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Nontrivial relaxation dynamics of excitons in high-quality InGaAs/GaAs quantum wells
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Photoluminescence and reflectivity spectra of a high-quality InGaAs/GaAs quantum well structure reveal
a series of ultranarrow peaks attributed to the quantum confined exciton states. The intensity of these peaks
decreases as a function of temperature, while the linewidths demonstrate a complex and peculiar behavior.
At low pumping the widths of all peaks remain quite narrow (<0.1 meV) in the whole temperature range
studied, 4–30 K. At the stronger pumping, the linewidth first increases and then drops down with the temperature
rise. Pump-probe experiments show two characteristic time scales in the exciton decay, <10 ps and 15–45 ns,
respectively. We interpret all these data by an interplay between the exciton recombination within the light
cone, the exciton relaxation from a nonradiative reservoir to the light cone, and the thermal dissociation of the
nonradiative excitons. The broadening of the low energy exciton lines is governed by the radiative recombination
and scattering with reservoir excitons, while for the higher energy states the linewidths are also dependent on the
acoustic phonon relaxation processes.
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I. INTRODUCTION

Excitons in two-dimensional semiconductor structures with
quantum wells (QWs) and superlattices may be efficiently
coupled to light because of the breaking of the wave vector
selection rules along the structure growth direction. Radiative
recombination rates of excitons strongly depend on their
localization radii. In ideal QWs, the radiative decay of an
exciton is possible only if the in-plane component of its wave
vector does not exceed one of the photon to be emitted,
Kc = nω/c, where n is the refractive index and ω is the
frequency of light. We note that Kc = 0.03 nm−1 at the exciton
resonance frequency in GaAs QWs, which corresponds to
an exciton kinetic energy: Ec = �

2K2
c /(2MX) = 0.06 meV,

which is much lower than the characteristic thermal energy of
the system at the liquid helium temperature. Here MX = 0.5
is the exciton mass in units of the free electron mass. Excitons
with larger wave vectors do not interact with light. They
will be referred to as nonradiative excitons. The oscillator
strength of the whole exciton branch is accumulated within
its little part (light cone) and the radiative decay rate can
reach 1011 s−1 in GaAs-based structures with QWs [1–6].
For nonradiative excitons, the dominant mechanism of decay
is the phonon-mediated relaxation into the states with small
wave vectors followed by the radiative recombination.

An important role of the reservoir of nonradiative excitons
was recently recognized for semiconductor microcavities
where strong light-matter coupling accelerates the exchange
between radiative and nonradiative states [7–12]. In conven-
tional QW structures, all the dynamic processes are slowed
down compared to microcavities, which favors considerable
accumulation of nonradiative excitons. The effect of these
excitons on the radiative ones may be significant. Nonradiative
excitons can be created even at the strictly resonant excitation
of the lowest exciton transition if the phonon energy corre-
sponding to the lattice temperature is larger than the critical

energy Ec [13]. The in-plane component of the phonon wave
vector, q‖, is transferred to the exciton due to the conservation
of momentum that results in ejection of this exciton outside
the light cone.

For excitons localized by structure defects as well as for
excitons scattered by free carriers, phonons, and other excitons,
the number of atomic oscillators contributing to the exciton
oscillator strength is reduced as compared to the free exciton.
The radiative decay rate for such excitons may decrease, by
up to two orders of magnitude [14–16]. In addition, structure
imperfections may induce additional relaxation processes for
radiative as well as for nonradiative excitons. In particular,
the defect centers or the QW interface roughness may give
rise to the considerable inhomogeneous broadening of exciton
resonances and to the nonradiative exciton recombination. For
this reason, many attempts were made to study the exciton
dynamics in GaAs-based heterostructures of various sample
quality.

The exciton dynamics was extensively studied using the
photoluminescence (PL) kinetics measurements. Under non-
resonant excitation, the PL pulse is characterized by a rise
time, τrise = 10–1000 ps, and a decay time, τdecay = 1–30 ns,
depending on the experimental conditions as well as on the
sample design and quality [3,5,14,17–24]. The theoretical
analysis of the data performed in these works and also in
Refs. [2,13,15,25–27] allowed obtaining characteristic rates
of processes occurring mainly in the reservoir of nonradiative
excitons. It was found that, the characteristic time of exciton
formation from free carriers lies in the range from several
tens to hundreds of picoseconds [19,23,24,28]. The exciton
thermalization in the reservoir occurs approximately in the
same time range [13,25,27]. These two processes are mainly
responsible for the PL rise time in high-quality structures.
If radiative excitons are localized due to structure imper-
fections, their recombination time may become comparable
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with the time of exciton thermalization in the nonradiative
reservoir so that it affects the rise of PL signal [15–17].
The slowest exciton dynamics process is the scattering of
nonradiative excitons into the light cone. This momentum
relaxation process is responsible for the PL decay. A large
spread of the decay time [3,5,14,17,18,29,30] is possibly
caused by the competition of the momentum relaxation with
losses of nonradiative excitons via quenching centers in real
structures.

The PL kinetics experiments did not allow for direct
measuring of the recombination time of radiative excitons in
high-quality structures. The first attempts to measure this time
at the strictly resonant excitation described in Refs. [3,5,30,31]
were not very successful because of the limited time resolution
of the setups used. The recombination as well as the dephasing
time for radiative excitons was extensively studied in the
pump-probe and four-wave mixing experiments [32–38]. Re-
sults of these studies also reveal large variations of the exciton
recombination time in the range 1–30 ps, most probably due
to the different quality of the investigated structures.

The large spread of experimental data on the exciton
relaxation times in structures with QWs points out that the
reliable data on characteristic rates of the relaxation processes
both for radiative and for nonradiative excitons can be obtained
only by the careful selection of high-quality QW structures and
in specific experimental conditions.

In this paper, we report on the experimental study of
the dynamics of radiative and nonradiative exciton states
in a specially designed high-quality heterostructure with a
relatively wide InGaAs/GaAs QW of about 95 nm width.
The peculiarity of this structure is in the presence of a
set of the quantum confined exciton states, which manifest
themselves as the ultranarrow lines in the PL and reflection
spectra. The PL spectra and the kinetics of pump-probe signal
were measured under resonant excitation into one of the
quantum confined states that allowed us to carefully control
the excitation conditions. A comparative analysis of PL and
reflectance spectra and of kinetics data has been performed for
reliable identification of relaxation processes and extraction of
their parameters. In particular, our analysis has shown that the
dominant decay process for excitons at the lowest energy level
is the radiative recombination for the case of low temperature
and low excitation power.

We have found that the kinetics of the pump-probe
signal for the lowest exciton state exhibits, besides the fast
component corresponding to the radiative exciton decay, a
slow component, whose decay time is longer by three orders of
magnitude. The long-lived component of the kinetics is caused
by the relaxation of nonradiative excitons from the reservoir
to the light cone. We have also identified other relaxation
processes in the exciton system under study. In particular, we
have found that the increase of excitation density is followed by
the enhancement of the exciton-exciton and/or exciton-carrier
collisions which broaden exciton lines in the PL spectra.
At the same time, the temperature-activated rapid quenching
of the PL intensity is not accompanied by any noticeable
broadening of exciton lines. We attribute this unusual effect
to the thermal dissociation of nonradiative excitons in the
reservoir followed by the nonradiative losses of the excitation
energy.

II. EXPERIMENTAL DETAILS

We have studied an InGaAs/GaAs QW heterostructure
grown by a molecular beam epitaxy at an n-doped GaAs
substrate with orientation [001]. The structure was grown at an
elevated temperature of the substrate of about 550 ◦C to prevent
clusterization of indium atoms [39]. The structure contains a
wide InGaAs QW layer with a nominal thickness of about
95 nm and the indium content of 2%. In addition, it contains a
reference narrow QW (L = 2 nm) with an indium content of
2% also. There is a gradient of the layer thicknesses of about
10% per cm and the indium content varies from 1.5% to 2% in
the structure so that the real thickness and potential profile
of the wide QW were estimated from spectroscopic data.
The sample was cooled using an optical cryostat with a close
cycle of helium cooling. The sample temperature was varied
in the range of 4–30 K.

The PL was excited by radiation of a tunable continuous-
wave Ti:sapphire laser. We excited the QW excitons either
quasiresonantly into one of the quantum confined exciton
levels or higher in energy up to the absorption edge of GaAs
barriers. The PL was dispersed and detected by a 0.55 m
spectrometer equipped with a CCD. The spectral resolution
in actual range was about 30 μeV. Laser spot on the sample
was about 50 μm and excitation power varied in the range
2–150 μW. The PL excitation (PLE) spectra were measured
using the same setup by means of continuous tuning of the laser
wavelength and detecting the PL spectra in the range of several
lowest exciton transitions for each excitation wavelength. We
would like to note that, due to the high quality of the sample, the
intensity of PL from the two lowest exciton levels dominated
over the scattered light of laser tuned to photon energy only
1 meV above these levels.

Another experimental technique exploited in our study
is the pump-probe method. We used pulsed radiation of a
femtosecond Ti:sapphire laser, split into the pump and probe
beams. The pump beam passed through an acousto-optical
tunable filter, which cut out a spectrally narrow pulses with
full width at half maximum of about 0.6 nm corresponding to
spectrally limited pulse duration, Tpu = 1.75 ps. The pump
wavelength was tuned to excite predominantly the lowest
one or two exciton transitions only. The probe pulses were
spectrally broad and short, of about 0.1 ps. To detect the
time-resolved photomodulated reflection at different exciton
transitions, the spectrum of reflected probe beam was analyzed
using a 0.55 m spectrometer equipped with a photodiode.

III. EXPERIMENTAL RESULTS

A. PL, PLE, and reflection spectra at low temperature

The PL and reflectance spectra taken from the same spot
on the sample are shown in Fig. 1. The spectra consist of
several narrow peaks (resonances), whose positions and widths
coincide in both spectra with high accuracy. The absence of
any detectable Stokes shift (within experimental error in a few
tens of μeV) between the peaks in the PL and reflectance
spectra indicates the high quality of the sample.

It is natural to assume that the observed resonances are due
to quantization of exciton motion across the QW layer. In this
case, the energies of resonances can be roughly estimated using
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FIG. 1. (Color online) (a) PL spectrum of the InGaAs/GaAs QW
with nominal width L = 95 nm measured at temperature T = 4 K
and excitation power P = 50 μW (blue dots). The PL is excited into
the X8 exciton level. Thin dashed curves are the Lorentzians with
parameters listed in Table I for the first four transitions. Notations
“XN” indicate transitions from the quantum confined exciton levels.
The sum of Lorentzians is shown by red solid curve. (b) Reflectance
spectrum normalized to the excitation intensity (blue dots). Red solid
curve shows the spectrum calculated in framework of the model
described in the text with parameters listed in Table I.

a simple model of a wide QW with infinitely high barriers, in
which the exciton is quantized as a whole [40]:

EXN = Eg − EB + �

2MX

(
πN

L∗

)2

, (1)

where Eg is the band gap, EB is the exciton binding energy
(exciton Rydberg), MX is the exciton mass, and L∗ is the
effective thickness of QW layer, which is smaller than the real
width LQW by the dead layer width, δLd [41,42]. The dead
layer width is governed by the exciton Bohr radius, aB . In
our case, L∗ = LQW − 2δLd ≈ 75 nm assuming that δLd =
0.8aB = 10 nm as is estimated for QWs with a layer thickness
of about 6aB [42]. Using the above equation, we obtain the
following energy positions of quantum confined states relative
to the lowest one: (EXN − EX1)calc = 0,0.40,1.07,2.00 (in
meV) for N = 1, . . . ,4. The obtained values well agree with
the energy distances between the XN and X1 peaks found in
the experiments (see Fig. 1 and Table I): (EXN − EX1)exp =
0,0.50,1.12,1.88 (in meV) for N = 1, . . . ,4.

The resonances in the PL spectrum can be well fitted
by a set of Lorentzians, LXN (E) = (AXN/π )δEXN/[(E −
EXN )2 + δE2

XN ], superimposed on a background signal. Here
δEXN is the half width at half maximum (HWHM) of
the Lorentzian and AXN is the area under the Lorentzian

TABLE I. Fitting parameters of the PL and reflectance spectra.

Exp. Exciton level X1 X2 X3 X4

PL A (arb. unit) 1080 1390 390 420
PL E (meV) 1489.71 1490.18 1490.80 1491.56
PL δE (μeV) 123 67 63 58
Refl. �ω0 (meV) 1489.65 1490.17 1490.79 1491.55
Refl. ��0 (μeV) 47.5 19.5 6 11
Refl. �� (μeV) 38.5 60 57 66
Refl. ϕ (rad.) 0 −0.06 −0.03 0.40

curve. The parameters of Lorentzians are given in Table I.
Because of gradients of the QW width and of the indium
content, the relative PL intensities from different exciton
levels, AXN/AX1, slightly depends on the point on the structure
surface. Therefore most of the measurements were done at the
same spot of the sample. It should be emphasized that the PL
intensity for higher exciton states is comparable with that for
the lowest energy state. This feature strongly distinguishes the
QW structure under study from those studied by other authors,
where the high-energy exciton peaks in PL spectra are virtually
absent (see, e.g., Ref. [43]).

The analysis of the PL spectrum does not provide direct
knowledge of the radiation rates because the intensity of a PL
peak depends also on the exciton population, which can be
different for different quantum confined states. As one can see
from Table I, the integral intensities of the first and second
exciton peaks in the PL spectrum are very similar, but this
indicates only that the population of the second exciton level
is significantly larger than that of the first one.

In contrast to the PL spectrum, the quantitative analysis of
reflectance spectrum allows one to obtain valuable information
about radiative and nonradiative decay rates for different
exciton states. First, we would like to note that the maximum
reflectivity at the first resonance is about 0.7, not far from
unity corresponding to the totally “metallic” reflection. This
is the first indication that the radiative decay of these excitons
prevails over the nonradiative one.

We have performed a simple analysis of the reflectance
spectrum generalizing the theory developed in Ref. [40] for
the case of several exciton quantum confined states. The
coefficient of amplitude reflectance from a QW with several
exciton resonances can be written in the form

rQW =
Nmax∑
N=1

i(−1)N−1�0NeiϕN

ω0N − ω − i(�0N + �N )
. (2)

Here ω0N is the resonance frequency, and �0N and �N are the
radiative and nonradiative damping rates. Phase ϕN appears in
this equation due to an asymmetry of the QW potential caused
by the indium segregation during the heterostructure growth
process [44]. Reflectance, R(ω), from the structure with a top
barrier layer of thickness Lb and a QW layer of thickness LQW

is calculated by a standard manner [40]:

R(ω) =
∣∣∣∣ r01 + rQWe2iφ

1 + r01rQWe2iφ

∣∣∣∣
2

, (3)
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where r01 is the amplitude reflectance from the sample surface.
Phase φ = K(Lb + LQW/2) where K is the photon wave
vector in the heterostructure.

The result of simulation of the reflectance spectrum using
Eqs. (2) and (3) is shown in Fig. 1(b). Respective fitting
parameters are listed in Table I. As can be seen, the calculated
curve very well reproduces the experimentally measured
spectrum. Although the number of fitting parameters is
large, they are well defined because they determine different
peculiarities of the resonances. In particular, ratio �2

0N/(�0N +
�N )2 determines the peak amplitude of resonance N and
�(�0N + �N ) determines its HWHM. Phase ϕN determines the
asymmetry of resonance that is its deviation from a Lorentzian,
which is clearly seen, e.g., for the X4 resonance in Fig. 1(b).

The comparison of the obtained radiative and nonradiative
damping rates shows that the radiative broadening is prevalent
for the first exciton resonance. Real magnitudes of nonradiative
broadening are even smaller than those given in Table I because
the limited resolution of our setup (of about 30 μeV) gives rise
to an additional broadening of the resonances measured. We
should note that the spectral broadening of the lowest transition
in both the PL and reflection spectra is of about 0.1 meV, which
is extremely small for structures of this type known in literature
(see, e.g., Refs. [18,30,45–47]).

We estimate the ratio of radiative decay rates of different
exciton transitions using a simplified model of size quantiza-
tion of an exciton motion in a symmetric QW with infinitely
high barriers [48]. The envelope wave functions of the center-
of-mass motion of the exciton as a whole are proportional
to cos(Nπz/L∗) for odd number N of the quantum confined
exciton state and to sin(Nπz/L∗) for even N , where z is the
exciton center-of-mass coordinate along the structure axis.

The rate of the radiative transition, �0N , is proportional to
the squared overlap integral of the exciton wave function with
the light wave, F 2

N (K), which, in the framework of this model,
is [48]

F 2
N (K) =

{
C2

N cos2 (KL∗/2) for odd N

C2
N sin2 (KL∗/2) for even N,

(4)

where

CN = Nπ/L∗

[(Nπ/L∗)2 − K2]

√
2/L∗. (5)

Here K is the photon wave vector in the QW material.
As seen from Eqs. (4) and (5), this rate may be strongly
different for exciton states with even and odd numbers and
gradually decreases with N . For the case of QW under
study, Eqs. (4) and (5) give the following radiative decay
rates for different quantum confined states normalized to
the rate of X1 transition: (�0N/�01)calc = F 2

N (K)/F 2
1 (K) =

1,0.28,0.04,0.06 for N = 1, . . . ,4. Numerical calculations for
QWs of similar widths in more accurate models give rise to
similar results [42]. The dependence of the normalized rate
on number N of the exciton state qualitatively reproduces
the dependence obtained from the reflectance spectrum:
(�0N/�01)exp = 1,0.41,0.13,0.23. At the same time, the quan-
titative disagreement between the calculated and experimental
data indicates that the exciton wave functions in real structure
considerably differ from those used in the above simple model.
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FIG. 2. (Color online) PLE spectra for resonances X1, . . . ,X4.
Legends show identification of separate maxima: X8 is the eighth
quantum confined state of the heavy-hole exciton; Xlh is the lowest
state of the light-hole exciton; “NQW” is the lowest state of the
heavy-hole exciton in the narrow QW; “GaAs” is the exciton state
in the GaAs barriers. (b) HWHM of the resonances as functions of
excitation energy. Excitation power P = 50 μW.

The exciton radiative time can be estimated from the given
in Table I values of �0N using relation τXN = 1/(2�0N ) (see,
e.g., Ref. [40], p. 92). For the first two transitions, the radiative
times are τX1 = 6.9 ps and τX2 = 17 ps. These values are of
the same order of magnitude as the radiative recombination
time, τrad ∼ 10 ps, reported previously for GaAs QWs [3,5].
As seen from Table I, the nonradiative broadening ��X1 for
the first exciton state is smaller than for the higher states. This
means that the broadening of excited states is contributed by
additional nonradiative mechanisms.

For a deeper insight into the origin of relaxation processes in
the structure, we have measured the PLE spectra of the exciton
resonances. Figure 2(a) shows the spectral dependencies of
integral intensity for the first four peaks on the photon
energy of excitation. The spectra display several remarkable
features [49]. The Xlh band was identified as the lowest state
of the light hole exciton. The degree of circular polarization of
PL measured at this resonance has the opposite sign compared
to the polarization degree of the heavy-hole resonances. This
effect is due to different selection rules for respective optical
transitions and is well known in literature [50]. The Xlh exciton
state is split off from the X1 exciton mainly due to the internal
strain in the GaAs/InGaAs structure caused by the lattice
mismatch of the QW and barriers.

The efficiency of excitation of all the resonances is
synchronously changed with the photon energy increase up to
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the energy of the transition Xlh. However, above this transition,
the lowest exciton state (X1) is populated more efficiently than
other states, so that the relative intensity of the corresponding
exciton resonance increases. This is an indication that one
more relaxation mechanism is “switched on” in this spectral
range of excitation. Its possible origin will be discussed in
Sec. IV.

Figure 2(b) shows the dependence of HWHM of the first
four exciton peaks on the excitation photon energy. The
HWHM were obtained by Lorentzian fitting of the PL spectra
measured at each excitation energy. The excitation energy was
scanned with small steps of about 0.05 meV. As one can see
from the figure, the peak broadening noticeably increases
above the Xlh transition. A particularly strong increase of
HWHM is observed for the first resonance that also indicates
an additional mechanism of the broadening, which switches
on at these photon excitation energies.

B. Temperature and pump power dependencies
of the exciton resonances

The experimental data discussed in the previous section
have been obtained at low temperature (4 K) and low excitation
power (10–50 μW). In this case the phonon-mediated relax-
ation and the exciton-exciton scattering are not very efficient.
To investigate the role of phonon-mediated processes, we
have studied the temperature variations of PL spectra. The
temperature rise has been found to be accompanied by a
synchronous decrease of the integral amplitude of all exciton
resonances, leading to the approximately 20-fold decrease of
the total PL intensity with the temperature increase from 4 to
30 K (see Fig. 3). The temperature dependence of the total PL
intensity can be well approximated by expression

I (T ) = P

1 + (γ0X/γr ) exp
(−EX

kT

) + (γ0b/γr ) exp
(− Eb

kT

) .

(6)

This expression is derived from the balance equation for
the exciton population nX accounting for the relaxation to
radiative states with rate γr (T ) as well as for two processes of
thermally activated dissipation of excitons. In such conditions,
the balance equation reads

dnX

dt
= P − [γr (T ) + γX(T ) + γb(T )] nX. (7)

Here P is the rate of optical excitation. A theoretical analysis
shows [4,14,51] that the exciton relaxation rate in QWs,
γr (T ) = γ0r/T , that is inversely proportional to the sample
temperature. The temperature dependencies of the exciton
dissipation rates are described by Boltzmann functions:

γi(T ) = γ0i exp(−Ei/kT ). (8)

The value of the first activation energy obtained in the fit, EX =
4.5 meV, approximately corresponds to the exciton binding
energy. Therefore, we assume that the first temperature-
activated process is the exciton dissociation into free carriers.
The second energy, Eb = 16 meV, is significantly smaller
than the quantization energy for excitons in the QW under
study (of about 25 meV). It appears that the obtained value
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FIG. 3. (Color online) Temperature dependencies of integral PL
intensities [(a), (b)] and of HWHM for different resonances [(c), (d)].
Solid curves in (a) and (b) are the fits by Eq. (6) with parameters:
γ0X/γ0r = 1.1, γ0b/γ0r = 780 for excitation power P = 10 μW in
(a); γ0X/γ0r = 0.4, γ0b/γ0r = 80 for excitation power P = 150 μW
in (b). The activation energies for both excitation powers are Ex =
4.5 meV and Eb = 16 meV. The dependencies were measured at
the excitation into the X6 transition, whose spectral position was
determined at each temperature.

of Eb is closer to the band offsets for free electrons and/or
holes, although the ratio of the latter quantities is unknown
and has been extensively discussed in literature up to now
(see, e.g., Refs. [52–54]). This is why we conclude that the
second temperature-activated process of PL quenching is the
emission of carriers into barrier layers accompanied, possibly,
by a radiative recombination in a different spectral range.

Besides the PL quenching, the temperature increase helps
in establishing thermal equilibrium between occupations of
different exciton states. In this case, we could expect a
remarkable change of the relative intensities of exciton peaks
with temperature. In particular, at low temperatures, when
the thermal energy, kT , is smaller than the energy distance
between the quantum confined exciton states, the lowest
exciton state should be predominantly occupied. At elevated
temperatures, when kT > EX4 − EX1, the populations of
these levels should be nearly equal. The experimental data,
however, show that the relative intensities of different PL
lines are almost independent of temperature. This means that
the efficiency of thermally activated exciton dissociation and
carrier ejection is higher than the phonon-mediated transitions
between different exciton levels responsible for the thermal
equilibrium. We conclude that the thermal equilibrium in the
exciton subsystem is not achieved in this structure in the
temperature range of 4–30 K.

The widths of exciton lines also reveal a surprising, at first
glance, behavior at elevated temperatures. A strong decrease
of the PL yield with the temperature increase indicates
that the nonradiative exciton relaxation begins to dominate
over the radiative one at T > 15 K [see Figs. 3(a) and
3(b)]. If the widths of exciton lines are controlled at low
temperature mainly by the radiative processes, the temperature
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FIG. 4. (Color online) Power dependencies of HWHM of the
resonances measured at T = 8 K (symbols). Curves are guides for
the eye.

rise should result in line broadening, which is not observed
in the experiment. Indeed, as seen in Fig. 3(c), the linewidths
measured at the low excitation power are almost constant in the
temperature range studied within our experimental accuracy.

The increase of the excitation power strongly affects the
linewidths. Figure 4 shows that it causes an additional line
broadening, which is approximately proportional to the square
root of the pump power. The additional broadening is a
nonmonotonic function of temperature: it increases with the
temperature rise up to, approximately, T = 15 K and then falls
down with the further sample heating [cf. Figs. 3(c) and 3(d)].
This behavior is observed for all the excitation powers we used
where the additional broadening can be reliably identified.

C. Kinetics of exciton states

The most direct knowledge of the exciton relaxation
processes can be obtained in kinetic experiments. We have
performed pump-probe experiments in the reflection geometry.
Figure 5(a) shows the differential reflectance signal for the
lowest exciton transition as a function of delay between pump
and probe pulses. An important peculiarity of the signal is
the simultaneous presence of fast and slow components. The
slow component is almost unchanged during a few hundreds
of picoseconds. The fast component of kinetics reflects the
dynamics of radiative excitons. In a general case, it can be
formed by the coherent and incoherent contributions. The
coherent part of the signal is due to the four-wave mixing
process [55]. It forms the leading edge of the fast component
when the probe pulse precedes the pump one, tpr < tpu. The
analysis of coherent signal in detail is out of the scope of the
present work.

The falling edge of the fast component is formed by
an ordinary pump-probe signal, which is determined by the
exciton population created by the pump pulse. Assuming that
the pump pulse has a finite duration (Tpu = 1.75 ps; see
Sec. II), and the probe pulse is very short (δ pulse), we obtain
the following expression for the decaying part of the signal:

fpp(tpr ) = Ipr

∫
Ipu(t)θ (tpr − t) exp

(
− tpr − t

T1

)
dt. (9)
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FIG. 5. (Color online) (a) Kinetics of pump-probe signal mea-
sured at the X1 resonance at T = 4 K and pump power Ppu = 10 μW
(dots). The smooth solid curve shows the fit of the fast component
decay by function ffast(t) [see Eq. (11)]. The dashed curve shows
the rise of the slow component modeled by Eq. (10). The inset shows
temperature dependencies of T1 (blue dots) and γesc (orange squares).
(b) Spectral dependence of the differential reflection measured at the
30-ps delay after the pump pulse (blue curve). Dotted red curve
shows the spectrum of the pump pulse. Dashed curve is a modeling
of the pulse spectrum by function Ipu(ω) given by Eq. (12) with
�δω = 0.37 meV.

Here we integrate over pump pulse and take into account the
sequence of pulses introducing the Heaviside step function
θ (t). Quantities Ipu(t) and Ipr are the intensities of the pump
and probe beams. The pump-probe signal is proportional to
the first powers of the pump and probe intensities and its
dependence on the time delay is determined by the decay time
of exciton population, T1.

The fast component is superimposed on the slow one caused
by the nonradiative excitons. It arises due to the ejection of
radiative excitons beyond the light cone. Therefore the rise of
this component is also fast and modeled as

fslow(tpr ) = αnrγesc

∫ tpr

0
fpp(t)dt, (10)

where γesc is the rate of exciton ejection and constant αnr �
1 takes into account that the contribution of nonradiative
excitons into the pump-probe signal may be smaller than that
of radiative ones for the same exciton density.

The total signal detected in the experiment is the sum of
both the contributions:

ffast(tpr ) = fpp(tpr ) + fslow(tpr ). (11)
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In the modeling of the pump-probe signal, we assume that the
pump pulse has a rectangular temporal profile with duration
Tpu. Its spectrum shown in Fig. 5(b) can be well fitted by
function:

Ipu(ω) = Ipu0

(
sin[(ω − ω0)/δω]

(ω − ω0)/δω

)2

. (12)

This function is obtained by the Fourier transformation of a
rectangular optical pulse with carrier optical frequency ω0 and
duration Tpu = 1/δω.

Figure 5(a) shows the fit of the falling edge of the fast
component by function ffast(t). The rise of the slow component
is also shown by a separate curve. One can see that the decay
of the fast component is well modeled by function ffast(t) that
allows us to obtain decay time T1 of exciton population. For
temperature T = 4 K, time T1 = 6.4 ps, which is close to that
obtained from the reflectance spectrum, 1/�01 = 6.9 ps.

The inset in this figure shows the temperature dependence
of T1. As seen, it strongly decreases when the temperature
increases up to 16 K and then rises again. To analyze this effect,
we assume that the decay of the fast component is determined
by the two main processes, the radiative decay and the exciton
ejection characterized by rate γesc. Correspondingly, the decay
rate is

1/T1 = �01 + γesc. (13)

The temperature dependence of γesc can be obtained from
experimental data. Indeed, the amplitude of the slow com-
ponent at time t � Tpu becomes independent of time and is
determined by γesc. From Eq. (10) we obtain

�fslow = fslow

fpp(Tpu)
= αnrγescT1e

Tpu/T1 . (14)

Here we normalized the amplitude of the slow component
on the peak amplitude of pump-probe signal described by
Eq. (9) to exclude intensities of the pump and probe beams.
The temperature dependence of γesc is shown in the inset of
Fig. 5(a). As seen this rate strongly increases at T = 16 K
and then drops again. Such behavior cannot be explained
by the exciton-phonon scattering because the rate of this
scattering should monotonically depend on temperature in
the range under study (see, e.g., Ref. [45]). Possible physical
mechanisms of the exciton ejection will be discussed in the
next section.

Figure 5(b) shows the spectral dependence of differential
reflection measured at the time delay 30 ps when only the
slow component persists. The pump pulses were spectrally
narrow as shown in the figure. Although the spectral position
of the pump pulses has been chosen to excite predominantly the
lowest exciton level, the nonzero signal is observed in the wide
spectral range up to the light-hole (Xlh) exciton transition.

Temperature variations of the pump-probe signal are shown
in Fig. 6. One can see that a considerable signal appears at the
negative delay where the probe pulse tests the sample before
the pump pulse arrives. The temperature rise from 4 to 12 K
causes a considerable rise of this signal, which then drops at
further increase of the temperature.

The presence of the pump-probe signal at negative delays
indicates that the characteristic relaxation time of the slow
component, τslow, exceeds the repetition period of excitation
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FIG. 6. (Color online) Temperature variations of the pump-probe
signal for the lowest exciton transition. Pexc = 100 μW.

pulses (Tl = 12.5 ns). As a result, the detected signal is accu-
mulated from many preceding pump pulses. The amplitude of
the slow component created by a single pulse decays during
time Tl to value: Ipp1 = fslow exp(−Tl/τslow). The total signal
for all the preceding pulses can be easily calculated as a sum
of the geometric progression: Ipp = fslow exp(−Tl/τslow)/[1 −
exp(−Tl/τslow)]. This expression allows us to roughly estimate
the relaxation time τslow using the experimentally measured
ratio fslow/Ipp. Time τslow increases from 15 to 45 ns in the
temperature range of 4–12 K and rapidly drops with the further
temperature increase. At T > 24 K, the signal at negative
delays is not detectable. This means that the decay time τslow

is shorter than the pulse repetition period Tl .

IV. DISCUSSION

The experimental results presented above clearly show that,
at low temperature and low excitation power, the structure
under study is characterized by extremely narrow widths
of exciton resonances and demonstrates zero Stokes shifts
between the resonances observed in PL and reflectance
spectra. This is a clear indication of the absence of noticeable
inhomogeneous broadening of spectral lines. The linewidth is
controlled solely by the relaxation processes.

The absence of any noticeable broadening of the resonances
with the temperature rise at quasiresonant excitation with low
power (see Fig. 3) means that the relaxation of radiative
excitons is not affected by the exciton-phonon scattering in
the temperature range studied. At the same time, the peak
width remarkably rises with excitation power (Fig. 4). Because
the pump power increase leads to the increase of the exciton
density, the observed additional broadening, δEc, is most
probably related to exciton-exciton collisions resulting in the
relaxation of exciton states. The rate of relaxation should
be proportional to the exciton density and, therefore, to the
excitation power. The experiment, however, shows a sublinear
power dependence (see Fig. 4). We have to assume that the
nonlinearity is caused by the collision-induced decrease of
the radiative recombination rate and of the corresponding
broadening, ��0, due to the decrease of the exciton coherence
volume. Such effect of additional relaxation on the radiative
recombination rate of excitons is theoretically discussed in
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Refs. [2,15,26] and experimentally studied in Refs. [5,33,56].
The decrease of radiative broadening partially compensates the
collision-induced broadening so that the total peak broadening,
δE = ��0 + δEc, should depend on power sublinearly [26].
The linear dependence of integral intensities of exciton peaks
on the excitation power (not shown here) evidences that there
is no noticeable contribution of other mechanisms, e.g., of
nonradiative exciton recombination, to the line broadening in
these experimental conditions.

The above-noted increase of relative intensity and width
of the first exciton peak at high photon energy of excitation
(see Fig. 2) requires particular attention. These observations
point out that the cascade relaxation of photocreated excitons
over the quantum confined states is replaced by the direct
carrier relaxation into the lowest exciton level. Indeed, at the
excitation above the Xlh transition, the probability of resonant
excitation with generation of excitons becomes smaller than
that of generation of free carriers. The photocreated electrons
and holes relax to their ground states where they are bound
in excitons. The excitons thus created populate predominantly
the lowest energy state, which explains the increased intensity
of the X1 peak at these excitation conditions. Our assumption
about the photocreation of free carriers is further supported
by the observation of a strong broadening of the lowest
exciton peak. Indeed, according to Refs. [23,33], the cross
section of exciton-free-carrier scattering is by an order of
magnitude larger than that of the exciton-exciton one. So, the
exciton relaxation due to exciton-carrier collisions is mainly
responsible for the strong broadening of the X1 resonance in
the case of excitation above the Xlh transition.

The temperature dependence of the PL peak intensities
and widths (see Fig. 3) appears to be contradictory at the
first glance. The temperature increase induces a remarkable
decrease of the integral PL that points to the activation of
efficient nonradiative relaxation processes for excitons. The
relaxation would seem to be accompanied by a noticeable
broadening of exciton peaks, which is not observed in the
experiment.

The origin of this effect is related to the temperature
dependence of the exciton density in the reservoir. The nonra-
diative excitons can be efficiently created under nonresonant
excitation via one-phonon relaxation as schematically shown
in Fig. 7. According to the selection rule, the exciton wave
vector in the QW plane should to be equal to the projection of
the phonon wave vector onto the plane. The energy difference
between the nearest exciton levels in our structure is about
0.5 meV or larger. We can estimate the wave vector acquired
by an exciton in the course of relaxation via emission of a
longitudinal acoustic (LA) phonon. Note that the LA phonons
interact more strongly with excitons than other acoustic
phonons [13,25,27]. The wave vector of a LA phonon of energy
about 0.5 meV in GaAs is 0.07 nm−1, approximately. The light
cone is limited by the photon wave vector, Kc ≈ 0.03 nm−1 in
GaAs, which is smaller than the phonon wave vector. So, most
parts of excitons created by a nonresonant optical excitation
should be nonradiative.

At low temperature, the main decay channel of nonradiative
excitons in a high-quality structure is the wave vector relax-
ation schematically shown in Fig. 7. As a result, nonradiative
excitons convert into radiative ones and eventually recombine.

exc

PL

PL

E

Kxy
KC

FIG. 7. (Color online) A simplified sketch of the processes dis-
cussed. Parabolas show the dispersion of the quantum confined
exciton states along the QW layer. Vertical dashed lines restrict the
light cone area of wave vectors. The bold arrows show excitation
and PL processes and the wavy arrows show the phonon-mediated
exciton relaxation.

The rate of this relaxation should be very limited because the
radiative states are just a small fraction of all states within the
exciton band, and the probability for an exciton to be found in
one of the radiative states is low. This is why the lifetime of
nonradiative excitons may drastically exceed that of radiative
ones.

We believe that nonradiative excitons are responsible for the
long-lived component of signal in pump-probe experiments,
shown in Figs. 5 and 6. In these experiments, the reservoir
of nonradiative excitons can be filled in by ejection of
radiative excitons as is discussed in the preceding section.
In addition, due to the finite spectral width of the pump
pulses as well as the presence of some spectral wings [see
Fig. 5(b)], the excitation of the high-energy exciton transitions
is also probable. Exciton relaxation from the excited states
populates the reservoir of nonradiative excitons. The lifetime
of the long-lived component, τslow, characterizes the rate of
transformation of the nonradiative excitons into radiative ones.
At low temperature τslow ≈ 15 ns, which is orders of magnitude
longer than the lifetime of radiative excitons.

Nonradiative excitons do not directly interact with light.
However, as we can see, they give some indirect contribution
to reflectance. Because of orthogonality of the wave functions
of excitons with different wave vectors, their contribution to the
pump-probe signal should not been connected with bleaching
of exciton transitions due to phase-space filling considered
in Refs. [57–59]. The Coulomb screening effect discussed
in these papers is not expected to play a major role at low
excitation powers used in our experiments. More probably, the
experimentally observed changes in the differential reflection
are due to the scattering of radiative excitons by nonradiative
ones. The scattering results in the broadening of exciton
transitions, which is observed, particularly, in the PL spectra
at strong pumping [see Fig. 3(d)]. The broadening changes the
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reflectivity, which is detected as the pump-probe signal and,
correspondingly, as the change of the differential reflectance
in the vicinity of high-energy exciton transitions, observed
experimentally [see Fig. 5(b)].

The huge difference in lifetimes of the radiative and
nonradiative excitons explains the contradictory temperature
behavior of the PL peaks mentioned above. Indeed, the
radiative states are mainly populated by the cascade relaxation
of photocreated excitons via nonradiative states. Due to
the low rate of transformation of nonradiative excitons into
radiative ones, almost all the excitation power is accumulated
in the nonradiative exciton reservoir; in particular, the ratio
of densities of nonradiative and radiative excitons, nnr/nr =
τslow/T1 ≈ 2 × 103 at T = 4 K. The temperature increase
triggers the exciton dissociation primarily in this reservoir.
The characteristic time of this dissociation process becomes
comparable to the lifetime of nonradiative excitons which leads
to an efficient depopulation of the reservoir. The depopulation
is evidenced by a rapid decrease of the slow component am-
plitude in the pump-probe signal at T > 15 K [see Fig. 5(a)].
We believe that this is the process responsible for the PL
quenching at elevated temperatures. At the same time, the
exciton dissociation is still a slow process in comparison with
the radiative recombination and, therefore, it cannot have a
noticeable effect on the broadening of exciton peaks. This
explains the seeming contradiction mentioned above.

The interaction of radiative excitons with nonradiative ones
explains the nonmonotonic temperature dependence of the PL
peak width. The increase of the width when the temperature
rises up to 15 K is related to the accumulation of nonradiative
excitons, which is evidenced in the pump-probe experiments
as the increase of the amplitude of long-lived component of the
signal (see Fig. 6). The accumulation is caused by the increase
of the average kinetic energy and, consequently, of the average
wave vector of the nonradiative excitons with the temperature
increase. As a result, the exciton relaxation to the light cone is
slowed down and their lifetime increases.

A simple theoretical analysis predicts a linear temperature
dependence of the exciton lifetime and, hence, the density
of nonradiative excitons in QWs [4,14,51,60]. At higher
temperatures, the thermoactivated dissociation of nonradiative
excitons reduces their density and, consequently, diminishes
the additional broadening of exciton peaks. Figure 8 shows
that the peak width and the amplitude of the long-lived
component exhibit likewise temperature dependencies for
the first exciton transition. This confirms that nonradiative
excitons strongly affect both broadening and amplitude. The
temperature dependence of δE can be approximated by
function:

δEX1(T ) = δE0 + αT I (T ), (15)

where I (T ) is given by Eq. (6) and describes the thermally
activated losses of excitons in the reservoir.

The nonmonotonic temperature behavior of the exciton
ejection rate, γesc, discussed in Sec. III B is also explained by
the scattering of radiative excitons by the nonradiative ones.
Rate γesc normalized to the amplitude Ipp of the long-lived
component of the pump-probe signal (see Fig. 8) is found to be
not dependent on temperature within an experimental error of
about 15%. Because Ipp is proportional to the exciton density
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FIG. 8. (Color online) Temperature variations of the line broad-
ening δEX1 (blue balls) for transition X1 measured at excitation power
P = 50 μW and of amplitude Ipp (orange crosses) of the long-lived
component of the pump-probe signal shown in Fig. 6. Solid curve
shows fit by Eq. (15) with parameters [see Eq. (6)]: δE0 = 120 μeV,
γX1/γ0r = 0.5, γb/γ0r = 140. The activation energies are chosen the
same as for PL quenching (see Fig. 3).

in the reservoir, nnr , this fact means that γesc ∼ nnr . We,
therefore, may conclude that the ejection of radiative excitons
beyond the light cone is mainly caused by their collisions with
nonradiative excitons.

V. CONCLUSION

The analysis of PL spectra and relaxation kinetics of
quantum confined exciton states in a high-quality wide QW
structure allowed us to obtain valuable information about the
most important relaxation processes in this system. Extremely
narrow widths of spectral lines and the absence of any
Stokes shift between the resonances observed in the PL and
reflectance spectra indicate the high quality of the structure.
Our experiments show that, because of the negligibly low
density of defects, the most efficient process of exciton
decay at low temperatures and low excitation powers is
the radiative recombination. This process is responsible for
the broadening of the low-energy exciton peak. The rate of
radiative recombination for the higher energy exciton states
is reduced. This is why the phonon-mediated relaxation of
excitons from higher to lower energy states strongly affects
the line broadening. The relaxation process is additionally
favored for higher energy states since the density of acoustic
phonon states increases as a function of energy.

Our study shows that the kinetics of radiative excitons is
strongly affected by the long-lived reservoir of nonradiative
excitons whose wave vectors lie outside the light cone. In
particular, the reservoir manifests itself in the long-lived
component of the pump-probe signal. The lifetime of this
component is three orders of magnitude larger than the
radiative decay time. It is governed by the slow relaxation
of nonradiative excitons into the radiative states. At low
temperature, the slow relaxation does not lead to a reduction
of the PL yield, as nonradiative recombination processes in the
reservoir are inefficient in high-quality QWs. The temperature
increase up to 30 K results in the strong decrease of exciton
PL intensity with no noticeable broadening of the exciton
lines. The origin of this unusual effect is in the thermal
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dissociation of nonradiative excitons in the reservoir. The
dissociation rate is comparable to that of exciton relaxation
from nonradiative to radiative states but it is drastically
lower than the recombination rate of radiative excitons,
which governs the widths of exciton lines. The reservoir of
nonradiative excitons also affects the exciton PL spectra. In
particular, the scattering of radiative excitons by nonradiative
ones at high pumping intensity results in a supplementary
broadening of the PL lines.

It should be emphasized that the observed nontrivial effects
are not a specific property of the sample under study. They
can be realized in any semiconductor QWs of moderate width
characterized by ultrahigh quality.
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