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Spatially Resolved Thermodynamics of the Partially Ionized Exciton Gas in GaAs
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We report on the observation of macroscopic free exciton photoluminescence (PL) rings that appear in
spatially resolved PL images obtained on a high purity GaAs sample. We demonstrate that a spatial
temperature gradient in the photocarrier system, which is due to nonresonant optical excitation, locally
modifies the population balance between free excitons and the uncorrelated electron-hole plasma described
by the Saha equation and accounts for the experimentally observed nontrivial PL profiles. The exciton ring
formation is a particularly instructive manifestation of the spatially dependent thermodynamics of a

partially ionized exciton gas in a bulk semiconductor.
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Photocarrier excitation and excess energy relaxation,
exciton formation, the related exciton electron-hole plasma
(EHP) interconversion, and radiative recombination are
cornerstones of semiconductor optical spectroscopy that
have been investigated intensively for decades. A particular
wealth of interesting phenomena arises when optical
excitation by a focused laser is combined with spatially
resolved photoluminescence (SRPL) detection to obtain
insight into photocarrier transport processes. The observed
SRPL patterns result from the intricate interplay of the
above processes and the spatial diffusion of the different
carrier species and are therefore often nontrivial. An
example of such nontrivial SRPL patterns that currently
attracts particularly strong interest is luminescence rings
from indirect excitons in coupled quantum wells, which are
studied intensively in the search for excitonic Bose-
Einstein condensation [1,2].

In this Letter we report on the observation of macro-
scopic SRPL rings of free excitons in ultrapure bulk GaAs
at low lattice temperatures. The excitonic rings are not
related to Bose-Einstein condensation, but are rather a
direct manifestation of local shifts in the thermodynamic
equilibrium between Coulomb-bound free excitons and the
EHP caused by optically induced temperature gradients in
the carrier system. For moderate nonresonant optical
excitation, a localized overheating of the carriers with
respect to the crystal lattice quenches the exciton density
close to the excitation spot, where consequently the
uncorrelated EHP is thermodynamically favored.
Interestingly, an increase in excitation density, which
further raises the peak carrier temperature, can nevertheless
stabilize the excitons at the laser spot.

We quantitatively model the measured exciton SRPL
profiles using the Saha equation, which allows us to
calculate the local ionization degree of the exciton gas
from the total photocarrier density and exciton temperature
profiles. An analysis of the line shape of the second LO
phonon replica of the free exciton transition in our bulk
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sample provides direct experimental access to the exciton
temperature profiles, which was not available in previous
related works on coupled quantum wells [3-5]. Our
analysis yields particularly instructive insights into the
spatially resolved thermodynamics of the partially ionized
exciton gas. It thereby extends previous works [6,7] that
investigate the thermodynamics of exciton EHP intercon-
version in the time domain.

All data presented in this Letter are obtained on a
nominally undoped, 1.5 ym thick epilayer of (001)-
oriented MBE-grown GaAs. The active layer is sandwiched
between two 250 (80) period GaAs/Alj g9Gag 9; As super-
lattices to prevent optically excited excitons from diffusing
out of the layer and to suppress surface recombination [8].
The thicknesses of the superlattices are ~3 and 1 pm,
respectively. The low-temperature photoluminescence (PL)
spectrum of the sample (cf. Fig. 1) is dominated by the free
exciton recombination line (FX), which demonstrates the
high quality of the active GaAs epilayer with a negligible
density of impurity atoms [9]. From a comparison with
spectra reported in the literature [10,11], we estimate a
residual impurity concentration of <1 x 10'> cm™2.

The sample is mounted on the cold finger of a helium
flow optical cryostat equipped with a calibrated Cernox
temperature sensor placed next to the sample. Tunable
optical excitation is provided by a continuous wave Ti:
sapphire laser. The laser beam is focused at normal
incidence on the sample surface by an infinity-corrected
NA = 0.4 microscope objective to a (1/¢) spot diameter of
3.6 um. Luminescence is collected in a confocal geometry,
focused on the entrance slit of a 1 m focal length
monochromator equipped with a 1200 mm~! grating,
and detected by a liquid nitrogen cooled CCD array.
Spatial information on the local PL intensity is contained
in the vertical pixel number of the two-dimensional
CCD image.

We show in Fig. 1 a compilation of SRPL images
obtained under focused laser excitation for different sample
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FIG. 1 (color online).
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Compilation of SRPL images revealing the dependence of the free exciton ring formation on various

experimental parameters. Ring formation only occurs for such excitation conditions that favor the buildup of a spatial temperature
gradient in the photocarrier system, i.e., low lattice temperatures, high excitation densities, and nonresonant optical excitation. In each
row of SRPL images, only one parameter (indicated by the white text label) is varied while the other two parameters are kept fixed. The
spatial extent of the excitation spot is the same for all measurements and is exemplarily indicated in the first panel by the dashed profile.
We also show a representative low-power PL spectrum of the high-purity GaAs epilayer. Text labels indicate the usual assignment of free

and bound exciton transitions [12].

temperatures 7, excitation wavelengths A..., and pump
powers P.,.. For all excitation conditions, luminescence is
detected at large distances (240 um) from the excitation
spot, indicating extensive spatial diffusion of the photo-
excited excitons prior to their radiative recombination.
Depending on 7; and optical excitation conditions, we
observe a pronounced quench of the exciton luminescence
intensity at the excitation center. We show in the following
that this excitonic ring formation is caused by a local
overheating of the photocarrier system with respect to the
crystal lattice.

In a typical PL experiment, nonresonant optical excitation
creates an ensemble of initially hot charge carriers and
excitons, whose excess energy relaxation proceeds by
emission of optical and acoustic phonons [13—15]. The
limited efficiency of especially the acoustic phonon proc-
esses, however, does often not allow for a full thermalization
of the photocarrier population with the crystal lattice on the
time scale of its radiative lifetime. This incomplete excess

energy dissipation leads therefore in a SRPL experiment
with focused laser excitation to the formation of temperature
gradients in the photocarrier system, which can persist over
macroscopic distances [16,17].

To support our interpretation that an overheating is the
mechanism underlying the free exciton ring formation, we
first discuss the qualitative dependence of the local PL
quench on various experimental parameters. We then
present a model that provides a quantitative description
of the spatially resolved (FX) PL profiles.

The excitation density dependence of the ring formation
effect is summarized in the first row of the set of SRPL
images presented in Fig. 1. At fixed nonresonant 4., and
moderate excitation densities, the PL quench increases
monotonically with P, and disappears in the low-
excitation limit [18]. The ring formation also exhibits a
distinct dependence on excitation wavelength A.,. (second
column in Fig. 1). The PL quench at the center of excitation
increases for increasing photon energies. At near-resonant
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optical excitation (4., = 8130 A), i.e., when photocarriers
are excited with only small amounts of excess energy, the
ring formation effect disappears. Furthermore, the ring
formation is most pronounced at low sample temperatures.
For T; = 25 K, the cooling rate of the initially hot photo-
carrier ensemble increases drastically due to the availability
of rapid LO phonon emission as an efficient channel of
excess energy dissipation [13,15]. Irrespective of excitation
wavelength and pump power, the photocarriers are in
thermal equilibrium with the crystal lattice at these sample
temperatures and consistently no exciton ring formation is
observed at 7; = 30 K.

This distinct dependence on excitation power, excitation
wavelength, and lattice temperature is characteristic of
heating effects in the photocarrier system [15,19,20]. We
therefore conclude that the free exciton ring formation is
caused by a spatial exciton temperature gradient caused by
the localized overheating of the carriers close to the
excitation center.

The temperature of a photocarrier ensemble crucially
influences the population balance between free excitons
and unbound charge carriers, which is described by the
Saha equation [21,22]

NNy kgTx\3/? (memy\3/2 Ep
“Ga) () ee(m) o

ny 2zh my kgTyx
with n,, n,, ny the electron, hole, and free exciton
densities. m,, my, and my are the electron, hole, and
exciton effective masses [23], kg is the Boltzmann constant,
f is the reduced Planck constant, Ty is the photocarrier
temperature [24], and Ez = 4.2 meV is the exciton binding
energy in bulk GaAs [12]. With the substitutions ny =
fxnoand n, = n;, = (1 — fx)ny, we can compute from the
Saha equation the relative fraction fy of free excitons
among a photocarrier population of density n, at a given
temperature Ty.

The contour plot fy(ng, Tx) in Fig. 2 reveals two general
trends that characterize the thermodynamics of a partially
ionized exciton gas in a semiconductor. Thermal breakup of
Coulomb-bound excitons at increased temperatures 7'y
shifts the population balance towards the uncorrelated
EHP. At fixed Ty, an increase of the total photocarrier
density n,, however, leads to a relative increase of the free
exciton population. The temperature and density dependent
population balance is crucial for a quantitative under-
standing of the free exciton ring formation effect.

Our model description of the spatially dependent ioniza-
tion degree of the exciton gas assumes the following
physical picture. Under nonresonant focused laser excita-
tion, lateral photocarrier diffusion [27] leads to the for-
mation of a radially symmetric total photocarrier density
profile ny(r) and spatial temperature gradient Ty (r). At
each distance r from the excitation spot, the local free
exciton density ny(r) is then given by the product
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FIG. 2 (color online). Contour plot of the temperature and
density dependent population balance between free excitons and
the EHP described by the Saha equation. Color indicates the
relative fraction fy = ny/nq of free excitons among the entire
photocarrier population of density n,. Free excitons are stabilized
against thermal breakup into unbound charge carriers by an
increase of the total photocarrier density.

nx(r) = no(r) X fx[no(r), Tx(r)]. (2)

In a ring formation scenario, the missing free excitons at the
excitation center are converted into unbound charge carriers
by the localized overheating.

We first consider the temperature profile Tx(r). The
nontrivial line shape of the free exciton luminescence in a
bulk semiconductor [28,29] impedes a direct determination
of the exciton temperature 7'y from the zero-phonon line
(FX). The low defect concentration in our sample, how-
ever, allows for the detection of the second LO phonon
replica of the free exciton transition (FX) — 2A€; o, which
is known to reflect the density of occupied states among the
thermalized free exciton ensemble [30,31]. We therefore
directly obtain the exciton temperature profile Ty () from a
spatially resolved Maxwellian line shape analysis of the
(FX) — 2h& o transition. A representative fit to the second
LO phonon replica and a set of resulting Tx(r) profiles
for three exemplary excitation powers P is shown in
Figs. 3(a)-3(c) and 3(g). We indeed observe a significant
overheating of the photoinduced exciton population,
peaked at the center of the excitation spot. Moreover, we
find that hot excitons are present for distances that
significantly exceed the spatial extent of the excitation
spot, indicating that heat transport takes place in the carrier
system. Even far away from the laser spot (r 2 40 um) the
excitons have not thermalized with the lattice. The
increased base temperature of the Tx(r) profiles with
respect to 7', is a consequence of the competing time
scales of excess energy dissipation by phonon emission and
the lifetime of the excitons; i.e., excitons (and free carriers)
on average recombine before dissipating their total excess
energy [17].
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FIG. 3 (color online). Model description of the free exciton ring formation effect. All measurements are performed at Ao, = 8050 A.
(a)—(c) Exciton temperature profiles Tx(r) as obtained from spatially resolved Maxwellian line shape analyses of the (FX) — 2A€;
transition. (d)—(f) Data points show the spectrally integrated PL intensity of the second LO phonon replica; solid blue lines indicate our
model results for the free exciton density profiles ny(r). (g) Representative line shape analysis of the (FX) — 2AQ; o replica to
determine the exciton temperature T'y. (h) The peak total photocarrier density n,(r = 0) at the center of excitation (CoE) obtained from
our model analysis scales linearly with the optical excitation power P.

Because of K vector conservation, only a subset of the
entire free exciton population near the Brillouin zone center
at K = 0 can recombine radiatively and contribute to the PL
intensity of the free exciton zero-phonon line [9,14]. The
(FX) SRPL profile is therefore not a direct measure for the
local free exciton density in the crystal. The K vector
selection rule, which applies to the zero-phonon line,
however, is fully relaxed for the radiative recombination
of free excitons under simultaneous emission of two LO
phonons [30,31]. Undistorted ny(r) profiles are therefore
obtained from the spectrally integrated SRPL intensities of
the (FX) — 2A€;  replica [32], indicated by the data points
in Figs. 3(d)-3(D).

We assume a Gaussian profile with 55 ym (1/e) full
width as a first approximation for the combined total carrier
density diffusion profile ny(r) in our model. The Gaussian
profile is adjusted to the wings |r| Z 25 ym of the (FX) —
2hQ; o SRPL profile where the base temperature of the
Tx(r) profile is reached and where consequently the
undistorted ny(r) is observed. The width of the diffusion
profile is assumed to not depend on pump power. The total
photocarrier density ng(r = 0) at the center of optical
excitation then remains the only variable model parameter.

As demonstrated in Figs. 3(d)-3(f), excellent agreement
of the calculated free exciton density profile ny(r) with the

(FX) —2h&; o SRPL data is obtained for all excitation
densities by only adjusting the peak photocarrier density
no(r = 0). This peak density scales linearly with optical
excitation power P,,. [Fig. 3(h)], which we regard as strong
evidence that our model captures the essential physics
underlying the (FX) ring formation effect.

Our model furthermore provides a very natural explan-
ation for an initially counterintuitive trend observed in the
experiment. The peak amplitude of the Tx(r) profile
increases monotonically with P [Figs. 3(a)-3(c)] and
one might therefore expect the most pronounced quench of
the PL intensity at the highest excitation densities. The
stabilizing effect of an increased total photocarrier density
ny (Fig. 2), however, overcompensates further thermal
breakup of free excitons at the excitation spot and leads
to a less pronounced local quench of the free exciton
density ny(r = 0) in the high excitation limit.

To summarize, we have observed the ring formation of
free excitons in ultrapure bulk GaAs. The dependence of
the (FX) SRPL patterns on various experimental param-
eters is a particularly instructive example for the spatially
resolved thermodynamics of a partially ionized exciton gas
in a semiconductor. The temperature and density dependent
population balance between free excitons and the EHP
naturally explains the observation of macroscopic free
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exciton ring structures in our SRPL experiment. Combined
with exciton temperature profiles, which we directly obtain
from the (FX) — 2A€; o phonon replica, the Saha equation
allows for a quantitative modeling of the local thermody-
namics of an exciton gas in a bulk semiconductor.
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