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Excited states and energy relaxation in stacked InAs/GaAs quantum dots
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Excited states and energy relaxation processes are studied for stacked InAs/GaAs QD’s with GaAs cap
layers grown by migration enhanced epitaxy. Photoluminescence excitation~PLE! spectra reveal the excited
state spectrum as a function of size for self-assembled InAs QD’s in multilayered samples with 36-ML spacers.
The observed energy shifts and splittings are consistent with those of hole states numerically calculated for
pyramidal QD’s supporting assignment to the transition between the electron groundu000& and the u001&
excited hole state. The optical results suggest the island shape uniformity to improve in multilayered samples,
which is attributed to the contribution of the buried islands to the surface strain altering the island formation
kinetics and energetics that also underlie vertical self-organization. Time-resolved photoluminescence~TRPL!
results yield a lifetime of 40 ps for the first excitedu001& hole state, attributed to multiphonon relaxation
processes bridging the approximately 100 meV level separation, and ground-state lifetimes around 700 ps
independent of the detection energy. At high excitation densities saturation of QD states leads to long-living
excited-state PL and up to 1 ns delay in the ground-state PL decay, showing radiative decay to be the dominant
recombination process in the QD’s. The results presented contribute to the understanding of PLE spectra of an
inhomogeneous QD ensemble, which is argued to be sensitive to the shape uniformity, the excited-state
spectrum, and competing recombination processes.@S0163-1829~98!03115-4#
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I. INTRODUCTION

The spontaneous formation ofcoherentthree-dimensiona
~3D! islands in highly strained semiconductor epitaxy su
as InxGa12xAs on GaAs~Ref. 1! and SiGe on Si~Ref. 2! has
attracted interest as nature’s way to generate nm-scale q
tum dots~QD’s!. Above a critical deposition thickness, co
herent InxGa12xAs islands with lateral extensions of 10–2
nm and heights of 5–10 nm are spontaneously formed on
of a 2D layer, called the wetting layer~WL!.3–7 Although the
formation of 3D islands following a WL, referred to as th
Stranski-Krastanow growth mode, is long known in strain
epitaxy,8 only the discovery of the defect-free coherent n
ture of the islands1,2 revealed the potential of the small QD
formed after GaAs overgrowth for optoelectronic applic
tions. The demonstration of QD-based injection lasers,9–11
570163-1829/98/57~15!/9050~11!/$15.00
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with threshold current densities down to some 10 A cm22

and the predicted12 high-temperature stability, shows th
high optical quality of the QD structures. However, se
assembled QD’s suffer;10% size fluctuation3–7 as well as
shape nonuniformity13 smearing out the otherwise discre
density of states. The nonuniformity of self-assembled Q
makes a detailed investigation of the excited state spect
and of energy relaxation~and recombination! processes dif-
ficult, which are both of basic physical interest and critic
for design and performance of devices.

The excited-state spectrum of self-assembled QD’s
well as the corresponding optical transitions are still cont
versial. Depending on the assumed QD shape and size,
culations predict the observation of ‘‘allowed’’ transition
between electron and hole states of the same quan
number14–16 or recombination of holes in various excite
9050 © 1998 The American Physical Society
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57 9051EXCITED STATES AND ENERGY RELAXATION IN . . .
states with electrons in the ground state.17–19 In the latter
case, the low QD symmetry accounts for the oscilla
strength of the otherwise ‘‘forbidden’’ transitions. Exper
mental information on excited states of self-assemb
QD’s is based on photoluminescence~PL! spectra at excita-
tion densities sufficient to saturate QD states19–22 and on
capacitance measurements.14,23 These experiments prob
QD’s charged with multiple electron-hole pairs or carrie
respectively, and thus the single-particle states are altere
Coulomb interaction.24,25 Highly sensitive absorption tech
niques, like calorimetric absorption spectroscopy, are abl
resolve ground- and excited-state transitions of unpopula
QD’s,26 but are limited by the inhomogeneous broadeni
Optical techniques such as selectively excited PL~Refs.
14,20! or PL excitation~PLE! ~Refs. 6,13! spectroscopy are
expected to reveal excited-state transitions and the size
pendence of the excited-state splitting. However, nonra
tive recombination in competing QD samples has been d
onstrated to result in the observation of multiphon
resonances.13,27

The discrete atomiclike energy spectrum of QD’s impo
constraints for inelastic phonon scattering that ha
been proposed to slow down carrier relaxation.28,29 Indeed,
interlevel scattering times of the order of some 10 ps h
been observed in time-resolved PL~TRPL! excitation
measurements.27,30 The correspondingly long relaxation
limited lifetime of the excited states makes PLE sensitive
competing radiative and nonradiative recombination p
cesses, which ultimately might suppress ground state
the so-called phonon bottleneck effect.28 In an inhomoge-
neous QD sample the phonon bottleneck effect leads to m
tiphonon resonances in the PLE spectra, allowing only Q
with fast intradot relaxation to contribute to the PLE signa27

It is not clear yet if the competing relaxation process is
trinsic to small QD’s presenting a principal limit to th
achievable quantum yield.

The growth of multilayered QD structures has incre
ingly attracted interest. Depending on the spacer thickn
between subsequent QD layers vertical self-organization
islands in stacks has been observed.31 The contribution of the
buried islands, acting as stressors, to the surface strain
leads to strain-driven In migration favoring formation
new islands on top of the buried ones.31,32 Although vertical
ordering of InxGa12xAs 3D islands in InxGa12xAs/GaAs
multilayered structures was noted early on,33 the highly
defected nature of the material did not draw attention to
potential of vertical self-organization. The high volum
density of islands in multilayered structures has been
ploited in QD injection lasers.9,10,11 The formation of verti-
cally ordered island stacks allows to exploit electronic co
pling of the islands by controlling the inter-island separat
in the nm region.11,34 Recent results for the SiGe/Si syste
suggest that vertical self-organization might improve the u
formity of self-assembled islands in the upper layers,35,36

making stacking a promising means to improve the isla
uniformity.

In this paper we report on PLE and TRPL investigatio
of stacked InAs/GaAs QD’s in multilayered samples w
GaAs spacers grown by migration enhanced epitaxy~MEE!.
The optical results suggest vertical self-organization
proves, in addition to the size, also the shape uniformity
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the islands found. Additionally, nonradiative recombinati
for samples with MBE grown caps is negligible for the
samples.27 The higher uniformity of the QD’s in the multi-
layered samples, together with the lack of nonradiative
combination, allows the observation of the QD siz
dependent excited-state splitting and the study of
intrinsic carrier relaxation and recombination dynamics
the self-assembled InAs/GaAs QD’s.

II. SAMPLES AND EXPERIMENTAL SETUP

The samples were grown in a solid source RIBE
molecular-beam epitaxy~MBE! system on semi-insulating
GaAs(001)60.1° substrates covered with a high-quality u
doped GaAs buffer layer as described in Refs. 31 and
InAs was deposited at 500 °C, a growth rate of 0.22 ML’s21,
and an As partial pressure of 631026 Torr on a starting
surface showing clearc(434) reconstruction. The reflection
high-energy electron diffraction pattern became spotty a
;1.57 ML InAs deposition indicating the 2D to 3D mor
phology transition. The total deposition per InAs layer w
1.74 ML, resulting in a lateral QD density of;300mm22.
For multilayered samples, 20- and 36-ML-thick GaAs spa
ers were grown at 400 °C by MEE after each InAs depo
tion. Finally, the samples were capped with 170-ML ME
grown GaAs. The use of MEE for the growth of the GaA
spacer and cap layers improves the PL yield of the QD6

The 20- and 36-ML GaAs spacers reestablish a pla
growth surface completely burying the InAs islands6 and re-
sult in vertical ordering (.95%) of the InAs islands in
stacks.31

For the PL and PLE experiments the samples w
mounted in a continuous-flow He cryostat. PL was exci
by an Ar1 laser or a tungsten lamp dispersed by a 0.27
double-grating monochromator as tunable, low excitat
density (,0.02 W cm22) light source and detected through
0.5-m single-grating monochromator using a cooled Ge
ode. The TRPL measurements were performed in superfl
He with a Ti-sapphire laser providing 150 fs pulses a
repetition rate of 76 MHz for excitation and a 0.35-m su
tractive double-grating monochromator in combination w
an infrared-enhanced streak camera for detection. The
width at half the maximum~FWHM! of the system respons
to the excitation pulses was between 25 and 60 ps depen
on the time-range setting. Time constants down to 5 ps co
be resolved taking into account the system response to
excitation pulses.

III. EXCITED STATES OF STACKED InAs QUANTUM
DOTS

Low excitation density PL spectra of the multilayere
samples~Fig. 1! show a systematic effect of the arrangeme
of QD’s in stacks. The QD PL centered at 1.186 eV with
FWHM of 70 meV for the single-layer sample exhibits
redshift and becomes narrower with increasing number
layers. The QD PL peak in the five-layer, 36-ML spac
sample is 87-meV redshifted and nonsymmetric. PL sp
tra at moderate excitation densities of 1 – 10 W cm22, Fig.
2~a!, reveal a doublet structure with peaks at 1.099 and 1.
eV. At high excitation densities the 1.138-eV peak dom
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9052 57R. HEITZ et al.
nates and excited state transitions are observed. As wil
shown below, these peaks are distinguished by a diffe
excitation behavior and decay dynamics, suggesting the p
ence of two different types of QD’s in the five-layer samp
with 36-ML spacers. As discussed in more detail below,
propose a systematic variation of the island shape along
stacks to result in a transition from uncoupled to coup
QD’s with different electronic properties leading to the o

FIG. 1. PL spectra for multilayered InAs/GaAs samples w
36-ML spacers~full lines! excited nonresonantly in the GaAs ba
rier. The PL spectrum of the five-layer sample with 20-ML spac
~dashed line! is given for comparison and the vertical arrows ma
the detection positions for the PLE spectra shown in Fig. 3. T
inset gives the PL peak positions observed for low~solid circles!
and high~open circles! excitation densities. The lines are for optic
guidance only.

FIG. 2. Panel~a! shows the PL of the five-layer sample wit
36-ML spacers for different excitation densities excited with a
Ar1 laser. Panel~b! shows the PL intensity for low-density excita
tion in the 100 meV excited state resonance showing that the p
centered at 1.138 eV, which dominates the PL at 10 W cm2, results
from the ground-state transition of uncoupled QD’s in the stack
be
nt
s-

e
he
d

served PL doublet structure. Energy transfer within the st
quenches the PL of the higher-energy uncoupled QD’s at
excitation densities. Reducing the spacer thickness to 20
~dashed spectrum in Fig. 1!, only the low-energy peak a
1.088 eV remains with an almost Gaussian line shape an
FWHM of 36 meV. The inset in Fig. 1 summarizes fo
samples with 36-ML spacers the ground-state transition
ergies~solid circles! and the excited-state transition energi
~open circles! observed in high excitation density PL expe
ments ~Fig. 2; not shown for the one- and two-laye
samples!.

The formation of a QD superlattice due to electronic co
pling within the QD stacks has been invoked to explain co
parable low energy shifts observed for multilayered samp
with GaAs spacers of thickness 18 ML or less.11,34 The cou-
pling strength depends on the wave-function overlap a
thus decreases exponentially with increasing thickness of
GaAs barrier between the vertically aligned InAs QD’s.
that respect, the only 11-meV energy difference between
QD PL transitions at 1.088 and 1.099 eV for five-lay
samples with 20- and 36-ML spacers, respectively, see
rather small, particularly since the 20-ML spacers are o
slightly thicker than the average island height of 5.5 nm o
served in AFM studies for single layer samples,7 whereas the
36-ML spacers are expected to result in about 5-nm Ga
barriers from the QD tip. Obviously, the barrier thickness
a function of the QD shape~for a given volume! and, as
argued below, the islands tend to become steeper with
creasing layer number leading to a decreasing barrier th
ness in the upper layers of the stacks. We propose the c
istence of coupled and uncoupled QD’s in the five-lay
sample with 36-ML spacers as giving rise to the PL pea
centered at 1.099 and 1.138 eV, respectively. The ene
shifts with respect to the single layer sample indicate t
electronic coupling accounts only for part of the stackin
induced low-energy shift of the QD ground state transiti
energy.

Ledentsovet al.11 proposed vertical In transfer betwee
stacked InAs layers for their samples having thin Ga
spacer layers (<4.5 nm) insufficient to completely cover th
QD’s. The transfer was attributed to the tendency of InAs
wet the exposed GaAs surface. The increase in InAs co
age in the higher layers increases the average island
However, in the present samples the GaAs spacer la
completely bury the InAs islands and reestablish
flat growth front6 making vertical mass transfer unlikely. Th
strain-induced surface migration leading to vertical se
organization could increase the island volume at the expe
of the WL. Indeed, the 2D to 3D morphology transition i
volves the transfer of InAs already incorporated in the
layer to the growing islands38 and at 1.74-ML deposition the
3D islands reside on a high-quality 1-ML InAs WL,39 much
thinner than the critical coverage of 1.57 ML for InAs islan
formation. Figure 3 shows PLE spectra for the multilayer
samples with 36-ML spacers~full lines!. The respective de-
tection energies are indicated by verticle arrows in Fig.
The PLE spectra show two excitation resonances at 1.45
1.49 eV, which we attribute to the heavy~hh! and light ~lh!
hole transitions of the InAs quantum well formed by the W
The transition energies indicate a WL thickness of abou
ML.40,41 The energy of the WL does not shift with the d
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57 9053EXCITED STATES AND ENERGY RELAXATION IN . . .
tection energy~compare, e.g., the two spectra for the fiv
layer sample with 36-ML spacers shown in Fig. 3! indicating
that the effective WL thickness is the same for all laye
Together with the almost perfect vertical correlation of t
islands,31 i.e., a constant island density in the various laye
the results suggest that theaverageisland volume does no
change significantly in the stacking process.

The arrangement of InAs islands in stacks, however,
lows the InAs QD’s to relieve more strain than in the case
isolated QD’s in single layer samples.11,42 As a result the
InAs band gap energy will decrease leading to a low-ene
shift of the QD transition energies. This is supported by
PL spectra~Fig. 1! showing that even QD’s in the first InA
layer experience a redshift in the stacks, which is expec
only in case of electronic coupling or an altered strain s
ation. The analysis of the electronic coupling in QD stac
needs to take into account the altered strain relaxation
proposed in Refs. 11 and 42.

Returning to the three lowest PLE spectra depicted in F
3 for samples with one, two, and five InAs layers wi
36-ML spacers, the general shapes are remarkably sim
supporting the notion of uncoupled QD’s in the stacks. T
PLE spectra are normalized at 1.67 eV and shifted in thy
direction for clarity. The high excitation efficiency for exc
tation above the GaAs band gap shows the high carrier
ture efficiency of the InAs/GaAs QD’s.13 The PLE efficiency
drops about one decade for excitation below the GaAs b
gap, reflecting the lower optical thickness of the WL. T
integrated intensity of the WL excitation increases in co
parison to the GaAs excitation efficiency with increasi

FIG. 3. PLE spectra for multilayered InAs/GaAs samples w
36-ML spacers~full lines!. The PLE spectrum of the five-laye
sample with 20-ML spacers~dashed line! is given for comparison.
The detection energies are marked by arrows in Fig. 1. The P
spectra are normalized for nonresonant excitation at 1.67 eV
shifted in they direction for clarity. The combined experiment
resolution for detection and excitation was better than 5 meV.
.
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number of stacks due to the contributions of the various In
layers. Exciting below the hh-WL resonance at 1.45 eV
PLE efficiency decreases again by approximately one
cade. To the excitation in this energy region contribute o
excitation processes localized at the QD’s: either exci
state transitions or charge transfer transitions leaving
carrier localized in the QD and the other in the WL followe
by the immediate recapture of the photoexcited carrier by
now charged QD. The two characteristic PLE resonan
~indicated by vertical arrows in Fig. 3! located about 60 and
100 meV above the detection energy with FWHM’s of abo
25 meV are attributed to excited-state absorption of
QD’s.6,13,27,43 Near the detection energy stray light in th
PLE system leads to the rising signal hampering the de
tion of resonant excitation of the QD ground state or of e
citation resonances close to the detection energy. Howe
PLE spectra for the one- and two-layer samples excited w
a tunable Ti-sapphire laser reveal only Raman scattering
GaAs TO and LO phonons within 40 meV of the detecti
energy.

Figure 4 compares contour plots of the PL intensity
function of the detection energy and the excess excita
energy DE5Eexc2Edet for the one-, two-, and five-laye
samples with 36-ML spacers. The dotted lines marking
PLE resonances are only guides to the eye. For the sin
layer sample the two excitation resonances are found inv
ably at DE1571.4 andDE25103.8 meV, whereas for the
two-layer and the 1.138-eV peak of the five-layer sam
DE1 andDE2 decrease with decreasing ground-state tran
tion energy. This behavior reflects the decreasing excit
state splitting in QD’s of increasing size. The FWHM of th
PLE resonances probing a QD ensemble is larg
(;25 meV) in contrast to sharp lines observed for sin
QD’s.44 PLE overcomes the inhomogeneous broadening
the ground-statetransition of the QD ensemble by setting
narrow detection window centered atEdet, and probes the
inhomogeneously broadenedexcited-statespectrum of this
subset. The inhomogeneity of the self-assembled QD’s,
ther in a single set or within the stacked layers, is not
stricted to volume variations alone, but also involves t
shape of the islands. Thus, even for a defined ground-s
transition energy, the excited-state spectrum will be inhom
geneously broadened, and the FWHM of the PLE resonan
is a measure for the shape nonuniformity. The high exc
tion density PL spectra of the multilayered samples show
first excited-state transition between 80 and 100 meV ab
the ground-state transition in good agreement with the do
nating resonance in the better resolved PLE spectra.

Figure 5 summarizes the energy shiftDE of the PLE reso-
nances with respect to the detection energy for the multil
ered samples with 36-ML spacers. Plan view and cro
sectional transmission electron microscopy~TEM!
investigations of thesingle-layersample as well as of an
identical but uncapped sample are consistent with a pyra
dal shape of the islands, with a base length of (1262) nm
and predominantly$302% type side facets.45 The QD shape
and base length are similar to other observations for differ
growth conditions.5,46 Calculations for pyramidal QD’s with
$101% ~Ref. 17! and $302% ~Ref. 19! side facets give only a
single localized electron state and locate the first exc
u001&, u010&, and u100& hole states about 60–110 me
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9054 57R. HEITZ et al.
above theu000& ground state depending on the QD size a
shape. Thus, the dominant excitation resonance obse
60–103 meV above the detection energy might be attribu
to the transition between the electron ground state and
excited hole state, most likely theu001& hole state, which has
a larger oscillator strength than transitions involving t
u010& and the u100& hole levels.17 This assignment is in
agreement with that of excited-state transitions observe
high excitation density PL experiments19 and supported by
the observation of multi-LO-phonon replicas in the QD PL
spectra27 as well as the Zeeman behavior.47 The PLE results
shown in Figs. 4 and 5 give, for the first time, experimen
evidence for the expected volume dependence of the exc
state spectrum of self-assembled QD’s.

Widely varying shapes have been reported for s
assembled InAs islands in single-layer samples,3–7,19indicat-
ing that the thermodynamic equilibrium shape of the islan
~$101% side facets!48 is generally not achieved in the kinet
cally limited formation process, but that the islands hav
tendency to form shallower side facets. Additionally, f

FIG. 4. Contour plots of the QD PL intensity as a function of t
detection energy and the excess excitation energyDE5Eexc2Edet

for multilayered samples with 36-ML spacers. The dotted lines
only guides to the eye following the PLE resonances marked
arrows in Fig. 3.
d
ed
d

an

in

l
d-

-

s

a

single-layer samples a trend for larger volume islands
have flatter side facets has been inferred from opti
results.19,27 Figures 4 and 5 evidence a pronounced effect
the vertical stacking of InAs islands on the observed P
spectra. With increasing number of InAs layers the P
resonances shift for the same ground-state transition en
towards lower energies and the low-energy shift of the re
nances with the decreasing ground-state transition energy
comes steeper. We propose this behavior to indicate a
tematic change of the InAs island shape in the stack
process as illustrated in Fig. 6, namely, an increasing heig
to-width aspect ratio and an improving shape uniformity
the islands in the higher layers. TEM images of uncapp
islands in a single layer sample with 1.74-ML InAs depos
tion show side facets close to$302%.45 The PLE results sug-
gest that the islands in the higher layers become steepe

e
y

FIG. 5. The excess excitation energyDE5Eexc2Edet of QD
PLE resonances observed for multilayered InAs/GaAs samples
36-ML spacers. The energy ranges for the excited-state split
allowing efficient multiphonon relaxation~two or three LO
phonons! are marked.

FIG. 6. Schematic illustrating the evolution of the InAs islan
size and shape in multilayered samples. The height-to-width as
ratio increases and the shape uniformity improves for islands in
upper layers.
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the stacking process. However, this effect is not easily
solved in cross-sectional TEM images of stacked samp
where strain contrast masks changes in the island shap
e.g., in Fig. 1~c! of Ref. 31 for the five-layer sample with
36-ML spacers. The decreasing intensity of the 60-m
resonance compared to that of the 100-meV resonance
increasing number of layers~lowest three spectra in Fig. 3! is
attributed to the narrowing of the inhomogeneous excit
state splitting and supports an improving shape uniform
We propose a systematic change in island shape to be
cately bound to the vertical self-organization of the islands
the stacked samples. It is now well established31,34 that ver-
tical self-organization is a consequence of the contribution
buried InAs islands to the surface strain distribution dictat
the surface migration of In in the second layers.31

The PLE spectra dominated by a narrow resona
aroundDE5100 meV discussed up to now are characteris
for electronicallyuncoupled QD’s. However, the increasing
island height in the upper layers reduces the GaAs ba
between the stacked islands and might eventually lead
electronic coupling. The 1.099-eV peak~Fig. 1! dominating
the PL of the five-layer sample with 36-ML spacers for lo
density GaAs excitation is attributed to suchcoupled QD’s.
The contour plot of the PL intensity of the five-layer samp
in Fig. 4 shows a different behavior~marked by dashed line
in Fig. 4! for the1.138- and 1.099-eV peaks. The intensity of
the 100-meV resonance attributed to theu001&hu000&e ex-
cited state absorption of uncoupled QD’s is shown in F
2~b! as a function of the detection energy, demonstrating
correlation with the 1.138-eV peak. For the 1.099-eV pe
two additional excitation resonances at about 35 and
meV are observed. The 35-meV resonance is too broad
intense to be attributed to Raman scattering and shifts
wards higher energies with decreasing detection energy~see
Fig. 5!. A stronger electronic coupling for larger and ther
fore higher QD’s, which result in a thinner GaAs barri
between the stacked QD’s, could explain this behavior.
thinner spacers~20 ML! the PLE spectrum shows only wea
structure peaking about 60 meV above the detection en
~dashed spectrum in Fig. 3!. This behavior is characteristic o
strongly coupled QD’s.42 Higher-resolution PLE spectra re
solving fine structure in the energy range below 30 m
would be needed for a detailed analysis of the electro
coupling in the QD stacks. However, the results presen
here demonstrate the inequivalence of the various InAs
ers in the multilayered samples.

IV. CARRIER CAPTURE, RELAXATION,
AND RECOMBINATION

The observation of excited state resonances in the P
spectra of single and multilayer InAs/GaAs self-assemb
QD’s discussed above is in striking contrast to the obse
tion of multiphonon resonances for single-layer samples
amined in Refs. 13, 14, 27, and 43. Distinct replica cor
sponding to multiphonon scattering involving LO phono
from the InAs QD, the WL and the GaAs barrier have be
resolved,13,27 demonstrating inelastic multiphonon scatteri
to be the most efficient intradot carrier relaxation proce
The observation of the multiphonon resonances has been
plained in analogy to hot carrier relaxation in highe
-
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dimensional systems,49 which leads to multiple LO reso
nances in PLE spectra, when competing nonradia
recombination allows only the most efficient relaxation pr
cesses~LO scattering! to populate the luminescent state. F
QD’s having a discrete density of states the inhomogene
broadening of the ensemble replaces the spatial dispersio
higher-dimensional systems. For self-assembled InAs/G
QD’s radiative recombination43 as well as a nonradiative re
combination involving deep defects in the barrier13,27 have
been proposed to compete with intradot relaxation. In b
cases only QD’s providing rapid carrier relaxation will co
tribute to the PLE signal, and the observed multiphon
resonances demonstrate a resonance condition for
excited-state splitting. The observation of excited-state re
nances reported in this paper~Figs. 4 and 5! shows the lack
of an efficient competing recombination channel in the
vestigated samples. Indeed, the maximum of the excita
via theu001& hole state is observed for an excited state sp
ting of 83 meV ~five-layer sample, Fig. 4! for which mul-
tiphonon relaxation
is inefficient.27 These results demonstrate the extrinsic nat
of any competing recombination channel for InAs/Ga
QD’s, thus supporting the earlier notion of nonradiative e
ergy transfer to deep defects in the GaAs barrier for sam
showing clear multiphonon resonances.27 We attribute the
lower defect concentration in the GaAs barriers of t
present samples to the employed MEE growth mode, wh
has been observed to improve the QD PL yield.6 In order to
gain insight into the carrier relaxation and recombination d
namics in the stacked InAs/GaAs QD samples we have
vestigated the dynamic behavior of the QD PL followin
pulsed excitation with various energies and densities.

In TRPL experiments the suppression of intra-dot carr
relaxation due to saturation of QD states results in charac
istic changes in the observed PL dynamics.27,50,51 For the
self-assembled InAs/GaAs QD’s carrier relaxati
(;40 ps) ~Ref. 27! is much faster than radiative recombin
tion. Thus, carriers generated by the short excitation pu
~150 fs! will fill up QD levels starting from the ground stat
after an initial capture and relaxation phase, which might
dominated by Coulomb scattering.51 With increasing delay
the hole density decreases due to carrier recombination
the various QD states will be successively depopulated.
PL intensity from a given state being proportional to
population remains almost constant as long as higher-ly
states are populated providing practically instantaneous h
to fill up freed states. Only the PL intensity from the highe
populated state decays with a time constant correspondin
the sum of the radiative recombination probability and t
rate at which recombination generates a lower-lying em
state enabling intradot relaxation. This will lead to syste
atically shorter decay times for PL from higher excited sta
though the oscillator strength might actually be lower th
for the ground-state transition. Master equations for m
crostates~MEM! provide a quantitative description of the P
dynamics for uncoupled QD’s as detailed in reference.52

Figure 7 compares PL spectra of the five-layer sam
with 20-ML spacers for continuous-wave~cw! and pulsed
excitation revealing excited-state PL with increasing exc
tion density. For high intensity cw excitation the excite
state PL intensity is comparable to the ground-state inten
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indicating comparable oscillator strength, whereas for pul
excitation the subsequent depopulation of excited states
sults in a lower integrated intensity for the excited-state tr
sitions. However, the same time-averaged excitation den
provides initially a higher carrier density for pulsed excit
tion. The lowest excitation density of 1 W cm22 is already
sufficient to saturate the ground state of part of the QD’s.
10 W cm22 the first excited state is saturated and the sec
one becomes populated. At 60 W cm22 PL appears in the
spectral region of the WL indicating the QD states to
completely saturated. Figure 8 gives transients recorde
the positions~indicated by arrows in Fig. 7! of the ground-
state and various excited-state transitions showing the
pected initially almost constant intensity as long as PL fr
higher-energy states is observed. The PL intensity, howe
is initially not perfectly constant as a result of a latera
inhomogeneous excitation density, carrier diffusion, and
statistical population of the uncoupled QD’s after nonre
nant excitation.52 Multiexponential fits of the excited-stat
PL transients yield a decay time of about 480 ps for PL fr
the first excited state, which decreases to 15 ps for PL ab
1.4 eV attributed to exciton recombination in the WL, r
flecting the increasing number of recombination chann
with increasing population of the QD’s. A fit of the PL tran
sients, recorded at 1 W cm22, using MEM yields lifetimes of
0.95 and 1.55 ns for the ground and first excited-state t
sition, respectively. The long excited-state lifetime is co
patible with the forbidden character of theu001&hu000&e tran-
sition.

The high excitation density PL transients, Fig. 8, sh
saturation of the ground-state transition for up to 1 ns a
the initial excitation, and the first and second excited sta
remain saturated for a few hundred ps. This behavior is

FIG. 7. Excitation density dependence of the QD PL in t
five-layer sample with 20-ML spacers for cw~dashed spectra! and
pulsed~solid spectra! excitation. The spectra are normalized for t
QD ground-state transition and shifted in they direction for clarity.
The given excitation densities are time averaged, with 1 W cm22

corresponding for pulsed excitation to an initial carrier density of
about 231010 cm2 comparable to the lateral QD density.
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contrast to the earlier observation of very rapid excited-s
PL decay (,100 ps) at high excitation densities, which h
been taken as indication of nonradiative recombination27

The long-lived excited-state PL in the present samples s
gests radiative recombination to dominate for the excited
states, demonstrating the high optical quality of the inve
gated samples. The MEE growth technique used for
GaAs spacer and the cap layers provides GaAs with
defect concentrations at the growth temperature of 400
The importance of the GaAs cap growth mode was mani
in the increase in PL efficiency for samples with the c
layer grown in the MEE mode compared to those grown w
conventional MBE.6

Pauli blocking can be neglected at low excitation densit
(<0.5 W cm22), in which case the transients are genera
well fitted assuming one exponential rise and one expon
tial decay process, describing carrier relaxation and rec
bination in a three-level system. The uppermost level
populated att50 and relaxes with ratet1

21 to the lumines-
cent level, before recombination into the ground state occ
with rate t2

21. The shorter of the two time constants dete
mines the rise and the longer one governs the decay of
time-dependent PL intensityI :

I ~ t !}
1

t12t2
~exp2~ t/t1!2exp2~ t/t2!!. ~1!

Figure 9 shows a typical low excitation density QD P
transient~dots! for the case of the two InAs-layer samp

f FIG. 8. Transients recorded at various excitation densities
the five-layer sample with 20-ML spacers at the spectral positi
corresponding to PL from the ground state and various exc
states as indicated by arrows in Fig. 7. The transients are nor
ized for the slow decay component attributed to the underly
ground-state decay of smaller QD’s.



e
ay
s
th
a
o
re

in-
PL
PL
ck
the

re-
nd-

he
t the

D
cil-

rted
ry
ition

the
be-
s,
kly
e-
gly

low
ics.
L

es,
an-

ig.
f

ber
x-
ree-
er
e

ults
ar-
sa
D
ef-
by

41.4
n of
fi-
e
is
ro-
ating
cal-

ith

a
x

ion
al

L
ba

57 9057EXCITED STATES AND ENERGY RELAXATION IN . . .
with a 36-ML spacer together with a least-square fit~full
line! of the convolution of Eq.~1! with the system respons
to the exciting laser pulses. Evaluating transients of multil
ered samples with 36-ML spacers we find time constant
about 40 ps for the PL rise and of a few hundred ps for
PL decay, which are summarized in Fig. 10. Nonreson
excitation of the GaAs barrier generates free electron-h
pairs, which have to diffuse or migrate to the QD’s, befo

FIG. 9. Transient of the QD PL in the two-layer sample w
36-ML spacer for nonresonant, low-density (0.5 W cm22) excita-
tion in the GaAs barrier. Dots represent the experimental data
the full line shows a two-exponential fit as described in the te
The inset shows the rise time (t rise) of the QD PL maximum in
multilayered samples with 36-ML spacers for various excitat
energies. The error bars given for the single layer sample are
representative for the stacked ones.

FIG. 10. QD PL rise (t rise) and decay (tdecay) times as a func-
tion of the detection energy for multilayered samples with 36-M
spacers upon nonresonant, low-density excitation in the GaAs
rier. The experimental error of the rise~decay! time is about 10 ps
~70 ps!.
-
of
e
nt
le

they can be captured into a localized state and relax by
terlevel scattering to the QD ground state, leading to the
detected in our experiments. The lack of free exciton
from the GaAs barrier and the InAs WL as well as the la
of excited-state PL at low excitation densities indicate
observed 40-ps rise time to describe carrier capture and
laxation and the longer time constant to describe grou
state recombination. Both the rise and the decay times~Fig.
10! vary only weakly with the detection energy as well as t
number of stacks in the sample. These findings sugges
oscillator strength to be practically independent of the Q
size, supporting the prediction of a constant interband os
lator strength in the strong confinement regime.53,54 The ob-
served lifetimes are, however, shorter than those repo
previously.9,27,55 More detailed investigations are necessa
to evaluate the size and shape dependence of the trans
matrix element. Remarkably, the TRPL results show for
five-layer sample a sharp increase in the PL decay time
low 1.12 eV. PL in this region is attributed to coupled QD’
suggesting a decreasing oscillator strength for wea
coupled QD’s. An increasing oscillator strength with d
creasing barrier thickness has been reported for stron
coupled QD’s.11

TRPL measurements for various excitation energies al
a more detailed characterization of the excitation dynam
Although for excitation near the hh transition of the W
~1.44 eV! or via excited state transitions of the QD’s~1.25
eV! carrier diffusion and carrier capture into excited stat
respectively, are excluded from the excitation chain, the tr
sients, within the experimental error,are the same as for
excitation in the GaAs barrier. As shown in the inset of F
9, the observed PL rise time is (4065) ps independent o
the chosen excitation energy/process as well as the num
of stacks in the sample and thus limited by intradot rela
ation processes. The observed PL rise time is in good ag
ment with recent experimental results on single-lay
samples27,30 and attributed to multiphonon relaxation of th
excited hole states.

The TRPL results yield only an upper limit (,5 ps) for
capture into excited QD states. However, the PLE res
give indirect evidence for sub-ps carrier capture inferred e
lier from the quantum efficiency of deep etched me
structures.56 Figure 11 shows the PLE behavior of the Q
ground-state PL for the two-layer sample. The excitation
ficiency in the GaAs barrier shows minima separated
(4362) meV that extrapolate to the free-exciton~FE! en-
ergy as indicated. The observed energy spacingDE is char-
acteristic for hot-electron relaxation in GaAs, given by49

DE5\vLO3S 11
me

mh
D541.4 meV, ~2!

with \vLO the LO phonon energy andmi the effective
masses of electrons and holes. An energy spacing of
meV is expected from GaAs parameters. The observatio
hot-electron relaxation leading to minima in the PLE ef
ciency indicates the formation of low-mobility FE’s near th
G point to compete with carrier trapping into QD’s. For th
competition to be observable in the PLE spectra, both p
cesses have to proceed on a comparable time scale loc
carrier capture on a subpicosecond time scale. Exciton lo

nd
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9058 57R. HEITZ et al.
ization in the GaAs barrier hampering QD excitation is a
revealed by the temperature dependence of the PLE spe
inset of Fig. 11. At 3.6 K the GaAs FE absorption is prac
cally not resolved and the PLE spectra reveal the h
electron relaxation minima. Raising the temperature to 17
the FE absorption appears and the PLE efficiency beco
smooth at higher energies attributed to the thermally a
vated mobility of FE’s.

PLE spectra taken for various temperatures at the pea
the QD PL in the two-layer sample reveal remarkable diff
ences in the intensity evolution depending on the excita
process. Figure 12 depicts the intensity of the QD grou
state PL for excitation in the GaAs barrier, the hh transit
of the WL, and theu001&hu001&e excited-state transition reso
nance as indicated in the inset. Exciting the GaAs bar
~triangles! the PL intensity doubles from 4 to 18 K only t
decrease again with increase of temperature to 35 K, sh
ing the increasing mobility of the FE’s and their therm
dissociation, respectively. The FE effect is absent when
citing via the WL. The decrease of the PL intensity above
K observed for nonresonant excitation has been attribute
thermal evaporation of carriers from the ground state.9,55,57

However, exciting carriers directly into theu001&h excited
hole state of the QD’s~circles! leads to a significantly
higher-temperature stability of the PL intensity. These res
show that actually the carrier capture and relaxation p
cesses determine the observed temperature dependen
the QD PL intensity for nonresonant excitation. The decre
ing capture efficiency above 80 K, is attributed to a decre
ing carrier capture efficiency due to thermal evaporation
carriers from excited QD states.

V. CONCLUSION

In the present paper the effect of stacking on the exc
states and carrier relaxation processes of InAs QD’s is inv

FIG. 11. PLE spectrum of the QD PL~detected at 1.159 eV! in
the two-layer sample with 36-ML spacer. The minima in the P
efficiency are attributed to hot-electron relaxation in the GaAs b
rier. The inset shows the GaAs band-gap region on an enla
energy scale for various temperatures.
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tigated using PLE and TRPL spectroscopy. The contribut
of the buried InAs islands to the surface strain directing
In migration leads not only to vertical ordering of the islan
but, as suggested by the results presented, also to an inc
ingly higher degree of island uniformity. The optical resu
demonstrate unambiguously the inequivalence of the var
InAs QD layers for samples with 36-ML GaAs spacers,
dicating a systematic variation of the island shape in
stacks. The ground-state transition energy of the stac
QD’s is found to decrease compared to that of isolated Q
as a result of the higher degree of strain relaxation and e
tronic coupling. The systematic change in island shape c
plicates control of the electronic coupling in the QD stack

PLE spectra reveal the size-dependence of the exci
state spectrum for self-assembled InAs QD’s. The domin
excitation resonance is attributed to theu001&hu000&e excited
state transition based on numerical results for pyram
InAs islands, supporting the earlier assignment of
excited-state transitions observed in high excitation den
PL to transitions between excited hole states and the elec
ground state.19 State-filling effects are found to dominate th
PL dynamics in densely populated QD’s for up to 1 ns,
tributed to a low concentration of competing nonradiati
recombination channels in the investigated samples du
the MEE growth of the GaAs spacer and cap layers. Car
capture and intradot carrier relaxation lead to a (4065) ps
rise time for the QD ground-state PL, attributed to mu
tiphonon relaxation of theu001& hole state. Carrier cooling is
about two orders of magnitude slower than in high
dimensional systems but still over one order of magnitu
faster than radiative recombination, explaining the appar
lack of a phonon bottleneck in PL experiments. Howev

FIG. 12. Temperature dependence of the QD PL intensity in
two-layer sample with 36-ML spacer for excitation in the GaA
barrier, in the InAs WL, and via the excitedu001& hole state. The
intensities are evaluated from PLE spectra detected at the maxim
of the temperature-dependent QD PL peak as indicated in the in

r-
ed
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carrier relaxation is found to limit the PL yield at temper
tures above 80 K and might lead to a bottleneck effect in
stimulated emission regime, limiting the high-frequency b
havior of QD injection lasers and causing lasing on exci
state transitions depending on the gain/loss balance.
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