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Thermodynamic origin of the slow free exciton photoluminescence rise in GaAs
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‘We use time-resolved photoluminescence (TRPL) spectroscopy to unequivocally clarify the microscopic origin
of the nanosecond free exciton photoluminescence rise in GaAs at low temperatures. In crucial distinction from
previous work, we examine the TRPL of the GaAs free exciton second LO-phonon replica. This enables us
to simultaneously monitor the unambiguous time evolution of the total exciton population and the cooling
dynamics of the initially hot free exciton ensemble. We demonstrate by a model based on the Saha equation and
the experimentally determined cooling behavior that the long-debated slow photoluminescence rise is caused
by time-dependent shifts in the thermodynamic quasiequilibrium between free excitons and the uncorrelated

electron-hole plasma.
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Introduction. Time-resolved photoluminescence spec-
troscopy is widely used to investigate the kinetics of free
exciton formation, relaxation, and recombination in semicon-
ductors and their nanostructures [1]. In most experiments per-
formed at low lattice temperatures a significantly delayed onset
of the free exciton luminescence with respect to the excitation
laser pulse is observed [2—13]. This slow photoluminescence
(PL) rise has attracted intense research interest for nearly three
decades. However, a general consensus on its microscopic
origin has still not been reached.

Clearly, an unequivocal study of the time evolution of a
photoexcited free exciton ensemble is challenging. Typical
time-resolved photoluminescence (TRPL) experiments use
ultrafast above-band-gap optical excitation and monitor the
time evolution of the initially hot photocarrier cloud by the
emission intensity of the free exciton zero-phonon line (F X).
However, because of momentum conservation during the
luminescence process, only a subset of the entire free exciton
population close to the Brillouin zone center can recombine
radiatively [14—16]. In particular, hot excitons, which exhibit
large K vectors, are not visible in the zero-phonon line. The
emission intensity of the (¥ X) zero-phonon line is hence not
a direct measure of the actual free exciton density nx(¢) in the
crystal, a fact which is a major obstacle to the unambiguous
interpretation of such (¥ X) TRPL signals.

We therefore assess in this Rapid Communication the time
evolution of an optically excited free exciton ensemble by
TRPL traces detected on the free exciton second LO-phonon
replica (FX) —2hQ 0. The strict K vector selection rule
applicable to the (F X) zero-phonon line is fully relaxed for
the radiative annihilation of free excitons under simultaneous
emission of two LO phonons. This is because the wave
vectors of the two LO phonons can always add up such that
they compensate for the center-of-mass momentum of the
recombining exciton [17,18]. In contrast to previous TRPL
studies of the (F X) zero-phonon line, we here trace the actual
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time evolution of the free exciton density, which is not distorted
by the relaxation of large K vector excitons to the radiative
zone. Moreover, a time-resolved line shape analysis of the
(F X) — 2h821 o replica provides direct experimental access to
the exciton cooling curve Tx ().

Having directly determined the cooling dynamics from
experiment, we next address the impact of the exciton cooling
on the transient thermodynamic quasiequilibrium between free
excitons and unbound electron-hole pairs, which is fundamen-
tally described by the Saha equation. It has previously been
shown that the Saha equation allows for a precise description
of the spatially dependent population balance of the partially
ionized exciton gas under continuous-wave laser excitation
in bulk [19] and of the time evolution of the exciton gas in
semiconductor quantum wells [7,20]. We here demonstrate
that the experimental free exciton TRPL traces in bulk GaAs,
and in particular the slow photoluminescence rise, is also
consistently described by the shift of the thermodynamic
ionization equilibrium from the uncorrelated electron-hole
plasma (EHP) to the free exciton state.

Sample and experimental setup. Our study aims at the
investigation of the undisturbed time evolution of a free exciton
population. Even in lightly doped samples, repopulation
processes among defect-induced carrier reservoirs crucially in-
fluence the dynamics of the exciton ensemble [21,22]. To avoid
such spurious influences on the free exciton TRPL traces, we
investigate a piece of nearly defect-free GaAs. The sample is a
nominally undoped, 1.5-pum-thick epilayer of (001)-oriented
molecular-beam-epitaxy-grown GaAs. The active layer is
sandwiched between a 250 period GaAs/Aljg9Gagg;As su-
perlattice on the bottom and a 80 period superlattice of
equal composition on top to prevent optically excited excitons
from diffusing out of the layer and to suppress surface
recombination [23]. The low-temperature PL spectrum of the
sample (Fig. 1) is dominated by the free exciton recombination
line (F X), which indicates a negligible density of impurity
atoms in the active layer. From a comparison with spectra
reported in the literature [10,24], we estimate a residual
impurity concentration of <1 x 10'2 cm™3. Polariton effects
are neglected on the basis of the small L-T splitting in bulk
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FIG. 1. The continuous wave excitation low-temperature PL
spectrum of the investigated sample is dominated by free exciton
luminescence (F X), which attests a negligible impurity concentration
in the active GaAs layer. Text labels indicate the usual nomenclature
of free and bound exciton transitions [27].

GaAs compared with the homogeneous linewidth of the free
exciton resonance [15,25,26].

The sample is held at 7p =5 K lattice temperature in
a liquid helium continuous-flow optical cryostat. Optical
excitation at Aexc = 780 nmis provided by a pulsed Ti:sapphire
laser. The pulse width of ~2 ps is determined from auto-
correlation measurements. To prevent measurement artifacts
originating from previous excitation pulses [12], the repetition
rate is reduced to 4 MHz by a pulse picker (extinction ratio
<1 :1500). To mitigate spurious influences of lateral carrier
diffusion, the laser beam is only moderately focused on
the sample surface by a f = 200 mm achromatic lens to a
(1/€?) intensity spot diameter of 95 um, which significantly
exceeds the free exciton diffusion length of approximately
10 pm in our sample [28]. For the carrier diffusion coefficient
D~70 cm?s~! [28], the diameter of the Gaussian profile
expands only by ~12% within the first 5 ns after the excitation
pulse, during which the carrier energy relaxation and the
exciton luminescence rise take place. The change in carrier
density due to diffusive dilution is much weaker than the
concurrent reduction of the photocarrier density by radiative
recombination. It therefore has only a negligible impact on
the time evolution of the carrier ensemble and is consequently
neglected in our later modeling. The luminescence is dispersed
in a 250 mm focal length imaging spectrometer equipped
with a 1200 mm~! grating. Time-resolved PL spectra are
detected by a streak camera equipped with a two-dimensional
charge-coupled device.

Exciton cooling. Pulsed off-resonant optical excitation
creates an initially hot photocarrier population, which cools
towards 7, by emission of optical and acoustic phonons and
simultaneously dilutes by concurrent radiative decay [1,29].
Since the free exciton PL onset is crucially influenced by
the transient photocatrier cooling, which governs the dynamic
equilibrium between free excitons and unbound charge carri-
ers, we first consider the exciton cooling curve Tx (7).

Previous works have determined the transient cooling of
optically excited hot electron populations from a time-resolved
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FIG. 2. Transient cooling of the nonresonantly excited exciton
population. Data points are obtained from Maxwellian line shape
analyses of the (F X) — 2h21 o phonon replica. The solid red curve
indicates a Newtonian cooling with a time constant ¥ = (0.9 ns)~'.
Recombination heating prevents full equilibration of the photocarrier
ensemble with the crystal lattice. A representative spectrum and
Maxwellian line shape fit to the (FX) — 2h2; o replica is shown
in the inset.

line shape analysis of the free-electron to neutral-acceptor
transition (e,A%) [30]. On the contrary, the temperature
of a free exciton ensemble is not readily obtained from
the luminescence line shape of the (F X) zero-phonon line
and we are not aware of any previous study that reports
experimental exciton cooling curves in high-purity GaAs.
The exciton temperature, however, can be obtained from a
spectral analysis of the (FX) second LO-phonon replica,
which mirrors the kinetic energy distribution function of the
free exciton population [17,18]. A time-resolved Maxwellian
line shape analysis of the weak (FX)— 2hSQo transition
therefore provides direct experimental access to the transient
temperature of the hot exciton ensemble [31].

A representative cooling curve Tx(¢) at Pexe = 100 uW
excitation power is shown in Fig. 2. The monotonic decrease
of the exciton temperature is well described by straightforward
Newtonian cooling

d
LTy = —(Tx — T, 1
77 X k(Tx — Tp) (D

with a cooling constant ¥ = (0.9 ns)~! and a final exciton
temperature 7o = 9 K, which is higher than the lattice temper-
ature.

Compared with the peculiar temperature dependence of the
electron cooling rates [30], the assumption of a constant exci-
ton cooling rate « allows for a surprisingly good approximation
of the actual cooling curve Tx(¢) for 9 K < Tx < 32 K. We
note that the exciton ensemble relaxes its excess energy more
efficiently than one would expect from Ref. [30] for a mere
electron population. We speculate that the faster excess energy
dissipation of free excitons reflects the hole contribution to the
cooling process, for which &2.5x larger cooling rates have
been reported [1].
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The fact that 7, = 9 K does not coincide with the lattice
temperature 7;, = 5 Kis a consequence of momentum conser-
vation during the luminescence process. From the thermalized
free exciton ensemble with a Boltzmann kinetic energy
distribution, only the subset of excitons at K~( recombines
radiatively [15,16]. Therefore the luminescence process selec-
tively removes low-energy excitons from the entire ensemble.
The remaining kinetic energy is redistributed by scattering
processes among the leftover excitons, whose temperature (in
the absence of competing cooling channels) thus increases.
The selective radiative decay of low-energy excitons at K~0
effectively serves as a heating mechanism for the exciton
population. At long delay times, this “recombination heating”
compensates the cooling rate due to acoustic phonon emission
and accounts for the discrepancy between T and 77, [32,33].

For the purpose of our later model description, we verified
that the the cooling constant k and the final exciton temperature
Ty do not depend on excitation density. The starting tempera-
ture of the cooling curve is individually determined for each
excitation power Pey [34].

Buildup of a free exciton population. We show in Fig. 3(a)
the time-resolved emission intensity, i.e., the spectrally in-
tegrated PL emission of the second LO-phonon replica,
at varying excitation densities. In agreement with previous
TRPL studies of the (FX) zero-phonon line, we observe a
significantly delayed PL onset with respect to the excitation
laser pulse. The delay is most pronounced in the low excitation
limit. For increasing excitation power Pex., the PL maximum
gradually shifts to shorter delay times.

As amain result, our measurements unambiguously demon-
strate that the delayed (FX) PL onset observed in previous
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studies is not mainly caused by the relaxation of large
K vector excitons to the Brillouin zone center. The slow PL
rise of the (FX) — 2h82 o replica, which monitors the total
exciton density nx(t), rather demonstrates a relatively slow
buildup of the free exciton population.

The population balance between Coulomb-bound free
excitons and the uncorrelated EHP is described by the Saha
equation [35,36]

nenyp kB Tx 3/2 m.mp 3/2 e EB (2)
= X -
nx 2w h? my P kpTx

with n,, n;, and ny representing the electron, hole, and
free exciton densities and m,, mj,, and my the electron,
hole, and free exciton effective masses, respectively [37].
Ep = 4.2 meV denotes the exciton binding energy in bulk
GaAs [27] and Ty is the exciton temperature. With the
substitutions ny = fxng and n, = n, = (1 — fx)nog, the Saha
equation allows one to determine the relative fraction fx of
free excitons in a photocarrier population of total pair density
no at a given temperature Ty.

The thermodynamics of the partially ionized exciton gas
is illustrated in Fig. 3(d) by a contour plot fx(ng,Tx). The
population balance between free excitons and the EHP is
crucially influenced by both the exciton temperature Ty and the
total photocarrier density ng. Thermal breakup of free excitons
into pairs of unbound charge carriers causes a decrease of
the exciton population for increasing temperatures. At fixed
temperature, however, an increase of the photocarrier pair
density ng raises the fraction of free excitons.

In the framework of our model, we expect the strongest
delay in the PL rise for the highest initial carrier excess
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FIG. 3. (a) Excitation power dependence of the PL time traces detected on the free exciton second LO-phonon replica (FX) — 2A2.0.
Solid red lines are our model results. (b) The total photocarrier density per excitation pulse extracted from our model scales linearly with the
time-averaged optical excitation density Pe.. We note that the PL onset at P, = 750 #W and 1200 uW is dominated by the width of the
IRF. We therefore disregard the respective data points for the power law fit. (c) Decay times t used in the model. (d) Contour plot of the
thermodynamic equilibrium of the partially ionized exciton gas described by the Saha equation. Color indicates the exciton fraction fx = ny/ng
in a photocarrier population of total pair density ny. Exciton formation is thermodynamically favored at high photocarrier densities and low
temperatures. Dash-dotted lines indicate the trajectories of the model time traces shown in (a).
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temperature. We therefore perform all measurements at the
lowest accessible lattice temperature 7, = 5 K.

To derive a conceptual model that describes the time evolu-
tion of the free exciton density n x(¢) after pulsed optical exci-
tation, we consider the interplay of transient cooling and decay
of the entire photocarrier ensemble. The link between Tx(¢)
[Eq. (1)], no(¢), and nx(¢) is provided by the Saha equation (2).

As time elapses, the photocarrier ensemble dilutes by
concurrent free exciton and EHP recombination. For the
sake of simplicity, we neglect the weaker bimolecular EHP
recombination (cf. the negligible emission intensity from
direct band-to-band transitions in Fig. 1) and assume that n(z)
decays exclusively by the much more efficient channel of free
exciton radiative decay [13,38]. The time evolution of the
photocarrier pair density ny(t) is then described by the rate
equation

d no fx (o, Tx)
—ny= —————-"—

di T ©)

with the ensemble lifetime 7. From the Saha equation (2), the
time evolution of the free exciton density nx(¢) is related to
the pair density ng(¢) as

nx(t) = no(t) fx(no, Tx). 4

A comparison of our conceptual model with the experimen-
tal ny(z) time evolution obtained from the (FX) — 2hQ21 0
replica is shown in Fig. 3(a). For each excitation density,
we numerically solve the coupled equations (1)—(4) and fit
the convolution of the calculated nx(¢) with the measured
instrument response function (IRF) to the (F X) — 2A2; o time
traces. Excellent agreement with the experiment is obtained
by only adjusting the photocarrier density no(t = 0), i.e.,
the number of photoexcited electron-hole pairs per excitation
pulse and the ensemble lifetime <.

The initial pair density ny(t = 0) obtained from our model
analysis is plotted in Fig. 3(b) as a function of the time-
averaged excitation power P... We regard the linear scaling
of the density ng(t = 0) with P, as strong evidence that
our model captures the essential physics governing the time
evolution of the free exciton population [39]. The lifetimes
T used in our model are reported in Fig. 3(c). We note that
efficient exciton-exciton and exciton-free carrier scattering
cause a broadening of the (F X) zero-phonon line of width AE,
which increases as a function of the excitation density [40].
Since only excitons in the radiative zone with energy E <
AFE recombine radiatively [15,16], the ensemble lifetime
expectedly decreases for increasing excitation densities. It is
worth noting that this observation is not in conflict with the
relaxed K vector selection rule of the second LO-phonon
replica analyzed by us: because of the inherent weakness
of the (FX) — 2h2; o transition, the time evolution of the
exciton population is still completely governed by the orders of
magnitude stronger (F X) zero-phonon recombination which
depends on AE.
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To provide an intuitive picture of the long PL rise times and
to illustrate the temporal shift of the (¥ X) PL maximum as a
function of the optical excitation power, we show in Fig. 3(d)
the trajectories of the TRPL traces [i.e., our model results for
nx(t)] in the Saha phase diagram. At low and medium exci-
tation powers, the EHP is thermodynamically favored at early
delays because of the pronounced photocarrier overheating.
The peak exciton density only occurs after the photocarrier
ensemble has sufficiently cooled such that the population
balance shifts from the EHP towards the Coulomb-bound
excitons. After a certain delay, the maximum absolute exciton
density n x (¢) is reached, although the total photocarrier density
no(t) decreases monotonically after the laser pulse. At high
excitation powers, despite the high initial carrier temperature,
exciton formation is still already thermodynamically favored
at early delays because of the high photocarrier pair density
no. Therefore, we consistently observe an earlier arrival of the
exciton PL maximum in the experiment.

As a final test of consistency, we tune the laser resonantly
to the (FX) zero-phonon line. Under such resonant optical
excitation, we observe an instantaneous (i.e., undelayed) PL
onset. This result further confirms our model, because no
excess energy is provided to the exciton ensemble, i.e., Tx (t =
0) = T and transient carrier cooling does not take place.

Summary and conclusion. We have performed TRPL
measurements of the free exciton second LO-phonon replica
emission in bulk GaAs to trace the undistorted time evolution
of a nonresonantly excited free exciton population. Our study
unambiguously demonstrates that the delayed (F X) PL onset
is not caused by momentum relaxation of large K vector
excitons to the radiative zone, but rather by the transient
electron-hole pair to free exciton interconversion described by
the less frequently considered Saha equation. Throughout the
investigated excitation density range, our conceptual model
obviates consideration of the recently proposed Coulomb-
correlated EHP state [41,42].

The Saha equation also predicts the existence of free
excitons at kgT; > 4.2 meV (the exciton binding energy)
and therefore provides a natural alternative explanation to the
formation of a Coulomb-correlated EHP for the presence of
free exciton luminescence at elevated sample temperatures
T, > 48 K[13].

Moreover, our study directly reveals that the cooling dy-
namics of a hot free exciton ensemble in bulk GaAs is crucially
affected by recombination heating. Even after long delay times,
the exciton population does not fully equilibrate with the crys-
tal lattice. This finding potentially has detrimental implications
for the search of excitonic Bose-Einstein condensates, which
require the preparation of ultracold free exciton ensembles.
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