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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. 2@01 American Institute of Physics.
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Innovations in the controlled growth of InAs/GaAs and ergy spectrum through the control of dot size and
InGaAs/GaAs self-assembled quantum d@&AQDS have composition. Here, we demonstrate dramatically differing
recently led to their implementation as the active region ofcarrier dynamics in SAQDs with distinctly different energy
high-performance lasefs® The gain and maximum modula- spectra.
tion rate of these lasers are intimately coupled to the radia- SAQDs are grown in a thif2000 A GaAs region
tive recombination and carrier energy relaxation rates in th@ounded by AlAs diffusion barriers. One sample consists of
SAQDs. The capture of carriers from the wetting layer andwo layers of largg350 A diam by 110 A height after cov-
their subsequent relaxation through the discrete states of th&ing) InGaAs/GaAs dots with a density of &xm 2. The
SAQDs are particularly interesting problems, as the reportediloy composition during growth is 50%, but the center of
time scales for such processes vary from approximately ghe dots is indium rich, resulting in nearly parabolic potential
picosecond to hundreds of picosecoftds. wells?” The two SAQD layers are separated by 1000 A. The

The observation of slower relaxation times has beerphotoluminescence spectra, shown in Fig) lillustrate that
pointed to as evidence of the phonon bottlen€.0n the  the 300 K ground-state emission occurs at 132 and that
other hand, a substantial body of research exists, includinghultiple emission peaks are observed for high excitation.
SAQD laser studies, that indicates that relaxation withinindium grading results in transition energies that are nearly
SAQDs proceeds at a rate greatly exceeding that originallgqually spaced with an average separatior66 meV. Any
thought possible in the presence of a phonon bottleneckeffect of indium grading on the carrier dynamics will likely
Several explanations have been posed for this fast relaxatioge manifest in the emission spectrum. The second sample
including multiphonon_emissioff, Auger processes, and  consists of a single layer of much smal{@60 A diam by 30
electron—hole scatterirfg. A height after coveringlnAs/GaAs SAQDs with a density

The wide range of reported values for the energy relaxgf 3% 16°%cm=2. As shown in Fig. 1b), these dots exhibit
ation time in SAQDs is likely a result of multiple factors. For ground-state emission at 1.28m and, for high excitation,
instance, reported results vary with regard to experimentahytiple emission peaks with much larger separation relative
conditions, such as lattice temperature, excitation intensityg the larger SAQD~93 meV).
and excitation energy. In addition, varying growth conditions  Tjme-resolved photoluminescence upconversion mea-
lead to SAQDs with differing size, shape, ground-state ensyrements with~200 fs resolution were conducted under
ergy, and electron and hole potential depth. This results iRjmjlar conditions for each sample to examine both the re-
wide variations in the number, degeneracy, and distributiongyation time to the ground state and the radiative recombi-
of confined energy levels in the SAQDs. While this addspation. Carriers are excited below the GaAs band dilge
complexity to the problem of understanding the carrier dy-jnig the wetting layerand the SAQD ground-state emission
namics in the SAQDs, it also points to the potential for en-jg upconverted in a 0.5-mm-thick Lilrystal to provide the
gineering SAQD laser properties by manipulation of the enyemnporal resolution. The upconverted radiation is passed
through a monochromator prior to detection to provie&0
3Electronic mail: thomas-boggess@uiowa.edu meV spectral resolution. The time dependence of the ground-
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FIG. 1. 300 K photoluminescence fd¢a) large InGaAs SAQDs andb) ; 12
small InAs SAQDs under 800 nm continuous-wave excitation. In each case, £ 2 77K
spectra are shown at low excitation, where emission only from the groundi= 4.0 { 5 8 ° o _0®
state is observed, and significantly higher excitation, where excited-stateg E ® % 500
emission is evident. The feature below 900 nm is associated with emissior g 'q_, 4 4
from GaAs. 2
201
0 T r
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state emission is measured as a function of lattice tempera Fluence (uJ/cm?) (b)
ture and excitation level for each of the two samples. 0.0 . ; :
The initial rise of the ground-state emission for each 0 50 100 150
sample is well described by a simple exponentially increas- Temperature (K)

Iﬂg functlon., a”O_' fits to the dataj provide a characteristic M1S&G. 2. Rise time of the ground-state emission as a function of temperature

time. The rise time as a function of temperature for eachor (g the large InGaAs SAQDs arith) the small InAs SAQDs. Each data

sample is shown in Fig_ 2. Each data point represents theoint represents an average photoluminescence rise time for the range of

average of measurements conducted over the range of ex&pxcitation fluences shown in the correspor}dmg inset. The insets p_rowde
. . . . . _example fluence-dependent data at 77 K, illustrating that the rise time is

tation fluences indicated in the insets. There are several iMsssentially independent of carrier density.

portant features evident in these data. First, as we have re-

ported previously?® the rise time for the large SAQDs is
extremely short, particularly at lower temperatures. SecondS€rved transitions, is nearly equal to the LO phonon energy
it is clear that at all temperatures the relaxation times for thaneasured in InGaAs SAQDS This indicates that relaxation
smaller SAQDs are significantly longer. Third, the temperathrough optical phonon emission is a possible explanation of
ture dependencies of the rise times are distinctly different fofhe extraordinarily fast low-density relaxation times mea-
the two structures. sured in the InGaAs SAQDs. Conversely, the relaxation pro-
A further significant feature is shown in the insets in Fig. cess is clearly impeded in the structure with larger energy-
2, i.e., the observed rise timdfor both structuresshow level separations, which is suggestive of a phonon
little, if any, dependence on excitation fluence for the rangdottieneck, but one that is not nearly as severe as that origi-
of fluences investigated. This suggests that the rapid risgally predictec®?*
times are not associated with Auger-like processes involving  The temperature dependence of the rise time for the two
carriers in the wetting layer. On the other hand, it is possiblestructures is also strikingly different, with the larger dots
that intradot electron—hole scattering may account for thexhibiting an increase in relaxation time with increasing tem-
fast relaxation. It is evident, however, that in the presence operature and the smaller dots showing the opposite behavior
the smaller energy-level spacing in the larger SAQDs, theat the highest temperature. A detailed rate equéianaly-
relaxation rate is enhanced. This behavior is suggestive dfis including the phonon bath shows that the temperature
phonon participation. If we take the electron effective massiependence of the relaxation dynamics depends critically on
as 0.04m,, the energy separation between the low-lyingthe degree of thermal coupling between the wetting layer and
electron states is estimated to be 33 meV. Given the ob+the high-energy SAQD states involved in the capture pro-
served spacing between optical transitions, the separation beess. If the coupling is weak, the relaxation rate will increase
tween optically activénole states would be comparable. This with increasing temperature due to stimulated phonon emis-

energY separation, which again is nearly constant for all obsion. Conversely, with strong coupling the rate will decrease
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