaturg, given by
acoustic-phonon scattering. This process occurs in a sub-ns

time scale. In GaAs QW'’s the relaxation of hot excitons can 2 #2
be observed through resonant PL from the optically active kBTO:—( M_> P20 @
bulk modes which refer to a small in-plane momentum. Thus 9 x

the rise and decay times of excitonic PL relate to the
thermalization process. Furthermore, the PL kinetics ofvhereM, is the in-plane translational mass of a QW exciton,
long-lifetime  indirect excitons in a high-quality p2p is the 2D concentration of excitons, agdis the spin
GaAs/AlLGa; _,As coupled quantum wellCQW) is now the  degeneracy factor of QW excitons. We gt 4, because for
subject of experimental stud§. There has been recent GaAs QW's the exchange interaction is rather w&akur-
progress in the investigation of thermalization of quasi-2Dthermore, this interaction is completely suppressed for indi-
excitons in ZnSe QW'$? In the latter case the picosecond rect excitons in CQW’s. One has a classical gas of QW ex-
LA-phonon-assisted kinetics of QW excitons is visualizedCitons at temperaturesT>T,. BE statistics smoothly
through LO-phonon-assisted PL for all in-plane moges ~ develops with decreasing~ T, leading to occupation num-
While the importance of interface disorder and the local-bersN, =1 of the low-energy in-plane modeg. We will
ization effects were recognized in the very firstshow that at helium temperatures nonclassical statistics al-
experimentdl and theoreticaP studies on the relaxation ki- ready affects the thermalization process at moderate densities
netics of QW excitons, the quality of GaAs QW'’s continu- of QW excitonsp,p=3—5x10° cm 2.
ously improves from an inhomogeneous excitonic linewidth In this paper we developelaxational thermodynamics
of about 7.5 meV(Ref. 1) toward a homogeneous one be- and within this approach study how BE statistics influences
tween 80 and 12QueV.® In the present work we investigate thermalization and photoluminescence of quasi-2D excitons.
LA-phonon-assisted relaxation kinetics in a perfect QW em-Relaxational thermodynamics requires that exciton-exciton
phasizing the importance of Bose-Einst¢éBE) statistics of interaction is much stronger than exciton—LA-phonon cou-
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pling, and is appropriate if the concentratipn, of QW AE
excitons is larger than some critical densj#§,. In this
case, the the exciton system establishes a quasiequilibrium
temperaturel. For GaAs QW’s we will obtain an estimate
psp=1—3x10° cm 2. Equation(11), which is the basic
equation of the relaxational thermodynamics of QW exci-
tons, provides us with a unified description of the thermali-
zation process. The thermodynamic approach yields the tem-
poral evolution of the effective temperature of QW excitons
T=T(t) from the initial valueT,=T(t=0) to the bath tem-
peratureT,. While we study the thermalization process in
both limits, classical and degenerate, of a gas of QW exci-
tons, the most interesting results refefMe T,. In this case
one finds a density-dependent nonexponential relaxation of
quasi-2D excitons. Both acceleration and slowing down of
the thermalization kinetics may occur due to BE statistics.
However, with a decrease of the bath temperalyeslow- FIG. 1. Schematic picture of the energy-momentum conserva-
ing down of the relaxation starts to dominate in a quanturrion in scattering of QW excitons by bulk LA phonons. The para-
gas. In particular, fof,— 0 we derive 1/Irt cooling law for ~ Polic and conical surfaces refer to the excitoBie thﬁ/ZI\_/lX and
QW excitons. acousticE=fivgp; dispersions, respectively. The bold rings show
The thermalization kinetics of excitons in GaAs QW's the stategp;=2M,v of QW excitons which couple to the ground-
can be observed through resonant PL from the in-plane raate modey;=0.

diative modes. Therefor_e we generalize _the PL thédiyo . excitons in GaAs QW's with_,<100 A, this assumption
well-developed BE statistics of QW exc'|tons, _and NUMeri-means QW exciton energide<10 meV and temperatures
cally model the PL process in GaAs QW's. It will be shown |55 than 100 K. Only the exciton—LA-phonon deformation
that at low temperatures nonclassical statistics changes thgytential interaction is included in our model.
law 755 T, Wherer,p, is the effective radiative lifetime of ~ The in-plane momentum is conserved in the scattering of
QW excitons. Furthermore, we calculate a temperatureQ\w excitons by bulk LA phonons. The momentum conser-
independent correction to the classical linear behavior ofation in thez direction (the QW growth directionis re-
Topt(T). A density dependent component of the correctionlaxed. As a result, a scattered QW exciton interacts with a
originates from BE statistics and can be traced even at highontinuum spectral band of scattering LA phonons of a given
temperatures. direction of propagation. In contrast, an exciton in bulk semi-
Relaxational thermodynamics refers to the phonon<onductors couples in Stokes or anti-Stokes scattering only
assisted thermalization kinetics of QW excitons. We will with one phonon mode of a given direction. In Fig. 1 we
analyze the relaxation kinetics due to bulk LA phonons, asdepict a schematic picture of the states which are involved in
suming the initial distribution of hot QW excitons is below the scattering of a QW exciton with in-plane momentpm
the threshold for optical phonon emission. The bulk LA =0. The energy state=0 couples to the continuum energy
phonons are due to a semiconductor substrate of a QWstatesE= EO:2MXU§, i.e., to the QW states which lie in-
While the lifetime of long-wavelength acoustic phonons areside the acoustic cone given B=E(p))=fivsp. The en-
on a subgs time scale, the scattering LA phonons leave andergy E, is an important parameter of the relaxational ther-
enter the QW area within a timeL,/vs~1-10 ps (,is modynamics of QW excitons. For GaAs QW's witil,
the thickness of a QW, and is the longitudinal sound =0.3m; (my is the free electron massand vs=3.7
velocity). Therefore, we assume the Planck distribution ofx 10° cm/s, one ha&,=46.7 ueV andEy/kg=0.54 K.
the LA phonons interacting with QW excitons. The LA-  The relaxation kinetics of QW excitons coupled to ther-
phonon-assisted kinetics will be treated for an isolated banehal bulk LA phonons is given by the Boltzmann equation
of ground-state QW excitons. Being applied to heavy-holgsee, e.g., Ref. 20
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where the dimensionless energy ise=E/E, coupled equations foll(t), pop(t), and 74,(T,p2p). We

= E/(ZMxvg); n'jh:l/[exp(sEO/kBTb)—l] and N, are the give a numerical modeling of th& and p,p-dependent PL
distribution functions of bulk LA phonons and QW excitons, Kinetics of quantum-degenerate quasi-2D excitons.
respectively.® is the Heaviside step function. The integra- In Sec. V, we discuss the influence of interface polaritons
tion variableu is given byu=cos6, where G<6< is the = and QW biexcitons on the relaxation kinetics of statistically
angle between the axis and the wave vector of a scattering degenerate excitons in perfect QW's. Our theory is always
bulk LA-phonon. The scattering time is 7 appropriate for thermalization of indirect excitons in CQW's,
= (m?h*p)/(D?M3v ), wherep is the crystal density and ~ Where even at small densitipsp, the interface polariton ef-

is the deformation potential. The form factof,(y) fect is rather weak and biexciton states are unbound. For
=[sin(y)/x[€X/(1—x%?)] refers to an infinite QW confine- single QW’s we argue that QW polaritons and biexcitons are
ment potentiaf® This function describes the relaxation of the considerably weakened at large densities, due to particle-
momentum conservation in tidirection, and characterizes Particle scattering. In this case our model is applicable to
a spectral band of LA phonons, which effectively interactQW's with direct excitons.

with a QW exciton. The dimensionless parameder1 is In Appendix A, in order to estimate the critical density
defined bya= (L,MwJ)/%. p5p of QW excitons for the development of relaxational

The kinetic equatior{2) deals with an isotropic in-plane thermodynamics we calculate the characteristic equilibration
distribution of QW excitons, i.e., the occupation numbkg‘ time 7, due to exciton-exciton scattering. The equilibration
of the in-plane modep relates to the distribution function ;ate I”’Xﬂa is found in both limits dc_)f classical almd vxell-
Ne by N, =Ng_=Ng. This approximation corresponds to evelope BE statistics. In Appendix B we analyze how a

| P relatively large  homogeneous linewidth ~#%/7,

the experimental conditions of Refs. 1-10. The fisgtcond .7/ " #/75 of high-density QW excitons in a perfect
term in the figure brackets on the right-hand side of @J.  Qw influences the PL process.

describes the phonon-assisted Stokasti-Stoke$ scatter-
ing. In accordance with Ed2), the relaxation kinetics into

e Il. RELAXATIONAL THERMODYNAMICS
the ground-state modg =0 is given by

OF QW EXCITONS

9 20 (= s In this section we summarize the thermodynamic relations
_ 2 . . . .
ENE:O_T_I de e H|Fz(a\/s(e—l))| for an ideal two-dimensional gas of bosons, and derive the
sc/1 basic equation for relaxational dynamics of QW excitons.
X[Ng(1+n2") —Ne_o(n?"=N,)T. (3
A. Thermodynamic relations for quasi-2D excitons
The integral on the right-hand side of E@®) characterizes
the coupling of the ground-state moHe=0 to continuum of equilibrium gas of QW excitons can be derived from the
the energy stateEB=E, (see Fig. 1 condition
In Sec. I, we develop the relaxational thermodynamics of

The thermodynamic equation= w(T,p,p) for a quasi-

QW excitons coupled to bulk LA phonons. A basic equation 1 2gM kg T (= dz
for the effective temperatur€ of quasiequilibrium QW ex- Pop=<, Np'= XZB f — . 4
citons is derived from LA-phonon-assisted kinetics given by S P| ” mh 0 e Mrele?—1

Eq. (2). The conditions of the validity of the thermodynamic -

picture are analyzed and tested for excitons in GaAs QW,S!:rom Eq.(4), one obtains
In Sec. lll, the thermalization laW=T(t) is studied for w=kgTIn(1—e~To’T), (5)

both classical T>T,) and well-developed BE statisticd (

<T,) of quasiequilibrium QW excitons. We demonstrate where the degeneracy temperatdrg is given by Eq.(1)

that the BE statistics strongly influences the thermalizatiowith g=4. With the chemical potentigk of Eg. (5), the

process and leads to the density-dependent characterisgguilibrium distribution function of QW excitons is

thermalization timer,= 7y(p2p) for |[T—Ty|<T, and to

the nonexponentialdensity-dependent relaxation at-T, eq_ 1-e To/T

=T,. In particular, for low bath temperatur8g<E;/kg, Ne  eEkeT o To/T_1" ©®)

we find a very slow thermalizatiofi(t)e1/Int of quantum

degenerate quasi-2D excitons. The numerical simulations dh particular, the occupation number of the ground-state

the relaxational dynamics are given for excitons in GaAsmode is given bW§|?:0=N§10=exp(rolT)—l.

QWss. Classical, Maxwell-Boltzmann, statistics of QW excitons

~ In Sec. IV, we develop a theory of resonant PL of statis-ig realized forT>T,. In this case Eqs(5) and(6) reduce to
tically degenerate QW excitons. An effective radiative life-

time 7,,,; of @ quasi-2D excitonic gas is calculated for BE- w=kgTIN(To/T) and NEI,=T,/T<1, 7
distributed QW excitons. We show that the lawy,>T,

which is valid for classical statistics of QW excitons, is vio- i-., the occupation numbers of QW modgsare much less
lated at low temperatures and &t-0 the effective decay than unity. In the opposite limif <T, of well-developed BE
time 74, tends to 2, where 7y is the intrinsic radiative ~statistics one has

lifetime of a QW exciton. The PL kinetics of QW excitons is

described in the thermodynamic approach within three p=—kgTe T and Ngi,=elo/T>1. (8
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According to Eq.(8), the chemical potential of a degenerate density of about %10° cm ? has been estimated in
gas of QW excitons approaches zero much faster than th&periment$ with high-quality GaAs QW's ofL,=80 A.
temperaturel. While the chemical potentigh<<0 for T>0  For well-developed BE statistics of QW excitons one has
and the BE condensation of the QW excitons is absent withifr /751 and the occupation numbers of the energy states
the thermodynamic approach for temperatures above zerg.— ke T exp(—T,/T) are given by the Planck function, i.e.,

the occupation number of the ground-state mpgeO in- eq _ _ : .
creases exponentially with decreasifige T,. pe NeZo=1/lexp@kgT) ~1], according to Eq(6). In this case
Tvx and 7, are given by Eq(A5) of Appendix A and Eq.

Equations(5)—(8) can be applied to an arbitrary two- ) g
dimensional quasi-ideal gas of Bose particles with quadratié18) of Sec. l, respectively. The condition, < 7y reduces

dispersion. The specific characteristics of the bosons, like thi®
spin degeneracy factg and the translational mads, , en-
ter the thermodynamic relationships only through the degen-
eracy temperatur&, defined by Eq(1). T

For GaAs QW'’s one estimatek, = (7#2p,p)/ (2M4Kg) EO(—O) elo/T>
=46 K (kgTo=399.5 ueV) for p,p=10" cm 2. This T
density of quasi-2D excitons corresponds to the mean inter-
particle distance-1/\/p,p=320 A and to the Mott param-
eter pop[al?®)12=0.04, i.e., the QW excitons are still well-
defined quasiparticles. Hem”®) is the Bohr radius of a
quasi-2D exciton. In Sec. IIB we will use Eq&)—(8) to
develop the relaxational dynamics.

afi ( Mx)zazo (10)

(1— w4\ M,

Tsc

where the constant,p=C,p(a)>1 is given by Eq.(18).
Inequality(10) always holds for strongly degenerate QW ex-
citons.

Criteria(9) and(10) of the validity of the thermodynamic
picture atT>T, andT<T,, respectively, are independent of
the scattering length- a&zD) of exciton-exciton interaction.
This is due to the quasi-two-dimensionality of QW excitons
(for details, see Appendix A In contrast, in a three-

The thermalization of QW excitons occurs through a sedimensional gas the equilibration time., due to particle-
quence of quasiequilibrium thermodynamic states, which ar@article interaction depends explicitly on the scattering
characterized by an effective temperatufe=T(t) and |ength?® In further analysis we assume the hierarchy of in-
chemical potentialy=p(t), provided that the exciton- ieractions, i.e., thai,p™pSp , SO that inequality9) is valid.
exciton interaction in a QW Is much stronger than the_ COU-The initial density of photogenerated excitons in GaAs QW's
pling of QW excitons with bulk LA phonons. The initial ifs usually larger than 0cm™2 (see Refs[3—10)), indicat-

o}

interaction is conservative, and equilibrates the system I S
QW excitons without change of total energy. The charactern9 that the thermodynamic picture of relaxation is adequate

istic equilibration timer,., depends on the density,p of for.typ.|cale%xper|mental gohd|t|ons. We will 0m|te;he super-
QW excitons. For excitons distributed below the thresholdSCTiPt iNNe”, because within our approat=Ng".
for LO-phonon emission, enerdyffective temperatupere- ‘The thermalization dynamics of QW excitons is deter-
laxation results from QW exciton—bulk LA-phonon scatter- Mined by the slowest elementary LA-phonon-assisted relax-
ing, and is characterized by an effective thermalization timeation process of the kinetic equatio(® and(3). The joint
7. The hierarchy of interactions means that in a large andlensity of states for Stokes and anti-Stokes scattering from
interesting range of density we have,<7,. In this case the energy modé& continuously decreases with decreasing
the equilibration and thermalization kinetics can be naturallyE, according to the right-hand side of E@) (note, that the
separatedsee, e.g., Ref. 32 and the thermodynamic ap- density of quasi-2D excitonic states is constant given by
proach is correct. 167°M, /%2 for g=4). Moreover, the low-energy staté&s
The conditionr, <7, will hold for p,p>p5y, Where  <Ey/4 are not active in Stokes scattering, and couple with
p5p is some critical density for QW excitons. For a classicalthe corresponding LA-phonon-separated stdiesE, only
distribution of quasi-2D excitons one ha&g/T<1 andNg through the anti-Stokes process. The above arguments show
=(To/T)exp(-E/kgT)<1, according to Eq(6). In this limit & particular status of Ed3), which describes the relaxation
the characteristic equilibration time_, is estimated by Eq. kinetics into the ground-state mode. Furthermore, the
(A4) of Appendix A, while the thermalization time,, is ~ 9round-state mode =0 refers to the lowest enerdy=0
given by Eq.(15) of Sec. Ill. The comparison of EqéA4)  and to the largest occupation numbbi_,. For well-

and (15) yields 7, ,<7y,, provided that developed BE statistics of QW excitons one Ms_o>1.
As a result, the population of the stafe=0 generally re-
5 quires an additional time in comparison with that for the
T >k TCZﬁ Hx ) “Cop ©) high-energy state§>kgT with Ng<1. Thus LA-phonon-
BIOTTBIOT M) 7 assisted occupation of the ground-state mode is the slowest,
“bottleneck,” relaxation process, which determines the ther-
where u, is the reduced mass of a QW exciton and themalization kinetics of quasiequilibrium QW excitons. A
constaniC,p=C,p(a)>1 is defined by Eq(15). For a clas-  similar picture holds for thermalization of excitons in bulk
sical gas of excitons in GaAs QW of thickness=100 A semiconductor&*2>
we estimatep$,=1.2x10° cm 2 and the corresponding  With the substitution oNg=N&% given by Eq.(6), in Eq.
temperature scal&;=56 mK. For comparison, the critical (3), we derive

B. Thermalization equation
for quasiequilibrium excitons in QW’s
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J 2 T2 eEO/kBTb_esEO/kBT 1
—T=- ( ) 1-e TO/T)J dss\/ |Fz[a\/s (e—1)]J? (11

dat Tsc TO ( 8Eo/kBT+e—T0/T 1) (esEolkBTb 1)

Equation (11) describes the thermalization dynamids for the thermalization kinetics &f,=0. Here we show that
=T(t) of QW excitons from the effective temperatufe  the thermalization becomes very slow, witlit)<1/Int. In
=T(t=0) to the bath temperatuiig, . A finite lifetime 7' of  Sec. Il C, the cooling of hot QW excitons with—T,=T,
excitons, due to radiative and nonradiative recombinationis treated for both classical and strongly degenerate limits of
can be incorporated into E¢L1) by the degeneracy tempera- BE statistics. There are four characteristic temperature scales
ture To(t)cpop(t=0)expt/7). In Sec. Ill we apply Eq. T, Ty, Ty, andEy/kg, and the precise form of the relax-
(11) to the thermalization kinetics of QW excitons in the ation will depend on all four. Note, however, that Tf
absence of their recombination’(—<0). This analysis refers >T,, the degeneracy temperature is not a relevant param-
to the case when the characteristic thermalization tiqge  eter, and the most relevant aspects of phonon bottleneck ef-
<7'. In Sec. IV we will use Eq(11) in order to develop a fects are captured by the rati, /kgT,. In practice the re-
theory of resonant photoluminescence of quantum degenelaxational dynamics is controlled by two parameté&g T
ate excitons in perfect QW’s, wherl = 7, is determined andEq/kgTy,.
by the intrinsic radiative lifetimerg of QW excitons.
A. Relaxation kinetics between nearby thermodynamic states
IIl. THERMALIZATION KINETICS

OF QUASIEQUILIBRIUM QW EXCITONS If the effective temperatur@ of QW excitons is close to

the bathT,, the basic thermodynamidl) reduces to
In this section the thermalization dynamics of QW exci-
tons is analyzed within Eql1) for p,p=const. First we
linearize Eq.(11) about some bath temperatuifg to study
the exponential relaxation of QW excitons with the effective
temperature T—T,|<T,. Linearization is not appropriate where the effective thermalization time, is given by

I Lot 12
a—a( b (12

es EO /kBTb

1 2w\ Eq /T f‘” ’ [ & ) 1
- _ 0o/Tp I / _
( )(kBTO) 1-e ) 1 de e 8—1|Fz(a 8(8 1))| (esEolkBTb+e—T0/Tb_1) (esEO/kBTb_ 1) ’ (13)

Tth

The linear approximation of Eq11) by Eq.(12) is valid for  (14) for GaAs QW of thickness.,=100 A. The ratio
|T—Tp|/To<kgTp/Ep, and can be done for an§,>0.  E,/ksT, determines the high- and low-temperature limits of
Equation(12) corresponds to thexponentiathermalization . .

law T(t)=T,+AT exp(-=t/7y), whereAT=T;—T, and T, A. High-temperature limi{kgTp> E,). The characteristic
=T(t=0) is the initial temperature of QW excitons. The thermalization time, which in this case we will designate by
thermalization timery, uniquely describes all quasiequilib- 7, is given by

rium relaxation processes in a gas of quasi-2D excitons.

For example, the relaxation kinetics into the ground-state 1 Cyp
mode E=0 is given by Ne_o(t)=Nf_o+(Ng_g ™ T
—NE_o)exp(—t/7y), whereNE_,=exp(T,/T)—1 andNE_,
=exp(T,/Ty)—1. We will analyze Eq(13) in the limit of ~ Where (19
classical and well-developed BE statistics of QW excitons,
respectively. _ J * | € 2
1. Classical gas of QW excitor§,>T,) Cop=2m 1 de & s—l'FZ(a e(e=1)I%

In this case Eq(13) yields
In the high-temperature limit of a classical gas of QW exci-

Eo w 2\/ e |Flave(e—1)]|? tons, the thermalization time, is independent of the bath
(kBTb)J € e—1 (eEolkaTo_1) temperatureTb_. The _constanlCZD:C_ZD(a), which com-
(14) plgtely determines, in terms of ¢, |s.much larger than
unity. For example, for a GaAs QW with,=100 A, the
From Eqg.(14) one concludes, as expected, that the characdimensionless parameter=0.096 and the constant,p
teristic thermalization time of the Maxwell-Boltzmann dis- =2530. The corresponding thermalization time of the QW
tributed QW excitons is indeed independent of their concenexcitons is ry=5.5 ps. For comparison, the high-
trationp,p . In Fig. 2 we plotr,= 74(T,) calculated by Eq. temperature thermalization time of a classical gas of excitons

1 (277

Tth
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FIG. 2. The thermalization time,,= =,(T},) of a classical gas
of QW excitons, a GaAs QW with,=100 A andr,,=13.9 ns
[see Eq.(14)]. Inset: the high-temperature thermalization time
=TH(LZ)ocL§ of Maxwell-Boltzmann distributed QW excitons
(solid line and the high-temperature thermalization timgy
=7ou(L,)cL, of strongly statistically degenerate QW excitons
(dot-dashed line The latter dependence refersT@:(kBTﬁ)/E0
=1 (Te>Ty).

in a bulk semiconductor is given by(P)=(3/87)rs..%
This estimate yields#®®’=1.66 ns for bulk GaAs, i.e.,
8P 72D =~ The ratio 72P)/73P)=(87)/(3Cyp)
=3.3x10 3, which refers to bulk GaAs and GaAs QW with

L,=100 A, clearly demonstrates the effective cooling of
QW excitons in the presence of a bath of bulk phonons. Due

to the relaxation of momentum conservation in thdirec-

tion, a ground-state QW exciton couples to the continuum

statesE=E, rather than to the single-energy st&e E, as

occurs in bulk materials. With decreasing bath temperatur

Ty, the effective thermalization time,, of QW excitons
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the ground-state modeé=0. For a classical gas of QW ex-
citons one hadg<1. As a result, both the spontanedus
dependent oNg_p) and stimulatedproportional toNg_g)
processes contribute to the population of the ground-state
mode. The first, Stokes, processxiNEon(le nEh?EO), and

increasesNg_q, while the second, anti-Stokes, process is
“—NE:onEh;Eo, and decreases the occupation number of

the modeE=0. For the high-temperature limit of a classical
gas of QW excitons both opposite fluxes are intense because
ngle =ksTp/E>1. In the low-temperature liminfle

=exp(—E/kgTy)<1, and both the spontaneous process,
which is proportional to NE>E0(1+ n’élEo)zNEzE0
=(To/T)exp(E/kgT), and the stimulated process, which is
proportional to— NEZOnEQE(): —(To/T)exp(—E/kgTy), are
exponentially weak.

The plot = 71(Tp) (See Fig. 2 shows that for excitons
in GaAs QW'’s the high-temperature limit given by EG5)
meansT,=30-50 K. On the other hand, a strong increase
of , occurs already al,=5-10 K, i.e., at temperatures
much above the low-temperature range determinedlpy
<E,/kg=0.54 K, and where the approximation af, by
Eq. (16) is valid.

2. Quantum gas of QW excitorf$ > Ty,)

In this case Eq(13) reduces to

2 EO «© 2
{5l e
SEo/kBTb

V |Fz[a\/8 8 1 ]|2( sEq/kgTp_ 1)2
(17)

guation(17) shows that the thermalization time of quantum
egenerate quasi-2D excitons depends on the concentration

1

Tth

monotonously increases, starting from its high-temperatur20; ':€- Tth* P20 -

limit given by 7, (see Fig. 2 ForT,=5 K one finds from
Eq. (15) that 7,=19.1 ps in GaAs QW with.,=100 A.

There is an uncertainty in values of the deformation po-

tential D of exciton—LA-phonon interaction, published in lit-
erature(see, e.g., Refs. 2, 15, and)2ftomD,,;,=7.0 eV to
Dnax=18.1 eV. In our numerical evaluations we uBe
=15.5 eV. According to Eq.13), the deformation potential
contributes tor,, only throughrs.x 1/D?. Therefore the nu-
merical calculations of,, can be straightforwardly re-scaled
to another value ob [we will use this procedure in calcula-
tions of Fig. 9a) to reproduce qualitatively the experimental
data of Ref. 4 The valueD=15.5 eV corresponds te,
=13.9 ns.

B. Low-temperature limit(kgT,<E).
(14) reduces to

In this case Eq.

1 2773/2

T

Eo
KgTp

12
) e Eg /kBTb, (16)

where we designate the low-temperature limitrgf by 7, .
According to Eq.(16) the thermalization timer, increases
exponentially with decreasing bath temperatiig below

A. High-temperature limitkgTp>E). In this limit Eq.
(17) yields(rn= 7on):

|
ToH

62D=2wfds \/;—1|Fz(ax/s(s—1))|2.

From Egs.(15) and(18) we find

1 (kgﬁ)(

7'OH_ ToEo
The constanC,p=C,p(a) is much larger than unity, but
much less thanC,y. For example,C,p=170 so that
C,p/Cyp=0.07 for a GaAs QW with.,=100 A . Accord-
ing to Eg. (19, one has rogu<7y for To>T,
>[(ToEoCop)/(kgCop)1¥?  and  71oy>7y for Ty
<[(ToEoCap)/ (KsCop)]¥2 The acceleration or slowing

EZD

keT}
ToEo

1
Tsc

where (18)

1

H

02D> 19

C2D

Ey/kg. The origin of this result can be understood from thedown of the relaxation kinetics in comparison with that in a
initial Eq. (3) of the phonon-assisted relaxation kinetics intoclassical gas of QW excitons originates from BE statistics.
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Because for the quasiequilibrium degenerate QW excitons 50 —r . . , . .
Ne—o=exp(To/T)>Ne=g =11 expEo/kgT)—1], only the o a

stimulated processecsNEzo(NEon—nE;EO) contribute to Wl ! Pep=10"cm |
occupation kinetics of the ground-state mofe-0. From g o N

Egs. (7) and (8), one obtainssT/T=— 6Ng_q/Ng—_q for e ‘\ Pp=5x10" cm

classical statistics andT/T= —(T/Tg)(6Ng-o/Ng-o) for F 30

well-developed BE statistics of the ground-state mode, i.e.,,§

the same relative change of the occupation nunier, is X 20 |

accompanied at <T, by the much less relative change of g

the effective temperature than thatTatT,. Therefore, BE &

occupation of the ground-state mode whlx_o>1 slows ol

down the thermalization kinetics of QW excitons. On the

other hand, one haNEBEO—nElEo=nE">EO(5T/Tb) for . | | | |

well-developed BE statistics of the energy moéesE, and 0 10 ) 30 40 50
Ne-g,~ ng';Eo E>E (E/kgTp)(ST/T,) for a classical dis-

trlbutlon_ of QW eXCItons AE=E,. As a result, the BE FIG. 3. The thermalization time,,= 7,(T,) of BE-distributed
occupation numberNEon>1 enhance the relaxation dy- OW excitons of the densiies ¥cm 2 (solid line), 5
namics by the factor kBTb/E01 which is much Iarger than X 10 cm~2 (long dashed ling 10 em™2 (dashed ling and
unity in the high-temperature limit. With decreasing bath10'° cm=2 (dotted ling. The calculations with Eq(13) refer to
temperatureT, the slowing down of thermalization, which GaAs QW withL,=100 A andr,,=13.9 ns.

results fromNg_,>1, starts to dominate over the accelera-
tion of relaxation due to BE statistics of the modes E,.

Bath Temperature (K)

nonanalytic point of the right-hand side of E@Ll) at T

The thermalization timery,= 7n(@) is very sensitive to  =T,=0. ForT,=0, Eq.(11) reduces to
the dimensionless parametaL, through the form-factor
functionF, on the right-hand side of E¢13). With decreas- J_ 277 T CToIT
ing L, the spectral width of,[ae(e—1)] increases, indi- g Tsc T0 (1-e )f de e

cating a stronger relaxation of the momentum conservation
in the z-direction. From Eqs(15) and(18) we conclude that
for the infinite square QW confinement potentigk< L§ and
Ton>L,, respectively. The dependenceg= r4(L,) and
Ton= Ton(L,) are plotted in the inset of Fig. 2.

(21)

y [ & |Filaye(e—1))[?
e—1(e"FolkeT+ o To/T_1)"

Equation(21), which describes how the QW excitons with

B. Low-temperature limi(kgT,<Ey). In this case, from effective temperatur& cool down towardl,= 0, can be fur-
Eq. (17) we obtain ther simplified forkgT<E,:
i 272 EoT, 1lzeEO/kBTb:(E>i 20 iT:— 2773’2(T_2>(I<B_T) 1/26{0”(8T -
ToL ¢ | keT§ To/ 7' ot To/\ Eo '
where we designate the low-temperature thermalization time 100 . . -
of degenerate QW excitons by, , and the corresponding R
thermalization time of Maxwell-Boltzmann distributed QW T,=3K e
excitons 7, is given by Eq.(16). The slowing down of the 5 °r 7 i
thermalization process by the factdp/T,xp,p, Which is % e
much larger than unity, stems from well-developed BE sta- E 60 // .
tistics of the ground-state mode, i.e., froN_o>1. The 5 <" T.=5K
distribution function of QW excitons &E=E, is classical, E w0l . |
ie., NEBEO:exp(—EOIkBT)<1, and does not enhance the re- g /,//
laxation processes into the ground-state mBete0. é’ /_/-/' T 250K T <10K N
The influence of BE statistics on the thermalization of 20 *" \vﬂg___,fff' N
QW excitons is demonstrated in Fig. 3 fofr, e T N . Tp=20K
=7n(Tw), pop=const, and in Fig. 4 forry,= min(p2p): To 0 . ! s !
=const, respectively. The numerical evaluationsgfrefer 0 20 40 60 80 100

to Eq. (13). Density of QW Excitons (x10'°cm™)

FIG. 4. The thermalization time,,= 7,(p,p) of BE-distributed

B. Thermalization of QW excitons atT,=0

The linearization of the basic Eqll) at T,>0, devel-
oped in Sec. IllA, does not hold wheii — T,|>kgTZ/Eo,
and especially at zero bath temperature. Becifsg,—
at T,=0, the effective temperaturé of QW excitons is a

QW excitons at bath temperatures of 3 (¥0olid line), 5 K (dot-
dashed ling 10 K (long dashed ling 20 K (dashed ling and 50 K
(dotted ling. The calculations with Eq13) deal with a GaAs QW
with L,=100 A andr,,=13.9 ns. Note that numerical evalua-
tions of Figs. 2—4 refer to effective temperatures of QW excitons
close to the bath temperature, i~ Tp|<T,.
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Effective Temperature (K)

Time (ns)

FIG. 5. Thermalization dynamic¥=T(t) of QW excitons at
T,=0 and p,p=10 cm 2 (solid line), 5x10" cm 2 (long
dashed ling 10'* cm 2 (dashed ling and 16° cm~? (dotted

line). Inset: the initial transient thermalization of hot QW excitons

BE distributed at=0 with T;=100 K.

In dimensionless time and temperature units;
= (27%%Et)/ (kg To7so) andT =kgT/Ey, and Eq.(22) takes
the canonical formdT/dr= —T%%xp(—1/T). The solution

T=T(t) of Eq. (22 is given by the transcendental equation

t+A, (23

2773/2 0
F(kgT/E =—(—
(ke o 7sc \KgTo

where F(x) =[ 1//x— Ds(1/\x)1e**, Ds(y)=e ¥’ [¥dte"”
is Dawson’s integral, and the integration constaptis de-
fined by the initial conditionT;=T(t=0)<Ey/kg, i.e., A;

=F(kgTi/Ep). For t>[(kgTo)/(27%Ep)]7sc  the
asymptotic solution of Eq(22) is
Eo
kgT(t) (29

TIN5 Egt) (ks Toms0)]

i.e., T(7)=1/In(7) for r>1.
The asymptotic laWEq. (24)] characterizes theonexpo-

nentialand extremely slow thermalization kinetics of a quan-
tum gas of QW excitons. Because the phonon occupatio
numbersnghzo atT,=0, only Stokes scattering of the QW

excitons determines the relaxation process. In this case the

integrand on the right-hand side of E®) is proportional to

NE?EO(NE=0+1)2NE>EONE=O' At kBTgEO the energy

statese=E,, which couple with the ground-state moée
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long-lived quasi-2D excitons in GaAs/Aba, _,As CQW’s.
The first hot relaxatiorisee the inset of Fig.)Gs completed
within At<<30-100 ps. At the end of the transient stage the
effective temperatur@ of QW excitons is still much higher
than Eq/kg=0.54 K, so thatNg_g >1 for T<Ty. As a

result, the duration of hot thermalization decreases with in-
creasing concentratign,n of QW excitons. Here one has an
acceleration of the relaxation kinetics due to BE statistics of
energy mode&=E,. The further thermalization kinetics of
cold QW excitons refers t6=100 ps and reveals 1/l
law (see Fig. 5. According to Eq.(24), a critical slowing
down of the phonon-assisted relaxation dynamics develops
with increasing degeneracy temperatligec pop . An exten-
sion of the numerical evaluations presented in Fig. 5 pisa
time scale shows that even At=1 us the effective tem-
perature of QW excitons is still a few hundred mK foyp
=10" cm ™2, ie., T(t=1 wus)=89 mK for pyp
=10 cm 2, T(t=1 us)=129 mK for p,p=10"
cm 2, T(t=1 us)=181 mK for p,p=5x10" cm 2,
and T(t=1 ws)=213 mK for p,p=10 cm 2.
On a time scale much longer than the duration of the initial
hot thermalization the effective temperatdrés nearly inde-
pendent ofT;=T(t=0), provided thakgT;>E,. Recently,
a strong increase of the thermalization times in a highly de-
generate quantum gas of quasi-2D excitons has indeed been
observed in GaAs/AGa,_ ,As CQW’s?®

However, our treatment has neglected possible low-
temperature collective states due to interactions between QW
excitons. At a critical temperaturd .=aT,, where «
=a(a®Ppi2)<1, a system of quasi-2D excitons may un-
dergo a phase transition to a superfluid state. Our calcula-
tions of relaxational thermodynamics become invalidTat
<T,, i.e., one cannot trace with E(1) the transition to the
excitonic superfluid phase and how, further, a collective
ground state of QW excitons arises &—0 (for
paplal?®1?<1 the ground state can be interpreted in term
of BE condensation of QW excitoff&y. While in the dilute
limit In(pp[a®]P)<1 the parameter<1, i.e., T,<T;,%
there is still no first-principles theory to estimatefor the
densitiesp,p[al?)]2< 1. With the above-mentioned restric-
tions, we find that cooling high-density QW excitons to very
low temperatures is rather difficult. This conclusion may
Rave some bearing on the seafttor the collective ground
state of indirect excitons in GaAs/&ba, _,As CQW'’s.

C. Thermalization dynamics of hot QW excitons(T>T)

In experiment5™® with nonresonant excitation of heavy-

=0 [see Eq(3)], are weakly populated by the QW excitons, hole excitons in GaAs QW's, the initial effective temperature
while Ng_o>1. The Maxwell-Boltzmann distribution func- T,;>T, . While in this case the thermalization kinetics can be
tion Ne-g =exp(-E/kgT) gives rise to the factor apalyzed numerically from the basic Hd.1), we will clarify

exp(—Ep/ksT)<1 on the right-hand side of Eq22). This

the various relaxation scenarios by analytic approximations

term, together with the need to accumulate a huge number aff Eq. (11).

QW excitons in the ground-state moge=0, due to BE
statistics, is responsible for 1/(thermalization law aff,
=0.

In Fig. 5 we plot the results of numerical evaluation of the

relaxational dynamics af,=0 from Eq. (21) for various

concentrationg,p of QW excitons and for an initial effec-
tive temperaturel;=100 K. The simulations refer to the

1. Classical gas of QW excitor(d;>T,>T)
A. High-temperature limit(kgT,>E,). In this case Eq.
(11) reduces to

(25

i
E__E(_b)a
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degenerate, and the BE statistics starts to influence the ther-
malization process. The relaxation kinetics is approximated

by

ot

: (28)

_(l)Z(T—m
Ty TOH

where 7o % p,p IS given by Eq.(18). Equation(28) yields
the nonexponential transient thermalization frdmxT, to
T:Tb:
To
[1+2(To/To) [ (t—t" ) 7on 1T

T(t) (29

The nonexponential transient lasts for a tikie= r,,,/2. The
relaxation kinetics fromt=t"=t"+ 7¢./2 refers toT—T,

FIG. 6. The relaxational dynamics of a classical gas of hot QW< T, and recovers the exponential law with, .

excitons atT,=1 K (solid ling), 4.2 K (dot-dashed ling 10 K
(long dashed ling and 25 K(dashed ling The latter straight line
refers to the exponential kineticg|(fi—T,)/(T,—T,)|=—t/7, which
is valid in the high-temperature limkgT,>E,.

where the characteristic thermalization timg is given by
Eq. (15). Thus, in the high-temperature limisT,>E, the
exponential law T(t)=Ty+(T;—Ty)exp(-t/7) is valid
even for (T;—T,)/Tpy>1.

B. Low-temperature limit(kgT,<Eg). The initial hot
thermalization down t&gT=E, is approximated by

aT— ! 26
Friii (26)

This exponential coolingr'(t) =T, exp(-t/7y) completes at

t'=74 In(T;/Tp). The hot thermalization refers to the high-

temperature limit given by Eq25). At t>t’ the cold QW
excitons relax to the bath temperature according to

J B 1
ET__T_L(T_Tb)v (27)

where the low-temperature thermalization timeis defined
by Eq. (16). Approximation (27) is valid for (T—T,)/T,
<kgT,/Eq, yields the exponential relaxation with , and
corresponds to the linearization of E41) at T=T,.

If the high-temperature limit does not hold, the thermali-

B. Low-temperature limit (kgTp,<Ep). At 0<t<t’
=74 In(T;/Ty) the first hot thermalization fronT=T; to T
=T, is characterized by the exponential law of E26). The
next nonexponential transient relaxation frofa=T, to T
=E,/kg is given by Eq.(29), and corresponds to the time
interval t’' <t<t"=(kgTp/Eo)%(7o4/2). These two stages
are similar to those found in the high-temperature limit. For
the thermalization froniT=E,/kg to T=T, one recovers
Eq. (22), and the corresponding 1/k)(kinetics of Eq.(24)
treated in Sec. llIB forT,=0. This stage is rather long,
and completes at t"”=(kgTo7sd2m?E o) expEo/KaTh)
=(kgTyp/Eo)?7. . The final exponential relaxation refers to
(T—Tp)/Tp<kgT,/Eqg, and is given by T(t=t")=T,
+(kBTﬁlEo)exq—(t—t’”)/ro,_], where the low-temperature
thermalization timery_ of the degenerate QW excitons is
defined by Eq(20).

In order to demonstrate how BE statistics can influence
the thermalization kinetics of QW excitonsge> Ty, in Fig.

7 we plot the numerical solutiom=T(t) of Eq. (11) for
T,=50 K, T,=4.2 K, and various values of the concentra-
tion p,p . The development of the nonexponential relaxation
with the increasing degeneracy temperaturg=p,p is
clearly seen. The inset of Fig. 7 illustrates the transient ther-
malization given by Eq(29).

IV. RESONANT PHOTOLUMINESCENCE
OF QUANTUM DEGENERATE QUASI-2D EXCITONS

In high-quality GaAs QW'’s the decay of quasi-2D exci-

zation kinetics of Maxwell-Boltzmann distributed QW exci- tons is mainly due to radiative recombinatidit® Moreover,

tons is exponential only locally in time, i.ery,= 7, (t). The

described above picture of the relaxation in the low-tons in

following the first studie¥" of the optical properties of exci-
GaAs/AlGa,_,As CQW'’s, very recent

temperature limit in fact deals with a continuous increase oexperiments’ show that the radiative recombination channel

the instant thermalization time,,(t) from 7y to 7. As a

can also be dominant for the long-lived indirect excitons. In

result, forT,— T,>T,, the total relaxation process can show this section we generalize the thedtyof steady-state reso-
a nonexponential behavior. In Fig. 6 we illustrate how anant PL of a quasiequilibrium classical gas of QW excitons

single-exponential thermalization kinetics with,= 74 of a
classical gas of QW excitons initially distributed BTy,

to well-developed BE statistics, and exploit the relaxation
thermodynamics of Eq11) in order to analyze the PL ki-

develops with the decreasing bath temperature toward theetics of QW excitons.

nonexponential relaxation.

2. Quantum gas of QW excitoii3;>Ty>Ty)

A. High-temperature limi(kgT,>E;). The initial hot re-
laxation to the temperatufB=T, is given by Eq.(26), and
completes at’ = 7, In(T; /Tp). At t=t’ QW excitons become

In perfect QW'’s an exciton can emit a bulk photon only
from radiative modes, which are located inside the photon
cone given byk=k(w)=(\epw)/(hc). Here w is the
frequency of light, ancg, is the background dielectric con-
stant for an exciton line. This means that the radiative zone
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FIG. 7. Thermalization kinetics of hot QW excitons with densi-
ties 102 cm 2 (solid ling, 5x10" cm™2 (long dashed ling
10'° cm™2 (dashed ling and 18 cm™2 (dotted ling. The initial
effective temperature of QW excitons 1§=50 K, and the bath
temperature i§,=4.2 K, a GaAs QW withL,=100 A andr

=13.9 ns. The first transient thermalization occurs in the time in-
tervall (t<20—40 ps). The density-dependent quasi-steady-state

relaxation develops in time domaih, whereT—T,<T,. Inset:
verification of the approximation by E¢R9) of the nonexponential
transient relaxation of strongly degenerate QW excitons.

of QW excitons is given by <k,, wherek,=k(w,) corre-

sponds to crossover of the photon and exciton dispersions,
andf w, is the exciton energy. The intrinsic radiative rates

for in-plane transverseT(polarized and in-plane longitudi-
nal (L-polarized dipole-active QW excitons are given ¥y

Ko
Fi(pp=lo—=—=
VkG—pf
(30
and

/kz_ 2
FL(pH):FO(:(—p”y
0
respectively. The intrinsic radiative lifetimg; of a QW ex-
citon is defined byrg=1/MTg, where'q=Ig(L,)=T+(p|
=0)=I" (pj=0) is the radiative rate for the ground-state
modep=0. Z-polarized heavy-hole QW excitons are for-
bidden. Here we use the polarization notations of Ref. 16.
The total radiative decay ratg,,;=1/7,,, of a gas of
quasiequilibrium BE-distributed QW excitons is

1 pydp
—fo Np[Tr(pp)+ TL(PPT 5

(3D
P2bp

1_‘opt:

where the occupation numbEslrpH Neq is given by Eq.(6).

Equation(31) takes into account the equal probabilities of
the T andL polarizations and twofold spin degeneracies,

and o~ of dipole-active QW excitons. Using Eq&) and
(30) we find, from Eq.(31),
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Foptzj[JT(T,To)+JL(T1T0)].
IHT.T —(Ek")fl dz 32
T( ’ 0)_ kBTO erfzzEkD/kBT—]_' ( )
IUT,T (Eko”l 2°dz
L( ’ 0)_ kBTO OAe_ZZEKO/kBT—]_,
where  A=A(T,To)=e%"eT/(1-e ") and E

=h2k52M, (for GaAs QW’s with e,=12.9 and % w,
=1.55 eV, one haEk 101 peV andEk lkg=1.17 K).
The contribution of twofold dipole- mactwé:nplet) QW ex-
citons to a total density,p, is included in Eq(32) through
the degeneracy temperaturge p,p

For Maxwell-Boltzmann distributed QW excitons at an
effective temperatur@ much larger thaf, and Eko/ kg, we

find from Eq.(32) thatJ;=3J_ = (%2k3)/(MT) and

h2K3
T.
3M,kgT
In the limit T<T, of a strongly degenerate gas of QW exci-
tons, one approximated; =1+ (T/T)In(4E, /ksT) and J,
= 1+(T/To)[ln(4Ek0/kBT)—2]. In this casd’,,; of Eq. (32)
reduces to

cl _
1ﬂopt

(33

- T Tl(zﬁ2kg Ty
p T R et 20 G

The expansion of (T, To), J+(T,To), andl'yp, in terms of
the ratioT/Ty<<1 is valid for the effective temperature of
QW excitons TsEkoexp(—Tol'D. The second and third

terms in the square brackets on the right-hand side of Eq.
(34) are small corrections, i.el}],(T—0)—T'o/2. The non-
zero limit of I',,; at T—0, which is completely determined
by the intrinsic radiative ratd', of the ground-state mode
pj=0, is due to the effective accumulation of low-energy
QW excitons withNg>1 in the radiative zon@<Kkg.

In the limit T>To,Ey, of a classical behavior, one de-

rives, from Eqs(31) and(32),
ol 3M,kgT 9
7-opt: g

a2 )"\ 10”
where in the expansmn mﬁ = 1/l 55 we keep not only the
leading term ]]ToptocT [see Eqg. (33)], but also the
temperature-independent correction. The next terms of the
expansion are proportional toTlF1—0, and can indeed be
neglected. The first term on the right-hand side of &%),
ie., 1/1“3'pt (3M, kBTrR)/(ﬁzk ), is a well-known result of
Ref. 16. The temperature-independent correction, which is
given by the second term on the right-hand side of §)
consists of the density-independent and -dependent contribu-
tions of the opposite signs. The density-dependent contribu-
tion originates from the BE distribution function used in Eg.
(31 and can be much larger thaty if kgT>kgTo>Ey .

Note that the density-independent tet@i10 7 can be de-
rived even with Maxwell-Boltzmann statistics. In the leading

3M,kgTq

W) e (39
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400 o tical decay ratd",,; due to the homogeneous linewidth,
<25 ps e /. can indeed be neglected. Note, however, that inhomogeneous

REEOPS  pp=lQems broadening strongly influences the PL process and changes

Ry our results obtained for a perfect QW.

) ’,f///;/)20=10”cm'2 The optical decay of QW excitons from the radiative zone

P=5x10"cm™ Syt RN pj=<Kko does not violate the assumptions of relaxational ther-

A o modynamics, provided that,.,<7g. In this case the ther-
o mal quasiequilibrium distribution of the finite lifetime QW

Lo excitons atE<E,_ holds due to exciton-exciton scattering.

. Because both the minimal thermalization timg given by
7y of Eq. (15 and the intrinsic radiative timeg are on the
same time scale of 5— 50 ps, the conditign <, [see Eq.
(9)] of the thermodynamic picture also nearly guarantees that
Tyx<TR-
The radiative decay leads to the continuous decrease of
FIG. 8. The optical decay time, , vs the effective temperature the density of QW excitonéor the degeneracy temperature
T of QW excitons:p,p=10° cm™ 2 (dotted ling, 5x10° cm 2  To*p2p) and gives rise to the PL signal according to
(dashed ling 10 cm~? (dot-dashed ling and 5< 10 cm™2

S
[£%]
o
[=)
T
N
N
L

200

Optical Decay Time (ps)

0 5 10 15
Effective Temperature of QW Excitons (K)

(solid line). The intrinsic radiative lifetime of QW excitons isg d _ B P2bp
=25 ps. The bold straight line is given by If}, gtP20~ ~LopdTo, T)p2p=— Topt P20 1)’ (363
= (3MkgT)/(%%K3).

. . J
term 15T, one has that the optical decay timg), lo = —hoy b gy — P20 (36b)
> 7R, because only a small fraction of QW excitons occupy at Topt(P2p+ T)

the radiative modep)<Kko at T>To,Ey,/Kg 30 wherelp =1p (1) is the photoluminescence intensity. Thus
~ InFig. 8 we plot the effective decay time of quasiequilib- qs. (11), (32), (363, and(36b) describe the PL kinetics of
rium QW excitons o= 7op(T), calculated numerically Qw excitons cooling from the initial effective temperature
with Eq. (32) for various values of the concentratigip . T, to the bathT,. For a high-temperature classical gas of
Following Ref. 16, for a GaAs QW with ,=100 A, we  Qw excitons the optical decay time,,, of Eq. (35) is ap-
use 7r=25 ps. ForT>T, By /ks, the linear behavior proximated by the density-independent’ 3}, of Eq. (33)
given by Eq.(35) is clearly seer(dotted, dashed, and long- and the solution of Eq.(363 is simply pop(t)

dashed IinesCI in Fig.)8 The reference _bold solid Iine_indi— =pY exp(—f},l“g'pt(t)dt), wherep®®) is the initial concentra-
cates the ¥/, T law. Note that the linear asymptotics of tjon of QW excitons and“g'pt is time dependent through the

Topt=Topl( T,p2p) from the classical rang&>To,Ex /Ks  effective temperature of QW excitorfs=T(t). In the gen-
down to low temperature§ —0 reveal nonzero density- eral case, however, Eq369 gives a nonexponential decay
dependent values. Thus one concludes that even at high terf the density. The characteristic times of both the funda-
peraturesT>T, the influence of nonclassical statistics canmental processes which contribute to the PL kinetics, LA-
be found in the PL of QW excitons. At—0 the limit Tg'pt phonon-assisted thermalization and optical decay, generally
—>TR[9/10—(3kBT0)/(4Ek0)] given by Eq.(35) breaks, and depend upon the effective temperature and density of QW

all curves approach the double intrinsic radiative lifetime®XCitons, i-e.7i,=7in(T,To) and opi=7op((T, To). AS are-
27x. The density-dependent deviation from the linear clasSult, the PL kinetics given by Eqgll), (32), (36a, and
sical law of Eq.(35) develops with increasing,p . For ex- (36b) is alsoT and p,p dependent. The thermalization pro-
ample, atp,p=5x10"* cm 2 the quantum asymptotics C€SS and radiative decay work in the opposite directions with
Tgpt(T—>0)=27R can already be traced for the effective r(_aspect_ to the quantg%—séatstlca}l effect_s. Coohng of Qf\/\{ ex-
temperaturdi =10 K (see Fig. 8 citons is accompanied by an increasing number of low-
According to Eq.(30), the decay rate of-polarized QW energy particles toward well-developed BE statistics. In the
excitons diverges apn_mo_ls In Appendix B we show how meantime 7, degrea;es, and t.he optical decay _,nj_D
the homogeneous linewidth of low-energy QW excitonsSPe€ds up, resulting in decreasiiig. Thus the radiative
AT o= Pl Ty + il Tor+ Fil Tp=Ti/ 7, Temoves this diver- processes interfere with the development of BE statistics.
om X-X p X-X

gence see Eq(B6)]. In the presence of homogeneous broad-terrfoéra?urglz?frr?:l?(alT g;a; ?I]e%vt/ deﬁgrﬁgﬁ c;fn Eths(el 1?'gh'

ening, due to dominant exciton-exciton scatterifig(p;) of (32)'3 (363, and (36B) an be ana{ zed anal ti?:a]l ,In

Eq. (30) changes only in a very narrow band of QW statesth_ ' ' T =Tod (T—T —yt/ hy y'h
iven by O<ko— py<7kq, Wherey=1/(r,_,w;)<1. In par- IS case, | =Ty ( g p)exp( m), _where -t N

9 Y USKo™ Pj= YKo, Y x=x@t)’ temperature-independeny, is given by Eq.(15). At the first

ticular, T+(pj—ko) =To/(2y"%) rather than diverges. Fur- transient thermalization of hot QW excitons from the initial

thermore, homogeneous broadening of QW excitons fromyisyripution at effectiveT,>T, one has thatS (T,)> 7,

.. L A ! opt
the radiative zone only slightly renormalizes the PL eﬁl-i_e_, the optical decay is very slow and practically does not
ciency:l“f,'pt changes of"¢!

ol 1~ (3/4)y"?] (for details, see change the concentration of QW excitons. The transient
Appendix B. The correction is even less fdt],, of Eq.  stage lasts a few, and for this time domain Eq(36b)
(34). Therefore, we conclude that the corrections to the opreduces to
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2,2 (0) 3
p = _
l PL(tgttr) = hwt( 3M kOT )p(ZOD)et/THEhwt cl 20 et/THv E 100 (a) . ,’;’711:;?\\?@:1090“ ’
xPB i 7-opt(Ti) 8 T, =5K // AN
(37) = /,”/ \\
a T, =40ps e N
i.e., Ip (t<ty)xexpt/my). Therefore, at the hot relaxation g /'
staget<t,, the PL intensity increases exponentially with the g /
rate 1/, due to the population of the radiative zone. The g 05 - ;480 r
transient stage completes whé(t,,)—T,<T,. The PL in- 3 Pop=5x10"cm” / 2
tensity reaches its maximum &tty>t,, , when the popula- € / F800 -
tion efficiency of the modep <Kk, is compensated by the g
) ) . s o .
increasing optical decay: o y 150 o o9
M. KeT: cl (T o =", ‘ ‘ ‘
to= T In(—B P B)ETH In Topt T ')} (38) %0 100 200 300 400 500
hokg 7w T Time (ps)
The corresponding effective temperature of QW excitons is -1.0 . . . ‘
T(tO):Tb[1+ TH /Tg-lpt(Ti)], ie., T(tO)_Tb<Tb . At t:ts {t=t/7,(T,) T,=3K
>t, the PL dynamics reaches a steady state, and is deter- ——— T,=30ns

mined by the optical decay, because the QW excitons are

. ot _ 12} ——— ]
already thermalized af=T,. For this time domain the PL Te e
kinetics is given by :; Pap=5x10"cm® (t—t)/2c,
[}
72K3 o vy
|PL(t>ts)=ﬁwt(W pope o™ (b)
p(s) cl ' L '
=t o—e onl™), (39) o —
Topt(Tb) 9 2 T, =3K
. Ppo=10"cm 5
where p$ = p,p(te)=p®). Thus at the steady-state regime (e ® T,=30ns
I pL(t=t)cex —t/15,(Ty)], i.e., the PL intensity decreases 42 PN~ N PL 1

exponentially with the optical decay rafé,'pt(Tb). Note that
because usuallyT;>T, and To(t—>)—0, the very first
transient stage and the very last steady-state decay of exci- —4-3
tonic PL always follow Eqgs(37) and(39), respectively.

In Fig. 9a) we plot numerical simulations of the PL dy-
namics done with Eqq11), (32), (36a and (36b) for exci- —4.4 L
tons of various initial densities in GaAs QW with, 0 10 2 (ns)3° 4 50
=100 A. In order to model the experimental data on the
density-dependent PL kinetics plotted in Fig. 2 of R4 FIG. 9. Phototuminescence dynamics of QW excitons modeled
we users;=85 ns andrg=40 ps. The change of the PL with Egs. (11), (32, (363, and (36b. (8 GaAs QW
dynamics with increasing$®) shown in Fig. 9a) reproduces Wwith  L,=100 A, D=6.3 eV, 7,.=85 ns, 7g=40 ps, T,=5 K,
qualitatively the corresponding experimental observations opzo=10" cm 2 (dashed ling 10" cm™? (dot-dashed ling and
Ref. 4a). The decrease of the rise ting of the PL signal 5% 10'* cm™? (solid line). Inset: change of the optical decay time
with the increasing initial density of QW excitons is mainly Topt~ 7opt(1). () GaAS/ALGa As CQW's —with 7sc
due to increase of the optical decay rate at high dengities = 3.9 NS7r=30 ns, T,=3 K, pep=10° cm? (bold dashed
the inset of Fig. @3)]. This effect originates from BE statis- 1®): and 5<10™ cm™2 (bold solid ling. The long dashed and
tics of QW excitons. solid straight lines refer to the exponential kinetics given by

In Fig. Ab) we show numerical modeling of PL kinetics P11 *&H ~Urop(To)] and Ip.(t)ex ~U(2g)], respectively.
in GaAs/ALGa,_,As CQW’s with the intrinsic radiative T_h;48pléllnkt$\7/s'rt%eg”(t) of (8 and (b) are normalized byl
. . . 3 = . cm.
lifetime of long-lived excitonsrg=30 ns. Here the BE sta-

tistics strongly influences the PL temporal behavior in the . . : i
steady-state regime att,, but still before a time when acceleration of the PL optical decay owing to well-developed

indirect excitons become Maxwell-Boltzmann distributedBE statisticd see Fig. %), where the long dashed and solid

due to continuous decrease @iy, . At this time domain the Iref|ere/r|1ce_ tllrletslzlndlcate lrr.(L/IIO)_(tO O/270p(Ts) and
thermalization kinetics of high-density CQW excitons under- N(lpL/lo)=(t—1)/27r, respectively.

goes a critical slowing down, the effective temperature of

CQW excitons is nearly stabilized at,>T>T,, and the V. DISCUSSION

occupation numbers of the radiative momﬁgk? 1. Asa

lg(lo /1)

{t,~t/21, (tt/t, (T

. . T ' There are three neglected factors—the interface polariton
result, with the increasing initial concentratiph) the decay effect, the low-energy biexciton states, and residual interface
rate of the PL signal approachegsptzzm, i.e., one has an disorder—which can affect the developed model. In perfect
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QW's, the radiative modegj<k(w), which are responsible Next we consider the formation of quasi-2D biexcitons.
for the optical decay of QW excitons in bulk photons, areThe potential for exciton-exciton interaction is repulsive for
accompanied by confined modpg>k(w) located outside indirect excitons in CQW'’s. However, in a single QW two
the photon cone. These modes give rise to QW interfacexcitons in some spin configurations, eq., ando~ spin-
polaritons. While the QW polaritons cannot be seen in stanpolarized, attract each other due to the exchange Coulomb
dard optical experiments, which deal with bulk photons, theyinteraction. This interaction may lead to biexciton states
can modify the quadratic in-plane dispersion of QW excitonsyjch lie below the excitonic energi&=0. While the biex-

and contribute to the total optics in a “hidden” way. There- jion states are absent in CQW's, they are presented in single

fore in the general case both conjugated phenomena—thgaas Qw's at low temperatures and moderate optical exci-
radiative decay into bulk photons and the QW pOIarItontations. Typical values of the biexciton binding eneEﬁD)

ffect—shoul imul ly. The dispersion |
of ?r?;t)olzriggddwarsgfr?tjgglijstaneousy @ dispersion [ ¢ about 1-2 meV fok,~200-100 A . The law of mass

action'® applied to QW excitons and biexcitons, which are
Maxwell-Boltzmann distributed at the same effective tem-
c’pf ) w?Re\/pf — epw?/c? peratureT, shows that the biexciton states are ionized in
& +wf+ﬁwtpﬁ/Mx—iFXw—w2 ’ unbound excitons atsT=E{?", i.e., atT=10 K. At low
temperatures, with increasing dimensionless parameter

where R.= (m€?f,,)/(epMo), fyy is the oscillator strength [agﬂzm]_szD the biexciton binding energy decreases due to
of exciton-photon coupling per unit area of a Qliile sub-  Screening by quasiequilibrium QW excitons, which remain
scriptxy refers to the in-plane polarization of the lighand ~ Well-defined quasiparticles fdra?®1%p,p<1. Herea$®
I'* is the rate of incoherent scattering of QW excitdh®  (>a™) is the radius of a QW biexciton. The screening of
Actually the dispersion equation can be applied to the botlthe biexciton states is mainly due to the repulsive interaction
radiative and confined modé&Within the photon cone the between QW excitons of the identical spin structure, which
solution w=w(p)) is @=w—iT7(p))/2, whereT'r(p)) is  is much stronger than the attractive potentfal The biex-
given by Eq.(30), with I',=(\/e,/C)R.. The dispersionn  citon state is affected by excitons {fa??)12p,pE(*P)
= w(py) of T-polarized QW polaritons is located outside the =E{?®), where E(?P is the two-dimensional excitonic
photon cone, approaches the quadratic disper’sm‘ﬁZMX Rydberg. This estimate refers to low effective temperatures
at p;>koq, and continuously transforms to the photon disper-T—0. The squared biexciton radius is approx-
sioncp”/\/e—b atpy<ko. Thus during thermalization the QW imated by [a{?®]?2=2(u,/M)(EPP/EED)[al*P)]?
excitons can accumulate at the "bottleneck” band of the~2 4a(2P)12 where u, is the reduced exciton mass. We
T-polariton d|52|oer5|on rather than in the radiative zone giversstimate that the biexciton state starts to weaken at
by = +7pj/2M, for py<ko. . [a®12p,=0.05-0.1, i.e., ap;p=10" cm™2 Certainly
The polariton effect will not influence the thermalization i, the high-density limitp,p=2—3x 102 cm~2, where the

- : S QW : :
and PL kinetics provided th:Ek0>(1/2)ﬁQC , where the Mott parameteqoZD[affD)]z approaches unity, the thermali-

effective QW polariton paramete)2" is given by  zation and photoluminescence of strongly degenerate QW
(Q2M2=({ep/c)Rew;. In this case the QW polariton excitons occurs in the absence of the biexciton states and can
bottleneck band is very narrow, located at energies abovbe analyzed with our approach. During the optical decay, at
fiwy, and the modgp =0 preserves the status of a ground- concentrationsp,p~10'* cm™2, the QW biexcitons can
state mode. For a GaAs QW with,=100 A one had,,  contribute to the relaxation and PL processes. For these den-
~5x10"* A~2.® This value of the oscillator strength sities of QW excitons the relaxation thermodynamics given
yields %2R,=1.2x102 eV? A, 7,=1Ty=25 ps, and by Eq.(11) can be generalized to include the conversion of
3h0Y=3 mev, ie, (U2OQV>E,~0.1 meV. In QW excitons to QW biexcitons and the LA-phonon-assisted

perfect CQW's the oscillator strength, can be made two or relaxation within the both excitonic and biexcitonic bands. In
three orders smaller than the value used above. This meaffdS case the quasiequilibrium concentrations of QW excitons
that indeedEk0>(1/2)ﬁQ§W and one can apply Eqgl1), and biexcitons are connected by the law of mass action.

. . The developed thermalization and photoluminescence ki-
i(r?dz?r,e(gtesg,(g?/r\]/de(igitt)z);osthe relaxational and PL dynamics of netics refer to a perfect QW. In two dimensions, even weak

. ) . . . disorder will formally lead to localization so that there are no
The exciton-exciton interaction relaxes the polariton ef-

. . truly unbound exciton states, although the localization length
. _ QW

fec;t N perfept QW's and removes it, IF'=1/7,_,= Q¢ N may be very long. Consequently for the weak disorder, re-

With the estimate of X,_, given by Eq.(A4) of Appendix

: - : ) laxation can be “disorder assisted,” whereby momentum
A we conclude that for direct excitons in a single GaAs QW5 energy conservation are satisfied by LA-phonon emis-
with L,=100 A the interface polariton effect plays no role

) AL i i sion concomitant with scattering from the disorder potential.
at concentrationg,p>3x 10'° cm™2. Alternatively, in the

' " This will be relevant for relieving the phonon bottleneck if
presence of the well-developed polariton picture WER  there are significant Fourier components of the disorder with

<(1/12)hQ2%, the relaxation kinetics should be reformu- wave vectorspy=2M,vs/A=1.9<10° cm L. For the op-
lated in terms of “QW polaritont bulk LA phonon— QW  posite limit of strong interface and alloy disorder, the
polariton.” Furthermore, in this case relaxational thermody-phonon-assisted relaxation kinetics of localized QW excitons
namics becomes invalid due to the absence of steady-stategas modeled in Ref. 15 and more recently in Ref. 36, where
guasiequilibrium in a gas of QW excitoltf®W polaritons. the PL process was also studied. The optical decay of local-
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ized QW excitons was investigated in Ref. 37. Note that théoulk LA phonon = bulk LA phonon «— QW exciton.”
number of localized QW excitons saturates due to PaulWhile these processes are of the next order of smallness with
blocking, if the concentration of the residual defect centergsespect to the considered QW-exciton—one-phonon scatter-
Np is much less tharp,p [in perfect GaAs QW’sNp ing, they can be dominant in the presence of drastic slowing
<10 cm 2 (Ref. 37]. In this case the localization pro- down of one-phonon thermalization. The energy-momentum
cesses do not affect the BE kinetics of QW excitons. conservation law in two-phonon-assisted relaxation allows

At low bath temperature$,<E, the large thermalization for a QW exciton with energ¥<E, to be scattered into the
times 7 «exp(—Eq/kgTy,) andro = (To/Tp) 7 given by Egs.  ground-state mod@ =0 only by first absorbing of a LA
(16) and(20) for statistically nondegenerate and strongly de-phonon and then re-emitting another LA phonon. The rate of
generate QW excitons, respectively, can be changed by twdhe anti-Stokes—Stokes two-phonon scattering into the
LA-phonon-assisted relaxation processes “QW exciton ground-state mode is given by

ph/,ph
1 (277) - - NpnE"(ng'+1)
5= 7| 2 Mycpn( )2 Mypn(a)]? S(Ep +hal =P )8 ¢, (40)
T h)qa P P (Ep”+hwgh—Ep”+q)2 Pl q PrasTpImaTTa

whereEp‘zthﬁ/ZMxandﬁwghzhvsq are the energies of a through the elementary scattering timg, and the form-

QW exciton and a bulk LA phonon, respectively. The matrix factor functionF,(x). Our approach can also be applied to
element of QW-exciton—bulk LA-phonon interaction is QW magnetoexcitons. In this case the quantum-statistical ef-
'\Nﬂx-ph(Q)=[(ﬁDZQ)/(szpV)]llez(qZLz/Z) whereV is the fects will be considerably enhanced, because the spin degen-

volume which refers to bulk LA-phonons. For a quantum gaseracy factorg of Eq. (1) reduces fromg=4 to g=1.

of excitons Eq(40) yields the following estimate of the two-

phonon-assisted relaxation rate: VI. CONCLUSIONS

1 B kgTh 4B In this paper we have studied the influence of Bose-

A2 T’ Eo (41) Einstein statistics on the thermalization, radiative decay, and

oL photoluminescence kinetics of a gas of QW excitons. The

This result can be motivated as follows. Due to the anti-numerical calculations presented in the work deal with per-
Stokes component, only a small phase-space volume give§ct GaAs/AlGa_,As quantum wells. The following con-

by pj=<p["*= (2ksTy)/(fiv¢) contributes to the two-phonon ClUSIONS summarize our results. .
relaxation. The dependence rﬁf[)ocTﬁ stems from (i) We have developed relaxational thermodynamics for

ph/ph 3 max I QW excitons coupled to bulk thermal LA phonons. The ther-
annq (an+q+1)o<Tb and frompj™=:Ty, on the right-hand modynamic picture implies that the concentratipsy of

side 0(‘;)'_5‘1' (40). The two-zphc_)no_n-a_s&sted thermalization gy excitons is larger than the critical density, (for GaAs
time 75’ is p_roport|onal torg.. |nd|cat|ng the next order of QW's with L,=100 A, we estimate pSo=1.2
smallness (VZV)'th respect toy =75, Equations(20) and(41)  x1® cm1). The relaxational thermodynamics is given by
show thatrgi'(T,) indeed increases with decreasifigmore  gq_ (11) for the effective temperatur&(t) of QW excitons.
slowly than 7o, (Tp), i.e., the two-phonon scattering pro- Thjs equation describes the thermalization kinetics of a qua-
cesses become dominant atU,<Ty, whereTy is given  sjequilibrium gas of QW excitons from the initial tempera-
by the equation 7o (Tp)=72(T,). For example, for ture T; to the bathT,. For a quantum degenerate gas of
Tp/Ty=0.2 the crossover occurs aff;=0.065,/kg guasi-2D excitons, whef is less than the degeneracy tem-
=31.3 mK. Because many-phonon-assisted relaxation gberaturel, BE statistics yields nonexponential and density-
QW excitons at the effective temperatdresEy/kg into the  dependent thermalization. In particular, for low bath tem-
ground-state mode occurs only through intermediate antiperaturesT,<Ey/kg~1 K the relaxation processes in a
Stokes scattering, the relaxation dynamicsTai=0 de- degenerate gas of QW excitons slow down dramatically, and
scribed by Eq(21) is universal. the thermalization law is given by (t) e 1/Int.

Thus our model refers to indirect excitons in perfect (i) The effective radiative lifetime 7,p=1/T g,
GaAs/ALGa;_,As CQW'’s, and to direct excitons in single = 7,,(T,To) of quasiequilibrium BE-distributed QW exci-
QW:’s. In the latter case, however, the concentration of QWons is given by Eq(32). The temperature-independent cor-
excitons should bp,p, =10 cm™? in order to suppress the rections, given by Eq.35), to the well-known classical limit
interface polariton and biexciton effects. Equatiofid), Topt™ T Show that BE statistics can be traced in the optical
(32), (363, and(36b) provide us with a universal description decay of a gas of QW excitons even at high effective tem-
of the thermalization and photoluminescence kinetics of QWperaturesT. Nonclassical statistics strongly influences the
excitons within the thermodynamic picture. Note that theoptical decay aff<T,. In particular, atT—0 the lifetime
concrete characteristics of QW-exciton—bulk-LA-phonon in-7,,; approaches 2; rather than zero as in the classical limit
teraction enter the basic thermodynamic E4l) only 7, T. Here the intrinsic radiative lifetimey is determined

>
EoTsc
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by the oscillator strength,, of exciton-photon coupling in a quantum-statistical effects build up and the PL kinetics be-
QW. comes density dependent.

(iii) The PL kinetics of QW excitons is modeled by three
coupled equationéll), (32), (36a), and(36b) for the effec-
tive temperaturel (t), effective radiative timer,,(T,p2p) ACKNOWLEDGMENTS
=1 ,p(T,p2p), and concentratiorp,p(t), respectively. . . _ . _
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PL, due to the radiative recombination of thermalized QWcal reading of the manuscript. Support of this work by the
excitons. For a classical gas of QW excitons the PL kineticEPSRC (U.K.) and by the DFG-Schwerpunktprogramm
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APPENDIX A: EQUILIBRATION DYNAMICS OF QW EXCITONS

The equilibration kinetics of QW excitons is mainly due to particle-particle scattering and refers to the Boltzmann-
Uhlenbeck equation

Uo\?
s

r?N _ 2T
e

> [NkuNPH(H NPWQH)(H Nkn*qu) B (N"n+ l)(an+ DN

Nic+q,]6(E
Pj. 9

+Byrq By~ By,
(A1)

whereU,/S is the potential of exciton-exciton Coulombic interaction in a Q8\s the area. For CQW'’s the potential is
repulsive, and independent of the spin structure of interacting excitons owing to a rather small contribution of the exchange
interaction. For a single QW the potential depends upon the spin state of excitons and can be rémglsifer the QW
excitons with an identical spin structiras well as attractivée.g., foro™ ando~ spin-polarized excitons* However, the
repulsive potential strongly dominat@sind determines the equilibration dynamics of QW excitons,gt p5p .

In order to evaluate a characteristic equilibration timeg we analyze within Eq(A1) the dynamics of a small fluctuation
SN = 5Ny (t=0)< N;H‘Lo of the ground-state mode population, provided that the occupation numbers of all other modes are
given by the BE distribution of Eq6). The linearization of the right-hand side of Hé\1) with respect toSN, yields an
exponential law for the decay of the fluctuation, id{§Ng)/dt=— No/ 7, and SNo(t) = SNexp(-t/7.,). The decay time
of the fluctuation, which we attribute to the characteristic equilibration time, is given by

P a) P9

1 [UoMy|?(keT| o N N
—( 2 ) (?e vd-ee )fod“fo dé

Tx-x

eZu

X .
[eu(lfcos¢)+ e*To IT_ 1][eu(1+cos¢)+ e*To IT_ 1][62u+ e*To IT_ l]

(A2)

In order to derive Eq(A2) from Eq.(Al) we putkj=0 and  potentials Uyex(r)) = CE@Dexp(r /a®) and Uy, (1))
introduce the dummy variablg’ = g,—p/2. The dimension- =CEED)(a@®)/r )exp(r /a?”), where the constanC
less integration variable on the right-hand side of E¢A2) ~1 (;(ne esxtimatHes I '

is given byu=(hp“)2/(4kBMXT), and ¢ is the angle be- '

tweenq" andp;. 22
While the repulsive potentidl, for QW excitons in an UOZZWCEg(Zm[ag(ZD)]Z:WC__ (A3)
identical spin state can be explicitly written in terms of an Hx

integral convolution of the different pair Coulomb potentiaIsA remarkable feature of EGA3) is that while with decreas-
between the constituent electrons and holes with the €XClhg confinement in the direction (the QW growth direction
tonic wave functions(see, e.g., Ref. 38 here we give a E&ZD) and ag(zo) start to approach the corresponding bulk

scaling estimate obJ,. The potentiall, is determined by values, their combinatior’E(XZD)[a§<2D)]2 does not change.

UO:I_UX'X(rH)qu’ whereU,(r)) is the real-space potential g, -, 5 penavior dfl, is due to the quasi-two-dimensionality
of exciton-exciton interaction ang is the distance between ¢ QW excitons. The constar@, which is of the order of
two interacting QW excitons. The characteristic energy a”‘hnity depends on the design’of a QW, the shape of the
length scales folJ,,(r|) are given by the two-dimensional ,ggel potentiall,.,(r)), etc. In further analysis we p&&
RydbergE{*®) =2.e*#? and the corresponding excitonic —1.

Bohr radiusa{®®=7%2/(2u.e?), where u, is the reduced For a classical gas of QW excitons, wh@sT,, one
mass of a QW exciton. For simple model obtains from Eqs(A2) and(A3),
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1 [ My 2 1 to T
KT ’ Ad = hom
s 4ﬁ< ) aTo B 3y (2w2)fwdkirﬁomﬂwx(p)—w7<p|.kmz’
(B1)

where T, is given by Eq.(1). According to Eq.(A4), the
scattering rate due to particle-particle interaction is proporywhere fwy(p)) = o+ 12 pHIZM and ., (py.k,)
tional to the concentratiop,p of QW excitons. Furthermore, =(c/\ep) p7+k7 are the dispersions of QW excitons

as a signature of the quasi-two-dimensionality of excitons 'nand bulk photons, respectively, is the z component of

QW's, the characteristic equilibration tims., is indepen-  the wave vector of the bulk photons, which resonantly
dent of the temperatur€ (for T>T,;) and of the scattering jnteract with a QW exciton with in-plane wavevectpy,

length ~a{*. and I'y,om is the homogeneous linewidth of QW excitons.
For a quantum gas of QW exciton§€T,) we find, from  |f dw(py.K )k, #0 at k., determined by the
Eqgs.(A2) and(A3), equation w,(p)=w,(p;.k,), the integrand on the
1 M, right-hand side of Eq(B1) preserves its Lorentzian shape
:Z( 1— f)( ) kgTeo!T, (A5) in wave-vector coordinates, and the joint density of states
Tyx N 4 X J(py) is independent ofl'y,,. This is a regular case,

The considerable increase of the scattering rate given by E§/hich does not hold forpj—ko (pj<ko). In this case
(A5) in comparison with that of EqA4) is due to the low- the solution of wy(ko)=w,(ko,k;) is k =0 and

energy QW excitons wittNE%>1 atE<kgT. dw.,(P|=Ko,k.)/dk; =0, indicating a 1D van Hove
singularity in the joint density of states. As a resulfp))

becomesI',,, dependent in a close vicinity opj=ko.

This is the only way that the homogeneous linewidth

influences the optical decay of quasiequilibrium excitons in
The joint density of stated(p)) for the resonant optical ideal QW's.

decay of a QW exciton withpj<kg into a bulk photon is With substitutionk, =ptan¢, where ¢ [ — m/2,7/2],

given by Eqg. (B1) reduces to

APPENDIX B: HOMOGENEOUS BROADENING
IN RADIATIVE DECAY OF QW EXCITONS

J(py) =

Py } f ™ du L (82)
wy(p)) (1A u*— (212)u2+ (&*14+ 8%92)

where y=Tom/®;, 6=CO0S¢hy= o] /ko=(cg|)/(ebwt),3=8in do=+1— 8% and the integration variablei=¢— o+ sin .
Straightforward integration of E4B2) yields the joint density of states

Ipp= ﬁ it Y ®3)
I wx(p)) (45272+54)1/2[(452“2+§4 1/2_ 52]1/2
For 8> /2y, which is identical to the conditiok,—p;>7ko, Eq. (B3) reduces to the standard formtfia
I(pr<ko—yko)= 1<6b) o (B4)
p 0~ YKo T
I /ko p”
In the opposite limitd< /27, i.e., forp;—ko, Eq.(B3) yields
1 Kk
J(py=ko)= P (B5)

T (I'homwt) 2

Equation(B5) shows how the homogeneous linewidth,, removes the van Hove singularity pf=Kk,. For o< \/2—3/ the
joint density of states i¥',,,,, dependent.

With Eqg. (B3) we derive the final expression for the intrinsic radiative rat@-piolarized QW excitons in the presence of
homogeneous broadening:

(V2kgp )T
[(k§—pF) 2+ 4v?kop 1V [ (k§—pf) 2+ 4v*kpF 12— (ko — pf) 12
For ko—p“>§/k0 Eq. (B4) is identical to Eq(30). The homogeneous linewidih,,, changes Eq30) for I'r(p)) only at the

band of states given byk,>k,—p;=0 and, in particularl+(p;=ko) =T'o/(2%*?) rather than diverging. Note that the band

of states is rather narrow becauge 1/(7,,»,)~10"2. The 1D van Hove singularity at =Ko is absent for the.-polarized
QW excitons.

(pp = (B6)
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Homogeneous broadening practically does not change the optical decay rate of a gas of QW excitons. The (B&)of Eq.

for calculation ofI'y,; by Eq. (31) shows that for Maxwell-Boltzmann-distributed QW excitons one obtains only a small

renormalization ofl; of Eq. (32), i.e.,J;—J+(1—y"?). As a result, the optical decay rate of a classical gas of QW excitons

changes fronf",,; to Fopt[l—(3/4)}1’2]. This correction due to the homogeneous linewidth is very small and can indeed be

neglected. The corresponding correction for statistically degenerate QW excitons is even smaller because the low-energy

excitons tend to populate the ground-state mpge0 rather than vicinity of the energy statBs- Ex,:
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