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We present a comprehensive investigation of the dynamics of resonantly excited nonthermal excitons
in high-quality GaAs/Al,Ga,_, As multiple-quantum-well structures on picosecond time scales. The
dynamics was investigated using the luminescence upconversion technique with two independently tun-
able, synchronized dye lasers, which allowed measurements of the time evolution of polarized resonant
luminescence with 4-ps time resolution. We show that the evolution of excitons from the initial non-
thermal distribution to the thermal regime is determined by three different physical processes: (1) the
enhanced radiative recombination of the metastable two-dimensional exciton polaritons, (2) the spin re-
laxation of excitons, and (3) the momentum relaxation of excitons. We also show that these three pro-
cesses have comparable rates, so that a unified model accounting for all important processes is essential
for a correct analysis of the experimental results. Using such a unified model, we have determined the
rates of these processes contributing to the initial relaxation of excitons as a function of quantum-well
width, temperature, and applied electric field. Quantum confinement strongly influences the radiative
recombination and spin relaxation of excitons, and our study provides significant insights into these pro-
cesses in quantum wells. The measured radiative recombination rate is about a factor of 2 smaller than
calculated theoretically. The electric field reduces the electron-hole overlap and hence reduces the spin-
relaxation rate of excitons between the optically allowed |+1) states. The measured variation is in good
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qualitative agreement with a recent theory, but somewhat slower than predicted by the theory.

I. INTRODUCTION

Excitons play a major role in the optical properties of
quantum wells (QW’s) near the fundamental absorption
edge because the binding energies and the oscillator
strengths of excitons in QW’s are significantly enhanced
compared to the corresponding bulk semiconductors.
Excitonic effects in quantum wells have been investigated
extensively during the past decade.! Of the many in-
teresting properties of excitons, the dynamics of excitons
is of particular interest because of its fundamental impor-
tance, and also because it determines the speed of devices
based on excitons in QW’s. The dynamical processes of
excitons have been extensively investigated from both
theoretical and experimental points of view. There are
many reports in the literature on the nonlinear dynamics
of excitons,? such as the ac Stark effect, bleaching of exci-
tons by phase-space filling, and screening, broadening of
excitonic resonance. We will not be concerned with these
nonlinear aspects of exciton dynamics in this paper.
Rather we will be interested in the radiative recombina-
tion of excitons, and in the exciton relaxation processes
such as the formation dynamics of excitons, scattering of
excitons by other excitons and free carriers, interaction of
excitons with phonons, interfaces and defects, and spin
relaxation of excitons.

Resonant and nonresonant excitations of excitons pro-
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vide access to completely different aspects of exciton dy-
namics. Most of the experimental work has been per-
formed using nonresonant excitation in which the contin-
uum states are initially excited. The following picture
has emerged as a result of earlier studies.> The photoex-
cited electron-hole pairs thermalize, and the pairs with
low kinetic energies emit acoustic phonons to form exci-
tons at large in-plane wave vectors K| in <20 ps. These
large wave-vector excitons interact among themselves
and with phonons, and relax to K, =0 excitons which can
radiate. The initial dynamics of nonresonantly excited
luminescence in intrinsic samples is dominated by this re-
laxation process and shows a slow rise of several hundred
picoseconds.> ® In samples exhibiting localization
effects, relaxation through localized states plays a major
role and also modifies the radiative recombination kinet-
ics.” However, in this paper, we will be exclusively con-
cerned with high-quality, intrinsic samples in which such
localization effects are not important. During the process
of formation of excitons and relaxation to K 1=0, exci-
tons also undergo spin relaxation which has been investi-
gated in intrinsic®® as well as modulation-doped quantum
wells using polarized time-resolved luminescence spec-
troscopy.10

The recombination dynamics of nonresonantly excited
excitons in GaAs QW’s has also been investigated quite
extensively as a function of well-width and lattice temper-
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ature'! and found to be controlled by the thermalized ex-
citon distribution. The main result of these studies is that
the luminescence decay time in high-quality samples is
typically several hundred picoseconds [about an order of
magnitude shorter than those in bulk GaAs (Ref. 12)],
and the decay time decreases with decreasing well width
and also with decreasing temperature. The Ilatter
behavior was explained on the basis of decreased coher-
ence volume and decreased fraction of excitons within
the homogeneous linewidth with increasing tempera-
tures.!! We note that the exponential decay of lumines-
cence is characteristic of a thermalized exciton distribu-
tion and provides no information about the nonthermal
dynamics of excitons.

The dynamics of resonantly-excited excitons is, in some
sense, the exact opposite of the nonresonant case, and is
determined by the relaxation of the cold, nonthermal
photoexcited excitons to thermalized excitons. There-
fore, the time evolution of luminescence provides direct
information about the nonthermal dynamics of excitons
which is governed by several processes. The dynamics of
resonantly-excited excitons is only beginning to be inves-
tigated. Recent experiments in GaAs QW’s include in-
vestigation of scattering to different in-plane momentum
states,® exciton ionization,!? spin relaxation of excitons,
electrons and holes,®!* and the recombination dynamics
of excitons.”>~17 Most of these studies have focused on
only one or two aspects of exciton dynamics and did not
develop a comprehensive picture of exciton dynamics fol-
lowing resonant excitation. Two issues need particular
attention, and form the focus of our work: (1) Recombina-
tion dynamics of resonantly excited excitons is of special
interest because, unlike the stationary three-dimensional
(3D) exciton polariton,'® the 2D exciton polariton is
metastable with a finite radiative lifetime.!>?° This intro-
duces qualitatively different features for the 2D excitons
and strongly influences the dynamics following resonant
excitation. (2) Qualitatively different features are also in-
troduced in the spin-relaxation dynamics by quantum
confinement. The electron-hole exchange interaction re-
sponsible for the spin flip of excitons between optically al-
lowed states is enhanced by confinement?' and needs to
be studied quantitatively. The hole spin flip is also
different from the bulk because of the lifting of the degen-
eracy in the valence bands at the center of the Brillouin
zone.?

In this paper, we present extensive experimental results
on the dynamics of resonantly-excited excitons for GaAs
QW’s of different well widths at different temperatures,
excitation intensities and applied electric fields. The re-
sults are obtained by a recently developed luminescence
upconversion technique which uses two synchronized pi-
cosecond lasers at different wavelengths to permit time-
resolved resonant luminescence measurements with a
time resolution of 3—-4 ps. Since our recent results have
shown?® that many of the physical processes determining
the dynamics of resonantly-excited excitons occur on the
same time scale, we have analyzed our results on the basis
of a unified model which takes into account all the
dynamical processes of excitons rather than just one or
two as in previous investigations. This allows us to ob-
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tain quantitative information on the exciton momentum
and spin-relaxation rates as well as on the exciton radia-
tive recombination rates, and to develop a comprehensive
picture of exciton dynamics following resonant excita-
tion. In particular, our results elucidate the role of the
enhanced recombination of 2D excitons and the role of
exciton spin relaxation in the dynamics of excitons in
quantum wells.

The plan for the paper is as follows. In Sec. II we dis-
cuss some basic concepts relevant to exciton relaxation
and recombination dynamics. In Sec. III, we discuss the
resonant luminescence upconversion technique that has
allowed us to investigate the dynamics of resonantly-
excited excitons with better time resolution than before.
In Sec. IV, we present representative experimental results
and in Sec. V we present a unified model containing all
essential aspects of exciton relaxation and recombination
dynamics. In Sec. VI we apply this model to analyze our
experimental data and obtain quantitative information
about various relaxation and recombination rates. A
summary and conclusions are presented in Sec. VII.

II. BASIC CONCEPTS

In this section, we briefly discuss some of the basic con-
cepts relevant to the dynamics of resonantly-excited exci-
tons in QW’s. The discussion can be naturally divided
into three parts: (A) Excitation, (B) relaxation and
thermalization, and (C) recombination.

A. Resonant excitation of excitons

Resonant excitation with an excitation beam propaga-
ting at an angle a with respect to the growth direction z
of the QW produces excitons with an in-plane component
of the momentum K | given by

K"=Kosina R (1)

where K, is the photon momentum, approximately a few
times 10° cm ™!, so that E,, the kinetic energy of the exci-
ton at K =K, is ~0.1 meV. A continuous-wave (cw) ex-
citation creates excitons within the homogeneous
linewidth T’ of E,, where I';, is typically several times
Ey.2* The initial distribution is nonthermal, and the
average energy is less than kg T for T greater than few de-
grees Kelvin. Excitation with a short pulse creates
coherent polarization and virtual population within the
spectral width of the exciting laser. During this coherent
regime, it is possible to observe resonant Rayleigh
scattering (RRS) from these excitons?>?® using techniques
similar to those used in our investigation. However, as
we will discuss later, our results do not show any contri-
bution from RRS. We will therefore not consider the
coherent regime in this paper, although it is a subject of
intense current research.?’” In the case investigated here,
the excitation pulse produces a 6-like anisotropic distri-
bution of excitons in the momentum space. If the excita-
tion is with circularly polarized light, then the initial
population is only in the |+ 1) or the | —1) exciton state.
The measured temporal dynamics of resonantly-excited
luminescence is determined by the relaxation, thermaliza-



10 870

tion, and recombination dynamics of this initial non-
thermal distribution.

B. Relaxation and thermalization

We discuss in this section several physical processes
that determine the relaxation and thermalization of
resonantly-excited excitons.

1. Elastic and quasielastic dephasing processes

Radiative recombination from the initial anisotropic
exciton distribution created by photoexcitation occurs
only in the reflection and transmission direction for a per-
fect quantum well. Scattering from impurities, interface
roughness, or interaction with very-low-energy acoustic
phonons redistributes the excitons in the momentum
space, and within the homogeneous linewidth ', related
to the characteristic dephasing time T, by T,=2#/T,.
In high-quality samples T, is typically a few picoseconds,
corresponding to I', of a few tenths of meV.2* The initial
anisotropic radiation pattern becomes more isotropic as
this redistribution takes place. We are not aware of any
experimental investigation of the changing radiation pat-
tern.

2. Momentum scattering

Excitons can interact with acoustic and optical pho-
nons through various mechanisms. For resonantly creat-
ed excitons, only absorption of phonons is important so
that at low temperatures, only acoustic phonon scattering
through piezoelectric and deformation potential interac-
tions need be considered. These have been investigated
quite extensively from a theoretical point of view.?®?
The scattering rate for K =0 excitons by deformation
potential scattering is given by

O pu°L
where T is the temperature, M is the exciton mass, p is
the density of GaAs, u the sound velocity, D, and D, the

deformation potential for the conduction and valence
band, and L is the well thickness. WKo depends inversely

(D,—D,)?, )

on the well thickness, the interaction being less effective
in wider wells. Scattering rates are of the order of
1X10'" 57! for a 150-A QW at a lattice temperature of
10K.%

3. Exciton spin relaxation

The basic mechanisms for spin relaxation in bulk semi-
conductors are strongly affected by the confinement in-
troduced by the quantum wells. In particular, we can
emphasize three different aspects that modify the spin re-
laxation in QW’s with respect to bulk: (a) the lifting of
the degeneracy in the valence band between the heavy-
hole (HH) and the light-hole (LH) subbands removes the
mixing at K;=0 and moves it to larger K, (b) the
confinement in the z direction increases the overlap be-
tween the electron and hole wave functions and makes
the electron-hole exchange interaction more important,
and (c) the higher carrier mobility in 2D system affects
the spin relaxation, for example, by the Dyakonov-Perel
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mechanisms.>®

Spin relaxation equilibrates the populations of excitons
within its four spin states |+1) and |+2). A comprehen-
sive theory of the exciton spin dynamics has been pub-
lished recently.?! The exciton spin relaxation between
the optically-allowed states can occur in a direct, single-
step process driven by the electron-hole exchange interac-
tion, which consists of a long-range and a short-range
term. It was shown that the long-range contribution,
which originates from the exciton dipole-dipole interac-
tion and depends on K, dominates the short-range in-
teraction which requires the mixing of the valence bands.

In addition, the electron or the hole within an exciton
can flip its spin and lead to a transition between an
optically-allowed and forbidden state (e.g., from |+1) to
|+2)). Two such transitions, one involving an electron
and the other involving a hole, are necessary to go be-
tween optically-allowed exciton states. The exchange in-
teraction responsible for the direct process depends on
the electron-hole overlap integral’! which can be con-
trolled by either varying the well width or by applying an
electric field along the z direction. The second mecha-
nism, i.e., the independent spin flip of each carrier inside
the exciton, is not affected by a change in the wave func-
tion overlap. The hole spin relaxation is modified by the
different band mixing (compared to bulk) and spin relaxa-
tion of both carriers is influenced by the momentum re-
laxation which may be different in bulk and quantum
wells. Time-resolved polarized luminescence spectrosco-
py provides a means of probing the spin dynamics of ex-
citons.

C. Recombination of excitons in QW’s

In a perfect, infinite bulk crystal the polariton (coupled
photon-exciton mode) is a stationary mode with an
infinite lifetime in the absence of scattering.!® In order to
conserve the crystal momentum, an exciton with a given
momentum can interact only with one photon with the
same momentum, neglecting Umklapp processes. There-
fore, there is no density of the states for the radiative de-
cay, but only a linear coupling between two discrete
states, giving rise to stationary states, known as polari-
tons. Recombination can only occur at defects and boun-
daries and in the latter case the radiative rate corre-
sponds to the probability of escaping from the crystal,
thus dependent on the crystal size.’> Experimentally,
long photoluminescence (PL) decay times of the order of
few nanoseconds have been measured in bulk GaAs.'

The breaking of the translational invariance along the z
(growth) direction strongly modifies the nature of the po-
lariton in 2D systems such as quantum wells,>*!>%° and
introduces qualitatively different features in the radiative
recombination of excitons in QW. In fact, the momen-
tum conservation is required only along the planes.
Therefore an exciton with a given K can interact with
photons with the same K but all possible values of K,
where K, is the momentum component along the growth
direction, providing a density of states for the decay.

It was shown that polaritons in QW’s can be classified
as either resonant polaritons with K, <K, or surface po-
laritons with K, > K.2° The surface polariton is, in some
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sense, the analog of the bulk polariton, and has an infinite
lifetime. The resonant polariton can couple to photons
and has a finite lifetime of the order of a few tens of pi-
coseconds, depending on the well width.>* Despite these
theoretical predictions all the nonresonant experiments
have reported long decay times for the excitonic PL as we
discussed in the Introduction. This is because only a
small fraction of excitons occupy the radiative states of
the polariton at any time following nonresonant excita-
tion in the continuum. The situation is completely
different for resonantly-excited excitons because all the
excitons are initially created in the radiative state.
Therefore, the enhanced radiative recombination rate of
the 2D exciton polariton can be expected to play a
significant role in the dynamics of resonantly-excited ex-
citons and this is one of the major points of interest in
our investigation.

III. EXPERIMENTAL TECHNIQUES

Two dye lasers, synchronously pumped by the second
harmonic of a mode-locked Nd:YLF laser, were used in
the time-resolved experiments. A Styryl 9 dye laser, with
3 ps pulse width and 3-meV-spectral width, was used for
resonantly exciting the sample at the heavy-hole excitons.
A Rhodamine 6G dye laser with the same spectral and
temporal characteristics was used for upconverting the
collected luminescence in a 2-mm-long LilO, crystal.’
The use of two dye lasers at different frequencies allowed
us to perform the resonant experiment with the up-
conversion technique, without being limited by the
second harmonic of the pump laser. The time resolution
of this setup (<5 ps) is limited by the jitter between the
two lasers. The experimental conditions were such that
only the HH excitonic band was excited and detected.

We investigated three high-quality GaAs/Al, ;Ga, ;As
samples with well width 80, 130, and 150 A, respectively.
The samples consist of 15 periods of GaAs wells embed-
ded between Alj ;Ga, ,As 150-A barriers. On the 150-A
sample a transparent Schottky contact (Cr) was used to
apply a reverse bias. The electric field in the sample was
determined from measurements of the quantum confined
Stark effect. cw PL and photoluminescence-excitation
(PLE) spectra were measured for the sample characteri-
zation; no significant Stokes shift is observed between PL
and PLE. The linewidth is 1 (3) meV for the 150-A (80-
A) sample. The PL quantum efficiency remains constant
in the explored temperature range (10-40 K). We con-
clude from this observation and the temperature-
dependent decay rate data to be presented later that non-
radiative processes are unimportant. The homogeneous
broadening of excitons was determined using the stan-
dard two-beam four-wave-mixing experiments with 100 fs
and 3 ps lasers tuned close to the HH exciton energy.

Luminescence experiments were performed with the
samples mounted on the cold finger of a liquid He cryo-
stat and with typical excitation density of 5X10° cm ™2,
A nearly backscattering geometry was used: the beam
was incident at an external angle of =10° and the collec-
tion angle was ~20° to the normal, in the direction away
from the reflected beam. In this configuration excitons
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with K| ~0 are photoexcited. Left (right) circularly po-
larized light was used to resonantly excite the |+1)
(]—1)) excitons, and only the left circularly polarized
emission was detected. We indicate with I+ and I~ the
PL intensity from the |+1) excitons when the optical
pulse excites the |+1) and |—1) excitons, respectively.
Measurements were also performed using linearly polar-
ized excitation laser and detecting only the vertically po-
larized component of the PL. These results were con-
sistent with the results and the analysis for circularly po-
larized data discussed here, and will not be discussed fur-
ther in this paper. We indicate with S and D the total PL
(sum) and the difference (D) between the two polarized
components. Because the laser linewidth, used for excit-
ing each sample, was always greater than the PL inhomo-
geneous linewidth, all of the HH band was excited; be-
sides, due to the finite spectral resolution of the upcon-
version technique, no change was found spanning the
detection energy within the HH band.

IV. REPRESENTATIVE EXPERIMENTAL RESULTS

Figure 1 shows the PL time evolution of I *and I~ for
the 150-A quantum well at 12 K. After an initial fast rise
I'* shows more than an order-of-magnitude decrease in
the first 100 ps. I~ increases slowly and the two PL com-
ponents almost equilibrate after ~100 ps. Figure 1(b)
shows the total luminescence S and the difference D,
along with the cross correlation of the two dye-laser
pulses which indicates the time resolution of our experi-
ments. Figure 1(c) shows the long-time behavior of the
total luminescene S. The exponential decay at long times
has a slope similar to that observed in nonresonant exper-
iments,!! indicating that the long-time dynamics is con-
trolled by similar physical processes in the two cases. All
three samples show qualitatively similar behavior.

We note that the initial decay of the luminescence
[Figs. 1(a) and 1(b)] is much slower than the cross-
correlation signal. We conclude from this that scattering

(a)

Fc)

Intensity (arbitrary units)

! ! I 1 1 L 1

-200 0 200 400 600 800 1000 1200
Time (ps)

FIG. 1. PL decay for the 150-A QW at 12 K at low excita-
tion intensity. (a) Time evolution of I* and I~. (b) Time evolu-
tion of the sum S and difference D. The dotted line is the cross-
correlation signal, showing the experimental time resolution.
(c) Long-time behavior of the sum S. In (a) and (b) the best fit to
the experimental data, as discussed in the text, are also shown.
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from surface roughness, which represented the major lim-
itation in previous experimental reports, is not important
in our experiment. Also, the initial decay of D has a time
constant of 12 ps, a factor of four larger than T, /2 deter-
mined from our four-wave mixing (FWM) experiments.
Therefore the measured time evolution in the first 100 ps
contains important physical information about incoherent
nonequilibrium exciton dynamics.

In order to obtain a quantitative understanding of
these results, we need to model the dynamics of resonant-
ly excited excitons. Our earlier results?® have shown that
a unified model is essential for the correct interpretation
of the data. We develop such a unified model in the next
section.

V. A UNIFIED MODEL

Energy and momentum conservation requires that ex-
citons with a given K vector can only radiate in a given
direction, with a rate that depends on K .*>** We simpli-
fy the picture and assume that the radiative recombina-
tion rate of excitons within the homogeneous I';, of E, is
independent of K, inversely proportional to I';, and
given by3¢

4E,

WRzﬁ(ZFO) ’ (3)

where 2I';, is the fundamental radiative recombination
rate of the exciton population at K;=0. With this
simplification, the calculation of the time evolution of
resonantly-excited luminescence is reduced to the calcu-
lation of the population of excitons in the radiative state
corresponding to the polarization of the measured
luminescence. The PL intensity at time ¢ is given by

I()=Wrf(N(1), 4

where N (t) is the total population of excitons at time ¢,
and f(z) is the fraction of N (¢) in the spin state corre-
sponding to the measured polarized luminescence. Note
that f is a function of time for nonthermal distributions,
and becomes independent of time only when the excitons
reach thermal equilibrium with the lattice. The PL decay
will be exponential at such times, with a decay rate W,
given by

1 L
exp K, T
Wp=Wrfo=Wkr , (5)
+
1+exp iy T

where f, is the value of f(¢) under thermal equilibrium
and A is the exchange splitting between the |+1) and
|£2) spin states.

We calculate the population of excitons in various spin
and momentum states using the following simplified mod-
el (Fig. 2) which retains the essential features of the exci-
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FIG. 2. Model for the exciton dynamics as discussed in the
text.

ton dynamics as discussed in Sec. II. We consider the
case when the incident photons generate excitons in the
|+1) radiative state. Exciton spin-relaxation (with rate
Wy) populates | —1) state, and electron or hole spin flip
within the exciton (rates W, and W), respectively) popu-
lates the dipole-inactive |+2) nonradiative (dark) states.
We divide the manifold of K states into two sets, one for
small K, and the other for large K. Each set contains
four exciton states (|=1) and |+2)). Acoustic-phonon
absorption and emission induce transitions between these
sets; we allow only spin-conserving transitions between
the two sets with an effective scattering rate W,. Each
transition rate is weighted by appropriate thermal factor.
This model therefore includes all the processes discussed
in Sec. II. This model is valid only at low temperatures
where the contributions from the LH excitons and free
carriers is negligible. This is a good assumption in our
case because the LH emission was more than one order-
of-magnitude weaker than the HH emission in the worst
case (the highest T investigated).

Considering a Gaussian excitation pulse generation
rate G (1), the evolution of the population in each state is
given by a set of eight coupled equations:

d
—d?Nl:FUN]+G(t)8+1,I ’ (6)

where N; is the column vector (N .y N_; N1y N_,N_
N_ix Niy N_,;) and Fis a 8 X 8 matrix:

© MU
N O W
T Qon
T w Ao

where A through H are the following 2 X 2 matrices:



and W, are the electron spin-relaxation rates within an
exciton with proper consideration for the occupation of
states and are given by the following expressions:

b

1+exp T
B

where A is the exchange splitting, commonly assumed of
the order of 0.1 meV,*’ W, is the electron spin-relaxation
rate, and T is the lattice temperature. Similar relations
hold for the hole-spin relaxation rates W, ,,). Similarly,
the acoustic-phonon scattering rates Wy, (., are defined
as

Ty
kB T ’

Wkp = Wk €xp

@ ‘ )

4:T,=0.30 meV- W;=3.0x10'%'!
£ 5: T,=0.10 meV- Wy =2.0x10''s"

1: T,;=0.22 meV- W, =5.5x10'%s"!
F2: T,=0.30 meV- W =5.5x10'%""!
3:T,=0.10 meV- W, =5.5x10'%"!

Intensity (arbitrary units)

-100 0 100 200 0 100 200
Time (ps)

FIG. 3. Comparison of different fits to the sum S for the
150-A QW at 12 K as discussed in the text.
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4= Wy — (W + Wyt W+ Wy + W) | 7
B Wep Whp ] ka 0 Wem Whm
= ’ = b D= b
Whp Wep 0 ka Whm Wem
oo — (W, + Wy, +W,,) 0 ] Wy, O
0 _( Wep + Whp + Wkp ) ’ 0 Wkp ’
— (Wi tWxt+W,, +W,,.) Wy
G= ’
WX —(ka+WX+Wem+Whm)
_(ka+Wep+Whp) 0
H= 0 (Wi + Wy + W)
[
and O is a 2X2 null matrix. Wy and Wy are the radia- T,
tive and exciton spin-relaxation rate, respectively. W,, Wim =W |1—exp |— kyT ,

where W, is the effective scattering rate with phonons.

Although there are six parameters in the model, we
now show that reliable quantitative information about
these rates can be obtained by fitting the experimental re-
sults with this model. This is because I', is independent-
ly determined, Wy can be determined from W, and
different parameters affect different combinations of the
measured polarized luminescence dynamics.

We begin the fit by determining Wy from Wj, the
long-time decay constant of S, using the value of T,
determined independently from the FWM measurements.
The sum S is independent of Wy because Wy does not
change the total population of excitons in the two radia-
tive states. Numerical simulations show that S is sensi-
tive to Wy and I';, but not to W, and W,. In Fig. 3, we
therefore keep W, and W, constant and explore the
effects of changing I';, and W,. Figure 3(a) shows the
effects of changing I';, by 50% and keeping W, constant.
Increasing I'j, reduces Wjy (since W, is fixed) and hence
makes the initial drop of S slower, and makes the fit no-
ticeably worse. The fit quality can be improved by a

@ ' )

1:W,=1.0x10'%"1-W =3.0x10%"!
. [+ 2:W,=3.0x10"%1-W =3.0x10%" 1
3 3:W,=1.0x10'%'-W =6.0x10°!

Intensity (arbitrary units)

200 0 100 200

8
o}
8

Time (ps)

FIG. 4. Comparisozl of different fits to the difference D and
the sum S for the 150-A QW at 12 K as discussed in the text.
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. — 10-1
@ 1:W,=1.5x10'%

10,1 (b)
2:W=3.0x10"s’

3:W,=0.5x10"" 2

Intensity (arbitrary units)

Time (ps)

FIG. 5. Conalparison of different fits to the difference D and
I~ for the 150-A QW at 12 K as discussed in the text.

change of W, [Fig. 3(b)] but the initial dynamics can still
not be reproduced satisfactorily. Extensive analysis
shows that acceptable fits can only be obtained for a cer-
tain range of each parameter.

Figure 4 shows that a change in W, and W, affects S
weakly, but strongly modifies the decay of the difference
D at longer time. A change in Wy strongly affects both
I- and D (Fig. 5). Figures 3-5 therefore demonstrate
that, despite the large number of parameters, reliable
values for them can be extracted from a careful fit pro-
cedure of the four experimental curves. The best fits ob-
tained by this procedure for the data of Fig. 1 are shown
in the figure.

VI. ANALYSIS AND DISCUSSION OF RESULTS
A. 150-A quantum well at 12 K

The results for the 150-A quantum-well sample at 12 K
and without any applied bias were discussed in detail ear-
lier.”> We discuss here some important aspects of those
results.

The best fits to the data for this sample are also shown
in Fig. 1. As discussed above, W, =1.54X10° s~ ! is ob-
tained directly by fitting the long-time slope of the total
PL intensity (S). From this we deduce a value of
Wr=1.7X10'" s~1, corresponding to a radiative decay
time of about 60 ps. As discussed above and also ear-
lier,”® W, and W, do not affect the fits to S significantly
so W, and W, are the primary parameters for obtaining
fits to S. We find that the best fits are obtained by
I',=0.22+0.02 meV (in good agreement with the results
of FWM measurements) and W), =(5.5+1.5)X 10" s\
The error bars are obtained by the procedure discussed
above in Sec. V. From these fits, we deduce that approxi-
mately 50% of the initial decay of the PL intensity can be
attributed to the radiative decay of the resonantly-excited
excitons, and the remaining 50% to the scattering out of
the small K to the large K states by acoustic phonons.
We conclude from this analysis that (1) the radiative de-
cay rate of the 2D exciton polaritons is indeed enhanced
as predicted theoretically, (2) the initial decay of the PL
cannot be simply regarded as due to either of these pro-
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cesses individually. The latter reaffirms our statements
that a comprehensive analysis considering all the scatter-
ing processes is essential for a correct understanding of
the dynamics of excitons.

The temporal evolution of I~ is determined primarily
by the spin-flip rate of excitons and the best fit to the data
yields Wy=(1.5+0.5)X10' s™!. The behavior of D
beyond 50 ps is quite sensitive to W, and best fits yield
W, between 0.7 and 1X10'° s™!. Under our assumption
that W, < W, the fits are not sensitive to W, and we can
only put lower and upper bounds on the values of W,:
3IX108< W, <3X10°s™ .

From the value of Wy deduced above, we find [Eq. (3)]
that 2I';=2.5X10'° s~ !, corresponding to a radiative
recombination time of 40 ps. This time is a factor of 2
larger than that calculated theoretically.”® The reason
for this discrepancy is not clear at this time, but there are
a few possibilities that must be considered. First of all,
the value of E, depends on the in-plane mass of the exci-
ton and there may be an uncertainty of 30-40 % in its
value. Also, as discussed in the previous section, we are
deducing an average value of 2T’y from K =0 and K,
while the theoretical value is for K =0. The role of oth-
er collisions with surface imperfections or phonons,
which, reducing the exciton coherence area, can lead to
longer decay times,’® must also be considered. Further
investigations will be necessary to understand this ques-
tion.

B. Well-width dependence

The results for the three different samples we investi-
gated do not show any striking differences as shown in
Fig. 6 where the decays are compared for the 80- and
150-A QW’s at 12 K. With decreasing well width, we ob-
serve a faster rise of I~ and a steeper slope of S at long
times. The latter finding shows that W), increases as the
well thickness is reduced, in agreement with previous re-
sults from nonresonant experiments.'!

@ 80 A QW {

® 150 A QW

Intensity (arbitrary units)

-100 0 100 200 300
Time (ps)

FIG. 6. Comparison of the PL decay for two samples at 12 K
at low excitation intensity. (a) Time evolution of I and I~ for
the 80-A QW. (b) Time evolution of I+ and I~ for the 150-A
QW.
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Although there are no dramatic changes observed in
the measured luminescence profiles, best fits to the model
for the four temporal evolutions of each sample allow us
to determine the values of various scattering rates for the
different samples. In Fig. 7 the most important rates ob-
tained from the fits at 12 K are compared for the different
samples. We show the dependence of 2Ty, Wy, and W,
as a function of the well width. We find that 2T, in-
creases as the well width is reduced. This occurs because
of increased overlap of the electron and hole wave func-
tions and is in agreement with the theoretical dependence
of the oscillator strength.3* W, increases as 1/L as ex-
pected [Eq. (2)] for the interaction of exciton with pho-
nons through deformation potential.?® W), also increases
with a reduction in the well width. This is because a
reduction in the well width leads to an increased overlap
of the electron-hole wave functions which enhances the
exchange interaction responsible for the spin flip of exci-
tons.?! A more controlled way of varying this overlap by
applying an electric field along the growth direction will
be discussed in Sec. VID.

C. Temperature and intensity dependence

In Fig. 8 the PL decays at two different temperatures
are compared for the 130- A QW. The major difference is
that the initial drop in PL intensity becomes more impor-
tant with increasing T both for I* and I ~; this feature is
more pronounced for the 130- and 80- A QW’s, while
there is not much change in the initial PL decay for the
150-A QW between 12 and 27 K. We chose to limit our-
selves to a small temperature range because light-hole
and free-carrier recombination becomes important at
higher temperature,*® making the analysis of the exciton
dynamics more complicated. With increasing tempera-
ture, the exponential decay of S at long delays becomes
slower, in agreement with previous results.!! This finding
and the fact that the PL quantum yield is constant in the
explored temperature range show that the nonradiative
processes are negligible in our samples.

Contrary to previous results'> our data clearly show
that the fast drop of It persists at higher T at least up to
40 K. Since T';, increases significantly with temperature,
this relative insensitivity of the initial decay to tempera-

14+ [ ] 21“0 1

12+ [ WK p

;w 10+ * Wy

2 8t -
Q

5 o 1
o

4}t 4

21 4

60 80 100 120 140 160
Well width (A)

FIG. 7. Different rates as obtained from fits to the experi-
mental data at 12 K and low excitation intensity for 80-, 130-,
and 150-A QW’s. The solid lines are guides for eyes.
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1
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Time (ps)
FIG. 8. Comparlson of the PL decay at two different temper-

atures for the 130-A QW. (a) I* and I at 12K. (b)I* and I~
at 27 K. Also shown are the fits to the experimental data.

ture is a further evidence that the initial dynamics is not
due to a loss of interband coherence.

The main effect of raising the temperature is to in-
crease both I', and W;.. From the fit we deduce that T,
increases linearly with a slope that for the 150- A QWis 5
peV/K, in agreement with earlier results.”* Besides the
product ', X Wy remains constant for all the samples as
expected from Ref. 36. W, increases with temperature
for the 150-A QW, while it remains fairly constant for
the 80- and 130-A QW’s; in any case, the rate of increase
is slower than expected. This is partly because of the in-
crease of I', with temperature which makes it more
difficult to scatter out of the small K region (W, is an
effective scattering rate) and partly because of our
simplified model which reduces the manifold of K states
two sets of states.

Wy decreases slightly with temperature. This depen-
dence is expected if we consider a motional-narrowing
mechanism for the spin relaxation with Wy proportional
to the momentum relaxation time 7*; if we assume 7*
equal to the dephasing time T,, an increase of T de-
creases T, and leads to a decreased exciton spin-
relaxation rate. No dependence is found for W), and W,
either on the quantum-well width or on the temperature:
as previously observed, the fits, with no field applied, are
not very sensitive to these two parameters.

In Fig. 9 the PL decays are compared for two different
excitation intensities for the 150-A QW. Again some
changes occur in the first hundreds of picoseconds but,
contrary to previous reports,'®> the overall PL temporal
profile remains substantially unmodified, except that a
long-time component appears in the decay of D. This
slow component is found also when an electric field is ap-
plied and its origin will be discussed in the following sec-
tion. No systematic quantitative analysis has been per-
formed for the intensity-dependent data, in view of the
fact that other processes, in particular exciton-exciton in-
teraction, can play an important role (note the poorer



10 876
() 9
N,,.=5x10"cm
N
i=!
=
> L
g
5 bt ' {
i;: H(b) 1+ Neg=5x10"%m?
‘A
&
2
E 3

-

-100 0 100 200
Time (ps)

FIG. 9. Comparison of the PL decay at two different excita-
tion intensities for the 150-A QW. (a) I™ and I~ at
Nee=5%X10° cm™2 (b) It and I~ at N, . =5X10"° cm~2.
Also shown are the fits to the experimental data.

quality of the fit with respect to the low-intensity results).
The qualitative general trend of increasing I', and W,
with increasing intensity is consistent with increased de-
phasing rate and more important contribution of scatter-
ing events which scatter excitons out of the homogene-
ously broadened radiative region at high density. We
note that the temperature range was such that, even at
the highest excitation intensity, I’y was always smaller
than kpT. Therefore no information can be extracted
about the exciton-exciton interaction as a mechanism
producing an increase of the exciton lifetime, because the
dependence of W), on T, is cancelled in Egs. (3) and (5).""
By a comparison with the results of Ref. 17 it turns out
that we are focusing on different aspects; in the case of
Ref. 17, T';, was greater than kgzT, allowing Eccleston
et al. to evidence the dependence of W, on the dephas-
ing time when the excitation intensity was increased, but
they attributed to RRS and surface scattered laser light
the initial PL signal, while our improved time resolution
allows us to prove that important physical information
can be extracted from the initial PL decay.

D. Electric-field dependence

As is well known, an electric field along the growth
direction leads to a change in the overlap between the
electron and hole wave functions. One effect of this
change is to reduce the radiative transition probability
which has been explored before.** The other effect is to
change the exchange interaction responsible for the exci-
ton spin flip. The latter has not been explored previously
except for our recent report,‘“’ and is the main motivation
behind our experiments with applied electric field. We
note that Wy depends on the square of the overlap in-
tegral,*! while Wy depends on the fourth power of the
overlap integral. Therefore, the decrease of Wy in the
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FIG. 10. PL decay of the 150-A QW at 20 K for two different
electric fields E, along the growth direction. (a) E=0. (b)
E =12 KV/cm. Also shown are the fits to the experimental
data.

presence of a field should be the dominant effect at least
at low fields.

In Fig. 10, we show the PL temporal profiles for two
different longitudinal electric fields E applied to the
quantum-well structure along the growth direction. As
shown for the 150-A QW, under the flat band condition
I* and I~ equilibrate in ~ 100 ps. Applying a field of 12
KV/cm it takes roughly twice the time for reaching the
same condition. As a consequence (Fig. 11), at zero field
the difference decays to the noise level quite fast (with a
time constant of 12 ps). At higher fields, the initial fast
decay is still present but a longer tail (300 ps) appears
which becomes more important at higher field. We want
to emphasize that the long tail is very similar to the one
found in the high-intensity data, suggesting the same
physical origin. No change in the sum S is observed for
the various fields.

As discussed in Sec. II, the spin relaxation of the exci-
ton can proceed in two different ways (one-step process
with rate Wy and two-step process with rates W, and
W,). A reduction in Wy would make the contribution of
the two-step process more important. The long tail in the
decay of D can therefore be correlated with the increas-
ing importance of the electron and hole spin flips relative
to the exciton spin flip. The fact that the slow slope of D

T T T T

1 E=32KV/cm
2 E=12KV/cm
3E=0

Intensity (arbitrary units)

100 206 E 360
Time (ps)

FIG. 11. PL decay ofothe difference D for three different elec-
tric fields E for the 150-A QW at 20 K.
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is independent of the electric field proves that W, and W,
are not affected by the field, at least in this range of field.
The slow tail should, in principle, be present also at low
fields but is too weak to be detected in our data, at least
at the lowest excitation intensity. The independence of S
on the electric field is a further evidence that the change
of D with field is due to a change of Wy, because S is in-
dependent of Wy but depends on all the other rates. We
do not find measurable change for Wj with electric field
in the investigated range within the experimental error,
due to the limited delay range (up to 1.5 ns); the value of
Wy is not sensitive to W5 in this field range and there-
fore reliable values can be obtained by this procedure.
From best fits to the data at various electric fields, we
determine the values of Wy, W,, and W,. The depen-
dence of Wy on electric field was recently calculated by a
variational calculation.?"** In Fig. 12(a) the Wy deter-
mined from our experimental results is compared with
the theoretical calculation for 185- A and 160-A QW’s
with infinite barriers. The 185-A QW with infinite bar-
riers produces the same confinement energy as the 150- A
QW with barrier of Alj;Gay,As. The experimental
trend is very similar to the theoretical one, and there is a
reasonably good agreement between the theory and the
experiment. The stronger theoretical dependence on the
field may be due to some approximations in the descrip-
tion of the exciton wave function which overestimate the
change of the overlap integral with the field. Concerning
the absolute values of Wy in comparison with the
theoretical ones assuming a motional-narrowing mecha-
nism, we find a discrepancy of about a factor 2.5. As dis-
cussed in more details in Ref. 40, this can be attributed to

WXO/WX
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FIG. 12. (a) Dependence of the spin-relaxation rate Wy for
the 150-A. QW as deduced from fits to the experimental data, as
a function of the applied field. The continuous line connecting
the experimental point is a quadratic fit. Wy, is the value at flat
band. Also shown is the theoretically calculated dependence for
the same quantity for two wells of 160 and 185 A thicknesses
and infinite barriers. (b) Dependence of the various spin-
relaxation rates Wy, W,, and W, on the applied field for the
150-A QW as deduced from fits to the experimental data at 20
K. The lines connecting the experimentally deduced values are
only guides for eyes.
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an approximate description of the center-of-mass motion
in the theoretical model for the exciton spin relaxation
and to the assumption of the momentum relaxation time
7 equal to T,.

In Fig. 12(b) the different spin relaxation rates for the
exciton, electron, and hole are compared as a function of
the field. While no dependence is found for W, and W,
in the explored range, Wy decreases by roughly a factor 5
so that W, become larger than Wy above a certain elec-
tric field. This leads to the increased importance of the
dark states and hence the slow tail in D. However, W, is
so small that the transitions between the |+1) and the
| —1) exciton states continue to be dominated by Wy,
i.e., mainly driven by the exchange interaction. We want
to emphasize that our data as a function of the field
represent the first clear measurement of the contribution
of the dark states of the excitons and show that, even in
wide wells, the exchange interaction is the dominant
mechanism for relaxing the spin of the exciton between
optically-allowed exciton states.

VII. CONCLUSIONS

We have shown that several different processes, occur-
ring on the same time scale, control the initial dynamics
of cold nonequilibrium excitons and determine the dy-
namics from the nonthermal to the thermal regime.
These processes include the enhanced radiative recom-
bination of the metastable 2D exciton polariton, the spin
relaxation of excitons between the |t1) optically-allowed
exciton states, the spin relaxation of electron or hole cou-
pling the optically-allowed |+1) exciton states with the
dark exciton states |+2), and the scattering of excitons
between different exciton momentum (wave vector) states
for the center-of-mass motion of excitons. We have also
shown that a simultaneous investigation of these process-
es and a unified analysis of the results, as presented here,
are essential for a proper understanding of the initial ex-
citon dynamics and for extracting quantitative informa-
tion about the radiative, spin-relaxation, and
momentum-relaxation rates of excitons.

By measuring time-resolved luminescence intensity
profiles of various polarization components following res-
onant excitation and analyzing the results with a unified
model, we have extracted quantitative values for these
rates as a function of quantum-well width, temperature,
excitation intensity, and applied electric field. Several
conclusions can be drawn from this investigation: (1) The
enhanced radiative recombination of 2D exciton-
polariton contributes about 50% to the initial decay of
the luminescence intensity of resonantly-excited excitons
under the conditions of our experiments. The value of
the intrinsic radiative rate determined from our investiga-
tions is about L ps for the 150- A QW, approximately a
factor of 2 slower than theoretically predicted. (2) The
second leading cause of the initial decay of the
resonantly-excited exciton luminescence is the scattering
of excitons to nonradiative large K excitons by acoustic
phonons. This rate varies inversely with the quantum-
well width and is expected to be a strong function of tem-
perature. (3) It takes more than a hundred picoseconds
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for the resonantly-excited excitons to thermalize for the
conditions of our experiment. These times are not too
different from the thermalization times of nonresonantly
created excitons determined in our earlier studies. (4)
One of the crucial points that comes out from our work
opposite to previous conclusions by other authors is that
the temporal profile of resonantly-excited excitonic
luminescence is neither simply a manifestation of loss of
interband coherence nor simply an evidence of fast exci-
tonic recombination. (5) An important contribution of
our work concerns the spin relaxation of excitons. We
have shown that the exchange interaction is the dom-
inant mechanism for relaxing the spin between the
optically-allowed exciton states even in wide wells. We
have also shown that a suitable way of varying the contri-
bution of exchange- and single-particle spin flips is to ap-
ply an electric field or change the well width. We have
determined both contributions and found a reasonably
good agreement with a theoretical model for the exciton
spin relaxation.
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There are still some open questions and problems. We
would like to mention the investigation of the role of
light-hole exciton and eventually free carriers at high
temperature in the recombination process. Also, the
discrepancy of about a factor of 2 between the theoretical
and experimentally determined values of the radiative
recombination and exciton spin-flip relaxation rate needs
further attention. A more refined model of scattering of
excitons between different momentum states of excitons
would also be important. Investigations on these topics
are under progress.
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