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The relaxation mechanisms of an array of 10 vertically coupled layers of InGaAs/AlGaAs quantum dots were studied by
time-resolved photoluminescence. Both resonant and non-resonant excitation were employed and the photoluminescence (PL)
intensity in the non-resonant case is a factor of 200 larger than the intensity with resonant excitation. The results obtained in
the non-resonant pumping experiment were analysed with a rate equation model. It was found that the PL decay time increases
rapidly with the wavelength of detection. Large carrier capture cross-sections [(2.540.9) x 1073 ¢cm?/s] were deduced, resulting

in a capture time of 1 ps for a carrier concentration of 4 x 10 cm

-3

A very fast PL ris¢time was observed with resonant

pumping, ruling out a phonon bottleneck effect in these samples. The decay times at a given wavelength are always shorter for
resonant than for non-resonant excitation and their difference increases rapidly with wavelength. This is interpreted in terms of

a state filling effect for the non-resonant case.
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1. Introduction

The study of the excess carrier relaxation mechanisms in
quantum dots (QDs) is of vital importance for a more com-
plete understanding of devices based on these structures.!
The 3D quantum confinement in QDs can lead to severe re-
strictions in the possible energy relaxation mechanisms avail-
able to electrons and holes. It has been shown theoretically
that these structures can consequently have very long relax-
ation times, compared to 2D or bulk materials.? In order to
conserve both energy and momentum, the resulting selection
rules establish that there is an efficient relaxation mechanism
only when the separation between energy levels is equal to
the LO phonon energy in the material. If this condition is not
met, the carriers cannot relax efficiently to the ground state,
with a consequent poor photoluminescence efficiency. This
effect has become known as the phonon bottleneck effect.”’

Many other relaxation mechanisms have been suggested,
which could alleviate the problem of slow carrier relaxation
in these materials. Multiphonon effects, with the emission
of an LO phonon and the absorption or emission of an LA
phonon to preserve the energy balance could produce relax-
ation times of the order of a few picoseconds.” Carrier-carrier
scattering. in an Auger-like process has also been proposed*
and shown to play a significant role.

In addition, other effects that can take place in quantum
dots are band filling and inhomogeneous broadening of pho-
toluminescence (PL) signals due to size fluctuations.® In a
single quantum well embedded in an optical waveguide, band
filling can be easily seen, even with modest pump powers pro-
duced by a semiconductor laser.” It is expected that this effect
should be even stronger in quantum dots, due to the reduced
density of states.

The experimental results reported in the literature concern-
ing photoluminescence efficiency and relaxation mechanisms
in quantum dots have been contradictory. The poor lumines-
cence efficiency of quantum cylinders, fabricated from quan-
tum well material by electron beam lithography and dry etch-
ing techniques, was explained as a result of the selection rules
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imposed by the reduced dimensionality (the phonon bottle-
neck effect). Later reports of experiments in self assembled
quantum dots and in spherical CdSe nanocrystals both cop-
firmed®® and denied*> the severity of this problem. Ay
present, there is no consensus as to what relaxation mecha-
nisms are active in quantum dots and as to what conditions
are sufficient for them to dominate the relaxation process.

A time-resolved photoluminescence (TRPL) study of 10
layers of InGaAs/AlGaAs vertically-coupled self-assembled
quantum dots (VECODs) is reported below. Both carrier cap-
ture and their subsequent relaxation were investigated. These
VECOD structures have a number of properties which make
them more attractive for laser diode fabrication than a single
layer of quantum dots. The threshold current density (J,) in
a VECOD laser decreases when the number N of QD layers
is increased.!'” For InGaAs QDs, it decreases by one order
of magnitude, from 950 A/cm’ for N = 1, to 98 A/cm?, for
N = 10. In addition, the range of threshold current stability
for VECOD laser diodes embedded in an external quantum
well has been shown to extend up to room temperature!? and
these devices exhibited an internal quantum efficiency as high
as 70%.

2. Experiments and Analysis of Results

The vertically-coupled, self-assembled QDs used in this
study consisted of 10 layers of InGaAs QDs separated by
AlGaAs barriers. Doped layers above and below the QDs
formed a p-n junction. Quantum dot lasers fabricated from
this material structure produced threshold current densities as
low as 60 A/cm’, at room temperature.' The samples were
grown by molecular beam epitaxy on (100) n-type GaAs sub-
strates. Firstly, a 0.2 um GaAs (Si-doped, 3 x 10'8cm™)
buffer layer was grown, followed by a graded AlGaAs layer
(from O to 0.45 Al) of the same thickness and doping. An
Alg45Gag ssAs (Si-doped 1.5 x 108 cm™3) lower cladding
layer 1.5 um thick was then grown, followed by a 0.15 um:
superlattice layer (undoped), composed of (10 A GaAs/20A:
Alp»GapgAs) x 50. Ten periods of (undoped) quantum:
dots/barriers were then grown with composition and thicke
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ness of (12 A IngsGagsAs/50 A Alg15GagssAs). Above the
quantum dot layers a second, identical superlattice layer was
grown, followed by an Alp45GagssAs layer (Be-doped 8 x
10'8 cm™?) of thickness 1.5 um. Another graded layer (from
0.45 to 0) of AlGaAs (Be-doped 3.5 x 10¥cm™) 0.2 um
thick was grown and the structure was completed by a 0.6 um
GaAs contact capping layer (Be-doped 3.5 x 10! cm™). The
ten periods of InGaAs/AlGaAs QDs and barriers were grown
at 485°C and all the other layers were grown at 600°C. Fig-
ure 1 shows a transmission electron micrograph (TEM) image
of the quantum dot laser structure cross section. The vertical
alignment of the quantum dots (due to strain-induced nucle-
ation), the thin wetting layer surrounding the dots and the su-
perlattices above and below the quantum dots region are all
clearly evident. From other TEM images,'?’ which show a
much larger area of the sample, it was found that on aver-
age, there are 8.6 x 10'° dots/cm” in the sample, with an in-
plane dot separation of 34 nm. Electroluminescence and cw
PL were performed at 77 K on these samples and three distinct
emission peaks have been obtained, at 910, 940 and 980 nm.
as shown in Fig. 2. These cw measurements were useful to se-
lect the wavelengths of interest for the time-resolved studies.
The first thing to notice in this spectrum is that the three peaks
overlap to a great extent. This is caused by inhomogeneous
broadening (caused by QD size fluctuations generated during
growth, which are still unavoidable) and thermal broadening.

Due to the material composition and the peak wavelengths
above, it is suggested that the whole spectrum of Fig. 2 origi-
nates in the VECODs, as opposed to the wetting layer. The In-
GaAs wetting layer (WL) forms a very narrow quantum well,
only one or two monolayers thick (see Fig. 1), because part of
the InGaAs material deposited, which is only 1.2nm in total
thickness, goes into the formation of the QDs. The barriers of
the WL quantum well are formed by the Aly5GaggsAs ma-
trix, which has a bandgap of £, = 1.611eV and correspond-
ing wavelength of A, = 771 nm. As this QW is so narrow,
its bound energy level must be very close to its barrier, giv-
ing therefore a very short wavelength, probably somewhere
between 771 and 800 nm.

In general, fast TRPL measurements are performed with
solid state lasers producing short pulses and photomultipli-
ers or streak cameras used for the detection of the lumi-
nescence. The TRPL system employed for this study has
unique features which makes it very attractive for the rou-
tine investigation of carrier recombination mechanisms in
semiconductors.'® Specifically, Q-switched semiconductor
lasers producing pulses of about 20 ps at a repetition rate of
1 MHz are used as the excitation source with Si single-photon
avalanche diodes (Si-SPADs) for the detection of the Iumi-
nescence.'" Besides the general advantages found in using
solid-state devices when compared with photomultipliers, Si-
SPADS exhibit superior photon detection eficiency and faster
and cleaner time response.!> % The small active area (~7 um
diameter), presents a considerable advantage in these applica-
tions, making possible high spatial resolution measurements
with low sensistivity to spurious back scatter. The width of
the instrumental response (FWHM) in our TRPL system is
around 80 ps. The whole instrument is mounted on a micro-
scope and has been described elsewhere.!®

All TRPL measurements described below were performed
At 77K. As the material in which the QDs are embedded in
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Fig. 1. TEM micrograph of the sample cross-section. The ten QD lavers,
barriers, wetting layers and the superlattices above and below the QDs are
all clearly evident.
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Fig. 2. VECODs CW PL spectrum, obtained with 514nm pump wave-

length.

is an actual laser structure, the top layers are highly doped.
To lower the free-carrier absorption of the excitation pulse,
1.5 um was etched from the top layers. This still left about
0.8 um of doped material above the QDs, (apart from the
nominally undoped superlattice). Such a thick layer was left
above the dots to ensure that they were not damaged by the
etching process.

Both resonant and non-resonant light can be used to excite
the quantum dot structure. Firstly, the wavelength can be cho-
sen so that it is longer than the absorption edge of the barriers
and the wetting layer. In this case, these layers are transparent
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to the excitation and only the quantum dot layers are excited
by the laser pulse. This is the “resonant excitation” condition.
In the “non-resonant” case the laser wavelength is chosen so
that it excites all the layers, including the barriers, the wetting
layer and the dots. Due to the small in-plane QD coverage.
which is around 10%, most of the light will be absorbed by
the other layers. Nonetheless the carriers thus generated can
be captured by the QDs. The non-resonant pumping condi-
tion can excite much higher numbers of carriers, resulting in
larger PL signals. However, the carrier dynamics are further
complicated by effects outside the QDs, such as local carrier
drift and diffusion (in the barriers) and the rate of carrier cap-
ture by the QDs.

In our resonant pumping experiment, excitation was by
an 870 nm (1.428 eV) semiconductor laser, which produced
20 ps pulses and was focussed to a 2 um spot diameter on the
sample surface. This wavelength was chosen so that the wet-
ting layer is transparent to the laser pulses. As discussed pre-
viously, the energy level of the wetting layer is close to 1.6eV.
Therefore, only the VECODs will be resonantly pumped in
this experiment. The laser energy, measured at the sample
plane, was 0.5 pJ/pulse. In this case, carriers were generated
inside the dots only and carrier drift, diffusion and capture by
the dots need not be considered.

As the pumping and detection wavelengths were very
close, there is a strong possibility of laser light reflected by
the sample being detected by the Si-SPAD, thus affecting the
TRPL measurements. Also. the laser might have produced a
small amount of spontaneous emission at the detection wave-
length and similarly affected the measurements. To avoid
these problems, an interference filter centred at 870 nm, with a
bandpass of 10nm was mounted at the laser output, to block
any spontaneous emission at other wavelengths. A second
interference filter centred at 890 nm (10 nm bandpass) was
mounted in front of the detector to select the PL only at this
wavelength and to block unwanted laser reflections reaching
the detector. Polarising elements were also used to further
discriminate against direct detection of the laser excite pulse.
For PL measurements at longer wavelengths, other interfer-
ence filters were used in front of the detector, in place of the
890 nm filter.

Time-resolved photoluminescence measurements using
resonant excitation were performed as a function of wave-
length and Fig. 3 shows the PL decay at the detection wave-
length of 900nm. Three of the curves in the figure are the
instrumental response 7 (1), the measured (resonant) PL de-
cay M(t) and the best multi-exponential curve fitting the ex-
perimental result. The TRPL decay obtained by non-resonant
pumping (to be described below) is also shown for compar-
ison. The instrumental response is limited by the Si-SPAD
detector and has a FWHM of 72 ps and a FWTM (Full Width
at Tenth Maximum) of 364 ps. In these measurements, it is
worth noting that the risetime of the measured PL signals is
very fast, following the instrumental response of the SPAD
detector. Note also that the resonant PL signal decays by two
orders of magnitude in about 2.5 ns, whereas the non-res. PL
takes 3.5 ns to decay by the same amount.

The continuous curve in Fig. 3 was obtained by convolu-
tion and curve fitting.!” A function f(r) given by a sum of
exponentials of the form
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Fig. 3. Resonant excitation TRPL of the QDs. detected at 900nm. The
curves shown are the instrumental response /{r), the measurcd PL decay
M (1) and the best fit f(1) @ (/(r). The TRPL decay obtained by non-res',
pumping is also shown for comparison. The acquisition times were 1200
and 60 s respectively, for resonant and non-resonant excitation.
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and having suitable guesses for the decay parameters 7; and
B; was convolved with the instrumental response /(). The
resulting function was then fitted by a least squares proce-
dure to the measured TRPL decay M (). In Fig. 3, a sum of
two exponentials (plus the constant background A) was used
for f(r). The amplitudes B; and decay times obtained were
7, = 158 ps, 1, = 1064 ps, B; = 0.017 and B> = 0.001. 1,
corresponds to the initial decay of the PL and involves only
about 40 points in the curve. Also, it can be seen in the figure
that, in this part of the curve, the fitting does not describe ac-
curately the experimental results. 7, on the other hand, is of
the order of a nanosecond and describes the time-scale over
which the experimental curve decays by more than two orders
of magnitude. Therefore, 1, is the decay time of interest, rep-
resenting the dominant non-radiative recombination process
for most of the carriers.

It was not possible to measure resonant PL at wavelengths
shorter than 890nm, due to the pump laser light leaking
through the interference filter and overwhelming the PL sig-
nal. For wavelengths longer than 930 nm, there was not
enough signal to detect a reliable TRPL decay either. This
is somewhat surprising, as cw PL peaks were detected at 910,
940 and 980 nm. However, the PL signal for resonant exci-
tation was at least 200 times lower than that for non-resonant
excitation, as explained below. Note also that the cw PL peaks
were obtained with a different pump wavelength and pump
power and a direct comparison with the TRPL results might
not be possible here. Obviously, the shape of the cw PL spec-
trum and the relative intensities of the peaks depend on the
pump intensity, wavelength, etc. The cw PL was used only
as an indication of which wavelengths should be tried in the
TRPL experiments. Therefore, resonant PL was measured at
only five different wavelengths and the resulting curves were
analysed as above. These results will be discussed later on, in
§3.

By replacing the pump laser with another one having a
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much shorter wavelength, a non-resonant pumping exper-
iment was carried out. A 677nm (1.84eV) semiconduc-
tor laser producing pulses of energy and width similar to
the previous one was used to excite the samples. In this
case, both the InGaAs quantum dots and the AlGaAs barri-
ers are pumped and carriers generated in the barrier layers are
quickly captured by the dots, before recombining. Inciden-
tally, this pump wavelength is much closer to that used for
obtaining the cw PL spectrum. Thus, carriers will be gener-
ated at a similar depth in the samples.

The non-resonant pumping experiments were also per-
formed at 77 K and a much larger PL intensity was found,
in comparison with the resonant excitation case. It is interest-
ing to compare the PL intensity integrated over the measur-
ing time window for the resonant and non-resonant excitation
conditions. When the detection wavelength of 900 nm (same
as in Fig. 3 above) was selected, it was found that the sig-
nal was 200 times larger than that obtained in the resonant
pumping experiment at the same wavelength. As the PL in-
tensity is proportional to the product np of the electron and
hole concentrations, this implies that a lower (by more than
one order of magnitude) carrier concentration is being gener-
ated in the resonant case. In Fig. 4 the non-resonant PL decay
at the wavelength of 920 nm is presented, as well as the in-
strumental and the best fit curve. Despite using a different
laser, the instrumental response is virtually identical to that
obtained with the 870 nm laser.

The measured PL signal M (r) on the other hand, is signifi-
cantly different from the one obtained by resonant excitation.
First of all, the PL intensity decays much more slowly. Sec-
ondly, the risetime is fast, but there is a plateau on the curve,
once the maximum intensity is reached. Evidently, a more
complex model of the carrier dynamics is needed to account
for these features than that in eq. (1), used for the resonant
pumping case. The output of the rate equation model, given
by eq. (2)—(6) below, was convolved with the instrumental re-
sponse and used to fit the PL. decays obtained by non-resonant
pumping:

dn n

—2 = Rey(npo — np)ng — — )
dr Trec

dpp Pp

D B _ — 3
& Rep(ppo — Pp) B - (3)

d

% = —Reu(npo — np)np @

d

L2 = —Rep(poo — po)p 5)

In these equations, np, ng, pp and pg are the electron and

~ hole concentrations in the dots and in the barriers, respec-
tively; npo and ppyo are the density of electron and hole states
inthe dots and R., and R, are the rate of capture by the dots,
of electrons and holes, respectively. T, is the (non-radiative)
fecombination time for electrons and holes.

The first term on the right hand side of eq. (2) gives the rate
of change of the electron concentration captured by the dots,
from the barriers. Note that this is a source and also a satu-
Tating term: the largest possible value of np is npo. The other
term in eq. (2) gives the non-radiative carrier recombination
and acts as a sink term. The other equations have a similar
interpretation.
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Fig. 4. Non-resonant cxcitation TRPL of the QDs at 920nm. Again, the
instrumental 7 (7). the measufed PL, M (1) and the best fit arc shown.

For the estimated carrier concentration generated in these
experiments (10'¢ to 10! cm~, as explained in the next sec-
tion), Auger and radiative recombination are not important
and can be neglected. Large scale diffusion effects can also
be ruled out, due to the high density of QDs in the sample.
For InGaAs or AlGaAs materials, the electron diffusion co-
efficient is at least D = Scm?®/s and so, the carrier diffusion
length Ly = [Dt]Y/? = 710nm for t+ = 1ns. As the dot
separation is only 34 nm, the spatial profile of the carrier con-
centration is not affected by diffusion. The use of 1 = 1ns
above is somewhat arbitrary, but it clearly shows that, for the
timescale of the PL decay in Fig. 4, diffusion out of the illumi-
nated area will be negligible. A generation term, taking into
account the temporal shape of the laser pulse, has also been
neglected. The PL signal f(t) is proportional to the product
np(t) and pp(?). So, neglecting a constant background and
a constant multiplicative factor, the theoretical PL decay is
given by:

f()y =np(t) - pp(t) (6)

The set of equations (2-6) above contains many approx-
imations, but it is an improvement on models of the carrier
dynamics in QDs. In general, only the simple case where the
PL decay can be fitted to one or two exponentials is treated.!®

The same process of convolution and least-squares curve
fitting used before was employed here to fit the result of the
convolution f(z) ® I(z) to the measured PL, M (¢). In this
case, eqs. (2—6) above have to be solved and a merit function
X(Res, Rep, npo, ppo and 7ye) is minimised. It was found
however, that the fitting procedure often converged to local
minima of x(Rc,, Rep, npo, Ppo and Tre), Tesulting in large
values of x. In order to reduce the dimensionality of the pa-
rameter space being searched, likely ratios of ppo/npe and
R,/ R, were selected. In typical GaAs/AlGaAs quantum
wells, the number of bound (heavy) hole states is 3 to 5 times
larger than the number of bound electron states. So, the ratio
Ppo/npo is a natural number less than 5. A simple estimate
of the ratio R,/ R, can also be obtained as follows. The rate
of capture R of carriers by the QD is R, « ov, where o is
the QD capture cross-section and v = [2E/m]*/? is the car-
rier velocity, E the kinetic energy and m the mass. Therefore,
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Fig. 5. Decay times 7 for resonant and non-resonant cxcitation and the
QDs clectron capture cross-sections Ry, as a function of wavelength.

assuming that electrons and holes have the same kinetic en-
ergy and roughly the same capture cross-section o, their rate
of capture will be given by Rep/Ren = [me/my]V? ~ 1/3.
Thus, it is reasonable to constrain the two hole parameters by
the equations: ppg,= #r-npg and R, = Rcn/m. This reduced
the number of parameters to fit to only three, not counting m.
as it can be varied manually.

After testing various integer values of m, it was found
that the best fits were produced for m = 3. With this
simplifying assumption. the model could easily minimise
X (Ren. npo. Trec) and the PL decays obtained for wavelengths
ranging from 800 nm up to 980 nm were then analysed. The
mean and standard deviation of the density of electron states
in the QDs were found to be npy = (5.5 £ 1.1) x 107 cm™3
and this will be compared to estimates in the next section.
The values obtained for R, and .. for the wavelength range
above have been plotted in Fig. 5. The resonant recombina-
tion times obtained previously are also plotted for compari-
son.

The capture cross-section R., would not be expected to
be wavelength-dependent and, despite the scatter in the val-
ues found (on 14 different wavelengths), no trend is ob-
served. The mean and standard deviation obtained were
Ren = (2.5 £ 0.9) x 1072 cm?®/s. In the next section we dis-
cuss the results of both the resonant and non-resonant pump-
ing experiments. The implications of these results to real laser
operation will also be considered.

3. Discussions

In this section, R, and estimates for the generated carrier
concentration N, are used to derive a carrier capture time Teap
for non-resonant pumping. Next. an independent estimate of
the 3D density of dots is made. This is used to check the value
of Npo produced by the rate equation model. After that, the
risetimes of the TRPL obtained by resonant and non-resonant
pumping schemes are discussed. Finally, the decay times of
the TRPL curves are treated. A comparison with previously
published results is made and the present results are shown to
be in better agreement with the expected behaviour for both
pumping schemes. The differences in decay times are high-
lighted and this is used to draw some conclusions about the
carrier dynamics in VECODs.

As mentioned previously, the pumping laser pulses had
an energy of 0.5pJ, which corresponds to 2.3 x 10° pho-
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tons/pulse at the wavelength of 677 nm (non-resonant exci-
tation). If an absorption coefficient & = 10* cm™! for the
QD and barrier layers is assumed, then a carrier concentration
N =~ 3 x 10" cm~* would be generated. At this carrier con-
centration, the capture cross-section obtained above would re-
sult in a capture time of only [R., x N]™! = 0.1 ps. However,
in the present QD structure, such a high carrier concentra-
tion might not have been generated, due to a lower absorp-
tion coefficient or to residual absorption in the thin (doped)
layer left above the QD structures. Also, the carrier concen-
tration generated would not be homogeneous, but decaying
exponentially with the depth of the layers. It would also vary
in the plane of the sample, due to the spatial profile of the laser
pulse. Thus, the initial capture time would be expected to vary
locally in the sample and its spatially averaged value would
be somewhat uncertain. However, a conservative estimate of
the average carrier concentration N,y is that it would be at
most, one order of magnitude smaller than the local value N.
This results in an average electron capture time by the QDs
of 7., = 1ps. Therefore, the carrier capture observed in the
present experiments is a very fast process and the plateau ap-
pearing in the PL decays obtained by non-resonant excitation
comes, not from a slow carrier capture, but rather from the
state filling processes occurring after capture, as modelled by
egs. (2)—(6).

The 3D density of dots can be estimated from the 2D den-
sity (8.6x 10'%cm™2) and the vertical dot separation of 6.2 nm.
The resulting 3D density is then 1.4 x 1017 cm™3, which is
about a factor of two smaller than the generated carrier con-
centration estimated before. Thus, on average there will be
at least two electrons to be captured by each dot. This ex-
perimental estimate of the 3D QD density can also be used
to check the output of the rate equation model. Three peaks
were found in the cw PL of the QDs. Assuming that they
come from different electron levels in the dots and using the
3D QD density above. the total density of electron states is
found to be 4.2 x 10'7 em™>. This is close to the value of npg
produced by the rate equation model (npo = 5.5x 107 cm™3).
although the model seems to imply the existence of 4 energy
levels in the QDs. In view of all the uncertainties in these
parameters, this result is considered to be satisfactory.

Next, the resonant and non-resonant pumping experiments
are compared in terms of PL risetimes and with previously
published experiments. It was seen in Figs. 3 and 5 that the PL
risetime is very fast for both pumping schemes. These results
are in direct contradiction to those presented in ref. 19, where
a 400 ps risetime was found for resonant pumping. This long
and constant (wavelength independent) risetime was inter-
preted as evidence of a phonon bottleneck effect. In that study
it was found, in addition, that both the rise and decay of the
TRPL were larger for resonant than for non-resonant excita-
tion. This behaviour is completely different from the known
results in quantum wells. In 2D systems, the risetime is short-
ened when one goes from non-resonant to resonant excita-
tion.”” The situation should not be different in 3D systems
like the VECODs. When carriers are generated in the Al-
GaAs barriers (non-resonant case), they will take time to be
captured by the QDs. In resonant pumping, the carriers are
generated already in the dots and a capture and local-diffusion
time does not contribute to increase the risetime of the PL sig-
nal. Therefore, the PL risetime for resonant pumping should
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be shorter than or as short as that for the non-resonant case.
This is precisely what was found in the present study.

The resonant PL risetime is very fast (Fig. 3) and follows
the instrumental response of the system. Thus, it is shorter
(probably by more than one order of magnitude) than the rise-
time (10-90%) of the instrumental response, which is about
50 ps. Therefore, the phonon bottleneck for carrier relaxation
can be ruled out in these samples. It is interesting to contrast
this value with that of ref. 19, where a 400 ps risetime was
obtained. Independent measurements of the PL risetime in
quantum dots also produced a value close to that of the exci-
tation pulse.’!

For the non-resonant risetime on the other hand. the car-
rier capture cross-section was combined before, with reason-
able estimates of the photocarrier concentration to produce a
risetime of about 1 ps. Therefore, the risetimes for the two
pumping schemes should be of the same order of magnitude.

There has been some speculation that carrier capture by the
QDs could be very slow (due to the complicated carrier dy-
namics once some of them are captured) and this would be
detrimental to the operation of lasers based on these struc-
tures. The results above show that VECODs can capture the
carriers generated in the barriers very efficiently, at least for
carrier concentrations up to 3 x 1017 cm™3.

So far, only the risetimes have been discussed. Now the PL
decays for resonant pumping will be considered. As seen in
Fig. 3, the PL decay for resonant pumping was fast, with a
time constant obtained at 900 nm wavelength of 7, = 0.8 ns.
Similar decay times, but slightly increasing, were obtained
at longer wavelengths. These results were presented together
with those for non-resonant pumping in Fig. 5, which also
shows that the resonant decay times are always shorter than
the non-resonant, which is to be expected.

A very small carrier concentration was generated in the res-
onant pumping case, as evidenced by the fact that the PL sig-
nal was much smaller (by a factor of 200) than in the non-
resonant case. Therefore, the resonant PL decay times can be
taken as a measure of the intrinsic decay times of the quantum
dots, unaffected by carrier capture, band filling and other ef-
fects. In particular, the intrinsic lifetime measured at 930 nm
is 1.3 ns. The shorter decay times obtained for shorter wave-
lengths is consistent with carrier depletion, due to relaxation,
of the excited states into the ground state. Again, this seems to
rule out a phonon bottleneck in these experiments, since that
effect would produce a longer decay time for shorter wave-
lengths.

It should be emphasised that the material studied here has
ten layers of vertically coupled quantum dots. This could have
an effect on the carrier dynamics, with carriers transferring
from smaller dots (higher energy levels) to larger and unoc-
cupied ones, in deeper layers. This would further compli-
cate the carrier dynamics and might even prevent a phonon
bottleneck effect from taking place. Ideally, time-resolved
intraband absorption measurements between electron levels
in (doped) QDs should be performed, using perhaps a free-
electron laser in a pump-probe set-up.”” This could produce
an independent confirmation of the results above, regarding
the absence of a phonon bottleneck effect in these structures.

The non-resonant PL decay times are discussed now and
compared with the resonant case. Due to the much larger PL
signal in non-resonant pumping, it was possible to measure
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the decay times at 15 different wavelengths. It was found
that the non-resonant decay time increased rapidly with the
wavelength, as shown in Fig. 5. This is due to a combina-
tion of PL from more than one level being detected at a sin-
gle wavelength, as the three VECOD energy levels overlap to
a great extent. Thus, as the detection wavelength increases
from 910 to 940 nm for example, the contribution to the de-
tected PL coming from the 910 peak is decreasing, while that
originating from the 940 nm peak is increasing. This resuits
in a smooth transition from the decay time from one energy
level to the next being observed.

Another interesting feature of the results in Fig. 5 is the
large difference in decay times for resonant and non-resonant
pumping. If the wavelength of 890 nm is selected, then the
two decay times are virtually identical, being 0.85ns. As
the wavelength increases. the non-resonant decay time in-
creases rapidly and at 930 nm. their difference is At = 820 ps.
This can be attributed to a slowing down of carrier relaxation
caused by state filling, as the phonon bottleneck effect was
ruled out by the resonant pumping experiment. If the ground
state and lower excited states of the dots were empty. the de-
cay time should not depend on which pumping scheme cre-
ated the carriers. However, in the non-resonant case. a much
larger carrier concentration results. which can produce a state
filling effect similar to band filling in quantum wells.” In this
case, it should take longer for the carriers to decay, due to the
unavailability of empty states. This is what was observed in
Fig. 5; the lower the state, the longer it takes for it to finally
empty. Thus state filling gives a density-dependent bottle-
neck.

4. Conclusion

The relaxation mechanisms of an array of 10 stacked layers
of vertically coupled quantum dots have been studied. Both
resonant and non-resonant excitation were employed to create
the photocarriers. It was found in the non-resonant pumping
experiment. that the carrier capture by the QDs is a very fast
process, being of the order of 1ps. In the resonant case, the
PL risetime is also very fast. following the risetime of the
instrumental response. Therefore, a phonon bottleneck effect
for carrier relaxation does not seem to be present in these sam-
ples.

The decay times at a given wavelength are always shorter
for resonant than for non-resonant excitation. In addition, the
difference between these decay times increases rapidly with
wavelength. This is interpreted in terms of the carrier con-
centrations generated by both pumping schemes. For non-
resonant excitation, a much larger carrier concentration is pro-
duced. Due to the relatively small density of states, carrier
relaxation is slowed down in this case, by a state filling effect.

A variety of mechanisms can influence the carrier dynam-
ics in QD systems, before and after carrier capture. It is likely
that QDs made of different materials or having different layer
compositions, will not share the same set of relaxation mecha-
nisms or at least, the dominant mechanism might be material-
dependent. In addition, it is likely that samples with many
layers of vertically coupled QDs might possess even more
complicated relaxation paths.
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