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Photoluminescence and radiative lifetime of trions in GaAs quantum wells
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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 Schro¨dinger 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 vector~light-cone effect!.
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I. INTRODUCTION

The three-particle bound state of an exciton with an ad
tional electron (X2, electron trion! or hole (X1, hole trion!,
as proposed by Lambert,1 has been observed in bulk mate
als such as Ge~Ref. 2! by photoluminescence~PL! and Si
~Ref. 3! by cyclotron resonance absorption. The experim
tal signatures of trions are more distinct in semiconduc
quantum wells~QW’s! because of an enhanced binding e
ergy. The excess carrier density in QW’s is usually obtain
by ~i! doping the barrier material with acceptors
donors,4–6 ~ii ! by exciting a neighboring thinner QW from
which electrons can tunnel more effectively through the b
rier than holes,7,8 or ~iii ! by optical excitation in a situation
where electrons can escape more easily.9 During the past few
years, both types of trions (X2 andX1) have been found in
PL and absorption experiments on QW’s in III-V compoun
as well as in II-VI materials. The specific trion state can
analyzed by means of magneto-optical spectroscopy. In
case, also the triplet states10 have been observed.

Trion experiments call for samples with large exciton a
trion binding energies and small inhomogeneous broaden
which are, however, conflicting goals. The former is realiz
in thin II-VI systems, whereas the latter is achieved in hig
quality GaAs/AlxGa12xAs QW’s. We choose the secon
variant and present data of a single undoped 25 nm wide
inbetween Al0.3Ga0.7As barriers. The measured PL exhibits
clearly resolved temperature-dependent asymmetrical p
below the exciton that is attributed to electron trions. We w
compare this finding with numerical results obtained from
solution of the three-particle Schro¨dinger equation. Random
spatial fluctuations due to remote ionized donors@case~i!# or
interface roughness and alloy disorder11 ~all cases! influence
particles in real QW’s. We minimized these effects by
suitable choice of the sample structure. Consequently,
will be able to describe our experimental findings by de
calized trions, which furthermore are assumed to be in th
modynamic equilibrium.

Earlier theoretical results for the binding energies ha
been achieved by variational methods for bulk and tw
PRB 620163-1829/2000/62~12!/8232~8!/$15.00
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dimensional~2D! systems by Ste´bé and co-workers.12 They
also considered the trion absorption coefficient for the id
2D and 3D case in Ref. 13. A realistic description has to ta
into account the effective Coulomb potential due to the c
rier confinement and the variation of the dielectric const
from the well to the barrier material. As a qualitative resu
we will find below that the QW binding energies ofX2 and
X1 are less different than in an ideal 2D case. To our b
knowledge the experimental observation of trions in qu
tum wires and quantum dots is still lacking, although, e.
quantum wires should exhibit even higher trion bindi
energies.14 However, further confinement toward quantu
dots brings the carriers closer together, and with an effec
increase of the repulsion also a decrease of binding en
could be expected. Variational results by Lelong a
Bastard15 for 0D systems even show negativeX2 binding
energies in InAs dots.

Another experimentally important property is the rad
tive lifetime of trions. Several attempts have been made
investigate the trion dynamics. In remotely doped QW’s,
trion luminescence shows large spatial fluctuations, that
due to localization in the random potential of the ioniz
donors.16 In this case, a radiative lifetime almost independe
of temperature is found from resonant trion excitation e
periments on GaAs QW’s.17 In contrast, the picture of delo
calized trions is more appropriate for the experimental
proach on double-QW structures with an optical control
the background free-particle density.18 Here a linear increase
of radiative lifetime and diffusivity with temperature i
found. We adopt this assumption of delocalized trions in
present paper and extend the theory for the radiative lifet
of excitons to obtain an analytical expression for the rad
tive lifetime of thermalized trions.

The outline of this paper is as follows: After a discussi
of the experimental setup and results in Sec. II, we pres
our numerical approach in Sec. III. In particular, the trio
binding energy is obtained from the corresponding tri
Schrödinger equation. Then, in Sec. IV, the trion wave fun
tion is used to study the PL line shape in detail and to co
8232 ©2000 The American Physical Society
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PRB 62 8233PHOTOLUMINESCENCE AND RADIATIVE LIFETIME OF . . .
pare the resulting line shape for electron trions with
experimental data. In Sec. V, we calculate the radiative l
time of both types of trions including the finite momentum
photons~light-cone effect! and compare the results with th
exciton lifetime. We finally summarize our findings i
Sec. VI.

II. EXPERIMENTAL DETAILS

The investigated sample is a 25 nm GaAs/Al0.3Ga0.7As
QW grown by molecular beam epitaxy on an undoped Ga
substrate. It is placed in a helium cryostat at a tempera
between 2 K and 30 K. The sample is excited by a Xe hig
pressure lamp spectrally filtered by a monochromator wit
resolution of 1 meV. The excitation density on the sam
was about 10 mW/cm2. The excitation energy was tune
around the barrier band gap in order to control the exc
carrier density in the well. Photoluminescence spectra h
been dispersed by a double 0.85 m monochromator wi
resolution of 0.05 nm~0.1 meV! and detected by a coole
GaAs photomultiplier using photon counting. The large w
thickness and the binary well material lead to an interfa
roughness- and alloy-disorder-induced linewidth of less t
0.1 meV.19 The observed exciton linewidth at 2 K and lo
excess electron density is 0.3 meV in this sample, wh
allows us to study the trion line shape in detail. The exc
electron density in the QW can be controlled by tuning
excitation energy close to the band gap of the barrier, a s
ation comparable to case~ii !. As an example, the PL at
larger excess electron density~excitation at 1.983 eV! and
temperatures of 2 K and 7 K are shown in Fig. 1. At 1 meV
below the exciton line atEX51.5214 eV, the recombinatio
of electron trions shows up as an asymmetric line with
low-energy tail, which broadens with increasing temperatu
At this excess density, the exciton linewidth is increased
0.4 meV, probably due to enhanced exciton-electron sca

FIG. 1. Trion and exciton photoluminescence spectra of a 25
wide GaAs/Al0.3Ga0.7As single QW for different temperatures~ver-
tically displaced for clarity!. The excitation is 10 mW/cm2 at energy
1.983 eV. The inset shows the experimental low-energy tail of e
tron trions at 2 K and 7 K, which shows the exponential dec
Note that the peak maximum shifts slightly with higher tempe
tures.
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ing. The small feature at 1.5187 meV is due emission of
impurity-bound exciton, which is also present for low exce
carrier densities.

III. TRION SCHRÖ DINGER EQUATION

Though the experiment shows electron trions in the P
we will discuss explicit results for both types of charg
excitons. For the sake of simplicity, however, all formul
are given for electron trionsX2. The corresponding formula
for hole trions are obtained by interchanging labe
$e1 ,e2 ,h%→$h1 ,h2 ,e%.

For the calculations, we factorize the wave function of t
trion CT into an in-plane partcT and confinement functions
fe , andfh of the lowest electron and heavy-hole sublev
respectively,

CT5cT~re1 ,re2 ,rh!fe~ze1!fe~ze2!fh~zh!. ~1!

The growth direction is alongz, and r denotes two-
dimensional vectors in the QW plane. Strictly speaking, t
approximation is only justified in structures where the su
level distance is large with respect to the exciton bind
energy. This is the case in narrow QW’s with a Bohr rad
exceeding the well width but works reasonably well even
the present case. Furthermore, we separate the center of
motion ~c.m.! of the trion from its relative wave function
The resulting in-plane Schro¨dinger equation for the latter is
(m215me

211mh
21)

F2
\2

2m
~Dr1

1Dr2
!2

\2

mh
“r1

•“r2
2Veh~r1!2Veh~r2!

1Vee~ ur12r2u!2ETGcT~r1 ,r2!50, ~2!

where relative coordinatesr15re1
2rh and r25re2

2rh

have been introduced. The effective Coulomb potential
Eq. ~2!

Vcd~r!5E E dzcdzdfc
2~zc!fd

2~zd!
e2

e0Ar21~zc2zd!2

~3!

is slightly different for the electron-electron and electro
hole interaction. This is due to different subband functio
fc for electrons and heavy holes which in turn result fro
different band offsets and masses. The effective potentia~3!
has been modified further by image-charge effects, which
due to the different static dielectric constantse0 in well and
barrier materials. The main consequence is an enhance
of all binding energies over the entire range of well widths20

We numerically solve the trion Schro¨dinger equation
~four spatial degrees of freedom! within a finite-difference
scheme by iterating down to the trion singlet ground stat21

For the 25 nm GaAs QW, an electron trion binding ener
BX25EX2ET of 0.8 meV is found. The binding energy o
the hole trion has been calculated analogously, giving
slightly larger value ofBX151.0 meV. These results are i
agreement with Ref. 22 where in a comparative study of b
types of trions in a 20 nm GaAs QWBX2'BX1'1 meV is
found experimentally. For comparison, the exciton Sch¨-
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8234 PRB 62ESSER, RUNGE, ZIMMERMANN, AND LANGBEIN
dinger equation is solved with the same effective poten
Veh(r) and yields an exciton binding energy ofBX57.8
meV, in fair agreement with the experimentally deduc
value of 7 meV.

Furthermore, we compare these findings with results
ing the simplified potential

Vcd~r!5
e2

e0Ar21~aLz!
2

, ~4!

which avoids the logarithmic singularity in Eq.~3! and has
been used for the calculation of binding energies of biex
tons in ~Zn,Cd!Se QW’s.21 In Eq. ~4! Lz is the width of the
QW, and the parametera has been used to adjust the excit
energy (a50.17 in the present case,Lz525 nm!. Using this
potential, we have found for the electron trion a bindi
energy of 0.9 meV and for the hole trion 1.1 meV, which
in good agreement with the results obtained from the m
realistic potential, Eq.~3!.

As a test for our numerical procedure we have recal
lated the trion energies with the ideal 2D Coulomb poten
~Fig. 2!, which resembles the limit of strong confineme
and found complete agreement with values in the literatur23

In this limit, the hole-trion binding energy exceeds t
electron-trion energy considerably~by a factor of 1.45 at the
GaAs mass ratiome /mh50.29). In contrast, with the realis
tic effective Coulomb potential, Eq.~3!, the hole-trion bind-
ing energy is only slightly enhanced. To illustrate these fin
ings, the trion energies using the simplified potential~4! are
shown in Fig. 2 as a function of mass ratios5me /mh .
Using bulk excitonic units for energy Ry*5\2a22/2m and
length a5\2e0 /me2 we find that the differences betwee
X2 andX1 are less distinct in the QW case. Ife-e ande-h
interaction have equal strength, the trion energies are rel
by the symmetry relationEX2(s)5EX1(1/s). This implies

]EX2

]s U
s51

52
]EX1

]s U
s51

, ~5!

FIG. 2. Binding energies of electron trions (X2) and hole trions
(X1) as function of mass ratios for an ideal 2D Coulomb potentia
and the effective QW potential, Eq.~4!. Symbols correspond to ou
full analysis for the QW potential including image-charge effect
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which is fullfilled within our numerical approach. Thus, th
comparable binding energies for electron and hole trions
QW’s can be attributed to the effective potential~3!, which is
different from the ideal 2D Coulomb potential in particular
the origin. As can be checked by the agreement with the
potential calculation~symbols in Fig. 2!, the minor differ-
ence between attractive and repulsive potential is of
importance.22

IV. PHOTOLUMINESCENCE

Using the calculated trion wave function, we study t
optical transition from a delocalized trion to an unpair
electron in the conduction band. Using Fermi’s golden ru
the main ingredient of the optical matrix element~derived in
detail below! when neglecting the photon momentum is

M ~Q!5E dr2cX2~0,r2!exp~2 iQ•r2MX /MT!, ~6!

where the trion at total momentumQ decays radiatively,
leaving an electron with the same momentum behind. H
MX5me1mh is the exciton mass, andMT52me1mh the
electron-trion mass. Expression~6! is identical to the optical
matrix element which was obtained by Ste´bé et al.13 for the
trion-related absorption atT50 K. It can be regarded as
generalization of the excitonic transition rate for trions~one
relative coordinate is set to zero!. Assuming in the low-
density regime a thermal Boltzmann distribution of trio
with energyET1\2Q2/2MT , the PL line shape is given by

PT~\v!5E dQ expS 2
\2Q2

2MTkBTD uM ~Q!u2

3dS \v2ET1
\2Q2

2me

MX

MT
D

}uM ~Q!u2expS 2
e

kBT

me

MX
DQ~e!. ~7!

The energy-conservingd function in Eq.~7! determines the
momentum as a function of photon energy via

e5ET2\v5
\2Q2

2me

MX

MT
. ~8!

A material-dependent prefactor~containing trion density and
temperature! is omitted, but taken care of later when calc
lating the radiative rate. The PL line has a sharp onset at
trion energy, followed towards lower photon energies by
temperature-dependent tail that is due to the recombina
of thermally excited trions withQ.0 leaving a recoil elec-
tron behind. For electron trions, the wave functioncT(0,r2)
entering Eq.~6! is close to a Gauss shape, and the opti
matrix element can be well approximated byuM (Q)u2

5c1 e2e/e1 with e151.1 meV andc1515.0. The tempera-
ture dependence of the electron-trion emission, which
obtain from our numerics, is shown in Fig. 3 and follows
exponential decay on the low-energy side. This exponen
behavior is found for the experimental trion line as well,
can be seen in the inset of Fig. 1, where the low-energy
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of the electron trion is displayed on a logarithmic scale. T
deviations at very low energies are due to background c
tributions.

In the case of hole trions~Fig. 4!, the calculated line
shape is again rather smooth. In comparison with elec
trions, it falls off more rapidly because of the larger ho
trion mass. Due to the more effective hole-hole repulsion
short distances, a slightly nonexponential shape is found.
glecting this small deviation, the optical matrix element d
cays in this case exponentially withe150.5 meV andc1
512.8.

In Fig. 5, we compare the full experimental data of Fig
at 2 K and 7 K with our numerical findings. The broaden

FIG. 3. Calculated temperature dependence of the electron-
emission line shape. Energies are scaled with the QW exciton b
ing energyBX . In the high-temperature limit, the line shape
directly given byuM (Q)u2.

FIG. 4. Calculated temperature dependence of the hole-trion
shape on linear and logarithmic~inset! scale. A slight nonexponen
tial decay is found as a result of the more effective hole-hole re
sion at short distances.
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exciton line is well fitted with a hyperbolic secant profil
which is related to the exponential tail in phonon scatteri
Then, the trion contribution is found from the convolution
Eq. ~7! with the same profile. Depending on the derived e
citon width @full width at half maximum ~FWHM! 50.5
meV at 2 K, and 0.4 meV at 7 K#, the convolution shifts the
trion peak maximum toward slightly lower energies~here
'0.1 meV!. Thus, in the experimental determination of th
trion binding energy the inflection point on the high-ener
shoulder is a better choice instead of using the peak posit

The reasonable agreement of the experimental trion
line shape with our calculations in Fig. 5 leads to the co
clusion that thermalization at least within the trion popu
tion can be expected. Complete thermal equilibrium betw
trions and excitons has been found in Refs. 8 and 18 usin
double-QW sample. In contrast to modulation doping t
allows an optical control of the excess electron density.
quantify the relative weight of exciton and trion PL, we ha
studied an equilibrium mass action law between excito
trions, free electrons, and free holes.29 This allows to discuss
the dependence of the emission on temperature, backgro
density, and excitation density. Since the low-energy tail
each trion PL could be well fitted using the nominal latti
temperature, a significantly elevated effective temperatur
the trions can be ruled out.

V. RADIATIVE LIFETIME OF THERMALIZED TRIONS

A. Interaction Hamiltonian

In order to compare the radiative lifetime of thermaliz
excitons and trions we will calculate both values on an eq
footing. For the exciton, the lifetime was calculated alrea
by Andreaniet al. in Ref. 24 with a later correction of an
erroneous factor of 2; see Ref. 25. Unfortunately, in Ref.
experimental results have been compared with the ea
version. To circumvent such kinds of problems for trions a
to illustrate the algebra needed for the trion calculation,
want to recalculate the correct result of Andreaniet al. The
first step is the derivation of the light-matter interactio
Hamiltonian taking into account the specific structure of t
valence band edge in GaAs.

The electromagnetic field enters the kinetic part of t
Hamiltonian via the vector potentialA(r ):

Hkin5(
s
E dr ĉs

†~r !
1

2m0
F p̂2

e

c
A„r …G2

ĉs~r !. ~9!

on
d-

e

l-

FIG. 5. Trion and exciton photoluminescence of a 25 nm w
GaAs/Al0.3Ga0.7As single QW at different temperatures. Compa
son between experiment~symbols! and calculated spectra.~The
overall ratio between exciton and trion peak has been fitted.!
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The spin-dependent electron field operatorsĉs(r ) are ex-
panded into localized Wannier functionsun according to

ĉs~r !5(
Rn

cRnun~r2R,s!, ~10!

wherecR,n annihilates an electron at lattice vectorR in band
n. Under low-density excitation, we restrict ourselves to
linear regime. Using the Coulomb gauge (“•A50) the
light-matter interaction reduces to

H rad5
e

cm0
(

Rnn8
A„R…cRn

† cRn8(
s
E drun* ~r ,s!p̂un8~r ,s!,

~11!

where we assume the Wannier functions to have no ove
at different lattice sites, and the vector potentialA(r ) to be a
slowly varying function within an elementary cell. Now, w
identify the Wannier functionsun with spin-orbit coupled
atomiclike functions for heavy holes,

U32 ,
3

2
s L 5

1

A2
uX1 isY&U12 s L ~12!

in the valence bandv, and for electrons,

U12 ,
1

2
s L 5uS&U12 s L ~13!

in the conduction bandc. In this representation, the spi
index attains the valuess561. Within the rotating-wave
approximation, Eq.~11! takes the form

H rad5
e

cm0

pcv

A2
(
Rs

@Ax~R!1 isAy~R!#cRvs
† cRcs1H.c.,

~14!

with the momentum matrix elementpcv5^XupxuS&. The vec-
tor potentialA„R… is expanded into plane-wave eigenmod
within a normalization volumeV according to27

A~r !5(
ql
A2p\c

nqV
eql~aqleiq•r1aql

† e2 iq•r !. ~15!

Here,aql
† creates a photon with wave vectorq and polariza-

tion l in the QW material with refractive indexn5Ae0.
Then, by converting the lattice sum into an integral, the
teraction Hamiltonian is found as

H rad5
epcv

cm0
(
s

(
ql
Ap\c

nqV
@el,x1 isel,y#aql

†

3E drcvs
† ~r !ccs~r !e2 iq"r1H.c. ~16!

Using polar coordinates along the growth direction, t
two transversal photon polarizations can be chosen
el515(2sinf,cosf,0) and el525(2cosu cosf,
2cosu sinf,sinu), which results for the in-plane compo
nents in

el,x1 isel,y5H iseisf, l51

2cosueisf, l52.
~17!
e

p

s

-

e
as

Equation~16! will be used in the following calculation o
both the radiative lifetime of excitons and trions.

B. Exciton lifetime

The radiative lifetime of excitonstX is found from Fer-
mi’s golden rule as

tX
215

2p

\ (
i f

z^ f uH radu i & z2d~e i2e f !Ni . ~18!

Ni denotes the occupation of the exciton in the initial stat
normalized to unit total density,( iNi51. The main ingredi-
ent is the optical matrix element between the initial excit
state at c.m. vectorQ

u i &5E dreE drh

eiQ"R

AA FX~re2rh!fe~ze!fh~zh!

3ccs
† ~re!cvs~rh!u0&, ~19!

(A is the normalization area! and the final photon stateu f &
5aql

† u0&. The crystal ground stateu0& at T50 K describes
the full valence band, the empty conduction band, and p
ton vacuum. Decomposing the photon wave vector asq
5$qi ,qz% and using Eq.~16!, the optical matrix element is
given by

^ f uH radu i &5
e\pcv

m0n
A pA

EXV
FX~0!@el,x1 isel,y#I ~qz!dQ,qi

.

~20!

The overlap of the confinement functionsI (qz)
5*dzfe(z)fh(z)e2 iqzz can be approximated in the stron
confinement limit by unity. The summation overqz in Eq.
~18! yields the one-dimensional density of states for radiat
decay. In contrast to bulk semiconductors, where the con
vation of the exciton wave vector leads to stationary mo
~polaritons!, which do not radiatively recombine, this densi
gives rise to recombination of QW excitons with a wa
vector inside the light coneQ<q0, given by the photon dis-
persionq05nEX /\c.25 Explicitly, we have

tX
215

S0q0FX
2~0!

A (
l

(
Qs

zel,x1 isel,yz2
Q~q02Q!

Aq0
22Q2

NX,Q

5
S0FX

2~0!

A gX
rad(

Q
S 1

A12~Q/q0!2
1A12~Q/q0!2D

3NX,QQ~q02Q!, ~21!

with S052pe2pcv
2 /m0

2c2\q0. Here, the sum overs561
gives rise togX

rad52, the number of optically allowed excito
states. For GaAs, we take Kane’s matrix element
2pcv

2 /m0522.7 eV.30 The two contributions in Eq.~21! re-
sult from the two photon polarizationsl ~note the extra cosu
for l52). We want to emphasize that no assumption ab
the orientation of the in-plane exciton wave vectorQ has to
be made. We consider a completely thermalized exciton
tribution NX,Q5(2p\2/gXMXkBT)exp(2\2Q2/2MXkBT),
where gX denotes the number of degenerate and occup
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exciton states. Thus after rapid spin relaxation betw
bright and dark states,gX54, and Eq.~21! can be cast into

tX52t0,XHFkBT

E0
G . ~22!

Here,E05\2q0
2/2MX50.07 meV is the exciton kinetic en

ergy on the light cone, and the auxiliary functionH(y) is
defined in the Appendix. The temperature-independent
factor t0,X51/S0FX

2(0) is the lifetime of a bright-state exci
ton at Q50 and agrees with the value in the work of A
dreaniet al.25 @note thatH(0)51#. With increasing tempera
ture, a diminishing fraction of the exciton distribution
inside the light cone and is able to decay radiatively. Tak
the high-temperature limit of this expression@see Eq.~A5!#
the radiative lifetime of thermalized excitons is found
change linearly with temperature,

tX5
3t0,X

2E0
S kBT1

3

5
E0D . ~23!

The full numerical evaluation of Eq.~22! is presented in Fig.
6 and shows a subtle deviation from Eq.~23! at very low
temperatures. Starting with 2t0,X at T50 K, it exhibits a
small ~parabolic! decrease before merging to the limiting b
havior of Eq.~23! at elevated temperatures.

We remark that in real QW structures excitons are loc
ized by an effective c.m. potential, which results from av
aging the exciton relative wave function over the micr
scopic disorder landscape. Then a thermalized exc
distribution cannot be expected at low temperatures. Num
cal simulations of the relaxation kinetics resulted in a no
equilibrium distribution, and significant deviations from E
~23! are found.28 In particular, the exciton lifetime is almos
independent of temperature atkBT,s, wheres is the vari-
ance of the disorder potential. At elevated temperatures

FIG. 6. Calculated radiative lifetime of excitons (X), electron
trions (X2), and hole trions (X1). Full curves correspond to a
complete analysis of the light-cone effect; dashed lines neglec
finite photon momentum.
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calization effects are of minor importance, and the line
increase of lifetime prevails, as found experimentally; s
e.g., Ref. 26.

C. Trion lifetime

In calculating the recombination rates for trions, w
closely follow the exciton case described before. Adopt
the separation of c.m. and relative coordinates accordin
Sec. IV, the initial trion singlet state, where the electron s
part of the trion wave function is antisymmetric (se1

5↑ and

se2
5↓), is written as

u i &5E dre1
E dre2

E drh

eiQ•R

AA cT~re12rh ,re22rh!

3fe~ze1
!fe~ze2

!fh~zh!cc,↑
† ~re1

!cc,↓
† ~re2

!cv,sh
~rh!u0&.

~24!

According to the two possible spin orientations of the hea
hole, two trion states are possible (sh561), which both are
dipole allowed and can decay radiatively. After the recom
nation process, an unpaired electron with wave vectork and
spin se and a photon with wave vectorq and polarizationl
is left as the final state:

u f &5E dre

eik•re

AA fe~ze!ccse

† ~re!aql
† u0&. ~25!

The optical matrix element between these states for the
teraction Hamiltonian~16! is

^ f uH radu i &5
epcv\

m0n
A pA

ETV
@el,x1 isel,y#

3~dse ,↓dsh ,↑2dsh ,↑dse ,↓!

3E drei [(me /MT)Q2k] •rcT~0,r! dQ,k1qi
.

~26!

The integral can be written as matrix elementM @Q
2(MT /MX)qi# and improves over Eq.~6! by including the
finite in-plane photon momentumqi . Then, applying Fer-
mi’s rule the radiative lifetime is found from

tT
215

S0

A2
gT

rad(
Qqi

S 1

A12~qi /q0!2
1A12~qi /q0!2D

3UM S Q2
MT

MX
qi D U2

NT,Q Q~q02qi!. ~27!

The assumption of a~normalized! thermalized trion distribu-
tion

NT,Q5
2p\2

gTMTkBT
expS 2

\2Q2

2MTkBTD ~28!

he



lin
g
d
x

s

n
ra

t
ec
fe

re
s
en

to
n-
nc
c

ct
(
ra

o
on

re
-
on
th
ns
c

re

on
re

lity
n-
pe
nn
pen-
nt.
ns
ro-
the
nd
he

-

as
ity is

the
nti-
se-

S.
V.
of

8238 PRB 62ESSER, RUNGE, ZIMMERMANN, AND LANGBEIN
has been successfully applied for describing the PL
shape at different temperatures. Here, the number of sin
trion statesgT is equal to the number of optical allowe
trionsgT5gT

rad52. Adopting the exponential fit of the matri
element given in Sec. IV, Eq.~27! yields the remarkably
simple result similar to Eq.~22!,

tT5t0,THFMX

MT
S kBT

E0
1

e1me

E0MX
D G , ~29!

with a temperature-independent lifetime t0,T
52p\2MT /S0mee1c1MX . The high-temperature limit is
found as before using Eq.~A5!,

tT5
3MXt0,T

4MTE0
S kBT1e1

me

MX
1

3

5

MT

MX
E0D . ~30!

In contrast to excitons, where the recombination proces
restricted to the light cone, trions with arbitraryQ>0 can
decay radiatively. This is contained in the matrix eleme
M (Q) and introduces an additional offset at zero tempe
ture @second term in Eq.~30!#. The third term is the direc
consequence of the inclusion of the finite photon wave v
tor. The ratioR2 between the temperature slopes of the li
time for electron trions~30! and excitons~23! is

R25
p\2

me

FX
2~0!

e1c1
5

1

2

MX

MT

FX
2~0!

E drucT~0,r!u2
. ~31!

The second equality gives the ratio in terms of the cor
sponding exciton and trion wave functions~and was used a
a numerical test for the exponential fit of the matrix elem
in Sec. IV!. The numerical value ofR2'0.75 for electron
trions is determined by the mass ratio and the fac
gX

rad/gX51/2, which accounts for dark excitons in spi
equilibrated systems. The integral over the trion wave fu
tion can be visualized as probability distribution of the se
ond electron under the condition that the first one is exa
at the hole position. Approaching the electron-hole pairr
→0), the second electron repels the first electron, and a d
tic decrease of the trion transition probability is found.

The same analysis was repeated for the lifetime of h
trions. The ratio of temperature slopes between hole tri
and excitons is found from our numerical treatment asR1

'0.52 ~hereMT52mh1me). The radiative lifetime of ther-
malized electron and hole trions is shown in Fig. 6 as
function of temperature. Due to the contribution of the
combination channel withQ.0, the offset at zero tempera
tures yields a considerably higher lifetime in comparis
with the exciton. Only at elevated temperatures, does
exciton lifetime exceed the trion one. In contrast to excito
where the full numerical treatment of the light-cone effe
exhibits a slight initial decrease at very small temperatu
for trions the expansion~30! is a very good approximation
for any temperature.

VI. CONCLUSIONS

In conclusion, our numerically calculated electron-tri
wave function leads to photoluminescence spectra that a
e
let

is

t
-

-
-

-

t

r

-
-
ly

s-

le
s

a
-

e
,
t
s,

in

sound agreement with experimental data from a high-qua
single GaAs QW. In particular, we found both experime
tally and from the numerics that the electron-trion line sha
decays exponentially on the low-energy side. A Boltzma
distribution has been used to model the temperature de
dence of the PL in this low-density excitation experime
The radiative lifetimes of thermalized excitons and trio
increase linearly with temperature. The recombination p
cesses of trions with a finite in-plane momentum outside
radiative cone create a low-energy tail of the trion PL a
lead to a finite lifetime at zero temperatures. Including t
finite photon wave vector~light-cone effect! shifts all life-
times to slightly higher values, with a peculiarity at low tem
peratures for the exciton only.

The linear increase of trion lifetime with temperature h
been observed in QW structures, where the excess dens
achieved by exciting a neighboring QW,18 or in doped
samples, where the influence of the random position of
ionized donors/acceptors is reduced significantly. A qua
tative comparison with calculations is deferred to a sub
quent publication.
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APPENDIX A: LIGHT-CONE FUNCTION

The auxiliary function in Eq.~22! is defined as

1

H~y!
5

1

2yE0

1

dx S A12x1
1

A12x
D e2x/y, ~A1!

where the integration variable isx5(Q/q0)2. The prefactor
is chosen to giveH(0)51. In order to find the high-
temperature expansion~e.g.,y→`), we transform the inte-
gral into

1

H~y!
5E

0

1/Ay ds

Ay
~ys211!es2

e21/y. ~A2!

With the definition of Dawson’s integral F(x)
5e2x2

*0
xdtet2, we find

1

H~y!
5

1

2
1

22y

2A2
FS 1

Ay
D . ~A3!

Then, using the expansion

F~x!5x2
2

3
x31O~x5!, ~A4!

we get the expansion valid at large argumentsy

H~y!⇒ 3

4 S y1
3

5D . ~A5!
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