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Photocarrier recombination in Al«In, «As/Al„Ga& As self-assembled quantum dots
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Ensembles of self-assembled quantum dots (QD's) are investigated using photoluminescence (PL) and

resonant time-resolved PL in the visible spectrum. Faster carrier relaxation/recombination dynamics
(-250 ps) are observed for resonant excitations. The inhuence of the temperature and the intensity of ex-
citation is also measured by monitoring sharp spectral features (-200 LMeV) obtained when probing the
PL of small ensembles (-600 QD's). Temperature-independent linewidths are observed up to 70 K
(k&T)&200 peV). For higher excitation intensity, however, the collective background, emitted by the
ensemble of QD s, is enhanced relative to the amplitude of the individual sharp spectral features.

Recently, the spontaneous island formation in the
Stranski-Krastanow growth mode of highly strained
semiconductors has been exploited to produce self-
assembled Al«In, «As/Al„Ga& As quantum dots
(QD's) with emission in the visible (red) spectrum. '

Nonresonant photoluminescence (PL) experiments, per-
formed on ensembles with a different number of QD's, ex-
posed the sharpness of the single-dot emission forming
the smooth Gaussian line shape which is often observed
when probing a larger number of slightly different QD's.
On the other hand, resonant PL experiments revealed
enhanced radiative recombinations for excitation energies
permitting resonant phonon (multiphonon) relaxation,
suggesting difFerent zero-dimensional (OD) induced
carrier/exciton relaxation mechanisms. Nonreson ant
time-resolved PL (TRPL) studies obtained with other
self-assembled QD's confirmed a different carrier dynam-
ics and/or temperature behavior. However, the
inQuence of the temperature and of the intensity of exci-
tation remains to be investigated in the case where sharp
QD lines can be observed. Also, TRPL pumped reso-
nantly in the excited states would help clarify the mecha-
nisms pertinent to the photocarrier relaxation in small
QD's, such as the restricted phonon-scattering rates
or the Auger-like processes. Therefore, to further eluci-
date the effects of the OD confinement on the
carriers/excitons and the related dynamics, we present in
this paper the results of resonantly excited TRPL, and
the temperature and intensity behaviors of the sharp
spectral features associated to the individual QD emis-
sion.

The sample used for this work was grown by
molecular-beam epitaxy using the spontaneous island for-
mation in the Stranski-Krastanow growth mode. ' From
substrate to top, the layers grown are a GaAs (100)
buffer, a 200-nm Alp 35Gap 65As barrier layer, the
Inc s~Alo. 4sAs QD layer, a 30 nm Alo. 3sGao. ssAs barrier
layer, and a thin GaAs cap layer. The QD layer is com-
posed of a 2.1-nm quantum well, called the wetting layer

(WL), on top of which the QD's are formed. The QD's
thus produced have a diameter of 18+2 nm, a thickness
of 3.2 nm, and their areal density is 200 pm . More de-
tailed sample and growth descriptions have been pub-
lished elsewhere. ' In this paper, we report on two QD
ensembles obtained from the above sample, hereafter
named ensembles A and B. Ensemble A was obtained by
focusing the laser spot to a diameter of -80 pm on the
as-grown sample, thus yielding a population of —10
QD's. Ensemble 8 was achieved by defining a 3-pm
mesa, resulting in a small group of -600 QD's. We first
present the TRPL measurements obtained on ensemble
A, and then discuss the temperature and intensity depen-
dence of the emission spectra obtained with ensemble B.

For TRPL experiments, the optical excitation was pro-
vided by a frequency-doubled mode-locked Nd +: YAG
laser synchronously pumping a dye layer, producing 5-ps
pulses with a repetition rate of 4 MHz. The PL is then
dispersed by a 0.75-m double spectrometer and detected
by a 25-mm-diam cooled imaging photomultiplier tube
(IPMT). Combined with a position computer, the IPMT
gives the location of given photon events, allowing elec-
tronic gating of the signal and precise detection-energy
selection.

Figure 1 shows the typical PL results obtained with en-
semble A. The dashed curve of Fig. 1(a) displays the
steady-state PL spectrum obtained when exciting non-
resonantly above the barrier material, where relaxation in
the QD's requires the emission of several phonons and
may involve many processes. The spectral shape of the
QD PL (at 1.887 eV) is a smooth Gaussian with a full
width at half maximum (FWHM) of 46 meV. The shoul-
der observed at 1.96 eV is attributed to PL from the WL.
The solid curve of Fig. 1(a) is obtained when the sample
is excited resonantly on the high-energy side of the
Gaussian at 1.927 eV. Peaks appear at fixed energies
below the excitation line, corresponding to phonon
modes in the QD and barrier materials. For example, the
dominant peaks labeled LO& and LOz appear, respective-
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ly, 35 and 48 meV below the laser energy, and are associ-
ated to one GaAs-like and one A1As-like phonon in
Al Ga& As. Similar phonon signatures have been ob-
served in resonant TRPL spectra obtained with corrugat-
ed superlattices and were attributed to Raman or
coherent Raman scattering. " Here, however, the pho-
non signatures are observed for a longer time scale and a
wider spectral width than the exciting laser pulse. The
observed decay times of the signal emitted a phonon
away from the excitation (200—300 ps) are within our ex-
perimental resolution ( —100 ps), whereas the Raman-
scattering phenomena would appear to be instantaneous
relative to the time scale involved here. This, therefore,
confirmed the identification of the peaks observed in reso-
nant excitation as being PL originating from QD s excit-
ed with an excess of phonon energy.

The decay characteristics of the PL signal excited in
the various conditions illustrated in Fig. 1(a) have been
investigated and are compared in Fig. 1(b). The three de-
cay curves are obtained at different excitation wave-
lengths, but with the same detection energies (Ez«), and
thus probing equivalent QD's under various excitation
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FIG. 1. Low-temperature PL of —10 Al~ In& ~ As/
A1„Cga, „As QD's. The dotted curve in (a) is obtained using an
excitation energy (E,„,) above the barrier material, and the
solid line is obtained for resonant excitation. The peaks LO&

(LO&) are observed at 35 meV (48 meV) below the excitation en-
ergy. In (b), the corresponding time-resolved spectra are ob-
tained for Ed„=1.912 eV. The decay traces "Nonresonant, "
LO, and LO&, are thus obtained for E„,= 1.993 eV,
E,„,=Ed„+35 meV, and E,„,=Ed„+48 meV.

conditions. The curve labeled "nonresonant" was ob-
tained when exciting above the barrier material, whereas
the curves labeled LO& and LO2 are obtained when excit-
ing at Ed„+35 meV and at Ed«+48 meV, respectively.
Clearly, the decay times for the QD PL are faster in cases
of resonant excitation. Previous carrier relaxation stud-
ies performed with structures of higher dimensionalities
have also demonstrated that faster cooling times can be
obtained in the case of LO phonon-assisted relaxations,
and that cooling rates are slower as the dimensionality is
reduced. ' ' Here, for the excitation intensity of 1.4
nW/pm2, the maximum number of pairs of photocarriers
which can be generated among the 10 QD's probed is es-
timated to be —10 per pulse for the nonresonant excita-
tion, and much less for the other two curves. For the
nonresonant case, most carriers are created in the barrier
layers, and will subsequently relax to the OD QD ground
state. Some of the decay mechanisms available are
carrier-carrier scattering, Auger-like processes, and
(multi)phonon emission. The very low excitation intensi-
ty used reduces the possibility of carrier-carrier scatter-
ing and Auger-like processes. Relaxation by phonon
emission can occur in several different ways: First, by
direct trapping in the QD ground state by multiphonon
emission. Second, the carriers can fall in a WL state, pos-
sibly with a nonzero wave vector, by phonon emission.
After relaxation to the WL ground state, the carriers
would relax to the QD ground state. If such a process
occurs, the capture time between the WL and the QD
ground state must be very fast since very little %'L PL is
observed. Every phenomenon discussed above involves
different time constants, which might account for the
nonsingle exponential decay curves observed in Fig. 1(b).

Figure 2 gives a summary of the various rise times and
decay times observed for different detection energies.
The rise time is defined here as the time necessary for the
TRPL signal to reach its maximum value. Decay times
have been obtained by fitting our results to a triple-
exponential decay and keeping the dominant (fastest)
component. Figure 2(a) shows the rise time for resonant
(open symbol) and nonresonant (solid symbol) conditions.
One observes that when detecting resonantly, one phonon
energy below the excitation line, all rise times are faster.
This effect is readily understood since resonant phonon-
assisted capture is expected to be faster, independent of
the precise nature of the capture process. The latter may
include resonant absorption in excited states followed by
resonant-phononic decay to the ground state, direct ab-
sorption in the ground state with simultaneous single-
phonon emission, or multiple-phonon emission. Figure
2(b) shows the decay time for resonant (solid symbol) and
nonresonant (open symbol) conditions. The nonresonant
curve shows faster decay times with higher detection en-
ergy. This might be explained by an increased carrier
confinement for higher emission energies. For example,
QD's with diameters 1 or 2 nm smaller than the average
diameter of 18 nm would have a reduced lifetime because
the additional lateral confinement will increase the over-
lap of the wave functions, and have higher emission ener-
gies because the strongly quantized height is typically re-
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lated to diameter by a constant aspect ratio. A similar
trend is observed under resonant excitation conditions,
with decay times that are shorter, consistent with the fact
that a slow feed-in process will show up in the PL trace
as a slow tail in the decay. ' The results suggest that ex-
citing resonantly one LO phonon energy above the
ground state of the QD's probed helps to bypass the slow
relaxation processes that might take place in the non-
resonant case, therefore speeding the decay of the TRPL
signal. It is also interesting to compare recombination
times for the cases where the relaxation process will re-
quire more than one phonon to the case of resonant exci-
tation with an excess energy of exactly one phonon. For
example, the "multiphonon" results in Fig. 2 are ob-
tained by detecting -65 meV below the excitation as il-
lustrated in Fig. 1(a). For such excitations, in addition to
one LO phonon, other smaller energy phonons will parti-
cipate to lead to the ground-state radiative recombina-
tion. The measured recombination times for such multi-
phonon excitations, using excess energies close to but not
equal to the LO-resonant excitation, are still much faster
than the nonresonant above-barrier recombination times,
suggesting efBcient multiphonon carrier cooling.

PL measurements were performed on ensemble B. The
sample was excited with a continuous-wave Ti:sapphire
laser at 1.96 eV, and the resolution of the PL system is 80
peV. Previous experiments have shown that for a small
number of QD's probed (-600), sharp spectral features

start appearing on top of the smooth Gaussian spectrum.
This suggested that the overall PL spectrum results from
the convolution of a number of very sharp intrinsic emis-
sion lines, each corresponding to the emission line of indi-
vidual QD's. Figure 3 shows the QD PL spectrum ob-
tained for ensemble B at diferent temperatures with an
excitation power of 250 nW/pm . The spectra exhibit
several sharp spectral features of similar magnitude with
a FWHM ranging from 190 to 400 peV. Other mesas ex-
cited above the barrier material (E,„,=2.0 eV) with very
low power densities (25 nW/pm ) have shown some spec-
tral features of —100 peV. Each sharp feature corre-
sponds to the PL trace of a few QD's, typically one to
six, emitting at similar wavelengths. The nonzero PL
signal observed in between adjacent lines is due to the
finite intrinsic emission linewidth of each single QD.
This collective background has to be distinguished from
the dark count signal, since the former is a property of
the QD population and the latter is a property of the set-
up.

The spectra shown in Fig. 3 have been shifted to align
the sharp lines at all temperatures. Spectral features for
which the intensity level remains well above the collective
emission background show very little broadening as the
temperature is increased up to 70 K. Some lines, such as
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FIG. 2. Rise times as defined in the text (a) and decay times
(b) as a function of detection energy. Solid (open) symbols show
the results obtained for nonresonant (resonant) excitation condi-
tions. The instrumental response of the system is 420 ps for the
rise time and 100 ps for the decay time.

FIG. 3. PI. spectrum for ensemble 8 ( —600
A1~In, «As/Al„Ga& „As QD's) at different temperatures ob-
tained with an excitation intensity of 250 nW/pm . The energy
scale is for the 10-K spectrum. At higher temperatures the
spectra were shifted to align the peak indicated by an arrow.
We also show the resoluiion of our setup and the evolution of
the thermal energy for comparison.
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G, do show some broadening, although much less than
the increase in the thermal energy (k&T). This small
effect can be attributed to the background noise in the ex-
periment, since at 70 K the PL intensity has decreased by
a factor of 10 due mostly to thermionic emission, ' and
several lines are barely seen above the dark count level
for such small excitation intensities. These temperature-
independent linewidths are in contrast with the case of a
quantum well where the 2D density of state permits a
continuum of energy leading to thermal broadening of
the emission line. The difference between the two cases
lies in the density of states, and the behavior in tempera-
ture observed here clearly is the one expected for a 5-
function-like density of states with no significant carrier
population in the radiative excited state(s).

Figure 4 shows the evolution of the PL as a function of
excitation power at low temperatures. The low-intensity
spectrum (150 nW/pm ) shows the same features as in
Fig. 3(a). As the intensity is increased, most of the sharp
spectral features (A to I) observed lose amplitude with
respect to the collective background, and in some cases
even disappear completely, the most striking example be-
ing peak H. Lines that remain identifiable tend to stay
narrow, although some of them do show evidence of
broadening (peak 8, for example). In some cases, higher
intensities have little effect (J, K, and L) or even cause
the emergence of new features. Line I, for example, is
barely detected at low intensity, but progressively rises
above the background as the intensity is increased. These
observations cannot be related to temperature effects,
since Fig. 3 demonstrates that increasing the temperature
does not change the spectrum significantly. An increase
in the photocarrier populations is more likely to be at the
origin of the new spectral features. Neglecting the dy-
namics in the higher-energy states, the steady-state popu-
lation in the QD ground state is given by the product of
the photogenerated carrier flux, 4(I,„), and the lifetime
in the QD ground state, ros. Here, for sos=300 ps and
for the intensities of 150 nW/pm, 1.5 pW/pm, and 4.5
pW/pm, ala(I, „)z~s is, respectively, 0.002, 0.02, and 0.06
per QD. ' The presence of carriers in the QD at the mo-
ment of recombination is expected to have an effect on
the emission energy. ' ' For example, for higher popula-
tions, charged excitons or biexcitons would emit at ener-
gies different than the QD exciton energies. The corre-
sponding changes in the emission energies are expected to
be between a fraction of meV to a few meV, depending on
the exact nature of the interaction and the resulting bind-
ing energies. The fact that several QD's are simultane-
ously probed complicates the observation of such fine ex-
citonic structures or splittings, but the emission can be
redistributed at different energies, which could be seen as
a rise of the collective emission background, or in some
cases the new QD emission lines can cause the emergence
of new spectral features such as line I. Alternatively,
some of the observed spectral modifications could also be
explained, in part, if at the lowest intensities only some of
the QD's emit, and the remaining QD's start to contrib-
ute only at higher excitations. Radiative recombination
from excited states would also give lines at higher ener-
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FIG. 4. PL spectrum at 4 K of ensemble 8 ( —600
Al«In, «As/Al„Ga& „As QD's) for different excitation intensi-
ties. The excitation energy was 1.960 eV.
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gies, but this is an unlikely scenario here, given that the
large interlevel spacing associated to these small QD's
would lead to peaks several tens of meV on the high-
energy side of the ground-state emission. Further stud-
ies with fewer QD's, or with structures where electrons or
holes can be electrically injected independently, would
help to clarify the origins of the rich variety of phenome-
na observed here as a function of the exciting intensity.

In summary, we performed resonant time-resolved
spectroscopy on a self-assembled QD sample. Lifetimes
of the order of 200 to 400 ps were obtained. It was
shown that the carrier dynamics is enhanced for resonant
QD excitation, permitting single or multiple phonon re-
laxation of the excess energy. The temperature and in-
tensity dependence of the PL spectra for a small ensemble
of QD's was also investigated. The sharp spectral
features obtained in the PL spectra do not broaden as the
temperature is increased up to 70 K, clearly demonstrat-
ing the OD nature of the density of states. Finally, at low
temperatures it was shown that for higher excitation in-
tensity, the collective background emitted by the ensem-
ble of QD's is enhanced relative to the amplitude of the
individual sharp spectral features.
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