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Rapid radiative decay of charged excitons
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We discuss the decay process of free trions, which differs radically from that of the neutral exciton or
localized trions. A theoretical model for the decay time of free trions shows that due to the three particle decay
process a rapid radiative decay, compared to the neutral exciton, is expected. We demonstrate the rapid decay
of negatively charged excitons in remotely doped GaAs/AlGaAs quantum wells~QW’s! experimentally and
show the effects of temperature and well-width on the decay of free negatively charged excitons.
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Many of the optical properties of semiconductors a
dominated by excitonic effects. This semiconductor ana
of the hydrogen atom has allowed many physical effects
be studied. Only a small fraction of excitons~those close to
k50! in a thermalized population may decay into photo
due to energy-momentum conservation in the recombina
process.1 Recently, charged excitons or trions, the semic
ductor analog of H2 and H2

1 , have been observed in dope
semiconductor QW’s~Refs. 2 and 3! and unintentionally
doped QW’s.4 This simple, controllable analog of a two ele
tron atom can be expected to open up many avenues o
search, for example concerned with the Coulomb and
change interactions. We show here experimentally
theoretically that the three particle decay process of
charged exciton results in rapid radiative decay compare
neutral excitons, which cannot be accounted for by the
ference in degeneracy of the two species of excitons. In
sence, this is because the transfer of excess momentum t
electron left behind after trion recombination relaxes
condition that onlyk50 excitons can recombine. Since mo
semiconductors contain excess charge, even if not intent
ally doped, due to the background impurity concentrati
we suggest that this effect is important for recombination
all semiconductors.

Until now the study of trion decay dynamics have be
concerned with localized negatively charged excitons, wh
may in essence be considered to be similar to localized n
tral excitons.5 The only other study of free charged excito
indicated a decay time of the charged exciton four tim
more rapid than that of the neutral exciton.6 In that study the
decay of neutral and charged exciton was considered to
fer only in the spin degeneracy of the different species
excitons. In this work we discuss the fundamental diff
ences in the decay process of a thermalized populatio
charged and neutral excitons.

The radiative recombination of an exciton~X! in a quan-
tum well is governed by the conservation of energy and m
mentum~center-of-mass k-vector! between the initial and fi-
nal state. The lack of translational invariance normal to
plane of a quantum well relaxes the requirement for k-vec
conservation in that direction. Figure 1~a! shows schemati-
cally the dispersion of the exciton center of mass in the pl
of the quantum well. Only excitons within the light con
PRB 620163-1829/2000/62~20!/13294~4!/$15.00
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defined by Ephoton5\k, satisfy k-vector conservation an
may recombine radiatively. Thus only excitons of energy
<E05\2k2/2M ~typically for GaAs/AlGaAs QW E0
;100 meV) can couple to photons. Excitons which lie ou
side the light-cone, are therefore nonradiative~so-called dark
states!. A consequence of the presence of the dark state
that the average decay time of a thermalized exciton pop
tion is typically ; ns,1 while the calculated intrinsic deca
time of an exciton atk//50 is ;25 ps.7

Figure 1~b! shows schematically the decay process o
negatively charged exciton (X2), the bound state of two
electrons and a hole. In this case charged excitons of la
k-vector may recombine, the mismatch in k-vector betwe
the charged exciton and the photon being given up to
electron. All charged exciton states are therefore radiat
The oscillator strength of the radiative transition is, howev
a function of the momentum of the X2 with an exponential
reduction withk// .8

This is a simplified picture for both the neutral an
charged exciton as exciton-phonon scattering, and exci
exciton scattering can profoundly affect the radiative dec
process by mixing states of different k-vector together. Th
scattering effects broaden in energy the excitonic transit
giving it a homogeneous linewidth,Gh . As a consequence o

FIG. 1. Schematic diagram of dispersions, thermalized exc
distribution, and decay processes for~a! X and~b! X2. Vertical axis
corresponds to energy, while horizontal axes are total center
mass k-vector and exciton number.
R13 294 ©2000 The American Physical Society
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including these scattering events, excitons within a sligh
larger radiative zone may recombine radiatively.9

The radiative decay time for QW excitons is calculat
using Fermi’s Golden rule. For the neutral exciton the fin
state corresponds to the crystal in its ground state and a
ton with momentumq(k// , kz) wherek// is the in-plane mo-
mentum and kz is the momentum normal to the QW plan
The decay rate of the excitons as a function ofk// for each
photon polarization is obtained. In order to include therm
ization effects, the decay rate is averaged over a Boltzm
distribution of occupied exciton states.7 The oscillator
strength of excitons in the light cone is shared between
states withinGh of E0.9 The decay time is averaged over th
singlet~J50! and optically forbidden triplet~J51! states. For
a temperature T such that kBT@E0 ~where kB is Boltzmann’s
constant!, the final decay time of a thermalized exciton pop
lation, tX , as a function of temperature T is given as:

tX5
3

2E0
t0S kBT1

3

5
E0D f ~Gh

X ,T!, ~1!

wheref (Gh ,T)5\Gh /kB/(12e2\Gh /kBT)kBT, andt0 is the
calculated intrinsic radiative decay time of an exciton atk//
50.7 This expression is derived combining the formalis
used in Refs. 7 and 9, but using a second order expansio
terms ofE0 /kBT.

To calculate the decay time for X2 we weight the Boltz-
mann distribution with the calculated optical matrix eleme
The decay time of the thermalized X2 population,tX2, is
given as:

tX25
3p\2

2mee1E0

ucX~0!u2

U E d2rcX2~0,r!U2

3t0S kBT1
me

MX
e1D f ~Gh

X2
,T!, ~2!

where\ is the Planck constant, me is the electron mass,e1
describes the exponential dependence of the spatial pa
the optical matrix element (M5M0e2e/e1) on the X2 wave
vector,10 u*d2rcX2(0,r)u2 and ucX(0)u2 are the overlap in-
tegrals for the radiative recombination of X2 and X, respec-
tively. Equation~2! is expressed such that the decay o
thermalized population of X and X2 can be compared by
taking into account the ratio between the integral of the s
tial wevefunction parts and the exponential decay of X2 os-
cillator strength withk// .

High quality remotely doped GaAs/Al0.33Ga0.67As QW’s
have been grown by molecular beam epitaxy3 on GaAs sub-
strates. We illustrate our arguments with spectra taken o
300 Å or 100 Å GaAs QW, topped with 600 Å undope
Al0.33Ga0.67As and 2000 Å Si doped (1017 cm23)
Al0.33Ga0.67As. The excess electron density is varied by a
plying a voltage between the Schottky NiCr gate evapora
on top surface of the sample and an Ohmic contact to
QW layer in order to allow the excess electron density in
QW to be controlled. This permits the study of neutral a
negatively charged excitons in the same sample.

Time resolved photoluminescence~PL! was obtained us-
ing a mode locked Ti:Sapphire laser with repetition rate
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82 MHz, pulse width of;1 ps at a power density which
creates;2x107 cm22 electron hole pairs within the quan
tum well with each pulse. The luminescence was disper
by a spectrometer and detected by a streak camera oper
in syncroscan mode, with a temporal resolution of;8 ps.
The spectral width of the laser is sufficiently small to allo
the resonant excitation of only one of the two exciton sp
cies. Resonant excitation was performed using linearly
larized excitation light and detecting the cross linearly pol
ized emission.

Figure 2 shows the decay time obtained by nonreson
time resolved PL on a 300 Å QW as a function of appli
gate bias~and hence excess electron density!. The additional
scale shows how the excess electron density changes
applied front-gate bias by analysis of the PL lineshape.
biases below20.45 V the excess electron density is n
expected to be a linear function of front gate bias.11 The inset
plots PL spectra obtained at selected biases. At each bi
single decay time is observed for X and X2, showing the
two exciton populations to be in thermodynam
equilibrium.6 Notice that the decay time decreases shar
with increasing gate bias. The fact that the decay ti
changes dramatically over this bias range, yet the integra
PL intensity remains constant, indicates that the decay
predominantly radiative and nonradiative processes can
ignored. For a gate bias of20.75 V ~point A!, for which the
electron density of the QW is minimized and the PL spe
trum is dominated by X~see inset!, a relatively long decay
time of 660 ps is observed. The electron density increa
with gate bias resulting in a transfer of PL intensity from
to X2, reflecting the relative population of the two specie
Notice in Fig. 2 that the transfer of PL intensity is accomp
nied by a sharp decrease in the decay time. The decay
reaches a minimum of 110 ps at point B where the exci
population is composed almost entirely of X2. Thus, as ex-

FIG. 2. Luminescence decay time for a 300 Å QW as a fu
tion of gate bias~and hence excess electron density!. The inset
shows PL spectra recorded at various biases where the lum
cence is dominated by recombination of neutral~X! ~A! and
charged excitons (X2) ~B!, and by recombination of excess ele
trons with minority holes~2DEG! ~C!. The top scale gives the ex
cess carrier density (ne) from a PL lineshape analysis.
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pected, we observe a faster decay when the exciton pop
tion comprises charged excitons, than when it is mostly n
tral excitons. This is in contrast to the decay of bou
excitons which exhibit a decay time longer than that of fr
excitons.12 For the case where X dominates the PL spec
there is still a sizeable X2 population, as evidenced by th
weak X2 peak in spectrum A, and the true X decay time
not measured. By comparing the measured decay time
intensity ratio of the X and X2 peaks, and the decay time o
X2 ~when only X2 is present! the true decay time of the
exciton can be determined.6 The X decay time is thus deter
mined to be 930 ps. The X2 decay is therefore almost on
order of magnitude faster than that of X, which cannot
explained by the increased degeneracy of the charged ex
alone.6

In order to access directly the radiative decay rate of
citons, it is necessary to use resonant photoexcitation,13,14for
which the excitation energy is equal to the exciton ener
The temporal decay of luminescence due to X after reson
excitation of X by a pulse at t5 0 is shown in Fig. 3~a!. This
data was obtained at a gate bias for which X dominates
luminescence spectra. A best fit to the data is obtained u
three exponential terms with decay times of 30 ps, 140
and 660 ps. On the other hand, a considerably worse fi
obtained by using only one or two exponential terms. W
assign these three lifetimes to the decay of the cohere
excited exciton population~resonant Rayleigh scattering! for
the most rapid decay~30 ps!, to the excitons dephased b
not yet thermalized~140 ps!, and to the thermalized excito
population for the longest decay time~660 ps!. The slow
decay, which is very close to that obtained by nonreson
excitation, indicates that the exciton population thermali
to the same temperature~i.e., that of the lattice! regardless of
the excitation conditions.

FIG. 3. X ~a! and X2 ~b! decay profiles obtained with the exc
tation pulse resonant with X and X2 transitions, respectively.
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Figure 3~b! shows the temporal evolution of the X2 lumi-
nescence obtained under resonant excitation of X2. This
data was obtained at a bias where only X2 is observed in the
luminescence spectra. In contrast to the case for reso
excitation of X, only a single exponential decay is observ
As the decay time is the same as that obtained with nonr
nant excitation we attribute this decay to the thermalized2

population. The dependence of this decay time with tempe
ture, discussed later also indicates that the X2 is free. The
spike at t50 is symmetric and identical in form to the exc
tation laser. We therefore attribute it to light scattered fro
imperfections on the sample surface. It is intriguing to no
that there is no resonant Rayleigh scattered light or cold2

decay observed in Fig. 3~b!. Two factors may be responsibl
for these effects. First, the interaction of ak;0 photon and a
thermal bath electron results in the formation of an X2 of
finite k// , see Fig. 1~b!. Second, due to the charge of X2,
which is expected to scatter efficiently with excess electro
the X2 population may have a subpicoseconds thermal
tion time, much shorter than that for X. Conversely, X fo
mation maintains its phase with the incident light, scatter
coherently in random direction giving rise to a finite depha
ing time ~RRS!. And then relaxes thermalizing to the lattic
temperature forming a Boltzmann distribution ink// space.

Figure 4~a! plots the temperature dependence of the de
time of X ~adjusted for the presence of X2)6 and X2 in a
300 Å QW obtained by resonant excitation. Linear depe
dencies of the decay times upon temperature for free X
X2 predicted by Eqs.~1! and ~2! are observed. Figure 4~b!
shows the temperature dependence of the X2 decay for the
300 Å and 100 Å QW samples. For the 100 Å QW
sample X2 displays a rather temperature insensitive dec
below 7 K, changing to a linear dependence for T.7 K. We

FIG. 4. Temperature dependence of decay time for~a! X ~tri-
angles! and X2 ~squares! in a 300 Å QW, and~b! X2 in the 300 Å
QW ~squares! and 100 Å QW sample~circles!. Lines are a linear
fit to the data.



of
te

f
-
e-

ra
e
o

he
X

n

th
e-

le

und
of

s to
tes.

e
u-

tio
of

o-
l

ly
ent.
fer-
tons,
as a
al-
re-
ing
, in
lved
till
ct
as
to

RAPID COMMUNICATIONS

PRB 62 R13 297RAPID RADIATIVE DECAY OF CHARGED EXCITONS
interpret this as due to localization of X2 by interface rough-
ness in the 100 Å QW at low temperature.5 Consistent with
this the 100 Å QW sample exhibited a 1 meV Stoke shift
between the X2 PL and PLE indicating a larger degree
localization compared to the 300 Å sample, which exhibi
negligible Stokes shift.

From the equations~1! and ~2! we see that the rate o
change of the free X and free X2 decay time with tempera
ture @Fig. 4~a!# provides a comparison of the overlap int
grals for radiative recombination of X and X2. In addition,
for free X2 the rate of change of decay time with tempe
ture, and the intercept at T50, are also governed by th
radiative recombination overlap integral. A comparison
the ratio of the gradients and intercepts in Fig. 4~b! allows
the effect of QW width on the X2 radiative recombination
overlap integral to be determined. In order to provide a t
oretical estimate of these ratios we have obtained X and2

wavefunctions by solving the Schro¨dinger equation for the
relative motion using a basis of single particle states i
fictitious magnetic field, i.e.,

cX2
s

5 (
$ lnm%

a$ lnm%x l 1
~ze1

!x l 2
~ze2

!x lh~zh!

3
1

A2
@fn1m1

~ra!fn2m2
~rb!1fn1m1

~rb!fn2m2
~ra!#.

~3!

And

cX05 (
$ lnm%

a$ lnm%x l~ze!x lh~zh!fnm~r!. ~4!

Where thex(z) are the electron and hole bound states in
quantum well,fnm is a symmetric gauge Landau level wav
u

d

-

f

-

a

e

function andra , rb are the in-plane separations of the ho
from each of the electrons. The notation$lnm% represents the
quantum numbersl e1

,l e2
,l h ,n1 ,m1 ,n2 ,m2. The Landau

level states form a convenient basis to calculate the bo
states of the system allowing us to adapt the formalism
Ref. 15 to obtain accurate solutions to the X2 problem,
though of course the absence of a magnetic field lead
additional kinetic matrix elements coupling the basis sta
The inclusion of higher quantum well levels (l.1) is par-
ticularly important for the 300 Å quantum well, where th
effects of axial correlations are very significant. The calc
lations predict the ratio (dtX)/(dT)/(dtX2 /dT) for the 300
Å QW sample to be 5.0. The experimental results give a ra
of 5.7, in good agreement with the predictions. The ratio
the gradients (dtX2 /dT) and intercepts (tX2 at T 5 0! for
the X2 decay in the 300 Å and 100 Å QW samples pr
vide a comparison of the X2 oscillator strengths. Our mode
predicts the oscillator strength of X2 in the 100 Å QW to
be ;2 times that of the 300 Å QW. The experimental
determined ratios are 2.6 and 2.7, again in good agreem

In conclusion, we have discussed the fundamental dif
ence in the decay processes of neutral and charged exci
and have shown how the three particle charged exciton h
rapid radiative decay. Trions are only observed in high qu
ity materials due to the requirement for spectroscopically
solving the trion and exciton that the second carrier bind
energy is larger than the transition broadening. However
the case where the exciton and trion lines cannot be reso
spectroscopically it seems likely that excess carriers will s
strongly modify the recombination dynamics. This effe
could also be important in nominally undoped structures,
typical background impurity concentrations are sufficient
produce a significant trion population.
ys.

.

1J. Feldmannet al., Phys. Rev. Lett.59, 2337~1987!.
2K. Khenget al., Phys. Rev. Lett.71, 1752~1993!.
3A. J. Shieldset al., Phys. Rev. B51, 18 049~1995!.
4J. L. Osborneet al., Phys. Rev. B53, 13 002~1996!.
5G. Finkelsteinet al., Phys. Rev. B58, 12 637~1998!.
6A. Ron et al., Solid State Commun.97, 741 ~1996!.
7L. C. Andreani, F. Tassone, and F. Bassani, Solid State Comm

77, 641 ~1991!.
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