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Spectral engineering of carrier dynamics in In „Ga…As self-assembled
quantum dots
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Time-resolved photoluminescence upconversion with 200 fs resolution is used to investigate the
carrier capture, energy relaxation, and radiative recombination in two self-assembled quantum-dot
ensembles with distinctly different sizes and energy spectra. When carriers are excited into the
wetting layer at low density and low lattice temperature, the relaxation time to the ground state of
the larger dots is;1 ps, but the corresponding time for the smaller dots with larger energy spacings
is ;7 ps. This, along with the observed temperature dependence, suggests phonon participation in
the relaxation process. At low temperatures, the radiative recombination time in the smaller dots is
approximately twice that of the larger dots. The reduced oscillator strength in the smaller dots may
be due to a reduced electron–hole wave-function overlap in the smaller dots, in addition to a
size-dependent super-radiance effect. ©2001 American Institute of Physics.
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Innovations in the controlled growth of InAs/GaAs an
InGaAs/GaAs self-assembled quantum dots~SAQDs! have
recently led to their implementation as the active region
high-performance lasers.1–8 The gain and maximum modula
tion rate of these lasers are intimately coupled to the ra
tive recombination and carrier energy relaxation rates in
SAQDs. The capture of carriers from the wetting layer a
their subsequent relaxation through the discrete states o
SAQDs are particularly interesting problems, as the repo
time scales for such processes vary from approximate
picosecond to hundreds of picoseconds.9–22

The observation of slower relaxation times has be
pointed to as evidence of the phonon bottleneck.23,24 On the
other hand, a substantial body of research exists, includ
SAQD laser studies, that indicates that relaxation wit
SAQDs proceeds at a rate greatly exceeding that origin
thought possible in the presence of a phonon bottlene
Several explanations have been posed for this fast relaxa
including multiphonon emission,22 Auger processes,25 and
electron–hole scattering.26

The wide range of reported values for the energy rel
ation time in SAQDs is likely a result of multiple factors. Fo
instance, reported results vary with regard to experime
conditions, such as lattice temperature, excitation intens
and excitation energy. In addition, varying growth conditio
lead to SAQDs with differing size, shape, ground-state
ergy, and electron and hole potential depth. This result
wide variations in the number, degeneracy, and distribu
of confined energy levels in the SAQDs. While this ad
complexity to the problem of understanding the carrier d
namics in the SAQDs, it also points to the potential for e
gineering SAQD laser properties by manipulation of the
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ergy spectrum through the control of dot size a
composition. Here, we demonstrate dramatically differi
carrier dynamics in SAQDs with distinctly different energ
spectra.

SAQDs are grown in a thin~2000 Å! GaAs region
bounded by AlAs diffusion barriers. One sample consists
two layers of large~350 Å diam by 110 Å height after cov
ering! InGaAs/GaAs dots with a density of 1010cm22. The
alloy composition during growth is 50%, but the center
the dots is indium rich, resulting in nearly parabolic potent
wells.27 The two SAQD layers are separated by 1000 Å. T
photoluminescence spectra, shown in Fig. 1~a!, illustrate that
the 300 K ground-state emission occurs at 1.32mm and that
multiple emission peaks are observed for high excitati
Indium grading results in transition energies that are nea
equally spaced with an average separation of;65 meV. Any
effect of indium grading on the carrier dynamics will likel
be manifest in the emission spectrum. The second sam
consists of a single layer of much smaller~250 Å diam by 30
Å height after covering! InAs/GaAs SAQDs with a density
of 331010cm22. As shown in Fig. 1~b!, these dots exhibit
ground-state emission at 1.23mm and, for high excitation,
multiple emission peaks with much larger separation rela
to the larger SAQDs~;93 meV!.

Time-resolved photoluminescence upconversion m
surements with;200 fs resolution were conducted und
similar conditions for each sample to examine both the
laxation time to the ground state and the radiative recom
nation. Carriers are excited below the GaAs band edge~i.e.,
into the wetting layer! and the SAQD ground-state emissio
is upconverted in a 0.5-mm-thick LiIO3 crystal to provide the
temporal resolution. The upconverted radiation is pas
through a monochromator prior to detection to provide;10
meV spectral resolution. The time dependence of the grou
© 2001 American Institute of Physics
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state emission is measured as a function of lattice temp
ture and excitation level for each of the two samples.

The initial rise of the ground-state emission for ea
sample is well described by a simple exponentially incre
ing function, and fits to the data provide a characteristic r
time. The rise time as a function of temperature for ea
sample is shown in Fig. 2. Each data point represents
average of measurements conducted over the range of
tation fluences indicated in the insets. There are several
portant features evident in these data. First, as we have
ported previously,28 the rise time for the large SAQDs i
extremely short, particularly at lower temperatures. Seco
it is clear that at all temperatures the relaxation times for
smaller SAQDs are significantly longer. Third, the tempe
ture dependencies of the rise times are distinctly different
the two structures.

A further significant feature is shown in the insets in F
2, i.e., the observed rise times~for both structures! show
little, if any, dependence on excitation fluence for the ran
of fluences investigated. This suggests that the rapid
times are not associated with Auger-like processes involv
carriers in the wetting layer. On the other hand, it is poss
that intradot electron–hole scattering may account for
fast relaxation. It is evident, however, that in the presence
the smaller energy-level spacing in the larger SAQDs,
relaxation rate is enhanced. This behavior is suggestiv
phonon participation. If we take the electron effective ma
as 0.04m0 , the energy separation between the low-lyi
electron states is estimated to be 33 meV. Given the o
served spacing between optical transitions, the separation
tween optically activeholestates would be comparable. Th
energy separation, which again is nearly constant for all

FIG. 1. 300 K photoluminescence for~a! large InGaAs SAQDs and~b!
small InAs SAQDs under 800 nm continuous-wave excitation. In each c
spectra are shown at low excitation, where emission only from the gro
state is observed, and significantly higher excitation, where excited-
emission is evident. The feature below 900 nm is associated with emis
from GaAs.
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served transitions, is nearly equal to the LO phonon ene
measured in InGaAs SAQDs.29 This indicates that relaxation
through optical phonon emission is a possible explanation
the extraordinarily fast low-density relaxation times me
sured in the InGaAs SAQDs. Conversely, the relaxation p
cess is clearly impeded in the structure with larger ener
level separations, which is suggestive of a phon
bottleneck, but one that is not nearly as severe as that o
nally predicted.23,24

The temperature dependence of the rise time for the
structures is also strikingly different, with the larger do
exhibiting an increase in relaxation time with increasing te
perature and the smaller dots showing the opposite beha
at the highest temperature. A detailed rate equation30 analy-
sis including the phonon bath shows that the tempera
dependence of the relaxation dynamics depends critically
the degree of thermal coupling between the wetting layer
the high-energy SAQD states involved in the capture p
cess. If the coupling is weak, the relaxation rate will increa
with increasing temperature due to stimulated phonon em
sion. Conversely, with strong coupling the rate will decrea

e,
d
te
on

FIG. 2. Rise time of the ground-state emission as a function of tempera
for ~a! the large InGaAs SAQDs and~b! the small InAs SAQDs. Each data
point represents an average photoluminescence rise time for the ran
excitation fluences shown in the corresponding inset. The insets pro
example fluence-dependent data at 77 K, illustrating that the rise tim
essentially independent of carrier density.
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with increasing temperature because of thermal reexcita
from high-energy confined states into the wetting layer.30

As illustrated in Fig. 3, we also find that the radiativ
recombination rate in the SAQDs is size dependent. Ag
these data were taken in the low-excitation regime. At l
temperatures, the radiative lifetime in the smaller dots
roughly twice that of the larger dots. This indicates a sma
oscillator strength for the smaller dots. A reduced overlap
the electron–hole wave function in the smaller SAQDs m
be partly responsible for the lifetime change, but it has a
been suggested that the radiative lifetime in SAQDs is s
dependent due to super-radiance.31 The temperature depen
dence to the recombination is similar for the two sampl
both exhibit a lifetime that increases with temperature. T
has been reported previously16,28,32,33and is attributed to the
increasing occupation of excitonic dark states with incre
ing temperature.34 At the highest temperatures, we observe
modest increase in lifetime with density, which is reflected
the larger error bars for the highest temperatures. This is
consistent with greater occupation of dark states under th
conditions.

In summary, we have shown that when grown and m
sured under similar conditions two SAQDs with dramatica
different sizes and energy spectra display significantly diff
ent relaxation and recombination dynamics. The results s
gest an important role for phonons in the energy relaxa
within these SAQDs. The shorter radiative lifetime for t
larger SAQDs indicates a reduced oscillator strength aris
from greater electron wave-function barrier penetration
the growth direction for the smaller dots, and is consist
with predictions of super-radiance. These studies indicate
potential for optimization of 1.3mm SAQD lasers through
size- and composition-controlled growth.

Research at the University of Iowa is supported by
National Science Foundation under Grant No. ECS-97077

FIG. 3. Radiative lifetime as a function of temperature for the InGa
~circles! and InAs ~triangles! SAQDs illustrating the decreased radiativ
lifetime for the larger InGaAs SAQDs. Each data point represents an a
age lifetime measured over numerous excitation fluences. The larger
bars for the highest temperatures reflect a slight increase in the recom
tion time with density at these temperatures.
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