PHYSICAL REVIEW B

VOLUME 40, NUMBER 3

15 JULY 1989-11

Extremely slow energy relaxation of a two-dimensional exciton
in a GaAs superlattice structure

Jun-ichi Kusano, Yusaburo Segawa, Yoshinobu Aoyagi, and Susumu Namba
Frontier Research Programs, The Institute of Physical and Chemical Research, Wako-shi, Saitama 351-01, Japan

Hiroshi Okamoto*
NTT Basic Research Laboratories, Midori-cho 3-9-11, Musashino-shi, Tokyo 180, Japan
(Received 18 January 1989)

Time-resolved photoluminescence spectra of a two-dimensional exciton in a GaAs superlattice
structure were measured as a function of photon energy from a picosecond dye laser. When the
photon energy of the excitation laser is close to the luminescence of the heavy-hole exciton, the rise
time of the photoluminescence is very short. However, in a sample of high quality, an extremely
slow rise time of 400 ps was observed during subband excitation. Three different relaxation process-
es, such as the relaxation of the heavy-hole exciton band, the relaxation from the electron-hole pair
to the heavy-hole exciton, and the relaxation from the light-hole exciton to the heavy-hole exciton,
are proposed. The relaxation time determined in the heavy-hole exciton band is (45120 ps)/meV,
the generation rate of the heavy-hole exciton from the bottom of the electron-hole pair is
1/(190+20 ps), and the generation rate of the heavy-hole exciton from the light-hole exciton is

90+20 ps.

I. INTRODUCTION

Excitons in semiconductors play an important role in
optical properties as elementary excitations at low tem-
perature. The relaxation process and the generation rates
of the excitons are important parameters in the study of
the dynamics of excitons. In bulk GaAs, the binding en-
ergy of the exciton is about 4 meV and the excitonic na-
ture is not so strong. However, in the case of an exciton
in a quantum-well structure of GaAs, the two-
dimensional (2D) exciton has a large binding energy' and
strong oscillator strength? in comparison to those of a
three-dimensional exciton in a bulk crystal. These are ex-
plained in terms of the quantum confinement of the wave
functions of the electron and hole by the potential bar-
rier. As a result, the excitonic nature of the absorption
and luminescence is enhanced. In addition, the band
structure of the superlattice changes according to the
change of the point-group symmetry. The degenerate
valence band at K =0 in the 3D structure decomposes
into the heavy-hole band and the light-hold band. Both
the heavy-hole exciton and the light-hole exciton exist in
the quantum-well structure. In such systems, the heavy-
hole exciton, the light-hole exciton, and the electron-hole
pair in the subband can be selectively generated accord-
ing to the photon energy of the excitation source. Thus,
in the 2D structure, the dependence of the relaxation pro-
cess on the type of initially photogenerated carrier can be
studied.

In order to investigate the relaxation processes and the
generation mechanism of a 2D exciton in a GaAs super-
lattice structure, time-resolved photoluminescence spec-
tra of the n =1 heavy-hole exciton (the 2D exciton) were
measured as a function of the photon energy of the exci-
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tation laser. The measurement system has a time resolu-
tion of better than 15 ps and this allowed the rise time of
the luminescence to be determined with high precision.
The time response of the photoluminescence in the high-
quality superlattice, which was characterized by the
broadening of Landau level in the excitation spectrum of
the photoluminescence under the magnetic field, showed
a very slow rise time. This slow rise time was strongly
dependent on the photon energy of the excitation laser.
In contrast, the decay time was independent of the excita-
tion photon energy. The rise time of the photolumines-
cence indicates that in the energy relaxation process, the
initial photogenerated carrier relaxes the excess energy
with subsequent generation of the 2D exciton. The ex-
perimental results were analyzed by a rate-equation ap-
proach with the following process considered: the gen-
eration rate of the 2D exciton from the electron-hole
pair, that from the light-hole exciton, and the intraband
relaxation time in the 2D exciton band. The extremely
slow energy relaxation process of the 2D exciton originat-
ed to the initial photogenerated carrier has been dis-
cussed.

II. EXPERIMENTAL RESULTS

A. Characterization of samples

Two types of GaAs superlattice structures, referred to
as sample I and sample II in this paper, were grown by a
molecular-beam epitaxy (MBE) technique. 3 Sample I was
a GaAs (86 A)-AlAs (75 A) superlattice structure com-
posed of 100 periods. Sample II was a GaAs (100
A)-Al, 4Gagy As (100 A) of 30 periods. The quality of
sample I is superior to that of sample II, and this judg-
ment is based on criteria which will be described below.
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The time-integrated photoluminescence spectrum col-
lected by picosecond dye-laser excitation and the excita-
tion spectrum of the photoluminescence obtained with a
monochromatic Xe lamp for sample I are shown in Fig.
1. The photoluminescence due to the radiative recom-
bination of the n =1 heavy-hole exciton (the 2D exciton)
was observed at 1.5710 eV and the full width at half max-
imum (FWHM) was 5.3 meV at lattice temperatures of
1.8 and 10 K. The excitation spectra were detected at the
peak photon energy of the heavy-hole exciton (the 2D ex-
citon) luminescence. When a magnetic field is applied
perpendicular to the heterointerface, Landau levels are
generated in the continuum subband. As shown in Fig. 1
by the excitation spectra, subband bunching is observed
and the peak structures due to the transition between the
Landau level of the electron and that of the heavy hole
appear. The excitation spectra were measured as a func-
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FIG. 1. Time-integrated photoluminescence spectrum of the
heavy-hole exciton obtained by picosecond dye-laser (7740 A)
excitation and excitation photoluminescence spectra by a Xe
lamp at zero field, 3 T, and 6 T of sample I. The inset represents
the excitation spectrum of sample II at 6 T. The excitation
spectra were detected at the peak photon energy of the lumines-
cence. “hh-exciton” and “lh-exciton” represent the heavy-hole
exciton band and the light-hole exciton band, respectively. Lan-
dau levels are indicated by arrows N. The shaded rectangle
represents the subband edge. Time responses at the photon en-
ergy of the dye laser marked by arrows B, C, D, and E are
shown in Figs. 5-7. The arrows 4, B, C, D, and E are used in
Figs. 2—4 with the same meaning.
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tion of the magnetic field up to 6 T. Linear extrapolation
of the peak photon energies of the N =2~ 5 Landau lev-
els to zero field converges to the subband edge.*®> The
subband edge is determined to be 1.5870 eV+1.1 meV.
The same experiments were also performed on sample II.
The photoluminescence of the 2D exciton was observed
at 1.561 eV with a FWHM of 7.0 meV. Therefore, sam-
ple II has a large fluctuation of the potential well due to
the interface roughness in comparison with that of sam-
ple I.

The relaxation time strongly depends on the quality of
the crystal and the quantitative characterization of a
sample is a necessary condition when the relaxation rate
is presented. However, it is difficult to characterize the
quality of the undoped well layer by conventional
methods. Accordingly, the sample characterization was
performed by the magnet optics method along with the
determination of the subband edge.

Since the broadening of the Landau level®~® has been
attributed to impurity scattering, carrier-phonon scatter-
ing, and the fluctuation of the local potential, the appear-
ance of the Landau levels strongly depends on the quality
of the crystal. Although the absolute value of the impuri-
ty concentration is not clear, it is possible to select a
high-quality sample by comparison of the magnetic field
strengths when Landau levels first begin to appear. The
broadening parameter of each Landau level was obtained
from the excitation spectra. In the case of sample I, Lan-
dau levels were apparent at 3 T, as shown in Fig. 1. The
density of states of the Landau levels was calculated by
the path-integral method!? and represented as a Gaussian
function making use of the broadening parameter. The
broadening parameter at 6 T of sample I for the N =2
Landau level is 2.51+0.5 meV at a lattice temperature of
10 K, when the inhomogeneous broadening of the 2D
structure is equivalent to the width of the photolumines-
cence of the 2D exciton. This value agrees with the ex-
perimental result for the high-mobility sample.® It is
concluded that' this superlattice structure has high-
quality well layers. In contrast, the Landau levels of sam-
ple II began to appear at 5 T and the distinct subband
bunching structure was not observed until 6 T, as shown
in the inset of Fig. 1. Therefore, the overall quality of
sample II together with the interface roughness is worse
than that of sample I.

B. Time-resolved photoluminescence spectra

Time-resolved photoluminescence spectra at low tem-
perature were obtained by the excitation of a picosecond
dye laser. A tunable picosecond dye laser (LD 700) was
synchronously pumped by a cw mode-locked Kr laser
(6471 A). The repetition rate was 82.4 MHz and the
linewidth of the dye laser was about 4 A. The detection
system was a synchronous scanning streak camera with a
25-cm monochromator. The observed FWHM of the pi-
cosecond dye laser was 15 ps, when 2.5 X 10° pulses were
accumulated. The actual pulse width of the dye laser is
about 2 ps, therefore the time resolution is limited by the
time jitter of the dye laser. Since experiments were per-
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formed under weak excitation conditions, the average in-
tensity of incident dye-laser pulses was 2.5 W/cm? and
the density of photoexcited carriers per unit plane was es-
timated to be 2X108/cm?~2X10°/cm?. The spectrum
excited by the picosecond dye laser was identical to that
obtained by a He-Ne laser (160 mW/cm?). Therefore,
the renormalization of the band gap!! and the rise of the
lattice temperature by the short pulse excitation did not
occur. Interactions between the exciton-exciton and the
exciton carrier are neglected in the remaining discussion.
The two-dimensional image (time delay versus photon
energy) of the intensity of the photoluminescence of the
2D exciton of sample I is shown as a contour representa-
tion in Fig. 2, for a dye-laser wavelength of 7740 A. The
same measurements were carried out as a function of the
photon energy of the dye laser, ranging from resonant ex-
citation of the 2D exciton to AE=150.6 meV. This
point is below the n =2 heavy-hole exciton band. AE is
defined as the interval between the photon energy of the
dye laser and the peak photon energy of the luminescence
(1.5710 eV). The rise time was quite sensitive to the exci-
tation photon energy. The decay time, which was mea-
sured at slower speed of the streak camera, was indepen-
dent of the excitation photon energy. As shown in Fig. 2,
the rise time of the high energy side of the luminescence
band was equal to that of the center of the luminescence
band. In the following discussion, the time response of
the photoluminescence of the 2D exciton is assumed to be
equal to the time response of the photoluminescence
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FIG. 2. Time-resolved photoluminescence spectrum of the
heavy-hole exciton of sample I. The luminescence intensity is
represented by the contour map in the two-dimensional (the
time delay and the photon energy) space. The wavelength of the
dye laser was 7740 A. The time responses of the photolumines-
cence which are shown in Figs. 5-7 are obtained at the peak
photon energy within a spectral range of 2 meV. This spectral
range is represented by the horizontal arrows in this figure. The
arrows 4, B, and C correspond to those of Fig. 1.
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band, which is determined with a spectral width of 2 meV
around the peak. The rise-time dependence upon the en-
ergy interval (AE) is represented in Fig. 3. The rise time
changes drastically at the excitation of the subband edge
and at the light-hole exciton band. In the case of excita-
tions above AE =30.4 meV (the excitation of the sub-
band), the rise time was independent of energy interval.
When the wavelength of the dye laser was 7875 A
(AE =3.0 meV, the arrow A4 in Fig. 1), the rise time
nearly exceeded the detection limit of the system (subpi-
cosecond).

III. DISCUSSIONS

The model for the relaxation process in the superlattice
structure is shown schematically in Fig. 4. The relaxa-
tion process of the 2D exciton is composed of three chan-
nels according to initial photogenerated carriers: (1) the
heavy-hole exciton, (2) the light-hole exciton, and (3) the
electron-hole pair. The rate equation is used to quantita-
tively evaluate the relaxation process. Although the pa-
rameters in the rate equations are relaxation times
(T,,T,,Ty,T),) and a decay time (T},), the experimental-
ly observed decay time of 230420 ps of sample I at 1.8 K
is substituted into the rate equations. There exists a
ground state of the exciton, an excited state of the exci-
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FIG. 3. Rise times of sample I as a function of the energy in-
terval AE. @, @, and O represent time intervals from the time
zero to the peak (100%), 70% of the peak intensity, and 30% of
the peak intensity, respectively. The horizontal arrow Ih-
exciton indicates the FWHM of the light-hole exciton band.
The shaded rectangle represents the subband edge.
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FIG. 4. Energy relaxation process in the superlattice struc-
ture. The horizontal lines represent the energy levels for the
rate equation. The horizontal arrows A4, B, C, D, and E corre-
spond to those in Fig. 1. At the excitation of the light-hole exci-
ton (l/h-exciton) band (the arrow D), two parallel relaxation pro-
cesses, (1) the light-hole exciton process and (2) the electron and
the hole process, are proposed. The relaxation times (T, T,
T, Ty, Ty) indicate as follows: T, the relaxation time of the
electron and the hole in the subband; T, shorter than the time
resolution of our detection system; (T, )~1, the generation rate
of the heavy-hole exciton (Ah#-exciton) from the electron and the
hole; T}, the relaxation time from the light-hole exciton to the
heavy-hole exciton; T),, the relaxation time of the heavy-hole ex-
citon in the heavy-hole exciton band. T, depends on the excita-
tion photon energy; T,, the decay time.

ton, and a subband edge near the bottom of the subband.
The energy level has an inhomogeneous linewidth and
overlap of the energy levels occur at the boundaries of
each state. Analyses are performed for the excitation
photon energies, shown in Fig. 1 arrows as B, C, D, and
E, where the type of the photogenerated carrier is clearly
determined.

A. Relaxation process in the 2D exciton band

In the case of resonant excitation of the 2D exciton
(the heavy-hole exciton) band, the 2D exciton is directly
photogenerated. Time responses of the photolumines-
cence are shown in Fig. 5. The rise time becomes faster
with decreasing AE. This AE-dependent relaxation pro-
cess is explained by a rate equation composed of three
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FIG. 5. Time responses of the luminescence of sample I at
1.8 K and the dye laser at the excitation of the 2D exciton band.
Time responses of (B) and (C) are obtained by the excitation
photon energies marked by the arrow B and C in Fig. 1, respec-
tively. Open and solid circles represent calculated results from
the three-level rate equation.

levels: (1) the excitation laser level (the initial photogen-
erated 2D exciton), (2) the exciton level (the observed
luminescence photon energy), and (3) the ground level.
The single fitting parameter is the relaxation time in the
2D exciton band (T},). As shown in Fig. 5, the calculated
results give good agreement with experimental results.
Relaxation times (7)) are found to be 200120 ps at
AE =6.0 meV, 110420 ps at AE =4.0 meV, and O ps at
AE =3.0 meV for a decay time (T,) of 23020 ps. The
relaxation rate of (45120 ps)/meV is also determined for
the relaxation in the heavy-hole exciton band.

With increasing lattice temperature, the rise time be-
came faster and the FWHM of the luminescence band in-
creased. The relaxation time (T}, ) became zero at a lat-
tice temperature of 20 K, for excitation photon energies
on the higher energy side of the 2D exciton band. The
FWHM of the luminescence band at 20 K was found to
be 7.9 meV due to the enhancement of the interaction be-
tween the 2D exciton and thermally populated phonon
modes.

The rise time of sample II became faster when the exci-
tation was below the subband edge. The relaxation time
in the 2D exciton band (7, ) at 1.8 K, however, is almost
zero when the excitation is on the high energy side of the



40 EXTREMELY SLOW ENERGY RELAXATION OF A TWO-. ..

2D exciton band. The slow relaxation in the 2D exciton
band is not observed. Therefore, the slow relaxation is
inherent in the high-quality superlattice.

A heterointerface has a 1-ML fluctuation with some la-
teral size.!? The excitonic nature of a quantum-well
structure is affected by such a random potential. It de-
pends on the ratio of the Bohr radii of the 2D exciton and
the lateral size of the island. If the lateral size is very
large in comparison with the Bohr radii of the 2D exci-
ton, a distinct splitting structure in the photolumines-
cence spectrum originates from the 1-ML fluctuation. In
such a case, the relaxation process from the upper level to
the lower level in the 2D exciton band should be ob-
served.!® In sample I, as shown in Fig. 2, no splitting was
observed and the 2D exciton band is inhomogeneously
formed. Moreover, the red shift of the luminescence
peak against the absorption line is observed, as shown in
Fig. 1. This Stokes shift is approximately 3 meV. The
photogenerated excitons above the center of the absorp-
tion line, where these points are marked by arrows B and
C in Fig. 1, do not recombine radiatively before losing
their kinetic energy. Excitons at B and C relax toward
the low energy side of the 2D exciton band. This relaxa-
tion process represents the relaxation time (T}, ). The re-
laxation time (7)) becomes shorter with decreasing AE
and the relaxation process disappears when the excitation
is at the center of the absorption line (AE =3.0 meV).
The dynamics of the 2D exciton in the 2D exciton band
also changes across the absorption-line center. The
difference of the excitonic nature in the 2D exciton band
is explained by Hegarty et al.,'* who state that the exci-
tons were effectively localized below the line center and
delocalized above it; the delocalized exciton can move
along the heterointerface like a free exciton in a bulk
crystal. Therefore, the photogenerated exciton above the
center of the absorption line is the delocalized exciton
and the luminescence is due to the radiative recombina-
tion of the localized exciton. The relaxation process
represented as the relaxation time (7T, ) indicates that the
delocalized exciton relaxes the excess kinetic energy by
intraband scattering and localizes into the potential fluc-
tuation. The center of the absorption line of the 2D exci-
ton at AE =3.0 meV corresponds to the mobility edge.

The main relaxation processes of the 2D exciton in the
exciton band during weak excitation are results of impur-
ity scattering and phonon scattering. The interaction be-
tween the 2D exciton and the acoustic phonon (the
deformation-potential coupling and the piezoelectric cou-
pling)!"® is the dominant relaxation process, since the LO
phonon (36 meV) does not contribute to the relaxation.
With increasing lattice temperature, the number of the
phonon modes increases and, as a consequence, the
exciton-phonon interaction is enhanced. This is con-
sistent with the observed fast relaxation at 20 K. The
drastic decrease of the relaxation time (7)) from the
high-quality superlattice (sample I) to the lower-quality
superlattice (sample II) is explained as a result of the in-
crease of the roughness of the heterointerface and the im-
purity concentration. With increasing potential fluctua-
tion, the 2D exciton cannot move along the heterointer-
face and localizes immediately. Such a slow relaxation
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FIG. 6. Time responses of the luminescence of sample I at
1.8 K from dye-laser excitation of the subband. The time
response of (E) is obtained by the excitation photon energy
marked by the arrow E in Fig. 1. Open and solid circles
represent calculated results from the four-level rate equation.
Dashed lines [(a) and (b)] are calculated results from the three-
level rate equation.

process in the exciton band can be observed in the high-
quality sample as a broadening exciton line. Therefore,
only the GaAs superlattice structure satisfies the above-
mentioned two conditions.

B. Generation process of the 2D exciton
from the electron and the hole

Under subband excitation, the drastic delay of the rise
time was observed in comparison with that of the 2D ex-
citon band, as shown in Fig. 6. This delay is attributed to
the different nature of the photogenerated initial carrier;
the electron-hole pair and the 2D exciton. At the excita-
tion of the subband, both the relaxation process of the
electron and the hole in the subband and the generation
process of the 2D exciton from the electron and the hole
should be considered in addition to the relaxation process
in the 2D exciton band, as shown in Fig. 4 (TS,Tg,T,,,
and T,). The rise time is so slow that the time response
of the photoluminescence cannot be explained by the rate
equation composed of the three levels, as shown in Figs.
6(a) and 6(b). The experimental result is explained by a
rate equation composed of four levels. The relaxation
process at the excitation of the subband is proposed as
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follows. The photogenerated electron and hole in the
subband relax by interaction with the LO phonon and the
LA phonon. In our experiment, the rise time was in-
dependent of the photon energy of the dye laser for AE
greater than 30.4 meV. The relaxation time of the LO-
phonon interaction (T5), as shown in Fig. 4, is equal to or
less than a picosecond; 16,17 the dependence of relaxation
time (7T;) on the photon energy could not be observed
with present detection systems. After relaxation to the
bottom of the subband, the electron and the hole are
thermally distributed and generate the 2D exciton at a
rate of (1/T,). The 2D exciton relaxes (T},) and recom-
bines radiatively (T;). Therefore, the parameters of the
four-level rate equations are the generation rate of the 2D
exciton (1/T,), the relaxation time of the 2D exciton in
the 2D exciton band (T, ), and the decay time (7T,). The
best fit is shown in Fig. 6, when relaxation times are tak-
en as T, =190£20 ps, T, =200%20 ps, and T, =230+20
ps.

As previously mentioned, the slow relaxation process
under subband excitation is attributed to the slow genera-
tion rate of the 2D exciton (1/T,). An exciton is gen-
erated from an electron and a hole by Coulomb capture.
In our experiments, since the intensity of the dye laser
was weak, this generation process is very slow. The re-
laxation time in the 2D exciton band (T, ) coincides with
that of the excitation at AE =6.0 meV. This point is the
high energy level of the 2D exciton band. Therefore, the
relaxation process from the subband and that of the 2D
exciton band are both of the cascade type. The 2D exci-
ton generated from the electron-hole pair is the delocal-
ized exciton and has a large kinetic energy.

C. Relaxation process from the light-hole exciton
to the heavy-hole exciton

During excitation of the light-hole exciton band, both
the light-hole exciton and the electron-hole pair are gen-
erated as per their transition probabilities. As shown in
Fig. 1, the structure of the light-hole exciton is easily ob-
served and luminescence of the light-hole exciton is not
observed under weak excitation conditions. Therefore,
the light-hole exciton contributes to the luminescence of
the heavy-hole exciton (the 2D exciton) and a generation
channel of the heavy-hole exciton from the light-hole ex-
citon exists. If the 2D exciton is generated by the dissoci-
ation of the light-hole exciton, the rise time at the reso-
nant excitation of the light-hole exciton band should be
equal or slower in comparison to that of the subband.
The experimental result, however, shows that the rise
time is fast, as shown in Fig. 3. Therefore, the generation
process of the 2D exciton from the light-hole exciton and
that from the electron hole differ remarkably and proves
that the heavy-hole exciton is directly generated from the
light-hole exciton. The time response at AE =20.2 meV
(arrow D in Fig. 1) consists of two parallel relaxation pro-
cesses as represented in Fig. 7 (D). The luminescence
from the light-hole exciton [Fig. 7 (a)] is resolved by sub-
tracting the time response of the luminescence at the ex-
citation of the subband [AE =30.4 meV, Fig. 7 (E)]
from the observed luminescence [AE =20.2 meV, Fig. 7
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FIG. 7. Time response (D) of the luminescence of sample I at
1.8 K from dye-laser excitation of the light-hole exciton band.
The excitation photon energy is marked by the arrow D in Fig.
1. The time response of (E) and that of (a) indicate the lumines-
cence contributed to the subband and to the light-hole exciton,
respectively. Open and solid circles represent calculated results
from the four-level rate equation.

(D)]. The ratio of the intensities from the light-hole exci-
ton and the subband (heavy-hole) is found to be 1:1.25,
which is obtained from the excitation spectrum shown in
Fig. 1. When the relaxation process in the 2D exciton
band from the light-hole exciton is assumed to be of the
cascade type as well as in the case of the excitation of the
subband, for T}, =200+£20 ps and T, =230=%20 ps, the re-
laxation time between the light-hole exciton and the
heavy-hole exciton (T},) is found to be 901+20 ps by the
fitting procedure shown in Fig. 7 (a).

The degenerate valence band in the superlattice struc-
ture is divided into the heavy-hole band (J =3, m,==%3)
and the light-hole band (J =2, m,=1) by the change
of point-group symmetry. Therefore, the excitons have
the same angular momentum. During the relaxation pro-
cess (Ty,) at AE =20.2 meV, the light-hole exciton re-
laxes with an energy of 14.2 meV along with an angular-
momentum relaxation and forms the heavy-hole exciton.
Our experiment suggests that the light-hole exciton in-
teracts strongly with the heavy-hole exciton. This strong
interaction comes from the exchange interaction of the
excitons by enhancement of the overlap of the wave func-
tions of the electron and the hole.
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IV. CONCLUSION

The relaxation process of the 2D exciton in a GaAs su-
perlattice structure has been studied under weak excita-
tion conditions by picosecond spectroscopy. The ex-
tremely slow energy relaxation was observed only in the
high-quality superlattice at a lattice temperature of 1.8
K. The relaxation process depends on the photon energy
of the dye laser, and three kinds of relaxation processes,
the heavy-hole exciton, the light-hole exciton, and the
electron-hole pair, are classified according to the
difference in initially photogenerated carriers. The relax-
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ation rate in the 2D exciton band is 45 ps/meV, the gen-
eration rate of the 2D exciton from the electron-hole pair
is 1/(190 ps), and the relaxation time between the light-
hole exciton and the heavy-hole exciton is 90 ps.
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