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Optically inactive or dark excitons play an important role in exciton and polariton devices. On one hand,
they supply excitons to the light cone and feed the photoluminescence signal. On the other hand, they repel
radiatively active excitons due to the exchange interaction and contribute to the formation of lateral potentials for
exciton and polariton condensates. On top of this, they play an important role in scattering and energy relaxation
dynamics of quasiparticles in semiconductors. So far, because of optical inaccessibility, studies were focused
typically on one experimental technique, giving information about one quantity of dark excitons. Here we present
a comprehensive study of the dark exciton reservoir in a high-quality 14-nm GaAs/AlGaAs quantum well using
several experimental techniques. We develop a new method of nonradiative broadening spectroscopy of exciton
resonances and combine it with nondegenerate pump-probe spectroscopy. The exciton and carrier dynamics in
the reservoir is monitored via dynamic broadening of exciton resonances induced by exciton-exciton and exciton-
carrier scattering. The dynamics is found to be strongly dependent on the optical excitation conditions. Based
on the experimental results, we develop a model of dynamics in a reservoir of excitons and free carriers. The
model allows us to describe the experimentally measured photoluminescence kinetics with no fitting parameters.
We also demonstrate the optical control of the dark exciton density by means of an additional excitation that
creates imbalance of free carriers depleting the reservoir. These results shed light onto the dynamics of the
excitonic “dark matter” and pave the way to the high-precision engineering of optically induced potentials in
exciton-polariton and integrated photonic devices. We expect that the observed results can be transferred also to

other semiconductors so that the current quantum well serves as a high-quality model system.

DOI: 10.1103/PhysRevB.104.035414

I. INTRODUCTION

Excitons dominate the low-temperature optical spectra of
semiconductors [1-4]. These quasiparticles play a crucial
role in a number of remarkable fundamental effects such as
the Bose-Einstein condensation and superfluidity, polariton
lasing, spin Hall effect, etc. [5-11]. Experimentally, mostly
the bright excitons that efficiently couple to light have been
studied until now. The typical bright exciton radiative recom-
bination time in a semiconductor quantum well (QW) is on the
order of units or tens of picoseconds [3,12,13]. In contrast,
the exciton photoluminescence (PL) kinetics in QWs under
pulsed non-resonant excitation typically decays in 1 ns [14].
This drastic difference illustrates that PL kinetics directly
depend on the relaxation processes preceding the formation
of radiative (bright) excitons.

In these relaxation processes, an important role is attributed
to the photocreated free carriers and hot excitons with a large
wave vector Ky of propagation along the QW layer (the in-
plane wave vector) exceeding the wave vector of light K.
in the QW material. Such excitons cannot recombine with
photon emission because of the wave-vector selection rule.
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This is why they are frequently referred to as nonradiative
or “dark” excitons. Excitons with angular momentum J = 2
which cannot emit light because of the spin selection rules
also contribute to the reservoir of dark excitons. Note that
in GaAs-based quantum wells, the splitting between excitons
with J = 1 and 2 is less than 0.1 meV [15]. Even at a tem-
perature of 1 K, such excitons are in equilibrium. The phonon
bottleneck effect [16,17] leads to slow relaxation of the nonra-
diative excitons towards radiative states with Kx < K.. Thus,
the excitons not interacting with light are decoupled from
other subsystems allowing one to introduce the concept of an
exciton reservoir, which can live for tens of ns in high-quality
structures [18].

The areal density of the nonradiative excitons can exceed
that of the radiative ones by orders of magnitude in the
steady-state experiments. Although the reservoir of nonra-
diative excitons is a “dark matter,” which cannot be directly
tested by light, it is feasible to test its effect on the radiative
excitons. In particular, the exciton lines in optical spectra can
considerably broaden because of the scattering of the radiative
and nonradiative excitons [19].

In a general case, the reservoir consists of a mixture of
nonradiative excitons and free carriers [20,21]. Many fun-
damental processes determine the dynamics of this system.

©2021 American Physical Society
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These include exciton and carrier energy relaxation and ther-
malization, the coupling of electrons and holes into excitons,
dissociation of excitons at elevated temperatures, and the
scattering of excitons from the reservoir into the light cone
followed by fast recombination. The rate of these processes
strongly depends on the experimental conditions, such as the
photon energy of the excitation, its power density, or the
sample temperature. There have been many attempts to study
these processes experimentally and theoretically.

Up to now, experimental approaches have focused on two
main methods: the first one relies on the PL kinetics [14,22—
30]. However, using this approach, excitons in the reservoir
may be studied only indirectly because the PL appears only
after the excitons have already scattered from the reservoir
into the light cone.

The second, more direct method, deals with terahertz
(THz) experiments [26,31-37]. The transition between 1s and
2p exciton states typically falls into the THz range. Therefore,
the resonant absorption at the corresponding frequency in the
range from 1 to 2 THz depending on the QW width allows
one to estimate the exciton density. It is worth noting here
that it has always been a big problem to assess the exciton
density quantitatively, already for the bright, but also for the
dark excitons. Nonresonant THz absorption is also a viable
tool to estimate the carrier density in the electron-hole plasma.
In a two-color pump-probe setting, a near-infrared pump beam
and a THz probe beam may be applied to study the exciton
and carrier dynamics in the reservoir. The main drawback
of this method is its relatively low sensitivity, related to the
small cross section of the THz absorption. Therefore, these
experiments require pump pulses with relatively large powers,
which considerably affect the exciton and carrier dynamics in
the reservoir.

Recently, a new approach of tracking dark excitons in the
reservoir with exciton polaritons was suggested [10]. Using
polariton bistability, authors found the long-lived (>20 ns)
exciton reservoir in microcavity exciton-polariton systems.
However, this experimental approach only works in microcav-
ity systems.

Accordingly, the theoretical modeling of the excitonic
reservoir behavior is challenging as it may only rely on the
scarce experimental data available. First attempts of such
modeling [38—40] provoked an extensive and contradictory
discussion of the primary mechanisms of the formation of the
exciton PL signal [25-28,30,34,36,41,42]. The widely used
model assumes the formation of excitons in the reservoir by
photoexcited electrons and holes. When formed, these exci-
tons are scattered by other excitons or acoustic phonons into
the light cone, where they recombine by emitting light. Both
processes, namely, the exciton formation and their scattering
to the light cone, are slow compared to the exciton radiative
recombination because they involve interactions with acoustic
phonons. The scattering to the light cone slows down also due
to a small number of available quantum states for excitons
within the light cone, as compared to the number of quantum
states in the reservoir. At low excitation powers and temper-
atures, these considerations are sufficient to explain the slow
rise and decay of the exciton PL moderately well. However,
the complex time dependence of the PL signal at increased ex-
citation powers and/or elevated temperatures requires a more

sophisticated theory. In particular, one observes a shortening
of the rise and decay times of the PL signal, which requires
new theoretical considerations.

In Ref. [40] an explanation for the shortening of the PL rise
time is proposed. The authors suggest that the recombination
of Coulomb-correlated electron-hole pairs is responsible for
the PL signal at the exciton resonance frequency rather than
true excitonic recombination. This idea has been tested exper-
imentally in many works [25-28,30,34,36]. However, there is
still no general consensus with respect to this question. The
reasons for the persisting ambiguity regarding the origin of the
exciton PL signal are (1) the number of processes involved in
the PL signal dynamics is large, (2) the rates of these processes
are sensitive to the particular experimental conditions, (3)
the experimental data are not sufficient to draw unambiguous
conclusions about each of the processes involved.

As one can see from the discussion above, the available
knowledge about the physical processes occurring in the reser-
voir and their dependence on external conditions is limited.
Moreover, the available experimental data were obtained on
structures of different quality. Composition, size fluctuations,
and other defects in the QW structure under study can signifi-
cantly impact experiments giving rise to false conclusions.

In this work, we investigate the exciton-carrier reservoir
considering various methods of its photocreation and vari-
ous channels of signal detection. We study a high-quality
heterostructure with a 14-nm shallow GaAs/Alj 3Gagg7As
QW, in which only fundamental processes control the exciton-
carrier dynamics in the reservoir. To get the complete
information about the processes in the reservoir, we used
the spectrally resolved pump-probe technique described in
Ref. [15]. Here, the main quantity of interest is the dynamics
of the nonradiative broadening of exciton resonances [15,43].
This technique allows instantaneous access to the exciton and
carrier concentrations in the reservoir, thus enabling the study
of their dynamics. To distinguish between the contributions
of the reservoir excitons and free carriers, we measure the
broadening dynamics at several optical excitation energies.
We found that in cases where both excitons and free carriers
are created in the QW, the excitons in the nonradiative reser-
voir survive up to the next laser pulse. In other words, their
lifetime exceeds 12.5 ns. The small depth of potential wells
in the QW structure under study allowed us to selectively
implement excitation conditions for which either electrons, or
holes, or both types of carriers are created in the barrier layers.
We found the exciton reservoir to efficiently deplete in case of
imbalance in the photocreated electrons and holes in the QW.
This indicates the key role of exciton-carrier scattering in the
depletion of the reservoir.

The paper is organized as follows. In the first two sections,
we explain the employed method by which we measure the
excitation spectra of the nonradiative broadening of exciton
resonances. Using it and the PL excitation (PLE) spectra, we
suggest a model of the energy structure of the exciton and
carrier states in our sample (see Sec. IV). This model pro-
vides a reasonable choice of experimental conditions to study
the reservoir dynamics. We describe this dynamics study in
Sec. V. The next section describes the model for the dynamics,
which we develop to explain the experimental observations.
The model, in particular, predicts the PL signal profiles for
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FIG. 1. The reflectivity spectrum of the studied QW structure
measured at 7 = 5 K. Labels Xhh and Xlh mark the ground states
of the heavy-hole and light-hole excitons in the QW. Resonance
“X3” can be tentatively ascribed to the third quantum-confined state
of the heavy-hole exciton. Inset shows fragments of the reflectivity
spectra measured with no pump (lower curve) and in the presence
of an additional cw excitation of the power density P, = 1 W/cm?
resonant with the Xlh exciton transition (upper curve). The upper
spectrum is vertically shifted by 0.1 for the clarity of presentation.
Solid lines show the fits using Egs. (1) and (2).

all excitation conditions. We compare these predictions with
experimentally measured PL kinetics in Sec. VII. Section VIII
discusses the obtained experimental results and their model-
ing. Then, we demonstrate a possibility to control the exciton
reservoir in Sec. IX. Finally, we summarize our findings in the
Conclusion.

II. REFLECTIVITY SPECTRA

The structure under study was grown by molecular beam
epitaxy (MBE) on n-doped (001) GaAs substrate. The sam-
ple contains a 14-nm GaAs QW layer sandwiched between
Al,Ga;_,As barrier layers with x &~ 3%. Such low aluminum
content maintains a high structural quality of samples, possi-
bly suppressing the built-in deformations [44]. Shallow, a few
tens of meV, potential wells allow one to study the energy
structure of excitonic and carrier states in the whole energy
range from the lowest heavy-hole exciton state in the QW up
to the bulk exciton state in the barrier layers.

We measured reflectivity spectra of the structure at nor-
mal incidence of a probe laser beam. Spectrally broad 80-fs
pulses of a Ti:sapphire laser, used in these experiments, cover
the whole spectral range studied. The reflected laser beam
was dispersed in a 0.5-m spectrometer with an 1800 gr/mm
grating and detected by a nitrogen-cooled CCD array. The de-
tected signal was normalized with respect to the laser spectral
profile to obtain the reflectivity spectra of the sample.

A typical reflectivity spectrum of the studied QW struc-
ture is shown in Fig. 1. It displays the heavy-hole (Xhh)
and light-hole (X1h) exciton resonances in the spectral region
of 1.525-1.535 meV. The resonances appear as peaks due
to the intentional choice of the top sample layer thickness.

The spectrum also displays features related to the excitons in
the thick GaAs buffer layer and in the AlGaAs barrier layers.
The energy gap between these features provides a good esti-
mate for the joint depth of potential wells for carriers of about
46 meV.

The inset in Fig. 1 shows a fragment of the reflectivity
spectra in the spectral vicinity of Xhh and Xlh resonances.
The spectral widths of the resonances are very sensitive to
the excitation conditions. In the regime of a weak probe
beam intensity of 1 uW per spot area of 10* um? with
no additional illumination applied, the full width at a half-
maximum of the Xhh resonance is only AE = 185 ueV. Such
a small spectral width of the exciton resonance indicates the
high quality of the sample. With additional illumination by
a continuous-wave (cw) laser, the resonances broaden (see
the upper spectrum in the inset). The cw excitation creates
excitons and/or free carriers. The photocreated quasiparticles
interact with bright excitons leading to resonance broadening.
Therefore, the broadening provides information on the inter-
action in certain experimental conditions, and we use it as the
main method of study in our work.

The exciton resonances can be modeled in the framework
of the nonlocal optical response theory described in Ref. [4]
which has been applied to the analysis of experimental data
in many works (see, e.g., Refs. [13,15,18,44—46]). The am-
plitude reflection coefficient of a QW, row(w), in the vicinity
of frequency wy of a single exciton resonance is given by the
expression

ey

@) il'r

rQqwlw) = ; )
¢ wx —w —i(Tr + I'nr)
where I'gr and I'ng are the radiative and nonradiative exci-
ton relaxation rates, respectively. The total intensity of the
reflected light depends also on the amplitude reflection co-
efficient of the sample surface r,; and can be expressed as

rs + row(w)e?® ?

R = |l
(CU) 1+VSVQW(CU)€[2¢

@)
where ¢ is the phase acquired by the light wave propagating
through the top layer of the structure to the middle of the QW
layer.

Equations (1) and (2) are used to fit the spectra shown in the
inset of Fig. 1. One can see that the calculated curves perfectly
reproduce all peculiarities of the resonances. In particular,
they describe the Lorentz-type profile of the resonances with
slowly decaying wings. This proves that there is no notice-
able inhomogeneous broadening in the exciton system. Such
broadening would result in Gaussian-type wings with a faster
decay than the observed Lorentzian wings.

Perfect agreement of the experimental and calculated
curves allows one to reliably extract the main parameters
of exciton resonances, namely, the radiative (Al'r) and non-
radiative (hI'nr) broadenings as well as the exciton energy
(hwy) with accuracy from few ueV to fractions of ueV. Of
course, some systematic errors in the obtained values are also
possible.

The homogeneous nonradiative broadening of exciton
resonances iil'Ng is caused by the interaction (scattering pro-
cesses) of bright excitons with other quasiparticles in the
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system, such as phonons, excitons, and free carriers [18,44].
The effect of quasiparticles created by a cw illumination of the
sample to the Xlh resonance is shown in the inset in Fig. 1. In-
teractions with these quasiparticles increase the nonradiative
broadening of the Xhh resonance from 42 up to 194 peV at
the relatively small cw excitation power of 0.75 mW per laser
spot Sew A~ 10* um?. The high sensitivity of the nonradiative
broadening to the scattering processes allows one to study in
detail the energy spectrum of the quasiparticles involved and
the dynamics of the scattering processes.

III. NBE SPECTRA

To study the nonradiative broadening, we excited the sam-
ple by a tunable cw laser focused onto the same point as
the femtosecond probe beam. We tuned the energy of the
cw laser, hiw,y, in order to study the photoexcitation spectral
dependencies of various characteristics of exciton resonances.
The excitation power was stabilized at a certain fixed value,
Py, controlled by a variable attenuator with a built-in “noise
eater” feedback feature. We measured the reflectivity spectra,
as its is described above, for each particular energy /iy, and
fitted them using Eqgs. (1) and (2). As a result, we obtained the
dependencies of all parameters of each exciton resonance on
Ry, .

Figure 2(a) shows an example of the variable part of
the obtained dependencies of the nonradiative broadening
hI'NR (hwew ), for the Xhh and X1h resonances. Hereafter, they
will be referred to as the nonradiative broadening excitation
(NBE) spectra. The NBE spectra demonstrate rich spectral
structures, more pronounced than those of the reflectivity
spectra shown in Fig. 1. In particular, in the NBE spectrum,
peaks of Al'Nr are observed at the Xhh and Xlh resonances,
also seen in the reflectance spectrum. Besides, a steplike in-
crease of the broadening, an additional peak X3, and a dip are
present in the range of 1.53—1.56 eV. These features are absent
in the reflectivity spectrum.

The NBE spectrum of the Xlh resonance is similar to
that of the Xhh resonance. The amplitude in the spectral
range 1.525-1.552 eV, however, is smaller compared to that
of the Xhh resonance. Figure 2(a) shows a comparison of
the variable 1>)arts of the resonances’ broadening, A/il'ng =
AN — hFI(\?R, where th\?ﬁ is the broadening measured with
no cw pumping: hFI(\?é = 42 peV for the Xhh resonance and
hFI(\?ﬁ =79 peV for the Xlh resonance. The larger value of
EFI(\%; for the Xlh resonance most likely originates from the
exciton relaxation from the Xlh to the Xhh state.

Analyzing the data in Fig. 2(a), we draw several valu-
able conclusions. Features in the NBE spectrum come from
the absorption of cw radiation, generating excitons and/or
free carriers. Excitons generated in the resonant absorption
regime at the Xhh and Xlh transitions can recombine and
emit photons. There exists, however, a competing relaxation
process. In particular, excitons may be redistributed to states
outside the light cone and populate a reservoir of nonradiative
excitons with large in-plane wave vectors [18]. This process
is illustrated in Fig. 2(b). The Xlh excitons may scatter to the
reservoir by emitting acoustic phonons, which is possible even
at zero temperature.
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FIG. 2. (a) Comparison of the variable part of the NBE spectra
for the Xhh (blue curve) and Xlh (red curve) exciton resonances.
The background broadening not related to the optical excitation is
subtracted: 42 peV for the Xhh and 79 ueV for the Xlh. P, = 0.15
mW. (b) Schematic representation of the population of the nonradia-
tive reservoir. The parabolas show the Xhh and Xlh exciton energies
as functions of the in-plane wave vector K, or K,. The yellow area
is the light cone and the light blue oval is the nonradiative reservoir.
Arrows show the ejection processes. (c) cw pump-power dependen-
cies of the nonradiative broadening of the Xhh resonance under cw
excitation to the Xlh resonance (E.,, = 1.530 eV) and to the barriers
(E.y, = 1.570 eV). Solid lines are the guides for the eye.

Xhh excitons need to absorb phonons to reach states
in the reservoir, which requires nonzero lattice tempera-
ture. However, the critical kinetic energy for such processes
is small, E. = (thf)/(ZMXy) ~ 0.17 meV. Here M,, =
mo(m; + my, ) = 0.177my is the in-plane exciton mass [47],
K. is the wave vector corresponding to the edge of the
light cone, K. =2m/(A/n) ~ 2.8 x 10° cm™!, where n =
3.6 is the refractive index of GaAs. The critical energy E,.
corresponds to the sample temperature 7 = 2 K. So, phonon-
assisted scattering of excitons to the reservoir is possible at
the temperatures 7 ~ 5 K used in our experiments.

The efficiency of exciton transfer towards the reservoir
depends on the ratio of the phonon scattering and radiative
recombination rates. It is higher for Xlh excitons than for
Xhh excitons because of the slower radiative decay and the
additional contribution of phonon emission processes in the
case of Xlh excitons. Consequently, exciton reservoir becomes
populated faster when exciting the Xlh resonance rather than
the Xhh resonance. That is why the Xhh and Xlh nonra-
diative broadening peaks in Fig. 2(a) have almost the same
amplitudes, in contrast to the peaks in the reflectivity spectrum
(compare to Fig. 1).

Due to the long lifetime of the nonradiative excitons, the
reservoir can accumulate a large number of excitons. These

035414-4



OPTICAL CONTROL OF A DARK EXCITON RESERVOIR

PHYSICAL REVIEW B 104, 035414 (2021)

are the quasiparticles mainly responsible for the broadening
of exciton resonances in the reflectivity spectra at these ex-
citation conditions. The reservoir excitons have enough time
to reach thermal equilibrium with the crystal lattice [48]. At
the low T < 10 K, used in most experiments, the kinetic en-
ergy of the excitons, Eyj, = kT < 1 meV, that is smaller than
the energy gap between the Xlh and Xhh exciton energies,
0E =~ 3.8 meV (see inset in Fig. 1). Therefore, the majority of
excitons in the reservoir are the heavy-hole excitons.

A theoretical analysis shows [49] that the main mecha-
nism of interaction of the reservoir excitons with the radiative
excitons is the exchange interaction. The strength of the inter-
action of Xhh reservoir excitons with Xhh radiative excitons
(the Xhh-Xhh interaction) is composed of almost equal con-
tributions of the electron-electron exchange interaction Se_,
and the hole-hole exchange interaction Shy.hn. The similar
exchange interaction of Xhh excitons with Xlh radiative exci-
tons (the Xhh-Xlh interaction) is approximately twice smaller
because the heavy-hole-light-hole exchange Spyhn is sup-
pressed. Therefore, we should expect that the photoinduced
broadening of the Xlh resonance should be twice as small
as that of the Xhh resonance. Experimental data presented
in Fig. 2(a) qualitatively confirm this conclusion. Indeed, the
experimental ratio R of the Xhh and Xlh NBE amplitudes
[blue and red curves in Fig. 2(a)] in the spectral region AE =
1.530-1.552 eV is nearly two, R = 1.9. For the Xhh and Xlh
peaks, this ratio is slightly less, R &~ 1.6.

Interestingly, R remains close to 2 in a wide spectral range
up to the “dip” at 1.552 eV, including the spectral region
where free carriers are generated in addition to excitons. In
the higher-energy region, the NBE spectra for the Xhh and
Xlh resonances almost coincide. The observed pronounced
difference in the NBE spectra in these two spectral regions
indicates that the dynamics of quasiparticles differ in these
regions. We discuss this in the next section.

Figure 2(c) shows the cw pump-power dependence of the
Xhh resonance broadening under excitation to the Xlh and
barrier optical transitions. The observed sublinear dependen-
cies are characteristic features of the complex dynamics of the
exciton-free carrier reservoir discussed in Sec. VI. Another
possible contribution to the observed sublinearity is related to
the decrease of the absorption coefficient once the nonradia-
tive broadening of this resonance increases [4,50].

IV. PLE SPECTRA

PLE spectra are typically used to study excited states of ex-
citons and free carriers in heterostructures. We measured the
PLE spectra on our setup, simply measuring the PL spectrum
instead of the reflectivity at each excitation photon energy. An
exemplary PL spectrum is shown in Fig. 3(a) by blue dots.
The Xhh and Xlh exciton lines can be observed clearly and
a third line shows up at the low-energy side of the Xhh line.
Each spectral line can be accurately modeled by a Lorentz
function

A
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FIG. 3. (a) An example of the PL spectrum measured for exci-
tation to the barrier layer optical transitions (Eex. = 1.58 €V, Peyxe =
0.78 mW). Solid curves show fits by the sum of Lorentzians (dashed
curves). (b) PLE spectra of the Xhh, Xlh, and trion lines obtained
as areas A; under the respective Lorentz contours as functions of the
photon energy of the cw excitation. The intensity of the Xlh line is
multiplied by 5. (c) Comparison of the NBE spectrum (blue curve,
right axis) and of the spectrum of HWHM (orange curve, left axis)
for the Xhh exciton. The dashed vertical lines separate the spectral
regions discussed in the text. The inset illustrates the mechanism of
the “dip” spectral region formation.

where A is the area under the Lorentzian, wg is the reso-
nant frequency, and Sw is the half-width at half-maximum
(HWHM) of the Lorentzian. Fitting the spectra by the sum
of the Lorentzians, we extract the main parameters of the
spectral lines. The low-energy spectral line can be tentatively
ascribed to the trion transition shifted from the Xhh exciton
by the binding energy Er = 1.04 £ 0.1 meV. The trion line
in fact can be a sum of spectral lines of the positively (XT)
and negatively (X7) charged trions and may also contain a
contribution of biexcitons. They all have almost the same
binding energy.

The PLE spectra, i.e., the dependencies of the area A; on
the cw excitation energy for three PL lines, are shown in
Fig. 3(b). The spectra contain several main peculiarities simi-
lar to those observed in the reflectivity spectrum (see Fig. 1).
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However, in the “dip” spectral region (1.554-1.561 eV), PL
intensity increases for all three PL lines, which contrasts with
the decreasing amplitude observed in the NBE spectra [see
Fig. 2(a)]. This means that the absorption coefficient in this
spectral region has no dip. This intriguing result becomes even
more contradictory if we consider the broadening of the PL
lines.

The Xhh PL line broadening /dwp;, depends on the exci-
tation energy unlike the PL line area. Figure 3(c) compares
this dependence for the Xhh exciton with the NBE spectrum.
A remarkable similarity of the two spectra is obvious. In
particular, a dip in the PL line is clearly seen and broadening
coincides with that in the NBE spectrum.

The PL line broadening has an overall shift by a value
of about 50 ueV relative to the NBE signal, as one can see
comparing vertical axes in this figure. This shift must origi-
nate from the radiative broadening of the exciton resonance
hdwpp, ~ hl'Ng + AR

We divide the spectra shown in Fig. 3(c) into several
spectral regions marked “stepl,” “step2,” “dip,” and “barrier.”
The region “stepl” evidently corresponds to optical transi-
tions, hhl-el, between the quantum-confined ground states
for the electron (el) and the heavy hole (hhl) with finite
wave vectors along the QW layer. The density of states of
quasi-two-dimensional (quasi-2D) carriers with parabolic dis-
persion is known to be constant [51], which explains the
flatness of the spectra in this region. The lower edge of the
step corresponds to an energy exactly one exciton Rydberg
energy R, ~ 7 meV above the Xhh exciton energy [13]. So,
below the edge excitons will form, while above the edge
free electrons and holes will form instead. Besides, there are
Coulomb-correlated scattering states, which modifies the 2D
density of states only slightly in QWs [45].

The interpretation of the “step2” plateau is more prob-
lematic because of the strong mixing of the hole states in
QWs [52-54]. We believe that this spectral range is simi-
lar to “stepl” and corresponds to optical transitions between
the quantum-confined states of free electrons (el) and mixed
heavy-hole-light-hole states (hh2-lh1) in the QW. We ten-
tatively ascribed the X3 peak to the third quantum-confined
state of the Xhh exciton. The even wave function of this state
provides stronger exciton-light coupling than the odd wave
function of the second confined state [45].

The spectral region marked as “dip” in Fig. 3(c) is the most
intriguing part of the spectra. On one hand, the dip in the line
broadening seems to indicate a smaller number of photocre-
ated excitons and carriers, which scatter with bright excitons.
This could be ascribed to a decrease of the absorption coeffi-
cient in this region. On the other hand, the significant increase
of the PL intensity in this spectral region observed in the PLE
spectra in Fig. 3(b) indicates increased absorption.

We assume that the “dip” corresponds to optical transi-
tions, which create carriers of a specific type, either electrons
or holes, in the QW layer, while the other type is created in
the barrier layers. Under these circumstances, nonradiative
excitons cannot accumulate in the reservoir since the gas of
electrons or holes efficiently scatters them into the light cone.
Such an effect will be visible in time-resolved measurements,
which we will focus on in the next section.

The inset in Fig. 3(c) shows a scheme of the optical transi-
tions taking place for excitation to this region. The parabolic
dispersion curves describe the carrier energies versus the in-
plane carrier wave vector k,. At certain values of k, = k™,
the carriers’ energy exceeds V. or V, (the solid horizontal
lines) corresponding to the edge of the conduction band or
the valence band in the barriers. Such carriers can leave the
QW and delocalize in the barrier layers. The delocalization
first appears for one type of carriers, setting the left edge of
the “dip” spectral region. The right edge appears when both
types of carriers delocalize in the barrier layers.

The last spectral region marked in Fig. 3(c) as “barrier” is
evidently formed by optical transitions where both the elec-
tron and hole states form in the barriers. The density of states
in thick barriers far above Xbarrier grows as the square root
of energy, dragging up the signal. A decrease in the signal at
photon energies above 1.575 eV possibly comes from ever-
increasing absorption concentrating the photocreated carriers
near the sample surface, far from the QW layer.

V. PUMP-PROBE EXPERIMENTS

To study the exciton dynamics, we perform spectrally
resolved pump-probe measurements. Our setup utilizes a fem-
tosecond Ti:sapphire laser as a light source. The laser beam is
split into a pump and a probe beam. The pump beam passes
through an acousto-optic tunable filter forming spectrally nar-
row pulses of HWHM S8 Ep mp 2 0.48 meV. It hits the sample
perpendicularly to its surface and is focused onto a spot of
about 95 um in diameter. The delayed in time spectrally wide
probe pulses (8Eprobe ~ 45 meV at 10% of the pulse maxi-
mum) are used to measure reflectivity spectra as described
in Sec. II. We analyzed the measured spectra with the use of
Egs. (1) and (2).

Figure 4 shows examples of dependencies of the nonra-
diative broadening of the Xhh and Xlh resonances on the
time delay t between the pump and probe pulses. The laser
excitation energy was centered at the Xlh transition. The dy-
namic curves measured for excitation at the Xhh transition
demonstrate similar behavior. In Fig. 4, only the variable
parts of the broadening AAl'yg induced by the pump pulses
are shown. The dependencies measured at strong excitation
power, P = 2 mW, consist of a very narrow initial part (pulse)
with a duration of about several ps (see the inset in the fig-
ure) and a slowly varying signal. We ascribe the pulse to the
interactions of radiative excitons before their radiative decay,
which takes place on a 10-ps scale [13,18].

The slowly varying signal has rising and decaying parts. At
weak excitation, the signal is well fitted by a two-exponential
function with a background

fy=ae™™" =7 40, 3)
where ¢ and 1, are, respectively, the rise and decay times of the
signal. The constant b represents a very long-lived component
of the signal with a lifetime exceeding the repetition period
T; = 12.5 ns of the laser pulses. This component results in a
nonzero signal at negative delays. Exemplary fits are shown
as smooth solid curves in the figure. The broadening increases
with a characteristic time #; of about 40 ps and decays with
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FIG. 4. Delay dependencies of the nonradiative broadening of
the Xhh (solid lines) and Xlh (circles) resonances obtained with ex-
citation to the Xlh transition with different excitation powers given in
the legend. The background broadening not related to the excitation
is subtracted. The smooth solid curves show the phenomenological
fits of the Xhh and Xlh resonance broadenings by function (3) with
characteristic times #; & 40 ps and #, &~ 1300 ps. Inset shows initial
parts of the experimental dependencies. The sample temperature
T =5K.

a time f, of about 1.3 ns. This behavior of the broadening
reflects the complex dynamics of excitons in the reservoir.

If the excitation power is relatively low, the light-induced
broadening of the Xlh resonance is noticeably smaller than
that of the Xhh one (see blue curves in Fig. 4). It becomes
approximately twice smaller at large delays. Such behavior is
consistent with the broadening of the resonances observed in
the steady-state experiments (see Fig. 2 and the mechanism of
the Xlh exciton broadening discussed in Sec. III).

The broadening of the Xhh and Xlh resonances rises sub-
linearly with the excitation power so that it is only about 2.5
times larger at Pyump = 2 mW compared to weak excitation
Poump = 0.1 mW. This sublinear behavior is consistent with
the cw results (see Sec. III). The ratio of the Xhh to Xlh
broadenings decreases with the excitation power, especially at
small delays. This observation possibly points to an increase
of the exciton reservoir temperature and, correspondingly, in-
complete conversion of the photocreated light-hole excitons to
heavy-hole ones. The broadening dynamics is more complex
at strong excitation where the simple expression (3) stops to
be a good approximation. We consider a more elaborate model
for strong excitation in Sec. VI A.

In the case of excitation at higher energies up to the “dip”
region, relatively small changes in the dynamics are observed.
First, there is no rising part of the dynamics. Second, the
broadenings of the Xhh and Xlh resonances come closer in
magnitude in the initial part even at low excitation power.
Eventually, in the case of excitation into the dip and the bar-
rier, the broadening dynamics of the Xhh and Xlh resonances
almost coincide.

Figure 5(a) shows the dynamics of the Xhh resonance
broadening under excitation to several spectral points. The
dynamics look similar, except for a drastic difference in the
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FIG. 5. (a) Comparison of the nonradiative broadening dynamics
of the Xhh resonance obtained with excitation to different spectral
points indicated by arrows in the inset. The background broadening
not related to the optical excitation is subtracted. Excitation power
P = 0.2 mW. (b) lllustration of the formation mechanism of charged
excitons under excitation into the “dip” spectral region. (c) The
mechanism of fast depletion of the nonradiative exciton reservoir
via exciton scattering into the radiative Xhh state with a transfer of
excess momentum to a free carrier.

long-lived component. Excitation into the “step2” or bar-
rier provides an accumulation of the reservoir excitons, so
the broadening signal survives up to the next laser pulse.
This component is seen as the background signal at negative
delays.

When excited to the barrier layer with even higher energy,
we observe similar dynamics. Such excitation, however, cre-
ates hot free electrons and holes in the barrier layers. They
can travel within the heterostructure and participate in several
processes, such as cooling and partial recombination of the
carriers in the barrier layers, diffusion and capture into the
QW layer, etc. While certainly an interesting topic, a detailed
description of these processes is out of the scope of this
paper.

In contrast to all other regimes, the excitation into the
dip is not followed by an accumulation of excitons in the
reservoir. There is no signal at a negative delay. As aresult, the
average broadening over the repetition period of laser pulses
is considerably smaller than that for excitation to the “step2”
or “bar” regions. This observation explains the dip in the NBE
spectrum [see inset in Fig. 5(a)].

This feature of the dynamics points to an efficient mecha-
nism of exciton reservoir depletion if the structure is excited
into the dip region. This mechanism is definitely not linked
to the nonradiative losses of excitons and carriers. Indeed,
the PLE spectra in Fig. 3(a) demonstrate an increase of the
PL intensity under excitation to this spectral region. So, we
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conclude that the depletion comes from an efficient scattering
of the reservoir excitons into the light cone followed by their
radiative recombination.

According to the model of the energy structure discussed
in the previous section, optical excitation into the dip creates
one type of carrier in the QW and the other type in the bar-
riers. The accuracy of material parameters for GaAs/AlGaAs
heterostructures, such as the band offsets and the Luttinger
parameters [47], is insufficient to draw a definite conclusion
on the type of carriers that are first to delocalize in the barrier
layers. We assume that holes delocalize before electrons so
that excess electrons accumulate in the QW when the dip
spectral region is excited [see Fig. 5(b)]. If a hole is captured
into the QW, it couples with one of the electrons, forming
an exciton in the nonradiative reservoir. However, many other
electrons surround this exciton and it can be scattered into the
light cone while its excess momentum is transferred to one of
the free electrons. The scheme depicted in Fig. 5(c) shows this
process.

In the framework of this model, the reservoir mainly con-
sists of electrons rather than excitons. The electrons equally
interact with the photocreated heavy-hole and light-hole exci-
tons, which explains the equal broadening of the Xhh and Xlh
resonances observed experimentally under excitation to the
dip [see Fig. 2(a)]. If electrons were delocalized in the barriers
first, the reservoir would contain excess holes. When holes
cool down to the lattice temperature, they are converted to
heavy holes. These holes can broaden the Xhh resonance via
the exchange interaction but not the Xlh resonance. Therefore,
an excess of holes must lead to larger broadening of the Xhh
resonance compared to the Xlh resonance, which contradicts
the experiment.

VI. MODEL OF THE EXCITON DYNAMICS

A. Excitation to the Xlh resonance

We assume that resonant excitation to the light-hole exci-
ton state creates radiative excitons, which can either rapidly
relax with the emission of photons or be scattered to the
reservoir. The scattering of excitons into the reservoir can
be caused by acoustic-phonon emission as well as by their
interaction with each other or with the reservoir excitons
and carriers. The approximation of the dynamic curves for a
weak excitation shown in Fig. 4 gives a characteristic time
of the transfer to the reservoir of about 40 ps. This time is
about twice the radiative lifetime of the light-hole excitons.
Consequently, only % of the photocreated exciton population
is scattered to the reservoir.

The excitons scattered to the reservoir can relax to the av-
erage reservoir temperature (fraction & of the “cold” excitons)
or dissociate into electrons and holes [the (1 — k) fraction
of the “hot” excitons]. This exciton dissociation process im-
mediately explains the initial slow rise of the nonradiative
broadening during several hundreds of picoseconds observed
in the experiment for strong excitation (see Fig. 4). The disso-
ciation rate is denoted as y,.

The last two processes, which we take into account, are the
electron-hole coupling into excitons described by the rate «,,
(the bimolecular process [39]) and the carrier-induced exciton

scattering from the reservoir to the light cone characterized by
the bimolecular rate constant .. For simplicity, we do not ex-
plicitly consider any phonon-induced processes assuming that
they can be taken into account by an appropriate choice of the
model parameters. We also do not consider any contribution of
the exciton-exciton interaction to the scattering of the excitons
from the reservoir to the light cone. The presence of long-lived
excitons in the reservoir indicates that this process should be
less efficient than exciton-carrier scattering.

The system of kinetic equations describing the discussed
processes is

™t = Ny(1 — k)e 7,

- =

dl’le hot
= Yal,  — KexNelh,

dt

dnh h

dt = Vdnxm — KexNelh,

dn,

dt = KexNeNp — Kcnx(ne + nh)~ (4)

Here, Ny is the areal density of the excitons scattered to the
reservoir; ne, Ny, N, and nI;M are, respectively, the electron,
hole, and “cold” and “hot” exciton densities in the reservoir.
The initial conditions for these variables are n.(0) = n,(0) =
0, n,(0) = Npgr + Nok, where N, is the background exciton
density accumulated from the previous laser pulses.

This nonlinear system of equations has no analytical so-
lution. We solved it numerically treating the constants N, k,
Vi, Kex, and k. as fitting parameters. The excitation-induced
nonradiative broadening of the Xhh resonance is expressed
via the carrier and exciton densities as follows:

ARINR = Oen(ne + 1) + 0y (”:Ot + n/‘")’ ®)

Here, 0., and o, are the cross sections of the exciton-carrier
(X-eh) and exciton-exciton (X-X) scatterings, respectively.
The main mechanism of scattering of excitons and carriers
at relatively small wave vectors is their exchange interaction
(see Refs. [49,55,56]). The analysis performed in these works
shows that the exchange constants for X-eh and X-X interac-
tions in narrow QWs have similar values. For simplicity, we
putoen =0y =0.

Examples of the theoretical curves obtained within this
model are shown in Fig. 6. Thin solid lines show the dynamics
of excitons and carriers in the reservoir at an excitation power
of P,c = 0.2 mW. For an equal population of electrons and
holes, the equations for the electrons and holes show the
same dynamics [see Eqs. (4)], therefore, ny(t) = n.(t). The
modeling shows that the fraction of “cold” excitons is of about
k =~ 0.7 at this excitation power. The dissociation rate parame-
ter is y; = 0.007 ps~!. The obtained values of the bimolecular
rate constants are k., = 0.6 um?/ns and k., = 0.08 um?/ns.
The values of k., are of the same order of magnitude as those
reported in Refs. [28,38,39]. The parameter «. is an order of
magnitude smaller than «,,, which makes the carrier-induced
scattering of reservoir excitons to the light cone the slowest
process in our model.

To calibrate the exciton and carrier densities created in
the reservoir by a single laser pulse, we have estimated the
number of the photocreated excitons in the case of weak
excitation with Pexc = 0.1 mW. The number of photons that
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FIG. 6. Dynamics of the Xhh nonradiative broadening under ex-
citation to the “Xlh” resonance (points, left vertical axis) and the
model (thick solid curve). Thin solid curves show the dynamics of
the carrier and exciton densities predicted by the model (right vertical
axis). Excitation power P = 0.2 mW.

reach the QW layer from a single laser pulse at this power
18 Nphot ~ 3 X 10°. The absorption coefficient for an exciton
transition is calculated using the standard formula [4]

2I'rI'NR
(w—wx)* + (Tr + T'\r)?

a(w) =

Taking into account the values of the radiative broadening
of the Xlh resonance Al'r ~ 15 ueV, and its nonradiative
broadening just before the pulse arrival hI'xg & 100 peV,
we obtain the maximum value of a(wy) =~ 0.23. We should
also take into account that only 20% of the incident photons
are absorbed because of the relatively large spectral width
of the pump pulses (HWHM = 480 neV) compared to that
of the Xlh resonance [A(I'r + 'ng) = 115 peV] and also
the presence of oscillating wings in the spectra of the pulses
taking 18% of their energy. Accounting for the laser spot area
on the sample, Sq,c ~ 7100 wm?, we obtain the areal density
of the bright excitons created by a single laser pulse: Ny =
20 um™2. Approximately % of the photocreated excitons end
up in the reservoir. Therefore, the initial exciton density scat-
tered to the reservoir is Ny &~ 7 um~2. The obtained value of
the exciton density allows us to estimate the cross section of
the exciton-exciton scattering at this excitation power using
expression (5): o, & 3 ueV wm>.

B. Nonresonant excitation

The broadening dynamics of the Xhh resonance was exper-
imentally measured for excitation to different spectral points
above the Xlh exciton transition (see Sec. V). The excitation
power was 0.2 mW.

The excitation to the “stepl,” “X3,” and “step2” spectral
regions creates mainly free carriers in the QW. We set n°t = 0
in this case for simplicity. We also assume that the excitation
creates hot electrons and holes, which only couple into exci-
tons after they cool. The cooling process is considered to be
exponential, ni® = n®* = Nye™7"’, with a characteristic time
r = 1/yr = 100 ps. The equations describing the dynamics
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FIG. 7. (a) Dynamics of the Xhh nonradiative broadening for
excitation to the “step2” region (points, left vertical axis) and its
modeling (thick solid curve). The thin solid curves show the dynam-
ics of the carrier and exciton densities (right vertical axis). Excitation
power P = 0.2 mW. (b) The same for the case of the excitation to the
dip spectral region.

of the exciton and carrier densities are

dne

hot
dt = VTneo — KexNelp,
dnh

hot

E = yTnhO — KexNelh,
dn,
dt = KexNeln — Kcnx(ne + I’lh). (6)

The initial condition for the exciton and carrier densities
ne(0) = np(0) = 0, n(0) = Nbgr‘

The fitting curve and the dynamics of the carrier and ex-
citon densities obtained using Eqs. (6) are shown in Fig. 7(a).
One can see that the theory reproduces the general behavior of
the nonradiative broadening. The carrier density considerably
decreases during the first nanosecond due to electrons and
holes forming excitons. After the initial increase, the exciton
density decays slowly with a single relevant relaxation pro-
cess: scattering to the light cone by the free carriers. Since the
carrier density is small at r > 1 ns, the scattering process is
slow. We obtain the following values for the bimolecular rate
constants: k., = 0.9 um?/ns and «. = 0.07 um?/ns. These
values are close to those obtained for weak excitation to the
Xlh resonance.

The case of excitation to the dip spectral region requires
particular attention. In this case, presumably, holes are created
in the barrier layers while electrons accumulate in the QW
layer. As a result, a charge imbalance appears in the QW. It
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can persist for a long time, while the holes in the barriers
relax to the QW layer. This process is illustrated in Fig. 5(b).
Accordingly, the exciton reservoir can efficiently deplete. The
rate equations describing these processes slightly differ from
Egs. (6):

dl’lh h
= yplp + VTnhOt — KexNelp,

dt

dne hot

dt = Yrh, — KexNehn,

dn,

gy = Kexlleltn — Keny(ne + np). (N
Here, np = No(1 —k)e™™', n =Noe™ ", and nf* =
kNge~ "', This system of equations follows under the

assumption that the major part of holes [(1 — k) =0.9 in
this case] is created in the barriers. The initial conditions
for the exciton and carrier densities are n,(0) = n.(0) = 0,
n,(0) = N, bgr+

The modeled dynamics of the nonradiative broadening re-
produces the experimentally observed dependence quite well
[see Fig. 7(b)]. It only fails in the initial part of the curve at
t < 150 ps.

The areal density of electrons in the QW is relatively large
initially, n¢(0) +ni°(0) =8 um=2, and slowly decays in
time. The decay mainly comes from the capture of holes from
the barriers (characteristic time #, = 1/y;, = 770 ps) followed
by their coupling with the electrons. The bimolecular rate
constant for the coupling k., = 0.77 um?/ns is slightly larger
than that for the case of the excitation to the Xlh resonance.

The scattering of the reservoir excitons to the light cone
is very efficient in this case. This can be observed directly in
the experimental data and finds confirmation in our model.
The bimolecular rate constant for the exciton scattering is
relatively large, k. = 1.7 um?/ns, at least an order of mag-
nitude larger than that for the case of the excitation to the Xlh
resonance. This can be partially explained by the low effective
temperature of electrons, which are created in the QW and
have enough time for cooling.

We should mention that the experimentally observed dy-
namics of the exciton reservoir at stronger excitation (not
shown here) becomes slower so that the nonzero broadening
at the negative delay appears again. Such dynamics is charac-
terized by a lower value of the rate «,.

VII. PL KINETICS

The model described in the previous section also predicts
the time dependence of the PL signal. Indeed, the PL profile
is given by the last term in the last equation of system (4),

Ip (1) = ApLkcny,(ne + np), (®)

where Apy is a scaling factor.

To verify the prediction of Eq. (8), we have measured
the kinetics of the Xhh exciton PL for optical excitation at
different energies. The kinetics were measured using a setup,
which included a 2-ps tunable Ti:sapphire laser, a cryostat,
a spectrometer, and a synchroscan streak camera. Examples
of the PL kinetics are shown in Fig. 8. The top left panel

shows a color map of the kinetics measured under excitation
of the sample into the dip, Eex. = 1.5546 eV. The two panels
on the right show the cross sections of similar color maps at
the energy of the Xhh exciton transition (Exp, = 1.5252 eV)
measured for excitation to the dip (the top panel) and to step2
(the bottom panel). We approximated the time dependencies
of the PL by a phenomenological two-exponential function
(3) with characteristic times #; and #,. The bottom left panel
depicts these times versus the excitation photon energy.

One can see that the PL signal lasts for at least 2 ns after
the excitation pulse. This is orders of magnitude longer than
the radiative lifetime of the Xhh exciton txy, = 1/(2TR) &
10 ps. Here we used the value of the radiative broadening
hT'r = 37 ueV (see Sec. II) and the well-known relation
between the radiative time and I'r [4]. Hence, the PL kinetics
are governed by the relaxation processes in the nonradiative
reservoir discussed in the previous sections.

The model of the dynamic processes in the reservoir de-
scribes the PL pulse temporal profile reasonably well with
no fitting parameters. This clearly indicates that all relevant
processes are accounted for in the model. In particular, the PL
signal decays almost to zero at ¢t > 2.5 ns, which points to
the free carriers as the origin of exciton scattering towards the
light cone. We conclude that the contribution of the exciton-
exciton and exciton-phonon scattering must be considerably
smaller, otherwise we would expect to observe the tail of the
PL for a duration on the scale of the reservoir lifetime, that is,
until the next laser pulse.

Finally, we note that the PL data, similar to the dynamics
of the Xhh broadening in the reflectivity spectra, show that the
dip spectral region of the optical excitation takes a peculiar
role. Indeed, as Fig. 8(c) shows, the PL decay time reaches
the maximal value of t, if the structure is excited at this
spectral region. This is intuitively consistent. The PL kinetics
is governed by the free-carriers lifetime in the QW. When
excited above or below the dip region, the free carriers are bal-
anced within the QW. Their concentration rapidly decreases
via formation of excitons. In this case, the PL decay time 7,
corresponds to the lifetime of the balanced carriers. In the
case of excitation within the dip region, the lifetime of the
unbalanced electrons increases since the recombination with
holes happens only after they are captured from the barrier
layers. The last process increases f,, given that holes and
excitons do not accumulate in the reservoir (see Fig. 7).

VIII. DISCUSSION

The model of dynamic processes in the reservoir discussed
in Sec. VI quantitatively describes the dynamics of the nonra-
diative broadening of the Xhh resonance at different photon
energies of excitation. The same model also predicts a PL
pulse temporal profile, which is experimentally measurable.
After solving the nonradiative broadening dynamics problem,
the PL kinetics can be described using the same set of fit
parameters.

There are several points in the model which, ideally, should
be verified. To minimize the number of fitting parameters in
the model we used one single universal constant o, the cross
section of the exciton-carrier and exciton-exciton scatterings
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FIG. 8. (a) An example of the color plot of the PL kinetics in the spectral region around of the Xhh exciton measured at the excitation to
the dip region (Ee. = 1.5546 eV). Excitation power Py, = 0.2 mW; sample temperature 7' = 8.3 K. (b), (d) Show the cross sections of the
color plots measured at the excitation to the dip (the upper panel) and step2 (the lower panel) regions. The dots are the experimental data. The
dashed curves are the fits by function (3). The solid curves are the modeling by Eq. (8). (c) The rise and decay times of the PL kinetics obtained
at the excitation to different spectral points. The blue dashed line is a linear approximation. The red dashed curve is a guide to the eye.

[see Eq. (5) and related text]. At the same time, the carriers
created in the barrier layer under excitation to the dip or
barrier spectral regions can acquire a large in-plane wave
vector when they are captured in the QW layer. The exchange
interaction of such carriers with excitons can be strongly
affected, at least theoretically [49,55,56]. Such carriers still
can efficiently broaden the exciton resonances, but they hardly
scatter the reservoir excitons into the light cone.

Second, the exciton-exciton scattering, which we ignored,
can contribute to the depletion of the nonradiative reservoir.
Our experimental data in regimes when almost no free car-
riers are created (i.e., resonant excitation at low power in
Fig. 4) shows that the Xhh nonradiative broadening decays
in time. In other words, the exciton density in the reser-
voir decreases. Of course, this density decrease can be also
caused by the exciton-phonon interaction [38,39]. It is de-
sirable to include these processes in the model. However, to
minimize the number of free parameters, the cross section of

these processes should be evaluated for the structure under
study.

The presence of the reservoir of nonradiative excitons
can explain the rapid increase of the PL intensity just af-
ter the excitation pulse observed in many works (see, e.g.,
Refs. [25,27,28,30,34,36]). Indeed, the photocreated free car-
riers can scatter the nonradiative excitons accumulated from
previous pulses into the light cone. An example of such a rapid
increase of the PL is shown in Fig. 8(d). If the reservoir is
empty, as in the case of excitation to the dip, the PL rise is
relatively slow [see Fig. 8(b)].

Finally, we would like to point out that our results provide
an alternative approach for an explanation of the rapid PL
increase interpreted in terms of the resonant PL of a correlated
electron-hole plasma in Ref. [40]. Our results show that the PL
rise is naturally explained by the presence of real excitons in
the nonradiative reservoir. A similar conclusion was achieved
in Ref. [34].
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FIG. 9. (a) Color plot of the Xhh nonradiative broadening mea-
sured at small negative delays. The “cw control” is adjusted to the dip
spectral region and the pulsed pump to the X1h resonance. (b) Shows
cross section of (a) along the white dashed line.

IX. CONTROL OF EXCITON RESERVOIR

Our results show that, in high-quality QWs, the main
mechanism of depleting the exciton reservoir is related to the
exciton-free carrier scattering. This fact opens up an oppor-
tunity to control the exciton reservoir. We can populate the
reservoir with excitons or depopulate it with uncompensated
free carriers. A proper choice of the excitation photon energy
provides either of these options. Besides, we can read out the
state of the reservoir experimentally. The reservoir state with
large free-carrier concentration will be depleted efficiently,
which in turn results in a smaller nonradiative broadening of
exciton resonances. Accordingly, when switching the state of
the reservoir by additional excitation, we may directly observe
the modified nature of the carriers in the reservoir via exciton
broadening.

We implemented this idea in two ways using two available
lasers, a pulsed and a cw laser, respectively. First, we use the
laser pulses to create excitons in the reservoir via excitation to
the Xlh resonance. In the following, we will call this excita-
tion scheme “pulsed pumping.” We monitor the areal density
of excitons in the reservoir by measuring the nonradiative
broadening of the Xhh exciton resonance at negative delays
between the pump and probe pulses. The cw laser beam called
“cw control” is used to create free carriers in the reservoir
via excitation to the dip spectral region. Figure 9(a) shows a
2D map of the broadening versus the excitation powers of the
two lasers. As seen, the cw control indeed renders it possible
to deplete the exciton reservoir partially. An exemplaric cross

80 —e— pulse-control (a)
(0.35 mW)
60

AR (ueV)

CW-pump 0.1 mW

Delay (ns)

40 —— 10 pump (b)

—— CW-pump 0.1 mW

ART at -50 ps (ueV)

Pulse-control (mW)

FIG. 10. (a). Dynamics of the Xhh nonradiative broadening un-
der “cw pump” to the Xlh resonance (P, = 0.1 mW) and “pulsed
control” (Ppuse = 0.35 mW) to the dip spectral region. Blue area
indicates the broadening without the pulsed control. (b) The pulsed-
control power dependence of the Xhh nonradiative broadening
measured at the negative delay in the presence of cw pump (red
curve) and with no cw pump (blue curve).

section of the 2D plot for a pulsed pump power of 150 uW is
shown in Fig. 9(b). It demonstrates a twofold decrease of the
nonradiative broadening and, correspondingly, of the exciton
areal density in the reservoir at the optimal cw-control power
of about 0.4 mW at this pump power.

Second, we use the opposite experimental configuration
when the cw pump creates the exciton reservoir via excitation
to the X1h resonance and the pulsed control creates the unbal-
anced free carriers via excitation to the dip spectral region. As
seen in Fig. 10(a), the cw pump alone with power of 0.1 mW
creates the exciton reservoir, which additionally broadens the
Xhh resonance by about 40 peV (blue area in this figure).
When the pulsed control is switched on, the dynamics of the
nonradiative broadening demonstrate an intense peak during
the first one nanosecond [see the red curve in Fig. 10(a)].
As discussed above (Sec. VI), this peak appears due to the
creation of the free carriers. At larger delays, the broadening
becomes smaller than that in the absence of the pulsed control.
This is a clear indication of depleting the exciton reservoir
by free carriers created by the pulsed control. Figure 10(b) in
this figure illustrates the power dependence of the nonradia-
tive broadening at the negative delay. Without the cw pump,
the broadening and, correspondingly, the exciton density
in the reservoir is relatively small (see blue curve). The red
curve clearly shows the effect of depopulation of the exciton
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reservoir created by the cw pump. Similar to Fig. 9(b), a
twofold decrease of the nonradiative broadening is observed
when the pulsed control is switched on with some optimal
power of about 0.35 mW.

X. CONCLUSION

In this work, we experimentally studied the dynamics of
nonradiative excitons with large in-plane K vectors in a high-
quality structure containing a shallow QW. Our method is
based on the detection of the nonradiative broadening of ex-
citon resonances induced by scattering of bright excitons on
an optically created mixture of reservoir excitons and free
carriers. We introduced the NBE spectrum, which represents
the broadening of a certain spectral line as a function of the
cw excitation energy. This kind of spectrum provides unique
insights into the population of excitons in a reservoir created
by resonant and nonresonant excitation. Using a nondegen-
erate spectrally resolved pump-probe technique, we studied
the dynamics of nonradiative excitons under pulsed excitation
to several relevant spectral regions which results in different
carrier generation regimes. If during the excitation process
excitons and free carriers are created predominantly inside the
QW layer, the dynamics consists of a fast decay of the nonra-
diative broadening of the Xhh and Xlh resonances followed
by a long-lived “tail,” surviving up to the next laser pulse.
This points to the accumulation of nonradiative excitons in
the reservoir.

We proposed a kinetic model describing the dynamics of
nonradiative excitons. To minimize the number of free pa-
rameters, we considered very few dynamic processes in the
reservoir. Namely, the association of carriers into excitons and
the scattering of excitons to the light cone are considered in
the cases where the optical excitation created free carriers
in the QW layer. In the case of excitation into exciton res-
onances, the scattering of excitons to the reservoir and their
dissociation are also taken into account. At higher excitation
photon energy, the creation of carriers in the barrier layers
becomes possible as well and we consider their subsequent
capture into the QW layer. The model well describes the ex-
citon dynamics observed experimentally. The obtained values
of the bimolecular coupling rate are close to those reported

in the literature. The model was capable to reproduce the
experimental temporal profiles of the PL pulses without fitting
parameters.

An important feature of the studied sample is the presence
of a spectral area slightly below the bandgap of barrier layers,
we called “dip,” in which optical transitions correspond to
creating electrons in the QW layer and delocalized holes in
the barrier layers. Optical excitation into this region produces
an imbalance of carriers in the QW layer which changes the
dynamics of nonradiative excitons in the reservoir drastically,
provoking its depletion. This phenomenon is also well de-
scribed by our model, which considers the exciton-free-carrier
scattering as the main mechanism of the reservoir population
decay and the PL formation. The controlled preparation of a
carrier imbalance in the nonradiative reservoir of exciton-free-
carrier mixtures paves the way to control the exciton reservoir
population without bleaching of PL intensity. In our experi-
ments, pulsed and cw excitation into the dip spectral region
allowed us to reduce the population in the reservoir created
by resonant excitation of excitons by a factor of 2. Potentially,
this effect can improve the capabilities of optical traps for po-
laritons in microcavity heterostructures [57—63] giving rise to
independent control of the magnitude of potential landscapes
and polariton pumping. The methods of characterization and
optical control of the reservoir of dark excitons developed here
can be employed in a wide range of semiconductor structures.
High-quality GaAs quantum wells studied here served as a
test bed for the optimization of the experimental technique.
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