
rland

PHYSICAL REVIEW B 15 NOVEMBER 1998-IVOLUME 58, NUMBER 19
Charged exciton dynamics in GaAs quantum wells
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~Received 29 May 1998!

We study the dynamics of the charged and neutral excitons in a modulation-doped GaAs quantum well by
time-resolved photoluminescence under a resonant excitation. The radiative lifetime of the charged exciton is
found to be surprisingly short, 60 ps. This time is temperature independent between 2 and 10 K, and increases
by a factor of 2 at 6 T. We discuss our findings in view of present theories of exciton radiative decay.
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The negatively charged exciton (X2), which consists of
two electrons bound to a hole, is the semiconductor analo
of the hydrogen ionH2. The existence ofX2 was proposed
nearly 40 years ago,1 but it was only recently identified in
semiconductor quantum wells~QW!.2–6 Charged excitons
show up in the photoluminescence~PL! and absorption spec
tra of a QW as a sharp line at an energy below the neu
exciton (X) line. The energy separation between the neu
and charged exciton lines~;1 meV in GaAs/AlxGa12xAs
QW! represents the binding energy of the second electro
the exciton.

It is clear that an excess density of electrons, which co
bind to the photo excited electron-hole pairs, is needed
the X2 to be formed. Indeed,X2 is observed in structure
where extra electrons are created by modulation doping2–4

tunneling,5 or optical excitation.6 The appearance ofX and
X2 in modulation-doped QW is correlated with the electr
gas conductivity.3 This finding and recent studies by nea
field spectroscopy7 have led us to the conclusion that theX2

is created in modulation-doped QW by binding of a pho
excited electron-hole pair to a localized electron. The el
trons are localized, separately one from another, in
minima of a random potential due to the remote ionized
nors. This long-range potential does not alter significan
the internal structure ofX2.

In this work we present a comprehensive time-resolv
PL study of the X-X2 system in modulation dope
GaAs/AlxGa12xAs QW. Recombination dynamics of exc
tons in semiconductor QW has been a subject of inte
theoretical and experimental research over the last decad
was found that the two dimensional~2D! nature of free ex-
citons in QW suppresses the polariton splitting,8 which pre-
cludes the radiative recombination of exciton polaritons
bulk semiconductors. Instead, each exciton state couples
1D continuum of photon states, resulting in its fast deca9

Indeed, short radiative decay times, of a few tens of picos
onds, were calculated10,11and measured12,13 for excitons in a
GaAs QW. TheX-X2 system is especially interesting, as
allows us to study and compare the radiative decay of
and bound excitons.

An experimental aspect of exciton lifetime measureme
which is often overlooked, is the importance of using t
excitation light energy resonant with the exciton transitio
Under nonresonant excitation a mixture of electron-h
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plasma and hot excitons is formed, and the dynamics of
excited system is governed by the exciton formation a
cooling processes.14 Only resonant excitation can create co
excitons directly in the radiative zone and gives direct acc
to the radiative lifetime.12 In most of the measurements w
have tuned the laser energy resonantly to theX or X2 tran-
sitions.

Our results can be summarized as follows. We find t
the X-X2 system at low temperatures does not reach th
modynamical equilibrium: if we create only theX2 popula-
tion ~by resonant excitation at theX2 energy! theX line does
not appear in the PL spectra at any later times. Thus,
following the X2 PL decay we can measure directly its r
diative lifetime. We find that it is surprisingly short, 60 p
and increases monotonically with magnetic field to 120 ps
6 T. We discuss these lifetimes in the context of pres
theories of exciton radiative decay. Finally, we show th
charged excitons are created predominantly from cold e
tons, with a typical formation time of the order of;100 ps.

We have studied different single-side modulation-dop
QW samples grown by MBE. All samples show a simil
behavior and we have chosen to present the results for
highest-quality one. It consists of a buffer superlattice
20-nm QW, an undoped 50-nm AlxGa12xAs spacer layer, a
Si d-doped region, another undoped 40-nm AlxGa12xAs
layer and a 5-nm GaAs cap layer. The electron density
mobility after illumination are 231011 cm22 and 4
3106 cm2/V sec, respectively. The sample is processed
form 333 mm mesas. Ohmic contacts are annealed into
two-dimensional electron gas~2DEG! and a semitransparen
Cr gate is evaporated on the top of the mesa. The elec
density is varied by applying a voltage to the gate with
spect to the contacts.

The sample is excited by a train of short light pulse
(;3 ps) from a mode-locked Ti-sapphire laser with an av
age power density of;30 mW/cm2. Each pulse create
;107 excitons/cm2. The time resolved PL is recorded i
cross polarization by a 2D streak camera~Photonetics streak
scope!, using a 0.25-m spectrometer with a 120
grooves/mm grating. The overall time resolution is;20 ps.
The temperature is varied between 2 and 10 K and the m
netic field from 0 to 6 T in an immersion cryostat placed
inside a superconducting magnet.
12 637 ©1998 The American Physical Society
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The time-integrated PL spectrum of the sample exhibit
behavior that is characteristic for a gated 2DEG~inset of Fig.
1!.3 For gate voltages10.2,Vg,10.5V the spectrum con
sists of a single broad peak, corresponding to a recomb
tion of electron gas with photoexcited holes. With decreas
gate voltage the electron density decreases and as a resu
PL line becomes narrower. At10.2 V the spectrum abruptly
changes and the exciton line,X, appears. The other low
energy line, which evolves from the 2DEG-related recom
nation, is the negatively charged excitonX2. This abrupt
change in the spectrum, which is due to electron localizat
is clearly reflected in the PL dynamics. Figure 1 shows
dependence of the PL decay time on the gate voltage f
nonresonant excitation~in this case bothX andX2 have the
same decay time6!. We can clearly observe that the dec
time gradually decreases as the Vg is changed from10.5 to
10.2 V, and increases abruptly at Vg,10.2 V. The gradual
decrease in decay time at10.2,Vg,10.5V is due to an
increase of the electron-hole overlap with the change of
built-in field in the well.15 The abrupt increase a
Vg,10.2 V is due to electron localization and the appe
ance of excitons. The experiments which are described in
rest of this paper are performed at Vg520.1 V, to ensure
that the 2DEG is in the localized regime.

Figure 2 describes the measured PL signals when
sample is excited resonantly at theX andX2 energies at 2 K.
We label the experimental curves with the notationA(B),
whereA is the detection andB is the excitation energy~X or
X2!. In Figs. 2~a! and 2~b! we show the results obtained wit
excitation at theX energy,X(X) and X2(X), respectively.
The X(X) signal rises almost instantaneously, due to
resonant creation of cold excitons.16 The X2(X) signal, on
the other hand, rises gradually. This rise time correspond
the process in which an electron captures an exciton to f
X2. While theX2(X) signal exhibits a simple exponentia
decay, the decay of theX(X) signal is two exponential. The
slow exponent of theX(X) decay is identical to that of the
X2(X) signal.

The equal decay rates of theX(X) andX2(X) signals at

FIG. 1. The decay time of the spectrally integrated PL~excited
off-resonantly at an energy of 1.61 eV! as a function of the gate
voltage. Inset: the corresponding time-integrated spectra at se
gate voltages.
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late times might be interpreted as an indication of the ex
tence of a thermal equilibrium betweenX and X2.6 How-
ever, the resonant excitation at theX2 energy clearly shows
that the situation is different. Namely, in this case we o
serve a PL signal only at theX2 energy;no exciton PL is
observed at any later time. One can thus conclude that th
X2→X1e process is very slow at 2 K and the system can
not reach thermodynamical equilibrium. This situation p
sists up to 6 K. Only at 9 K a sizableX(X2) signal starts to
appear. We conclude, that the similarity of theX(X) and
X(X2) decay times is solely a consequence ofX population
feedingX2. Indeed, theX2 radiative decay rate~see below!
is faster than the decay of theX signal.

Figure 2~c! shows theX2(X2) signal: it rises within the
experimental resolution and then decays exponentially wi
short time constant of 60 ps~the spike neart50 is due to
reflections from the sample surface!. This decay time is tem-
perature independent between 2 to 9 K@Fig. 3~b!#, and we
interpret it as the radiative lifetime of theX2. The nonradi-
ative decay channels may safely be neglected within
temperature range, because the time and spectrally integ
PL intensity under nonresonant excitation was measure
be constant between 2 and 40 K. The inset of Fig. 2~c! shows
the dependence of theX2 radiative lifetime on the magnetic
field applied normal to the layers. We observe a grad
increase in lifetime from 60 ps at zero field to 120 ps at 6
The measuredX2 radiative lifetime agrees well with recen
measurements of the radiative lifetime of impurity bou
excitons in GaAs QW.17 A decay time of 120 ps is observe
when an exciton bound to a donor, with 2.2 meV bindi
energy, is resonantly excited. Since the radiative lifetime o
bound exciton in 2D is proportional to its binding energy18

ral

FIG. 2. The photoluminescence decay profiles atT52 K. ~a!
X(X)—the exciton signal for resonant excitation.~b! X2(X)—the
charged exciton signal for excitation at the exciton transition.~c!
X2(X2)—the charged exciton signal for resonant excitation. Ins
The X andX2 radiative lifetime as a function of magnetic field.
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one gets a very good agreement between these two mea
ments. Furthermore, this dependence on binding energy
explain the observed behavior in magnetic field: it w
shown that theX2 binding energy grows from 1.1 meV a
zero field to 1.7 meV at 6 T.19

The short radiative lifetime of theX2 seems surprising
however, in a view of a recent theories on the radiative de
of localized excitons and biexcitons.20 Namely, it was shown
that the radiative lifetime of these bound complexes
;(l/ l )2t, wherel is the light wavelength in the medium,l
is the localization length or the size of the complex, andt
;25 ps is the radiative lifetime of a free exciton. The rad
of X2 can be estimated to be;20 nm and it is expected to
be localized in potential fluctuations with a typical size
;50 nm, determined by the spacer width in our samp3

Either one of these two lengths then implies a huge incre
in lifetime with respect to the free exciton, by a factor
(l/ l )2.20. This is clearly not the case in our experime
X2 radiative lifetime is similar to that measured for fre
excitons in an undoped QW~Refs. 12 and 13! and in the
present work~see later in the paper!. A possible explanation
which might resolve the contradiction between the the
and our experiment is as follows. We considerX2 as an
exciton bound to a localized electron. Each electron form
potential well for the exciton, with a depth equal to theX2

binding energy of;1 meV. We argue that the exciton ma
effectively tunnel through this shallow potential barrier in
another electron localization site, which is;50 nm away.
Thus, we propose to consider theX2 as a delocalized exci
ton, tunneling between a few localized electrons.

Let us turn to discussing the dynamics of theX and X2

FIG. 3. ~a! The decay times of theX(X) andX2(X) signals as
a function of temperature.~b! TheX2 and exciton radiative recom
bination times and theX2 formation time. The latter two times ar
deduced from the two-level model shown in the inset. The data
K are less reliable, because the neglectedX2→X1e process be-
comes important.
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system in more details. Figure 3~a! displays the measure
decay times of theX and X2 as a function of temperature
The two-exponential decay of theX(X) signal gives rise to
two decay times. It is seen that the fast decay time,X(X) fast,
is relatively temperature independent, while the slow com
nent,X(X)slow, increases with temperature. TheX2 decay as
a function of temperature is also shown for the two exci
tion conditions. For excitation at theX energy,X2(X), we
observe a decay time which is identical to the long dec
time of the exciton at all temperatures. The radiative de
time of the X2, determined from theX2(X2) signal, is
much shorter and is almost temperature independent.

A two-exponential decay of the exciton line after resona
excitation has already been observed and interpreted
transition from a cold exciton distribution created by the
ser pulse, to that thermalized with the lattice.13 It is well
established by now that in a QW only excitons with kine
energies less thanE0;0.1 meV are able to recombine~ex-
citons with higher kinetic energies do not satisfy the in-pla
momentum conservation with the emitted photon!. For the
case of thermal distribution of excitons, only a small fracti
of the population;E0 /(kBT) has kinetic energies less tha
E0 . As a result, the radiative decay rate of a thermaliz
exciton population is;E0G rad

X /(kBT), where the radiative
rate of excitons with energies less thanE0 is denoted as
G rad

X .11 The linear increase with temperature of theX(X)
slow component@Fig. 3~a!# is therefore consistent with a
decay of a thermalized excitons distribution.

TheX-X2 system can be modeled in a way similar to th
used by Vinattieriet al.13 for excitons@see the inset of Fig.
3~b!#. The exciton continuum is divided into two discre
levels, corresponding to wave vectors within~cold! and out-
side~hot! the radiative zone. Since the times associated w
polarization relaxation are shorter than our time resoluti
the exciton spin is not revealed. We also introduce a th
level for charged excitons. As was explained above, at
lowest temperatures we may safely neglect theX2 ionization
into X, which further simplifies the model.

In solving the dynamics of the system we use the fact t
the process, in which an exciton is trapped by an electro
form X2, has a higher cross section for cold excitons. This
because the interaction cross-section for any long range
tential~such as the Coulomb interaction between the elect
and the exciton dipole! decreases with energy. A hot excito
with a large kinetic energy, has therefore a lower probabi
to be captured. Furthermore, if one assumes that the ex
energy is given to an acoustical phonon, then this proc
favors a low-energy transfer. If the excess energy is large
X2 acquires most of it, and can breakup to an exciton and
electron, through the emission of another acoustic phon
Thus, one can assume that there is only oneX2 formation
rate,G form @inset of Fig. 3~b!#. With this assumption the dy
namics of the system can be easily solved. We fit a t
exponential decay curve to theX(X) signal @Fig. 2~a!,
dashed line# and get the slow and fastX(X) decay rates. We
then obtain from the model the rates for exciton heating a
cooling, as well as the sum of the exciton radiative decay r
G rad

X and X2 formation rate,G form @inset Fig. 3~b!#. The es-
cape rate from the cold exciton level,G rad

X 1G form , is de-
picted by open squares in Fig. 3~b!. We now recall our as-

9



t a

e

n
h
lk

n
e
n

a

n

th
no
ob

y

d

s,
he
the
p-

tral
m-
the
on

g a

lec-

ut
ics

on
rael
ci-
our
0-

12 640 PRB 58BRIEF REPORTS
sumption that only cold excitons can formX2. Then the
ratio of the number of excitons that bind to formX2 to the
number of excitons that recombine radiatively is constan
any instant of time and equals toG form /G rad

X . We may there-
fore estimate it from the experiment as the ratio of the tim
integratedX2(X) andX(X) signals and find separatelyG form

andG rad
X @Fig. 3~b!#.

We find that the capture rate of excitons by electro
G form decreases with temperature. This trend is similar to t
found for the rate of electron capture by impurities in bu
semiconductors.21 The cold exciton radiative rateG rad

X is
found to be temperature independent in the range of 2–6
as is expected. The value obtained,;100 ps, is larger than
the theoretical limit of 50 ps, probably due to localizatio
and the built-in electric field. It is interesting to study th
dependence of this radiative lifetime on magnetic field, a
compare it to that ofX2. The exciton radiative lifetime as
function of magnetic field is shown on the inset of Fig. 2~c!.
It can be seen that the lifetime exhibits an opposite tre
~relative to that ofX2! and slightlydecreaseswith magnetic
field. This is because the magnetic field increases
electron-hole overlap within exciton, and probably does
affect the localization length of an exciton as a neutral
ject.

Finally, let us analyze theX2(X) signal @Fig. 2~b!#. The
assumption that only radiative excitons can formX2 enables
us to express this signal in terms ofmeasured quantities onl
as

I X2~X!5
G form

G rad
X G rad

X2E
2`

0

exp@2G rad
X2

~ t2t8!#I X~X!~ t8!dt8, ~1!
et

r.

u

t

-

s
at
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d

d
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whereG rad
X2

is the measuredX2 radiative decay rate, obtaine
from the X2(X2) signal. The prefactorG form /G rad

X is given
from the ratio of the time integratedX2(X) and X(X) sig-
nals @Eq. ~1!#, and theX(X) intensity, I X(X) is taken from
Fig. 2~a!. The dotted line in Fig. 2~b! is the curve resulting
from Eq. ~1!. Note that it is not a fit—all of the parameter
including the amplitude, are taken from the experiment. T
quality of the agreement between the measurement and
calculation is a good indication that our underlaying assum
tions are reasonable.

In conclusion, we have studied the dynamics of a neu
and charged exciton system in a GaAs QW at different te
peratures and magnetic fields. We have measured
charged exciton radiative lifetime and its dependence
magnetic field. This time turns out to be short, suggestin
large coherence volume ofX2. We propose thatX2 is cre-
ated by sharing an exciton between several localized e
trons. Finally, we have measured theX2 formation time (X
1e→X2). The X2 ionization (X2→X1e) is found to be
negligible at low temperatures (T&6 K).

Note added in proof. Recently, we have learned abo
another work, which investigates charged exciton dynam
in a magnetic field.22
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