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Electron-trion photoluminescence spectra were measured in undoped high-quality GaAs quantum wells. The
obtained line shape depends on temperature and is asymmetric with a tail towards lower photon energies. For
a detailed understanding, we have solved numerically the trion Siciyer equation in the quantum well. Both
electron and hole trions are considered. Good agreement is found for the trion binding energy and for the
luminescence line shape at different temperatures. The radiative lifetime of thermalized trions is found to
increase linearly with temperature. Analytical results are given for both types of trions taking into account the
finite photon wave vectoflight-cone effeck

I. INTRODUCTION dimensional(2D) systems by Stee and co-workers? They
also considered the trion absorption coefficient for the ideal
The three-particle bound state of an exciton with an addi2D and 3D case in Ref. 13. A realistic description has to take
tional electron X, electron trion or hole (X", hole trion, into account the effective Coulomb potential due to the car-
as proposed by Lambelrthas been observed in bulk materi- rier confinement and the variation of the dielectric constant
als such as GéRef. 2 by photoluminescencé&L) and Si  from the well to the barrier material. As a qualitative result,
(Ref. 3 by cyclotron resonance absorption. The experimenwe will find below that the QW binding energies Xf~ and
tal signatures of trions are more distinct in semiconductorx* are less different than in an ideal 2D case. To our best
quantum wellSQW’s) because of an enhanced binding en-knowledge the experimental observation of trions in quan-
ergy. The excess carrier density in QW's is usually obtainequm wires and quantum dots is still lacking, although, e.g.,
by (i) doping the barrier material with acceptors or quantum wires should exhibit even higher trion binding
donors,”" (ii) by exciting a neighboring thinner QW from onergied? However, further confinement toward quantum
which electrons can tunnel more effectively through the bargs brings the carriers closer together, and with an effective

rlehr thanl h?leg' or (iii) by optical e>&<?C|tat|pn 't?]a 3|tutaft|on increase of the repulsion also a decrease of binding energy
where electrons can escape more easilyring the past few could be expected. Variational results by Lelong and

; " ;
years, both typgs of ”'0”.5"( andX”) h,a\./e been found in Bastard® for OD systems even show negati%e binding
PL and absorption experiments on QW's in IlI-V compounds o

energies in InAs dots.

as well as in 1I-VI materials. The specific trion state can be Anoth ) tallv i tant W is th di
analyzed by means of magneto-optical spectroscopy. In this nother experimentally important property 1S the radia-

case, also the triplet stat8$ave been observed. fuve Iifgtime of tripns. Seve.ral attempts have been m:’;lde to
Trion experiments call for samples with large exciton andinvestigate the trion dynamics. In remotely doped QW's, the
trion binding energies and small inhomogeneous broadenindfion luminescence shows large spatial fluctuations, that are
which are, however, conflicting goals. The former is realizeddu€ to_localization in the random potential of the ionized
in thin 11-VI systems, whereas the latter is achieved in high_donors?6 In this case, a radiative lifetime almost independent
quality GaAs/ALGa_,As QW’s. We choose the second Of temperature is found from resonant trion excitation ex-
variant and present data of a single undoped 25 nm wide QwWeriments on GaAs QW. In contrast, the picture of delo-
inbetween A} {Ga, -As barriers. The measured PL exhibits a calized trions is more appropriate for the experimental ap-
clearly resolved temperature-dependent asymmetrical pegkoach on double-QW structures with an optical control of
below the exciton that is attributed to electron trions. We willthe background free-particle denstfitere a linear increase
compare this finding with numerical results obtained from aof radiative lifetime and diffusivity with temperature is
solution of the three-particle Schdimger equation. Random found. We adopt this assumption of delocalized trions in the
spatial fluctuations due to remote ionized dorjeese(i)] or  present paper and extend the theory for the radiative lifetime
interface roughness and alloy disorte(all caseginfluence  of excitons to obtain an analytical expression for the radia-
particles in real QW’s. We minimized these effects by ative lifetime of thermalized trions.
suitable choice of the sample structure. Consequently, we The outline of this paper is as follows: After a discussion
will be able to describe our experimental findings by delo-of the experimental setup and results in Sec. Il, we present
calized trions, which furthermore are assumed to be in thereur numerical approach in Sec. lll. In particular, the trion
modynamic equilibrium. binding energy is obtained from the corresponding trion
Earlier theoretical results for the binding energies haveSchralinger equation. Then, in Sec. IV, the trion wave func-
been achieved by variational methods for bulk and two-ion is used to study the PL line shape in detail and to com-
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1517 1.518 1.519 1.520 ing. The small feature at 1.5187 meV is due emission of an
¥ impurity-bound exciton, which is also present for low excess

carrier densities.
1000

Ill. TRION SCHRO DINGER EQUATION
Though the experiment shows electron trions in the PL,

photon energy [eV] we will discuss explicit results for both types of charged
excitons. For the sake of simplicity, however, all formulas

PL intensity (counts)

500 are given for electron trion . The corresponding formulas
2K for hole trions are obtained by interchanging labels
46K {el,EZ,h}ﬁ{hl,hz,e}.
= For the calculations, we factorize the wave function of the

trion ¥+ into an in-plane partyr and confinement functions
K. ¢e, and ¢y, of the lowest electron and heavy-hole sublevel,

o 1 1 1 i
1517 1518 1519 1520 1.521 1.522 respectively,

photon energy [eV]
W= 1(Pe1:Pe2:Pn) Pe(Zer) Pe(Ze2) dr(Zn)- (1)
FIG. 1. Trion and exciton photoluminescence spectra of a 25 nm

wide GaAs/A} Ga, -As single QW for different temperaturéger- | N growth direction is alongz, and p denotes two-
tically displaced for clarity. The excitation is 10 mW/chat energy ~ dimensional vectors in the QW plane. Strictly speaking, this
1.983 eV. The inset shows the experimental low-energy tail of elec@PProximation is only justified in structures where the sub-
tron trions at 2 K and 7 K, which shows the exponential decay.evel distance is large with respect to the exciton binding
Note that the peak maximum shifts slightly with higher tempera-€nergy. This is the case in narrow QW's with a Bohr radius
tures. exceeding the well width but works reasonably well even in
the present case. Furthermore, we separate the center of mass
pare the resulting line shape for electron trions with themotion (c.m,) of the trion from its relative wave function.
experimental data. In Sec. V, we calculate the radiative lifeThe resulting in-plane Schdinger equation for the latter is
time of both types of trions including the finite momentum of (¢~ *=mg *+m; %)
photons(light-cone effect and compare the results with the

2 2
exciton lifetime. We finally summarize our findings in
coe. V. Y g = 25 Aot 80) =V Vi, = Ven(p) = Ver(p2)
Il. EXPERIMENTAL DETAILS +Ved|p1—p2l) —E1|¥1(p1,p2) =0, (2

The investigated sample is a 25 nm GaAg/&a, /As here relative coordinates. = p. — d ooz p. —
QW grown by molecular beam epitaxy on an undoped Gaad e’ '_V rainateg, = pe, ) Pn aNa po=pe, p*? )
substrate. It is placed in a helium cryostat at a temperaturBave been introduced. The effective Coulomb potential in
betwea 2 K and 30 K. The sample is excited by a Xe high- EQ- (2)
pressure lamp spectrally filtered by a monochromator with a
resolution of 1 meV. The excitation density on the sample e
was about 10 mWi/cfa The excitation energy was tuned VCd(p):J szcdzd¢§(zc)¢§(zd) o2+ (zo—24)2
around the barrier band gap in order to control the excess NP (2~ 24)
carrier density i i )

y in the well. Photoluminescence spectra have
been dispersed by a double 0.85 m monochromator with & slightly different for the electron-electron and electron-
resolution of 0.05 nn(0.1 me\) and detected by a cooled hole interaction. This is due to different subband functions
GaAs photomultiplier using photon counting. The large well ¢ for electrons and heavy holes which in turn result from
thickness and the binary well material lead to an interfacedifferent band offsets and masses. The effective pote(3jal
roughness- and alloy-disorder-induced linewidth of less thamas been modified further by image-charge effects, which are
0.1 meV?® The observed exciton linewidth at 2 K and low due to the different static dielectric constaatsin well and
excess electron density is 0.3 meV in this sample, whictbarrier materials. The main consequence is an enhancement
allows us to study the trion line shape in detail. The excessf all binding energies over the entire range of well widths.
electron density in the QW can be controlled by tuning the We numerically solve the trion Schiimger equation
excitation energy close to the band gap of the barrier, a situfour spatial degrees of freedgnwithin a finite-difference
ation comparable to casé). As an example, the PL at a scheme by iterating down to the trion singlet ground sthte.
larger excess electron densifgxcitation at 1.983 eand  For the 25 nm GaAs QW, an electron trion binding energy
temperaturesfa®2 K and 7 K are shown in Fig. 1. At 1 meV By-=Eyx—E; of 0.8 meV is found. The binding energy of
below the exciton line aEx=1.5214 eV, the recombination the hole trion has been calculated analogously, giving a
of electron trions shows up as an asymmetric line with aslightly larger value oBy+=1.0 meV. These results are in
low-energy tail, which broadens with increasing temperatureagreement with Ref. 22 where in a comparative study of both
At this excess density, the exciton linewidth is increased tdypes of trions in a 20 nm GaAs QWBy-~By+~1 meV is
0.4 meV, probably due to enhanced exciton-electron scattefound experimentally. For comparison, the exciton Sehro
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' ' ' ' which is fullfilled within our numerical approach. Thus, the
- x comparable binding energies for electron and hole trions in
—-— X QW’s can be attributed to the effective potentid), which is
different from the ideal 2D Coulomb potential in particular at
the origin. As can be checked by the agreement with the full
_ potential calculation(symbols in Fig. 2, the minor differ-
ence between attractive and repulsive potential is of no
importance??

1.5

1.0

ideal 2D

binding energy [Ry]

IV. PHOTOLUMINESCENCE

QW potential Using the calculated trion wave function, we study the
optical transition from a delocalized trion to an unpaired
0.000 0'2 0'4 0'6 ols 1o electron in the conduction band. Using Fermi's golden rule,

) ' . ) ' ' the main ingredient of the optical matrix elemédérived in

mass ratio . . .
e detail below when neglecting the photon momentum is

FIG. 2. Binding energies of electron trionX () and hole trions
(X™) as function of mass ratia for an ideal 2D Coulomb potential
and the effective QW potential, E(). Symbols correspond to our M(Q)= f dpix-(0,p)exp(—iQ- p,Mx/M1),  (6)
full analysis for the QW potential including image-charge effects.

where the trion at total momentul® decays radiatively,

dinger equation is solved with the same effective potentialeaving an electron with the same momentum behind. Here,
Ven(p) and yields an exciton binding energy 8x=7.8 My=m.+m, is the exciton mass, anbl=2m,+m, the
meV, in fair agreement with the experimentally deducedelectron-trion mass. Expressiod) is identical to the optical

value of 7 meV. matrix element which was obtained by Béeet al!® for the
Furthermore, we compare these findings with results ustrion-related absorption ai=0 K. It can be regarded as a
ing the simplified potential generalization of the excitonic transition rate for triqasie
relative coordinate is set to zgroAssuming in the low-
. density regime a thermal Boltzmann distribution of trions
VP [ — (4)  Wwith energyE;+ #2Q?/2M+, the PL line shape is given by
€0 Vp2+(a’|—z)2 thz
which avoids the logarithmic singularity in E¢8) and has PT(ﬁw):f dQex;{ - ZMTkBT) IM(QI?
been used for the calculation of binding energies of biexci- -
tons in(Zn,CdSe QW’s?! In Eq. (4) L, is the width of the % 5l 5o Eot h Q" w)
QW, and the parameter has been used to adjust the exciton " 2m, M+

energy @=0.17 in the present case,= 25 nm). Using this
potential, we have found for the electron trion a binding oc|M(Q)|2exp( —LE>®(G). )
energy of 0.9 meV and for the hole trion 1.1 meV, which is kT My
in good agreement with the results obtained from the more _ o _
realistic potential, Eq(3). The energy-conservmg function in Eq.(7) determines the
As a test for our numerical procedure we have recalcuMomentum as a function of photon energy via
lated the trion energies with the ideal 2D Coulomb potential
(Fig. 2), which resembles the limit of strong confinement, 72Q? My
and found complete agreement with values in the literafttre. e=Er—fio= 2me My’
In this limit, the hole-trion binding energy exceeds the
electron-trion energy considerahlyy a factor of 1.45 at the A material-dependent prefact@ontaining trion density and
GaAs mass ration./m,=0.29). In contrast, with the realis- temperaturgis omitted, but taken care of later when calcu-
tic effective Coulomb potential, Eq3), the hole-trion bind- lating the radiative rate. The PL line has a sharp onset at the
ing energy is only slightly enhanced. To illustrate these findtrion energy, followed towards lower photon energies by a
ings, the trion energies using the simplified poten@lare  temperature-dependent tail that is due to the recombination
shown in Fig. 2 as a function of mass ratio=m./m,. of thermally excited trions witfQ>0 leaving a recoil elec-
Using bulk excitonic units for energy Ry=#2a 2/2u and  tron behind. For electron trions, the wave functigf(0,p,)
length a=%2€,/ne? we find that the differences between entering Eq.(6) is close to a Gauss shape, and the optical
X~ andX™ are less distinct in the QW case.dfe ande-h ~ matrix element can be well approximated bl(Q)|?
interaction have equal strength, the trion energies are relatedc; e~ <1 with €;=1.1 meV andc;=15.0. The tempera-
by the symmetry relatiofcy- (o) =Ex+(1/c). This implies  ture dependence of the electron-trion emission, which we
obtain from our numerics, is shown in Fig. 3 and follows an
exponential decay on the low-energy side. This exponential
, (5)  behavior is found for the experimental trion line as well, as
o=1 can be seen in the inset of Fig. 1, where the low-energy tail

®

JEx-
Jo

(7Ex+
Jdo

o=1
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[72]
gfa FIG. 5. Trion and exciton photoluminescence of a 25 nm wide
E GaAs/ Al :Ga, ;As single QW at different temperatures. Compari-
o 5t . son between experimerifsymbol3 and calculated spectrdThe
overall ratio between exciton and trion peak has been fitted.
_,,—;::’ exciton line is well fitted with a hyperbolic secant profile,
e ' which is related to the exponential tail in phonon scattering.
05 0.4 -0.3 0.2 01 0.0 Then, the trion contribution is found from the convolution of
(hor-Ey)/By Eq. (7) with the same profile. Depending on the derived ex-

FIG. 3. Calculated temperature dependence of the electron-trioﬁiton width [full width at half maximum(FWHM) _:0‘5
emission line shape. Energies are scaled with the QW exciton bindN€V at 2 K, and 0.4 meV at 7 Kthe convolution shifts the

ing energyBy. In the high-temperature limit, the line shape is trion peak maximum toward slightly lower energigsere
directly given by|M(Q)|2. ~0.1 meV). Thus, in the experimental determination of the
trion binding energy the inflection point on the high-energy
of the electron trion is displayed on a logarithmic scale. Theshoulder is a better choice instead of using the peak position.
deviations at very low energies are due to background con- The reasonable agreement of the experimental trion PL
tributions. line shape with our calculations in Fig. 5 leads to the con-
In the case of hole triongFig. 4), the calculated line clusion that thermalization at least within the trion popula-
shape is again rather smooth. In comparison with electrofion can be expected. Complete thermal equilibrium between
trions, it falls off more rapidly because of the larger hole-trions and excitons has been found in Refs. 8 and 18 using a
trion mass. Due to the more effective hole-hole repulsion atiouble-QW sample. In contrast to modulation doping this
short distances, a slightly nonexponential shape is found. Nezllows an optical control of the excess electron density. To
glecting this small deviation, the optical matrix element de-quantify the relative weight of exciton and trion PL, we have
cays in this case exponentially witty=0.5 meV andc;  studied an equilibrium mass action law between excitons,
=12.8. trions, free electrons, and free hof@sThis allows to discuss
In Fig. 5, we compare the full experimental data of Fig. 1the dependence of the emission on temperature, background
at 2 K and 7 K with our numerical findings. The broadeneddensity, and excitation density. Since the low-energy tail of
ho-E, B, each trion PL could be well fitted using the nominal lattice
05 04 -03 -02 -01 00 temperature, a significantly elevated effective temperature of
15 — the trions can be ruled out.

V. RADIATIVE LIFETIME OF THERMALIZED TRIONS
A. Interaction Hamiltonian

i In order to compare the radiative lifetime of thermalized
excitons and trions we will calculate both values on an equal
footing. For the exciton, the lifetime was calculated already
by Andreaniet al. in Ref. 24 with a later correction of an
erroneous factor of 2; see Ref. 25. Unfortunately, in Ref. 26
] experimental results have been compared with the earlier
version. To circumvent such kinds of problems for trions and
to illustrate the algebra needed for the trion calculation, we
want to recalculate the correct result of Andreanal. The
first step is the derivation of the light-matter interaction
0 L - Hamiltonian taking into account the specific structure of the
-0.5 -0.4 -0.3 -0.2 -0.1 0.0 valence band edge in GaAs.
(ho-E,")/By The electromagnetic field enters the kinetic part of the
__ Hamiltonian via the vector potenti&@l(r):
FIG. 4. Calculated temperature dependence of the hole-trion line

shape on linear and logarithmimse) scale. A slight nonexponen- 1
tlgl decay is fognd as a result of the more effective hole-hole repul- Hyin= E f dr ¢;r(r)_
sion at short distances. s 2mg

——— IM(Q)* only
e T=10K
—-—- T=5K
— T=2K

PL intensity (arb. units)

e

. e 2.
p—EA(r)} bs(r). (9
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The Spin_dependent electron field operatafér) are ex- Equatlon(lG) will be used in the fOIIOWing calculation of

panded into localized Wannier functions according to both the radiative lifetime of excitons and trions.
tA#s(l’) _ 2 Cr,U,(T—R,S), (10) B. Exciton lifetime
Rv

The radiative lifetime of excitonsy is found from Fer-
wherecg , annihilates an electron at lattice vec®iin band ~ mi’s golden rule as
v. Under low-density excitation, we restrict ourselves to the )
linear regime. Using the Coulomb gaug¥ (A=0) the —1_<T f N2
. . . =— H o(€;—€r)N; . 1
light-matter interaction reduces to x T ; KfIHrd)I*o(ei—enN; (18)

e t N N N; denotes the occupation of the exciton in the initial states,
Hrad_cmo Rz, A(R)CRVCRV’ES dru, (r,s)pu,(r,s), normalized to unit total density;N;=1. The main ingredi-
" (12) ent is the optical matrix element between the initial exciton

) ) state at c.m. vectd®
where we assume the Wannier functions to have no overlap

at different lattice sites, and the vector poten#idl) to be a el QR
slowly varying function within an elementary cell. Now, we |i>:J dreJ dr—— O x(pe— pr) de(Ze) dr(zZh)
identify the Wannier functions, with spin-orbit coupled VA

atomiclike functions for heavy holes,

X L (re)Cuu(rn)[0), (19
§§U> = i|x+igy>30> 12 is the normalization argaand the final photon stat_lé)
2°2 V2 2 =a,|0). The crystal ground stat@) at T=0 K describes

the full valence band, the empty conduction band, and pho-

in the valence band, and for electrons, ton vacuum. Decomposing the photon wave vectorqas

11 1 =1{q;,9,} and using Eq(16), the optical matrix element is
‘§,§0> =|S) §a> (13  given by
in the conduction band. In this representation, the spin . efipg, T A )
index attains the values==1. Within the rotating-wave (f[Hradi)= men V EXQq)X(O)[eA,X*'"Tex,y]l(qz)%,q“-
approximation, Eq(11) takes the form (20)
e Peov _ R The overlap of the confinement functiond(q,)
Hrad:ﬁﬁ RE [A(R) +ioAy(R)]cr,;Crer T H-C., = [dz ¢o(2) Pr(2)e "9 can be approximated in the strong

confinement limit by unity. The summation ovegy in Eq.

(14 (19) yields the one-dimensional density of states for radiative
with the momentum matrix elemept, = (X|p,|S). The vec-  decay. In contrast to bulk semiconductors, where the conser-
tor potentialA(R) is expanded into plane-wave eigenmodesvation of the exciton wave vector leads to stationary modes

within a normalization volumé) according té’ (polaritong, which do not radiatively recombine, this density
gives rise to recombination of QW excitons with a wave
2whce vector inside the light con®=qy, given by the photon dis-

_ - iq-r t a—iger
A(r) % ngQ e (ape ™ Tage )- (19 persiongo= nEy /% c.?® Explicitly, we have

Here,agA creates a photon with wave veciprand polariza-

b n o 1 SoG0®%(0) _ ©(do—
tion N in the QW material with refractive inder= €. Tx1=SOOTX > > |e>\,x+|oe}\yy|ZMnyQ
N Qo

Then, by converting the lattice sum into an integral, the in- qg_Qz
teraction Hamiltonian is found as
Se®%(0) 1
= —+1-(Ql/qp)?
_ 8P LA ; A %% | A @
Hrad_ﬁ 2 Z}\ M_Q[e)\,x+|0'e)\,y]aq>\
! XNx q0(do—Q), (21)
XJ dre! (r)ce(r)e 9+ H.c. (16)  with Sy=2me?p? /m3c?hqy. Here, the sum over=+1
rad__

gives rise tayy = 2, the number of optically allowed exciton

Using polar coordinates along the growth direction, thestates. For GaAs, we take Kane’s matrix element as
two transversal photon polarizations can be chosen a§p§U/m0:22_7 eV The two contributions in Eq(21) re-
e, -1= (—sin¢,cos¢,0) and  e_,=(—cosf#cos$,  sult from the two photon polarizations(note the extra cog
—cosfsing,sind), which results for the in-plane compo- for A =2). We want to emphasize that no assumption about
nents in the orientation of the in-plane exciton wave vec@ihas to
et =1 bg mgde. We considerza completely thermzalizzed exciton dis-

' 17) tribution Ny o= (27 “/gxMxkgT)exp(=A°Q72MxkgT),

e xtioe, ,= ; .
AT BNy [—cosee""ﬁ, AN=2. where gy denotes the number of degenerate and occupied
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300

calization effects are of minor importance, and the linear
increase of lifetime prevails, as found experimentally; see,
e.g., Ref. 26.

C. Trion lifetime
200

In calculating the recombination rates for trions, we
closely follow the exciton case described before. Adopting
the separation of c.m. and relative coordinates according to
Sec. IV, the initial trion singlet state, where the electron spin
part of the trion wave function is antisymmetriae(fT and

Oe,= 1), is written as

100

Radiative Lifetime [ps]

giQR
L I |i>:j dre f dre j dry,——= ¥7(Pe1— PnPe2— Pn)
% 4 8 12 ' 2 VA
Temperature [K] t T
X ¢e(zel) ¢e(ze2) ¢h(zh)cc,1(rel)cc,l(rez)cv,ah(rh)|0>-
FIG. 6. Calculated radiative lifetime of excitonX), electron
trions (X~), and hole trions X™). Full curves correspond to a (24)

complete analysis of the light-cone effect; dashed lines neglect thﬁccording to the two possible spin orientations of the heavy

finite photon momentum. hole, two trion states are possible = = 1), which both are

) ] ) ) dipole allowed and can decay radiatively. After the recombi-
exciton states. Thus after rapid spin relaxation betweemaion process, an unpaired electron with wave vektand
bright and dark stategx=4, and Eq.(21) can be castinto  gpin - and a photon with wave vecterand polarization

is left as the final state:

kgT

TXZZTO’xH E_0:| (22)

eik-pe

|f>:J dreﬁ¢e(ze)czoe(re)aa)\|o>- (25
Here, Eo=7%2q%/2Mx=0.07 meV is the exciton kinetic en-
ergy on the light cone, and the auxiliary functiéh(y) is  The optical matrix element between these states for the in-
defined in the Appendix. The temperature-independent preeraction Hamiltoniar(16) is
factor 7o x= 1/SO<I))2((O) is the lifetime of a bright-state exci-
ton atQ=0 and agrees with the value in the work of An-
dreaniet al?® [note thatH (0)=1]. With increasing tempera- _ 8Peh [mA i

LB . . ST . <f|HraJ|> [e)\,x_HO'e)\,y]
ture, a diminishing fraction of the exciton distribution is mon VvV E{Q)
inside the light cone and is able to decay radiatively. Taking X(5, |8, =8, 5. 1)
the high-temperature limit of this expressifsee Eq.(A5)] Te:l Ton 1 Bop %0,
the radiative lifetime of thermalized excitons is found to

change linearly with temperature, xf dpe'[(Me/M1Q=Kl-py,_(0 p) 5Q'k+q”.
(26)
37ox . . .
T kgT+ EEO' (23)  The integral can be written as matrix elemeM[Q
0

—(M1/Mx)q,] and improves over Eq6) by including the
finite in-plane photon momenturg,. Then, applying Fer-

The full numerical evaluation of E¢22) is presented in Fig. mi's rule the radiative lifetime is found from

6 and shows a subtle deviation from Eg3) at very low
temperatures. Starting with7gy at T=0 K, it exhibits a

small (paraboli¢ decrease before merging to the limiting be- S
havior of Eq.(23) at elevated temperatures. mri=—df ————+tV1-(q)/q)’
We remark that in real QW structures excitons are local- A® Qo \V1-(q)/qo)
ized by an effective c.m. potential, which results from aver- M+ 2
aging thg exciton relative wave function over the micro- XM Q—M—qH Nt O(do—q)). (27)
scopic disorder landscape. Then a thermalized exciton X

distribution cannot be expected at low temperatures. Numerirhe assumption of énormalized thermalized trion distribu-
cal simulations of the relaxation kinetics resulted in a nonjgp,

equilibrium distribution, and significant deviations from Eq.
(23) are found?® In particular, the exciton lifetime is almost 5 A
independent of temperature lkT< o, whereo is the vari- 2mh % 7°Q )

ance of the disorder potential. At elevated temperatures lo- NT'Q:gTMTkBT &H - 2M+1kgT 28
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has been successfully applied for describing the PL linesound agreement with experimental data from a high-quality
shape at different temperatures. Here, the number of singlsingle GaAs QW. In particular, we found both experimen-
trion statesgr is equal to the number of optical allowed tally and from the numerics that the electron-trion line shape
trionng=ngad=2. Adopting the exponential fit of the matrix decays exponentially on the low-energy side. A Boltzmann
element given in Sec. IV, Eq27) yields the remarkably distribution has been used to model the temperature depen-
simple result similar to E¢(22), dence of the PL in this low-density excitation experiment.
The radiative lifetimes of thermalized excitons and trions

My [kgT — emg increase linearly with temperature. The recombination pro-
Tr=TorH M_T(E_O EoMx) ' (29 (esses of trions with a finite in-plane momentum outside the
, ) o radiative cone create a low-energy tail of the trion PL and
with ,.8 temperature-independent  lifetime 7or  |ead to a finite lifetime at zero temperatures. Including the
=2mh*M1/Symee 1My . The high-temperature limit is finite photon wave vectoflight-cone effect shifts all life-
found as before using EGAS), times to slightly higher values, with a peculiarity at low tem-

peratures for the exciton only.

3My7o1 me 3 My The linear increase of trion lifetime with temperature has

:WTEo(kBT+ flM—x + 5 M_x (30) been observed in QW structures, where the excess density is
achieved by exciting a neighboring QW,or in doped

In contrast to excitons, where the recombination process isamples, where the influence of the random position of the
restricted to the light cone, trions with arbitraq=0 can jonized donors/acceptors is reduced significantly. A quanti-
decay radiatively. This is contained in the matrix elementtative comparison with calculations is deferred to a subse-
M(Q) and introduces an additional offset at zero temperaguent publication.
ture [second term in Eq(30)]. The third term is the direct

Eo.

T

consequence of the inclusion of the finite photon wave vec- ACKNOWLEDGMENTS
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Me €11 '

2 M+ )
J dpl4+(0,p)| APPENDIX A: LIGHT-CONE FUNCTION

The second equality gives the ratio in terms of the corre- The auxiliary function in Eq(22) is defined as
sponding exciton and trion wave functiot@nd was used as

a numerical test for the exponential fit of the matrix element
in Sec. IV). The numerical value oR_~0.75 for electron 1 ifldx( \/ﬁ+

1
trions is determined by the mass ratio and the factor H(y) 2yJo NE
rad

0x /9x=1/2, which accounts for dark excitons in spin- . . . . 2
equilibrated systems. The integral over the trion wave funcy"here the integration variable js=(Q/qo)". The prefactor

tion can be visualized as probability distribution of the sec-S chosen to glveH'(0)=1. In order to find the h.'gh'
ond electron under the condition that the first one is exactl)}emperature expanside.g.,y—), we transform the inte-
at the hole position. Approaching the electron-hole pair ( gral into
—0), the second electron repels the first electron, and a dras-
tic decrease of the trion transition probability is found. 1 yds 2 1

The same analysis was repeated for the lifetime of hole Ay Jo T()/SZJr lese ™. (A2)
trions. The ratio of temperature slopes between hole trions y
and excitons is found from our numerical treatmentRas ~ With the definition of Dawson’s integral F(x)
~0.52 (hereM=2m,+m,). The radiative lifetime of ther- =e‘x2f’5dtet2, we find
malized electron and hole trions is shown in Fig. 6 as a
function of temperature. Due to the contribution of the re-
combination channel witi)>0, the offset at zero tempera- 1 1 2-y [1
tures yields a considerably higher lifetime in comparison W‘EJFﬁF \/_y :
with the exciton. Only at elevated temperatures, does the
exciton lifetime exceed the trion one. In contrast to excitons;Then, using the expansion
where the full numerical treatment of the light-cone effect
exhibits a slight initial decrease at very small temperatures, 2
for trions the expansiofi30) is a very good approximation F(x)=x— §x3+ O(x%), (A4)
for any temperature.

)eX’Y, (A1)

(A3)

we get the expansion valid at large arguments
VI. CONCLUSIONS

3

In conclusion, our numerically calculated electron-trion 3 vt
5

wave function leads to photoluminescence spectra that are in Hiy)= 4 ' (AS5)
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