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Charged exciton dynamics in GaAs quantum wells
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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 excitorX{), which consists of plasma and hot excitons is formed, and the dynamics of the
two electrons bound to a hole, is the semiconductor analoguexcited system is governed by the exciton formation and
of the hydrogen iorH ~. The existence oK~ was proposed cooling processe¥.Only resonant excitation can create cold
nearly 40 years agbbut it was only recently identified in excitons directly in the radiative zone and gives direct access
semiconductor quantum well@QW).>~® Charged excitons to the radiative lifetimé? In most of the measurements we
show up in the photoluminescen(®@l) and absorption spec- have tuned the laser energy resonantly toxher X~ tran-
tra of a QW as a sharp line at an energy below the neutraijtions.
exciton (X) line. The energy separation between the neutral Qur results can be summarized as follows. We find that
and charged exciton lineg~1 meV in GaAs/AlGa,_yAs  the X-X~ system at low temperatures does not reach ther-
QW) represents the binding energy of the second electron tgodynamical equilibrium: if we create only the popula-
the exciton. _ _ tion (by resonant excitation at the¢~ energy the X line does

_ It is clear that an excess density of electrons_, which could, ¢ appear in the PL spectra at any later times. Thus, by
bind t,o the photo excited eIecErqn—hoIe pairs, IS needed fofollowing the X~ PL decay we can measure directly its ra-
I/Ck?e)r(e etgtgeef; Z:rgiiélg(rj:i?e(atelsc’i %?/Sgggglé?iosr:”é%%egs diative lifetime. We find that it is surprisingly short, 60 ps,

g . - ' and increases monotonically with magnetic field to 120 ps at

tunneling® or optical excitatiorf. The appearance of and . e .
X~ in modulation-doped QW is correlated with the electron6 T We d'SCUS.S these_ I|_fet|mes n th_e context of present
theories of exciton radiative decay. Finally, we show that

gas conductivity. This finding and recent studies by near- ; . .
field spectroscophhave led us to the conclusion that te charged excitons are created predominantly from cold exci-
tons, with a typical formation time of the order 6f100 ps.

is created in modulation-doped QW by binding of a photo- - . . ) -
excited electron-hole pair to a localized electron. The elec- We have studied different single-side modulation-doped
trons are localized, separately one from another, in thQW samples grown by MBE. All samples show a similar
minima of a random potential due to the remote ionized dobehavior and we have chosen to present the results for the
nors. This long-range potential does not alter significantiyhighest-quality one. It consists of a buffer superlattice, a
the internal structure oX . 20-nm QW, an undoped 50-nm /@& _,As spacer layer, a

In this work we present a comprehensive time-resolvedSi 6-doped region, another undoped 40-nm,@d _,As
PL study of the X-X~ system in modulation doped layer and a 5-nm GaAs cap layer. The electron density and
GaAs/ALGa_,As QW. Recombination dynamics of exci- mobility after illumination are %10 cm™2 and 4
tons in semiconductor QW has been a subject of intense 10° cn?/V sec, respectively. The sample is processed to
theoretical and experimental research over the last decade.fiirm 3X3 mm mesas. Ohmic contacts are annealed into the
was found that the two dimension@D) nature of free ex- two-dimensional electron gd@DEG) and a semitransparent
citons in QW suppresses the polariton splittihghich pre-  Cr gate is evaporated on the top of the mesa. The electron
cludes the radiative recombination of exciton polaritons indensity is varied by applying a voltage to the gate with re-
bulk semiconductors. Instead, each exciton state couples tospect to the contacts.
1D continuum of photon states, resulting in its fast detay. The sample is excited by a train of short light pulses
Indeed, short radiative decay times, of a few tens of picosed:~ 3 ps) from a mode-locked Ti-sapphire laser with an aver-
onds, were calculatéd'!and measurédd*for excitonsina age power density of~30 mWi/cnf. Each pulse creates
GaAs QW. TheX-X~ system is especially interesting, as it ~10" excitons/cri. The time resolved PL is recorded in
allows us to study and compare the radiative decay of freeross polarization by a 2D streak caméPdotonetics streak
and bound excitons. scopg, using a 0.25-m spectrometer with a 1200

An experimental aspect of exciton lifetime measurementsgrooves/mm grating. The overall time resolution~20 ps.
which is often overlooked, is the importance of using theThe temperature is varied between 2 and 10 K and the mag-
excitation light energy resonant with the exciton transition.netic field from 0 6 6 T in animmersion cryostat placed
Under nonresonant excitation a mixture of electron-holeinside a superconducting magnet.
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FIG. 1. The decay time of the spectrally integrated (Bkcited
off-resonantly at an energy of 1.61 g¥s a function of the gate
voltage. Inset: the corresponding time-integrated spectra at several
gate voltages. L . L . L . L
0 200 400 600

The time-integrated PL spectrum of the sample exhibits a Time (ps)
behavior that is characteristic for a gated 2D&iset of Fig. ) ]

1).2 For gate voltages- 0.2<V,<+0.5V the spectrum con- _ FIG- 2 The photoluminescence decay profilesTat2 K. (a)
6{g(X)—the exciton signal for resonant excitatidip) X~ (X)—the

sists of a single broad peak, corresponding to a recombin . ) = X -
9 P b 9 %:arged exciton signal for excitation at the exciton transiti@h.

4 Z )
10°F Magnetic Field (T)

tion of electron gas with photoexcited holes. With decreasing,_", >~ . X L )
: (X~)—the charged exciton signal for resonant excitation. Inset:
gate voltage the electron density decreases and as a result the C R . e
. eX and X~ radiative lifetime as a function of magnetic field.
PL line becomes narrower. At 0.2 V the spectrum abruptly
changes and the exciton lin&,, appears. The other low- late times might be interpreted as an indication of the exis-
energy line, which evolves from the 2DEG-related recombi-tence of a thermal equilibrium betweét and X~.° How-
nation, is the negatively charged excitdfr. This abrupt ever, the resonant excitation at tXé energy clearly shows
change in the spectrum, which is due to electron localizationthat the situation is different. Namely, in this case we ob-
is clearly reflected in the PL dynamics. Figure 1 shows theerve a PL signal only at th&~ energy;no exciton PL is
dependence of the PL decay time on the gate voltage for @bserved at any later timeéDne can thus conclude that the
nonresonant excitatiofin this case bottX andX™ have the X~ —X+e process is very slowt® K and the system can-
same decay tinfe We can clearly observe that the decaynot reach thermodynamical equilibrium. This situation per-
time gradually decreases as thg i¥ changed from+-0.5t0  sists up to 6 K. Only 89 K a sizableX(X ™) signal starts to
+0.2 V, and increases abruptly ag¥+0.2 V. The gradual appear. We conclude, that the similarity of th¢X) and
decrease in decay time at0.2<V;<+0.5V is due to an X(X~) decay times is solely a consequenceXopopulation
increase of the electron-hole overlap with the change of théeedingX . Indeed, theX™ radiative decay ratésee below
built-in field in the well™ The abrupt increase at js faster than the decay of thesignal.
Vy<+0.2V is due to electron localization and the appear- Figure Zc) shows theXx (X~) signal: it rises within the
ance of excitons. The experiments which are described in thexperimental resolution and then decays exponentially with a
rest of this paper are performed at¥—0.1V, to ensure short time constant of 60 pghe spike neat=0 is due to
that the 2DEG is in the localized regime. reflections from the sample surfac@his decay time is tem-
Figure 2 describes the measured PL signals when thgerature independent between 2 to 9Kg. 3(b)], and we
sample is excited resonantly at tkeand X~ energies at 2 K. interpret it as the radiative lifetime of thé¢~. The nonradi-
We label the experimental curves with the notat®(B),  ative decay channels may safely be neglected within this
whereA is the detection anB is the excitation energgX or  temperature range, because the time and spectrally integrated
X7). In Figs. 2a) and 2b) we show the results obtained with PL intensity under nonresonant excitation was measured to
excitation at theX energy,X(X) and X~ (X), respectively. be constant between 2 and 40 K. The inset of Fig) hows
The X(X) signal rises almost instantaneously, due to thethe dependence of th¢™ radiative lifetime on the magnetic
resonant creation of cold excitofsThe X~ (X) signal, on field applied normal to the layers. We observe a gradual
the other hand, rises gradually. This rise time corresponds tipicrease in lifetime from 60 ps at zero field to 120 ps at 6 T.
the process in which an electron captures an exciton to formfhe measured ™~ radiative lifetime agrees well with recent
X~. While the X~ (X) signal exhibits a simple exponential measurements of the radiative lifetime of impurity bound
decay, the decay of th¥(X) signal is two exponential. The excitons in GaAs QW' A decay time of 120 ps is observed
slow exponent of theX{(X) decay is identical to that of the when an exciton bound to a donor, with 2.2 meV binding
X7 (X) signal. energy, is resonantly excited. Since the radiative lifetime of a
The equal decay rates of thgX) and X~ (X) signals at bound exciton in 2D is proportional to its binding enerdy,
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system in more details. Figurg& displays the measured
decay times of the&X and X~ as a function of temperature.
The two-exponential decay of the¢(X) signal gives rise to
two decay times. It is seen that the fast decay tiK(€X)ast

is relatively temperature independent, while the slow compo-
nent,X(X) 0w, iNCreases with temperature. TKE decay as

a function of temperature is also shown for the two excita-
tion conditions. For excitation at theé energy,X™ (X), we
observe a decay time which is identical to the long decay
time of the exciton at all temperatures. The radiative decay
time of the X~, determined from theX™ (X™) signal, is
much shorter and is almost temperature independent.

A two-exponential decay of the exciton line after resonant
excitation has already been observed and interpreted as a
transition from a cold exciton distribution created by the la-
ser pulse, to that thermalized with the latticelt is well
established by now that in a QW only excitons with kinetic
energies less thaBy~0.1 meV are able to recombir(ex-
citons with higher kinetic energies do not satisfy the in-plane
ottt momentum conservation with the emitted photdRor the

6 8 10 f thermal distribution of excitons, only a small fraction
T (K) case 0 _ tons, only a
of the population~Eg,/(kgT) has kinetic energies less than

FIG. 3. (@) The decay times of th&(X) and X~ (X) signals as Eo- AS a result, the radiative decay rate of a thermalized
a function of temperaturéb) The X~ and exciton radiative recom- €Xciton population is~ Eol'/d (ksT), where the radiative
bination times and th&~ formation time. The latter two times are rate of excitons with energies less th&yg is denoted as
deduced from the two-level model shown in the inset. The data at 9'%4.** The linear increase with temperature of tHéX)

K are less reliable, because the neglected—X+e process be-  slow componen{Fig. 3a)] is therefore consistent with a
comes important. decay of a thermalized excitons distribution.

TheX-X" system can be modeled in a way similar to that
one gets a very good agreement between these two measutsed by Vinattieriet al'® for excitons[see the inset of Fig.
ments. Furthermore, this dependence on binding energy cab)]. The exciton continuum is divided into two discrete
explain the observed behavior in magnetic field: it waslevels, corresponding to wave vectors witlgold) and out-
shown that theX™ binding energy grows from 1.1 meV at side(hot) the radiative zone. Since the times associated with
zero field to 1.7 meV at 6 ° polarization relaxation are shorter than our time resolution,

The short radiative lifetime of th&X~ seems surprising, the exciton spin is not revealed. We also introduce a third
however, in a view of a recent theories on the radiative decalevel for charged excitons. As was explained above, at the
of localized excitons and biexcitoASNamely, it was shown lowest temperatures we may safely neglecttheionization
that the radiative lifetime of these bound complexes isinto X, which further simplifies the model.
~(N1)?7, where is the light wavelength in the mediurh, In solving the dynamics of the system we use the fact that
is the localization length or the size of the complex, and the process, in which an exciton is trapped by an electron to
~ 25 ps is the radiative lifetime of a free exciton. The radiusform X, has a higher cross section for cold excitons. This is
of X~ can be estimated to be 20 nm and it is expected to because the interaction cross-section for any long range po-
be localized in potential fluctuations with a typical size of tential(such as the Coulomb interaction between the electron
~50 nm, determined by the spacer width in our saniple.and the exciton dipojedecreases with energy. A hot exciton,
Either one of these two lengths then implies a huge increas#ith a large kinetic energy, has therefore a lower probability
in lifetime with respect to the free exciton, by a factor of to be captured. Furthermore, if one assumes that the excess
(M1)?>20. This is clearly not the case in our experiment:€nergy is given to an acoustical phonon, then this process
X~ radiative lifetime is similar to that measured for free favors a low-energy transfer. If the excess energy is large the
excitons in an undoped QWRefs. 12 and 1Band in the X acquires most of it, and can breakup to an exciton and an
present work(see later in the paperA possible explanation, electron, through the emission of another acoustic phonon.
which might resolve the contradiction between the theoryThus, one can assume that there is only aneformation
and our experiment is as follows. We consid¢f as an rate,l's,m [inset of Fig. 3b)]. With this assumption the dy-
exciton bound to a localized electron. Each electron forms &amics of the system can be easily solved. We fit a two
potential well for the exciton, with a depth equal to tde ~ exponential decay curve to th¥(X) signal [Fig. 2a),
binding energy of~1 meV. We argue that the exciton may dashed lingand get the slow and fa3t(X) decay rates. We
effectively tunnel through this shallow potential barrier into then obtain from the model the rates for exciton heating and
another electron localization site, which is50 nm away. cooling, as well as the sum of the exciton radiative decay rate
Thus, we propose to consider the as a delocalized exci- ['jgg @nd X~ formation rate,I'i,m [inset Fig. 3b)]. The es-
ton, tunneling between a few localized electrons. cape rate from the cold exciton Ievdl‘,édJr Iiom, is de-

Let us turn to discussing the dynamics of tkeand X~ picted by open squares in Fig(3. We now recall our as-
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sumption that only cold excitons can forx. Then the  \herel'X, is the measured ~ radiative decay rate, obtained
ratio of the number of excitons that bind to fooq1 to the from the X~ (X") signal. The prefactoFfo,m/FXd is given
. ra

number of excitons that recombine radiatively is constant a0 ihe ratio of the time integrated ™~ (X) and X(X) sig-
any instant of time and equals Rorm /T 5y. We may there- nals[Eq. (1)], and theX(X) intensity, Ixx is taken from

fore estimate it from the experiment as the ratio of the time—. A : :
. - " . Fig. 2(a). The dotted line in Fig. @) is the curve resultin
integratedk(X) andX(X) signals and find separatelifon frc?mzl(zq. (1). Note that it is notga fiz—all of the paramete?s

x .
andI'ryq [Fig. 3(b)]. including the amplitude, are taken from the experiment. The

We find that the capture rate of excitons by electrons_ .
. . o uality of the agreement between the measurement and the
I'iorm decreases with temperature. This trend is similar to thaf

found for the rate of electron capture by impurities in bulkgalculatlon Is a good indication that our underlaying assump
. 1 . 2. X tions are reasonable.
semiconductoré! The cold exciton radiative rat€s, is ; ; ;
. : In conclusion, we have studied the dynamics of a neutral
found to be temperature independent in the range of 2—6 Kand charged exciton system in a GaAs QW at different tem
as is expected. The value obtained100 ps, is larger than 9 XCl y ' !

the theoretical limit of 50 ps, probably due to localization peratures apd mag_ne'tlc ﬂeld;. We have measured the
and the built-in electric field. It is interesting to study the chargeq e?<C|ton r.adl'atlve lifetime and its dependenqe on
dependence of this radiative lifetime on magnetic field, andn@gnetic field. This time turns out to be short, suggesting a
compare it to that oK . The exciton radiative lifetime as a 1arge coherence volume of . We propose thaX™ is cre-
function of magnetic field is shown on the inset of Figc)2 ated by sharing an exciton between several localized elec-
It can be seen that the lifetime exhibits an opposite trendrons. Finally, we have measured the formation time &
(relative to that ofX ") and slightlydecreasesvith magnetic ~+€—X"). The X" ionization (X~ —X+e) is found to be
field. This is because the magnetic field increases theegligible at low temperatures 6 K).

electron-hole overlap within exciton, and probably does not Note added in proofRecently, we have learned about
affect the localization length of an exciton as a neutral ob-another work, which investigates charged exciton dynamics
ject. in a magnetic field?

Finally, let us analyze th&™ (X) signal[Fig. 2(b)]. The
assumption that only radiative excitons can foXm enables
us to express this signal in termsmgasured quantities only
as
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