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Energy relaxation by multiphonon processes in InAs/GaAs quantum dots
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Carrier relaxation and recombination in self-organized InAs/GaAs quantum dots~QD’s! is investigated by
photoluminescence~PL!, PL excitation~PLE!, and time-resolved PL spectroscopy. We demonstrate inelastic
phonon scattering to be the dominant intradot carrier-relaxation mechanism. Multiphonon processes involving
up to four LO phonons from either the InAs QD’s, the InAs wetting layer, or the GaAs barrier are resolved.
The observation of multiphonon resonances in the PLE spectra of the QD’s is discussed in analogy to hot
exciton relaxation in higher-dimensional semiconductor systems and proposed to be intricately bound to the
inhomogeneity of the QD ensemble in conjunction with a competing nonradiative recombination channel
observed for the excited hole states. Carrier capture is found to be a cascade process with the initial capture
into excited states taking less than a few picoseconds and the multiphonon~involving three LO phonons!
relaxation time of the first excited hole state being 40 ps. Theu001& hole state presents a relaxation bottleneck
that determines the ground-state population time after nonresonant excitation. For the small self-organized
InAs/GaAs QD’s the intradot carrier relaxation is shown to be faster than radiative~.1 ns! and nonradiative
~'100 ps! recombination explaining the absence of a ‘‘phonon bottleneck’’ effect in the PL spectra.
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I. INTRODUCTION

Carrier relaxation in quasi-0-dimensional semiconduc
systems@dubbed quantum dots~QD’s!# has been widely dis-
cussed in recent years.1–9 Inelastic phonon scattering i
small QD’s having large substate splittings as needed
room-temperature optoelectronic applications, is predicte3,4

to be slow since the discrete spectrum of eigenstates m
energy and momentum conservation difficult. Carri
relaxation times of the order of radiative and nonradiat
recombination times are predicted,3,5 restricting the popula-
tion of the ground state upon nonresonant excitation. T
effect has been termed ‘‘phonon bottleneck.’’ The expe
mental observation of intense ground-state pho
luminescence10–15 ~PL! as well as the demonstration of in
jection lasing for self-organized QD’s~Refs. 16–18! indicate
that such a ‘‘phonon bottleneck’’ is no intrinsic property
small QD’s. Alternative relaxation mechanisms, e.g., Aug
recombination6 and Coulomb scattering of free carriers,7,8

have been evaluated for their potential to remove the pho
bottleneck. However, a high density of hole states or la
free-carrier concentrations would be needed to obtain s
ciently high relaxation rates. At low excitation densitie
both conditions are not given for small self-organiz
QD’s,19 making phonons the most likely candidates to dis
pate the energy in carrier relaxation.

A proven method to demonstrate the dominating carr
relaxation process in higher-dimensional systems is the
servation of hot exciton relaxation,20 revealing LO-phonon
resonances in PL excitation~PLE! spectra. Hot exciton re
laxation can be observed when the exciton relaxation ha
compete with other relaxation or recombination process
Though for single QD’s the classical concept of hot excit
560163-1829/97/56~16!/10435~11!/$10.00
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relaxation does not work due to the discrete energy sp
trum, we will show that for a QD ensemble an equivale
effect can be observed in PLE, which then gives evidence
the dominating carrier-relaxation process.

The PLE spectra ofsingle QD’s reveal sharp excitation
resonances that are unambiguously attributed to electr
transitions.21,22 However, comparatively broad excitatio
resonances 30–130 meV above the detection energy are
served monitoringlarge ensemblesof self-organized QD’s
and controversially discussed either as electronic transit
reflecting the excited-state spectrum12,13,23or as multiphonon
resonances indicative for carrier-relaxation processes.10,24,25

Similar ~multi!phonon transitions have been observed in n
resonance excited PL spectra.26–28 For InAs/GaAs QD’s up
to four LO-phonon replica are resolved10 showing the cou-
pling to LO modes from different regions of the Q
structure.24 The multiphonon resonances have been ten
tively explained invoking the inhomogeneity of the QD e
semble and a nonradiative recombination channel for ho
in excited states to compete with intradot relaxation.24 Re-
cently, excited-state PL by itself has been proposed to
sufficiently efficient to compete with intradot relaxation,25,28

implying the observation of multiphonon resonances to be
intrinsic property. However, PLE results for uncouple
stacked QD’s reveal the variation of the excited-st
splitting in dependence of the QD size,23 indicating excited-
state transitions to be resolved in the spectra. The me
nisms determining the appearance of the PLE spectra
therefore their interpretations are not clear yet. Furtherm
hole relaxation24 and exciton relaxation28 are controversially
discussed, depending on the assignment of the optical t
sitions to either ‘‘forbidden’’19 or ‘‘allowed’’ 28 transitions.
Both processes cannot be easily distinguished from the
10 435 © 1997 The American Physical Society
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10 436 56R. HEITZ et al.
ergy spacing of the PLE resonances due to the discrete n
of the involved electronic states.

Here, we present a detailed study of carrier relaxation
self-organized InAs/GaAs QD’s combining PLE and tim
resolved PL~TRPL! results. This paper is structured as fo
lows: Sec. III A gives detailed PLE results demonstrating
multiphonon nature of the observed excitation resonance
Sec. III B the multiphonon resonances are shown to be
incoherent phenomenon yielding information on carrier
laxation in the QD’s, and in Sec. III C we determine t
multiphonon ~three LO phonons! relaxation time to 40 ps
and show that for the excited hole states in the investiga
samples a competing nonradiative recombination channe
ists. Finally, in Sec. IV we propose that the observed P
spectra are intricately bound to the inhomogeneity of
investigated InAs island QD’sand the nonradiative recom
bination channel leading to a model similar to hot excit
relaxation in higher-dimensional semiconductors.20 The non-
radiative recombination is associated with defects in
GaAs barrier and enables the characterization ofintrinsic
carrier-relaxation mechanisms in small InAs/GaAs QD’s
ing PLE.

II. SAMPLES AND EXPERIMENTAL SETUP

We report experimental results for two InAs/GaAs Q
samples grown by solid-source molecular beam epitaxy
GaAs ~100! substrate as described in detail in Refs. 14,
and 29. The single InAs layer enclosed by GaAs barrier
sandwiched between two GaAs/AlxGa12xAs superlattices
grown at 600 °C defining an ‘‘optically active’’ region from
which carriers can be trapped into the QD’s. A GaAs buf
layer is grown on the first superlattice before the tempera
is lowered to 480 °C for the growth of 12-Å InAs and
10-nm-thick GaAs cap. Subsequently, the temperature is
creased back to 600 °C for the remaining growth. Sample
and B differ nominally only in the different thickness of th
active region being 15 and 116 nm, respectively. TEM
sults indicate the InAs islands, which sit on top of an In
wetting layer~WL!, to be pyramid-shaped and to vary in si
and shape showing side facets close to$101% and
$203%.14,29,30 The QD’s have a base length of 12–14 nm
height of 4–6 nm, and an area density of about 1011 cm22.

For the PL and PLE experiments the samples w
mounted in a continuous-flow He cryostat at 6 K. A tungs
lamp dispersed by a 0.27-m double-grating monochrom
served as a tunable, low-excitation-density (,0.02
W cm22) light source and the PL was detected through
0.5-m single-grating monochromator using a cooled Ge
ode. The TRPL measurements were performed in super
He with 150-fs pulses at a repetition rate of 76 MHz of
Ti-sapphire laser for excitation and a 0.35-m subtract
double-grating monochromator in combination with a stre
camera with an infrared-enhanced photocathode for de
tion. The full width at half maximum~FWHM! of the system
response to the excitation pulses was between 25 and 6
depending on the time-range setting. The transients w
analyzed taking into account the system response to the
citation pulses enabling the determination of time consta
down to 5 ps under optimal conditions.
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III. EXPERIMENTAL RESULTS

Figure 1 compares low-excitation-density PL~thick lines!
and PLE~thin lines! spectra of samplesA and B, with the
intensities given on the same scale. Upon excitation ab
the GaAs band gap the ground-state transition of the In
QD’s leads to PL peaks at 1.105 and 1.079 eV w
FWHM’s of 42 and 37 meV, respectively, indicating th
average InAs island size to be slightly larger in sampleB.
The QD PL peaks are almost of Gaussian shape as indic
by the dotted fits in Fig. 1 and the FWHM is attributed to t
inhomogeneity of the QD ensemble with each single Q
contributing only a sharp line~,150 meV!.15 Assuming the
carrier-capture cross section and quantum yield to be
independent, the PL peak represents the inhomogeneous
density, indicating asize inhomogeneity of;5%.19 The
excited-state spectrum of the InAs QD’s has been exp
mentally obtained from high excitation-density PL spectra31

Above 50 W cm22 the PL of the QD ground state saturat
and two additional peaks appear on the high-energy s
shifted by about 85 and 165 meV. The excited-state PL li
are identified as recombination of holes in theu001& and
u002& excited states with electrons in theu000& ground state,
based on a good agreement with the energy spectrum ca
lated for strained InAs pyramids.19 These transitions would
be dipole-forbidden in QD’s having inversion symmetry b
are allowed for the strained InAs pyramids. Figure 2 give
schematic term scheme of the sample structure showing
the QD’s in addition to theu000& ground states theu001& and
u002& excited hole states.

A. Multiphonon resonances in the PLE spectra

The excited-state transitions are not resolved in the P
spectra recorded on the maximum of the QD PL peaks~thin

FIG. 1. PL~thick lines! and PLE~thin lines! spectra for samples
A andB taken withI 0,0.02 W cm22 at T56 K. The PL is excited
at 1.67 eV and the PLE spectra are recorded on the respectiv
maximum. The dotted lines represent Gaussian fits of the QD
The peak at 1.491 eV is attributed to carbon-related PL in GaA
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56 10 437ENERGY RELAXATION BY MULTIPHONON PROCESSES . . .
lines in Fig. 1!. Instead a series of resonances is observed
excitation energies (Eexc) below 1.25 eV, which we show
below to result from intradot excitationand relaxation in the
inhomogeneousQD ensemble. At higher energies the QD PL
is excited via carrier capture, revealing absorption by
InAs WL and the GaAs barrier. The GaAs free-exciton
resolved for sampleB but not for sampleA, for which the
narrow width of the active region leads to quantization in
GaAs barrier. The similar PL intensity in both samples
excitation below the GaAs band gap reflects the compar
QD density. Exciting above the GaAs band gap, the PL
tensity is about 6 times higher for sampleB due to the larger
thickness of the active region, providing a higher carrier c
centration at the same excitation density. Carriers from
whole active region are equally captured by the QD’s. T
PLE peaks at 1.388 and 1.465 eV in sampleA are attributed
to the heavy~hh! and light ~lh! -hole absorption of the WL,
respectively. Figure 3 shows the dependence of the P
spectra on the detection energy (Edet) for sampleA. The
spectra are shifted in they direction for clarity and the re-
spectiveEdet is indicated by the crosses. The energy of t
WL resonance is 1.388 eV independent of the detection
ergy indicating that the QD size and the structural proper
of the surrounding WL are not correlated in one sample. T
effective thickness of the WL estimated from the transiti
energy is 1.7 ML.19 For sampleB the heavy-hole absorptio
appears at a higher energy~1.399 eV! indicating the WL to
be thinner in favor of larger QD’s.

Exciting below 1.35 eV the PLE spectra assume a ch
acteristic shape as shown in Figs. 1 and 3. Starting from
detection energy, with increasing excitation energy a se
of equidistant PLE resonances evolves. The first three r
nances are well resolved and increase in intensity, then
fourth appears only weakly and is followed at higher en

FIG. 2. Schematic term scheme of the InAs QD structures
picting carrier relaxation (t rel) and radiative (t rad) as well as non-
radiative (tnonrad) recombination for the excitedu001& hole state.
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gies by a weakly modulated broad excitation band. The
ergy separation of the PLE resonances of about 32 meV
in the range of typical phonon energies in the InAs/Ga
system. Thus, we refer to the PLE peaks as 1LO, 2LO,
resonances as indicated in Fig. 3. The inset of Fig. 3 gi
the ground-state PL intensity excited in the maximum of
various LO resonances in dependence of the detection
ergy. The PL intensity follows the inhomogeneous QD de
sity represented by the QD PL upon GaAs excitation, sho
ing the relative intensity of the first three LO resonances
be independent of the QD size and theabsoluteintensity to
depend on the QD density. The dominating 3LO resona
falls almost together with the absorption into theu001& ex-
cited hole state for pyramids with$101% side facets.19 We
like to note that in our experiments stray light~not shown in
the figures! covers the resonantly excited PL of the Q
ground state. For QD’s having discrete energy levels,
sorption and emission match each other within the homo
neous FWHM~,150meV!.15 However, calorimetric absorp
tion experiments have shown absorption matching
ground-state PL.14

The strongly modulated near-resonant excitation e
ciency ~Figs. 1 and 3! enablesselectiveexcitation of QD’s
with a ground-state transition energy one, two, or three L
phonon energies below the excitation energy as shown
Fig. 4. In the selectively excited PL spectra, the relative
tensity of the LO resonances depends on the excitation
ergy. With decreasing excitation energy, first the 3LO, th
the 2LO, and finally the 1LO replica becomes dominant
flecting the density of QD’s with a matching ground-sta
transition energy. We find no indication of phonon-assis

-

FIG. 3. PLE spectra of sampleA in dependence on the detectio
energy (Edet). The spectra are shifted in they direction for clarity
and the crosses mark the respectiveEdet. The inset compares the P
intensity for excitation in the maximum of the 1LO, 2LO, and 3L
resonances and above the GaAs band gap.
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10 438 56R. HEITZ et al.
emission processes consistent with the weak Fro¨hlich inter-
action in the covalent III-V semiconductors. For excitati
energies above 1.25 eV the inhomogeneous QD peak
comes apparent indicatingnonselectiveexcitation. This be-
havior is merely the result of the weak modulation of t
PLE spectra above 1.25 eV~Fig. 3! and does not necessita
a nonlocal excitation mechanism as provided by GaAs
WL absorption. Finally, thesets of PL and PLE spectra
shown in Figs. 3 and 4 both contain the same informati
e.g., the PL spectra can be unambiguously generated
the PLE spectra. However,each single PL spectrum com
pares QD’s with different ground-state transition energi
whereas in PLE a subset of the QD ensemble defined by
ground-state transition energy is probed. Thus, in the follo
ing we prefer the PLE spectra for a more detailed analysi
the phonon modes involved in the multiphonon processe

Higher resolution PLE spectra for samplesA and B are
given in Fig. 5 as a function of the excess excitation ene
DE5Eexc2Edet, revealing a threefold substructure for th
2LO and 3LO resonances. In order to determine the ene
and FWHM of the various PLE resonances, we perform
line-shape fits assuming Gaussian peaks. Full lines in Fi
show the best fit to the PLE spectra~given as thick dots! and
the contributing Gaussians are indicated. The large num
of Gaussians used is motivated by the rich fine struct
resolved for sampleB and gives also the best fit for samp
A. The fit of the 2LO and 3LO resonances yields for bo
samples the same three phonon energies of~29.660.5!, ~32.6
60.5!, and ~37.660.5! meV. The FWHM of the 29.6- and
37.6-meV resonances is;7 meV, whereas the 32.6-me
resonances are broader~;14 meV for 3LO!.32 For the 1LO
resonance only the 32.6-meV mode is resolved. Howe
PL excited selectively with high density at 1064 nm show
GaAs Raman scattering to contribute to the 1LO pea24

FIG. 4. PL spectra of sampleA for selective infrared excitation
The spectra are shifted in they direction for clarity and the crosse
mark the respective excitation energy (Eexc).
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Above 130 meV the resonances become broader and
longer correspond to multiples of the above phonon energ
A fit of a complete series of PLE spectra shows that the p
energies of the various LO resonances and therefore the
responding phonon energies are independent of the dete
energy. This is illustrated in Fig. 6 for sampleB showing a
contour plot of the PL intensity in dependence of the det
tion wavelength andDE. Multiples of the three phonon en
ergies determined in the line-shape fits are indicated by h
zontal lines. We like to note that no resonances match
combinations of the different phonon modes are resolved

The three phonon modes can be attributed to LO phon
in different regions of the strained InAs/GaAs QD structu
taking into account that the LO-phonon energy in a semic
ductor nanostructure is altered by strain and confinemen33

The effects of the biaxial strain and the strong vertical co
finement compensate each other for thin InAs quantum w
~QW’s!.34 Thus, we identify the 29.6-meV mode, corre
sponding in energy to the bulk InAs LO phonon, with the L
phonon of the InAs WL. The 32.6-meV mode, which dom
nates the PLE spectra, is attributed to the LO phonon of
strained InAs QD’s, for which phonon confinement can
neglected. A LO phonon energy of 32.1 meV has been e
mated from the strain distribution in InAs pyramids wi
$101% side facets,19 which is in excellent agreement with th
experimental value. The 37.6-meV mode is assigned to
LO phonon in the GaAs barrier. The increased energy co
pared to bulk GaAs reflects the biaxial strain accommoda
by the barrier in the immediate vicinity of the islands. Th
large FWHM’s of the PLE resonances~.7 meV! might be
the result of weakenedk-selection rules, the shape inhom
geneity of the islands, which alters the strain distribution a
therewith the phonon energies, or higher-order processe
volving LA phonons.4 Further investigations are needed for

FIG. 5. Line-shape fits of the PLE spectra of the QD PL
samplesA and B recorded withI 0,0.02 W cm22 at T56 K. The
combined experimental resolution of excitation and detection w
3.6 meV.
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56 10 439ENERGY RELAXATION BY MULTIPHONON PROCESSES . . .
more detailed analysis. Figure 5 shows that compared to
QD phonon replica, the WL and GaAs modes are m
prominent for the 3LO resonance than for the 1LO and 2
ones. The coupling to both modes depends on the exten
of the excited-state wave function into the barrier. Thus,
interaction with both modes becomes stronger with incre
ing DE and therefore decreasing carrier localization in
excited state. The phonon replica in the PLE spectra of
QD’s are local probes of the strain in and around the ove
grown InAs islands. The observed phonon energies are
sistent withcoherentInAs islands and can thus be taken
indication for the detected, optically active QD’s to b
dislocation-free.

B. The incoherent nature of the PLE resonances

Multiphonon resonances in the PLE spectra of b
semiconductors,20 QW’s,35 and corrugated superlattices36

have been controversially discussed in terms of hot exc
relaxation and resonant Raman scattering~RRS!. The basic
difference between both processes is that hot exciton re
ation is an incoherent process, and RRS is a coherent
cess. Thus, both processes usually proceed on a diffe
time scale defined by energy relaxation and dephasing
cesses, respectively. As shown by Toyozawa, Koyani,
Sumi37 both processes become indistinguishable when b
time scales become similar. In order to decide on the na
of the multiphonon resonances observed for the InAs/G
QD’s we studied TRPL in dependence of the excitation
ergy.

Typical transients observed for sampleA upon excitation
above the GaAs band gap with an excitation density

FIG. 6. Contour plot of the QD PL intensity in sampleB as a
function of the detection wavelength and the excess excitation
ergy (DE5Eexc2Edet). The horizontal lines represent multiples
the phonon energies determined in the line-shape fits.
he
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100 W cm22 are shown in Fig. 7. The respective detecti
energies are indicated by the arrows in the inset. Transi
detected near the maximum~or on the low-energy side! of
the QD peak decay monoexponentially, whereas those
tected on the high-energy side show an additional fa
component which we attribute to the superposition
excited-state PL of larger QD’s and ground-state PL
smaller ones. The PL spectrum for pulsed excitation~full
line in the inset! shows a high-energy shoulder not prese
for low-density cw excitation~broken line!. Though the
time-averaged excitation density of 100 W cm22 was chosen
by avoiding saturation of the QD ground-state PL during
experiments it was sufficient to saturate part of the QD
leading to excited-state PL. At 100 W cm22 each excitation
pulse generates about 431010 cm22 electron hole pairs in
the 15-nm-wide active GaAs barrier, which is close to t
QD density (;1011 cm22).

Figure 8 compares transients of the QD ground-state
for various excitation energies. Most remarkable, we obse
the same time behavior exciting via GaAs or WL absorptio
which are completely incoherent excitation processes,
exciting via the 3LO resonance. This observation prese
unambiguous justification to treat the multiphonon res
nances as an incoherent phenomenon, i.e., as a three
process: first absorption into excited states, then relaxat
and finally ground-state recombination. Raman scatter
might contribute to the one LO resonance as observed
selectively excited PL spectra.24 Recently, Raymondet al.27

reported for AlxIn12xAs/AlxGa12xAs QD’s fasterPL decay
exciting 1LO and 2LO phonon energies above the detect
The authors used the fact that the observed decay is
slower than the exciting laser pulse as argument to re
RRS for the observed phonon resonances located on a
tense, broad PL background. This background is not pre

n-

FIG. 7. QD PL transients for sampleA excited above the GaAs
band gap with a density of 100 W cm22, corresponding to
431010 cm22 electron-hole pairs per pulse. The inset compares
spectra for pulsed and cw (;0.01 W cm22) excitation.
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10 440 56R. HEITZ et al.
in case of the InAs QD’s, Fig. 5. We like to note that th
dephasing times of the carriers in the InAs/GaAs QD’s
hitherto unknown, but can be expected to be longer tha
higher-dimensional systems. The spatial localization of
carriers in the QD’s suppresses carrier-carrier scatter
which is the dominant dephasing process in high
dimensional systems, and thed-function density of states
drastically restricts phonon scattering. Indeed, for bound
citons in bulk semiconductors recombination-limited deph
ing times of several hundred ps have been observed.38,39

C. Relaxation and recombination dynamics

The PL transients are analyzed taking into account
exponential decay processes for ground (t1) and excited
(t2) -state recombination, and one exponential rise (t rise) to
account for carrier capture and relaxation. Typical results
a least square fit of the experimental data with the convo
tion of the assumed transient and the system response
tion are shown as full lines in Fig. 7. Figure 9 compares r
and decay times deduced for samplesA andB upon excita-
tion above the GaAs band gap in dependence of the dete
energy. The transients for sampleB, which have been mea
sured at an excitation density of 1 W cm22 corresponding to
an initial carrier density of 33109 cm22 much lower than
the QD density (;1011 cm22), decay monoexponentially
even on the high-energy side of the QD PL confirmi
excited-state PL to be not detectable at such low-excita
densities.

The ground-state decay times of 10006100 ps and 1070
6100 ps for samplesA and B, respectively, observed nea
the center or on the low-energy side of the QD PL peak
in good agreement with previously reported values
InxGa12xAs ~Ref. 40! and InAs ~Refs. 17 and 41! QD’s.
With increasing ground-state transition energy and there

FIG. 8. Transients of the QD PL in sampleA for different ex-
citation energies. The inset gives the PL rise time in dependenc
the excitation energy. The combined spectral resolution of exc
tion and detection was 20 meV for the time-resolved measurem
e
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decreasing QD size, the decay time decreases to about 3
near 1.25 eV. Lateral phonon-assisted tunneling from sm
to large InAs QD’s has been proposed recently41 to explain
the shorter lifetime of the smaller QD’s. Though the Q
density in our samples is similar to that of the sample inv
tigated in Ref. 41, we do not observe the reported charac
istic deformation of the QD PL peak. Indeed, a ground-st
PL lifetime of 340 ps is found for samples having only sm
QD’s14 in good agreement with the present results. Th
lateral energy transfer between QD’s is unlikely to be
sponsible for the energy dependence of the ground-state
time shown in Fig. 9. The observed decrease of the grou
state lifetime with decreasing QD size could be the resul
an increasing oscillator strength. However, for the inve
gated small InAs/GaAs QD’s carrier-quantization energ
are much larger than the exciton binding energy.19 In this
strong confinement regime, the oscillator strength is p
dicted to be size independent.42 We cannot exclude that non
radiative recombination, demonstrated below for the exci
QD states, is also of importance for the ground-state tra
tion of the smaller QD’s.

Carrier capture and the subsequent intradot relaxation
termine the PL rise after nonresonant excitation. Our TR
results~Figs. 8 and 9! suggest carrier capture to be a casca
process involving at least the excitedu001& hole state as in-
termediate state. The evaluation of the excitation-ener
dependent transients~Fig. 8!, yields a rise time of 2865 ps,
which is within our temporal resolution~;5 ps! independent
of the excitation process~see inset!, indicating that only the
last relaxation step, namely, the hole relaxation from the
cited u001& state, is resolved. This is supported by the det
tion energy-dependent data shown in Fig. 9. The grou
state rise time is about 30 ps independent of the QD s
whereas the excited-state PL rises much faster~,10 ps,

of
-

ts.

FIG. 9. Energy dependence of the PL lifetimes of the grou
state (t1) and the first excited state (t2) as well as the PL rise time
(t rise) for samplesA and B upon GaAs excitation. The excitatio
densities were 100 and 1 W cm22, respectively.
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sampleA for Edet.1.17 eV!. These observations show th
the observed PL rise time of 2865 ps is the lifetime of the
u001& excited hole state and that we are not able to reso
carrier capture in the excited hole states~,5 ps!. The initial
carrier capture time has been assessed to be on a 1-ps
scale from the PL yield of deep etched mesa structure
dependence of the mesa diameter43 and from the observation
of hot electron resonances in the QD excitation via the Ga
barrier.23 We find no influence of carrier diffusion in th
GaAs barrier, which we attribute to a long-range attract
potential caused by the strain field surrounding the QD19

leading to carrier drift.
The lifetime of theu001& excited hole state depends o

relaxation (t rel) to the u000& ground-state, radiative recomb
nation (t rad) with electrons in theu000& state, and nonradia
tive recombination (tnonrad), as indicated in Fig. 2:

t215t rel
211trad

211tnonrad
21 . ~1!

As shown above, at low excitation densities radiative reco
bination of excited states is suppressed by hole relaxa
(t rel!trad). The intensity distribution between the groun
state and excited-state PL at high-density cw excitation31 as
well as the results of the calculations19 indicate the oscillator
strength of the excited-state transitions to be lower than
of the ground-state transition (t rad.1000 ps).

The nonradiative recombination (tnonrad) can be assesse
in high excitation density TRPL experiments. The saturat
of the QD states with two carriers suppresses the intra
relaxation leading to excited-state PL~Refs. 26 and 31! and
altering the carrier dynamics. Figure 10 shows for samplB
excitation density-dependent PL spectra upon pulsed ex
tion above the GaAs band gap~the spectra are normalize
and shifted in they direction for clarity!. At 1 W cm22

(33109 cm22 electron hole pairs per pulse! only ground-

FIG. 10. Excitation-density-dependent PL spectra for samplB
and pulsed excitation. The spectra are normalized and shifted in
y direction for clarity. An excitation density of 1 W cm22 corre-
sponds to an initial carrier density of 33109 cm22.
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state PL is evident, and above 300 W cm22 the spectral
shape saturates revealing emission from theu001& and u002&
excited hole states 82 and 177 meV above the ground-s
transition as well as weak signal in the region of the W
observed at 1.399 eV in PLE~Fig. 1!. The excited-state tran
sitions appear much weaker in PL for pulsed excitation th
upon cw excitation, compare, e.g., Fig. 3 in Ref. 31, since
decay of the excited-state population favors the ground-s
transition. The saturation of the shape of the PL spectr
above 300 W cm22 indicates the QD’s to be initially com
pletely filled by each pulse.

The fast intradot relaxation leads to a situation where
holes in each QD behave practically like a hole gas filling
energy states starting from the ground state. Conseque
the PL of the highest populated state will decay followi
the decrease of the hole density and PL from lower-ene
states will be constant as long as the higher ones act as
ervoir, supplying holes as soon as one recombines. Lowe
the excitation density, the decay is entered at a later st
corresponding to the lower initial carrier density. This
shown in Fig. 11 comparing for sampleB transients recorded
with different excitation densities at the spectral positions
the various PL transitions~marked by the dotted lines in Fig
10!. Though the QD’s are initially completely filled at th
highest excitation density (3000 W cm22), the transient of
the WL follows the system response~dotted curve! to the
excitation pulses indicating fast recombination in the W

he

FIG. 11. Transients recorded for sampleB at the spectral posi-
tions corresponding to PL from the ground state~u000&!, the excited
states~u001&, u002&!, and the WL as indicated in Fig. 10 at variou
excitation densities. The transients are normalized for the slow
cay component.
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~t,5 ps!. With decreasing detection energy the PL dec
becomes slower, with time constants of 42610 and 95610
ps ~100 ps in sampleA, Fig. 9! for recombination from the
u002& and u001& excited hole states, respectively. Finally, t
ground-state PL intensity is initially nearly constant a
starts to decay only after a delay of 250 ps. Reducing
excitation density, the intensity of the fast decay compone
attributed to the excited-state PL decreases, but the d
times remain constant. The decay time of the ground-s
transition, however, shortens from 1070 to 800 ps increas
the excitation density from 1 to 3000 W cm2. These results
show that in the investigated samples the hole popula
decays with time constants shorter than 100 ps until only
ground state is populated.

The fast decay of the excited-state PL under satura
conditions implies a nonradiative recombination channe
indicated in Fig. 2, with the observed lifetimes being a m
sure for the recombination times. Thus, the nonradiative
combination times are of the order of 95 and 42 ps for
u002& and u001& excited hole states and less than 5 ps for
WL. Auger processes, proposed recently to explain the s
ration of the integrated PL intensity under high-density
excitation in similar samples,17,29 could explain the increas
ing nonradiative recombination probability with increasi
occupation of the QD’s. However, the recent observation23,44

of longer time constants for the decay of excited-state PL
InAs QD’s suggests that the nonradiative recombination
not an intrinsic property of the QD’s. Our experimental r
sults can be explained assuming the nonradiative recomb
tion to be defect related. Since the PLE results show
optically active InAs islands to be coherent, we propose
ergy transfer to deep defects in the vicinity of the InAs
lands. The decreasing localization of the holes in the exc
states and, in particular, in the WL would then account
the increasing nonradiative recombination probability. R
cently, Sercel9 discussed energy transfer between deep
fects in the GaAs barrier and InxGa12xAs QD’s and pre-
dicted transfer times in the 100-ps region for a QD/de
defect separation of up to 10 nm supporting the interpreta
of the nonradiative recombination. The formation of de
defects in the GaAs cap or the 1.7-ML InAs WL might b
intricately connected to the strain fields generated by
InAs islands or be caused by the low-growth temperature
the initial GaAs covering layer. For samples having sma
three-dimensional islands and a thinner WL no signs for n
radiative recombination are observed.17,29

From the low-excitation-density lifetime and the nonra
ative recombination time of theu001& excited hole state, a
multiphonon relaxation time of 4067 ps is determined using
Eq. ~1!. This result is in good agreement with recent resu
for uncoupled, stacked InAs QD’s, offering no nonradiati
recombination channel,23 and for In0.3Ga0.7As QD’s.45 The
hole relaxation from theu001& state needs three LO phonon
to span the energy gap to theu000& ground state, and is thu
at least a third-order effect. The relaxation time is of t
order of that predicted for second-order scattering of
1LA phonons at low temperatures,4 indicating that for the
small InAs QD’s the multiphonon emission probability do
not drastically decrease for higher-order processes. The
son might be an increased Fro¨hlich interaction in the smal
InAs QD’s as proposed for II-VI nanocrystals,46,47 or the
y
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change in the local charge distribution for the excited sta
Recently, Arakawaet al.48 solved the time-dependent Schr¨-
dinger equation using the coupled mode equations for e
tron capture into localized QD states, yielding a weak d
crease of the relaxation probability with increasing ene
spacingDE supporting our results. A detailed discussion
multiphonon relaxation processes between localized
states should be based on calculations taking into accoun
actual QD shape~pyramids!, the finite-carrier confinement
and proper confined phonon modes, which is beyond
scope of this paper.

IV. DISCUSSION

In the preceding section we have shown that the QD P
spectra in the investigated samples are dominated by ca
relaxation leading to multiphonon resonances. Such a be
ior is well known as hot exciton relaxation in highe
dimensional systems20,35,36and is there inseparably bound
the continuous density of states. The present results indi
that a similar effect can be observed for QD’s though th
have a discrete density of states. In the following, we w
show that the observation of ‘‘hot exciton’’ relaxation fo
QD’s depends critically on the fact that we probe an inh
mogeneous QD ensemble providing an efficient compe
relaxation channel, namely, defect-related nonradiative
combination for the excited hole states. Though, the inhom
geneity as well as the nonradiative recombination are un
sired properties of the QD ensemble, they result for the
vestigated samples in a situation where PLE spectra dire
demonstrate the dominating carrier relaxation process.

The first excitedu001& hole state acts as bottleneck fo
hole relaxation in the small InAs/GaAs QD’s. Comparin
with Fig. 2, the quantum yieldh for hole relaxation from the
u001& to the u000& state, which we assume to be also that
the ground-state PL, is given by the competition betwe
hole relaxation and recombination in theu001& hole state:

h5
t rel

21

trel
211trad

211tnonrad
21 5

tu001&

trel
'

tnonrad

trel1tnonrad
. ~2!

The lack of excited-state PL upon low-density nonreson
excitation shows that radiative recombination is too sl
~.1 ns! to compete with intradot relaxation and, thus, can
neglected in Eq.~2!. The nonradiative recombination in th
investigated samples, however, is sufficiently fa
(tnonrad;100 ps) to compete with hole relaxation. We like
note that the nonradiative recombination channel has no
fect on the intensity ratio of excited- to ground-state P
which is given by the ratiot rel /trad at low excitation densities
and the statistics of carrier capture at higher excitat
densities.49

The quantum yieldh for hole relaxation in a QD depend
on the relaxation timet rel for the u001& hole state and thus is
expected to be a function of the excited-state splitting.3,4 For
single QD’s electronic transitions lead to sharp lines in
PLE spectra, which are not correlated to LO-phon
energies,21,22 andh modulates only the intensity of the exc
tation resonances. The situation is the same for an ense
of QD’s of well-defined shape, which have a clear corre
tion between the ground-state transition energy and
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excited-state splittings. However, the self-organized In
GaAs QD’s investigated in this paper vary in sizeandshape.
Consequently, the excited-state splitting of a subset of Q
with the same ground-state transition energy is inhomo
neously broadened leading to a finite densityN(Eexc,Edet) of
QD’s, which are simultaneously in resonance with excitat
and detection in a selective PL or PLE experiment. T
emission intensityI is then given by

I}N~Eexc,Edet!h~Eexc2Edet!. ~3!

The dependence of the quantum yieldh on the excess exci
tation energyDE5Eexc2Edet determines which QD’s con
tribute to the selective PL or PLE spectra, revealing
dominating relaxation processes if the inhomogene
broadening of the excited-state splitting is sufficiently larg
The PLE spectra of the investigated samples, revealing 2
and 3LO-phonon replica, indicate that the inhomogene
broadening of the excited-state spectrum covers this en
range for a given ground-state transition energy and that
dependence oft rel on DE strongly modulatesh. For h;1,
i.e., when nonradiative recombination is negligible, Eq.~3!
predicts the PLE spectra to reveal the inhomogeneo
broadened excited-state splitting, as recently observed
uncoupled, stacked InAs QD’s.23 The FWHM of the PLE
resonances indicated the inhomogeneous excited-state b
ening to exceed 20 meV.23

The observation of multiphonon resonances in the P
spectra of small InAs/GaAs QD’s is thus unambiguous pr
for multiphonon emission to be the dominant intradot rela
ation process. Every time the excited-state splittingDE
equals multiples of one of the available LO-phonon energ
the relaxation rate (t rel

21) has a maximum resulting in a PL
peak. The above discussion shows that the increasing in
sity from the 1LO to the 3LO resonance is the result of
inhomogeneity of the excited-state splittingN centered
around 85 meV, which acts as envelope function. At hig
energies the excitation process involves absorption in
u002& or higher-excited hole states, subject to cascade re
ation. In this case,h is no longer defined by the experiment
settings, i.e.,Eexc andEdet but depends on the actual excite
state spectrum, resulting in an effectiveheff , averaged over
the QD ensemble, in Eq.~3!. Thus, we attribute the intensit
drop for the 4LO replica as well as the onset of the alm
structureless PLE above 1.25 eV, Figs. 1 and 3, to multis
relaxation in the QD’s. The situation might be different in
external magnetic field leading to a tunable splitting for t
u001& hole state. In this case, the excited-state splitting
therefore also the two-step relaxation processes are wel
fined and can thus be resolved in the PLE spectra.

The multiphonon relaxation timet rel is 40 ps for QD’s
having an excited-state splitting in resonance with the 3
process and expected to be faster for a lower-order proc
i.e., 2LO scattering. For QD’s out of resonancet rel is ex-
pected to be much larger corresponding to the lower qu
tum efficiency observed in PLE. However, the TRPL me
surement are dominated by in-resonance QD’s, having a
excitation yield, due to the limited energy resolution~;20
meV! in the near-resonant excited TRPL experiments a
the fact that LO phonons with various energies contribute
the relaxation process, allowing efficient carrier relaxat
/
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for a wide range of excited-state splittings. Using the expe
mental time constants and Eq.~2! we estimate a quantum
yield of 70% for the majority of the QD’s in the investigate
samples, having an excited-state splitting allowing 3LO sc
tering. Thus, it is not justified to speak of a phonon bott
neck as proposed by Benisty, Sotomayor Torres,
Weisbuch,3 in particular, since the nonradiative recombin
tion channel is not an intrinsic property of the InAs/GaA
QD’s. However, the impact of out-of-resonance QD’s is e
pected to increase in case of samples with higher island
formity.

The above discussion shows that PLE is a powerful t
for the characterization of an inhomogeneous QD ensem
giving access to the shape nonuniformity of the islands,
carrier relaxation processes, and nonradiative recombina
A detailed knowledge of the energy dependence ofh, and
therewith of the relaxation and nonradiative recombinat
probabilities would be a precondition for a detailed modeli
of the PLE spectra. However, the relative intensity of t
1LO and 2LO resonances in our experiments are a sens
measure for the shape inhomogeneity of the islands an
change in the mean excited-state energy would change
intensity distribution among the LO resonances. The rela
intensity of the various LO resonances in our PLE expe
ments~Fig. 3! is independent of the detection energy, ind
cating the average excited-state energy to be independe
the ground-state transition energy. These results sugges
average island height-to-width ratio to decrease with incre
ing island size, as recently inferred from high-excitatio
density PL spectra of a series of samples.31

V. CONCLUSION

We have investigated carrier relaxation and recombi
tion for small self-organized InAs/GaAs QD’s. We obser
phonon resonances involving up to 4LO phonons in the P
spectra of the QD ground state and demonstrate with TR
measurements that these resonances can be discussed
incoherent phenomenon, i.e., as a multistep process yiel
information on excited-state absorption and carrier relaxa
in the QD’s. The results present unambiguous proof for
elastic phonon scattering to be the dominant carrier re
ation process at low excitation densities.

In particular, the present results show efficient carrier c
ture after nonresonant excitation in the GaAs barrier and
InAs WL. The initial carrier capture takes place on a ps tim
scale resulting in the population of the excitedu001& hole
state, which presents a bottleneck for hole relaxation to
ground state. The multiphonon emission limited lifetime
4067 ps for QD’s with an excited-state splitting in res
nance with a 3LO process. The results show that carrier c
ture is a cascade process involving at least the excitedu001&
hole state. We observe ground-state lifetimes of about 1
ps for InAs QD’s with a transition energy around 1.1 e
which is over an order of magnitude slower than intrad
carrier relaxation. The TRPL results for excitation densit
sufficient to saturate the hole states in the QD’s, revea
nonradiative recombination channel for holes in excit
states with recombination times shorter than 100 ps. T
energy dependence of the nonradiative recombination
suggests energy transfer to deep defects in the vicinity of
InAs islands.
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We propose an explanation for the observation of car
relaxation processes in the PLE spectra of the InAs Q
having a discrete energy spectrum with substate splitti
larger than LO-phonon energies, which is in close analog
hot exciton relaxation in higher-dimensional sem
conductors.50 The continuous density of states being fund
mental to hot exciton relaxation is thereby replaced by
inhomogeneity of the InAs QD ensemble. The observation
multiphonon resonances is the result of the competing n
radiative recombination channel in the investigated samp
QD’s with an excited-state splitting in resonance with one
the multi-LO-phonon processes will allow efficient hole r
laxation to the ground state instead of nonradiative recom
nation. From the experimentally derived time constants
estimate a yield of about 70% for hole relaxation in the
QD’s. For the small InAs QD’s a wide energy window fo
efficient ground-state population results from the coupling
three different phonon modes with energies of 29.6, 32
and 37.6 meV, attributed to the InAs WL, the InAs QD’
and the strained GaAs barrier, respectively. The presen
sults show that PLE is a powerful tool to characterize
inhomogeneity and nonradiative recombination in a Q
sample.
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The u001& hole state acts as a bottleneck for hole rela
ation. However, this bottleneck is not observed in PL expe
ments, since intradot hole relaxation is found to be fas
than radiative or nonradiative recombination from the e
cited states, but might be important for QD-based inject
lasers, when stimulated emission accelerates carrier rec
bination. A hole relaxation time of 40 ps would limit th
high-frequency capability and could cause excited state
contribute in the lasing. The present results, however,
scribe carrier relaxation at low-excitation densities and th
give only a lower limit for the relaxation probability unde
lasing conditions, where Auger processes and Coulomb s
tering might accelerate carrier relaxation.
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J. Böhrer, D. Bimberg, S. S. Ruvimov, P. Werner, U. Richter,
Heydenreich, V. M. Ustinov, A. Yu. Egorov, A. E. Zhukov, P
S. Kop’ev, and Zh. I. Alferov, Phys. Status Solidi B188, 249
~1995!.

15M. Grundmann, J. Christen, N. N. Ledentsov, J. Bo¨hrer, D. Bim-
berg, S. S. Ruvimov, P. Werner, U. Richter, U. Go¨sele, J. Hey-
denreich, V. M. Ustinov, A. Yu. Egorov, A. E Zhukov, P. S
.

-

.

.

-

,
.

Kop’ev, and Zh. I. Alferov, Phys. Rev. Lett.74, 4043~1995!.
16N. Kirstaedter, N. N. Ledentsov, M. Grundmann, D. Bimberg,

Richter, S. S. Ruvimov, P. Werner, J. Heydenreich, V. M. Us
nov, M. V. Maximov, P. S. Kop’ev, and Zh. I. Alferov, Electron
Lett. 30, 1416~1994!.

17D. Bimberg, N. N. Ledentsov, M. Grundmann, N. Kirstaedter,
Schmidt, V. M. Ustinov, A. Yu. Egorov, A. E. Zhukov, P. S
Kop’ev, Zh. I. Alferov, S. S. Ruvimov, U. Go¨sele, and J. Hey-
denreich, Jpn. J. Appl. Phys., Part 135, 1311~1996!.

18Q. Xie, A. Kalburge, P. Chen, and A. Madhukar, IEEE Photon
Technol. Lett.8, 965 ~1996!.

19M. Grundmann, O. Stier, and D. Bimberg, Phys. Rev. B52,
11 969~1995!.

20S. A. Permogorov, Phys. Status Solidi B68, 9 ~1975!.
21D. Gammon, E. S. Snow, and D. S. Katzer, Appl. Phys. Lett.67,

2391 ~1995!.
22M. Notomi, T. Furuta, H. Kamada, J. Temmyo, and T. Tam

mura, Phys. Rev. B53, 15 743~1996!.
23R. Heitz, A. Kalburge, Q. Xie, M. Veit, M. Grundmann, P. Che

A. Madhukar, and D. Bimberg, inProceedings of the 23rd In-
ternational Conference on the Physics of Semiconductors, B
lin, 1996, edited by M. Scheffler and R. Zimmermann~World
Scientific, Singapore, 1996!, Vol. 2, p. 1425.

24R. Heitz, M. Grundmann, N. N. Ledentsov, L. Eckey, M. Veit, D
Bimberg, V. M. Ustinov, A. Yu. Egorov, A. E. Zhukov, P. S
Kop’ev, and Zh. I. Alferov, Appl. Phys. Lett.68, 361 ~1996!.

25M. J. Steer, D. J. Mowbray, W. R. Tribe, M. S. Skolnick, M. D
Sturge, M. Hopkinson, A. G. Cullis, C. R. Whitehouse, and
Murray, Phys. Rev. B54, 17 738~1996!.

26S. Fafard, R. Leon, D. Leonard, J. L. Merz, and P. M. Petro
Phys. Rev. B52, 5752~1995!.

27S. Raymond, S. Fafard, S. Charbonneau, R. Leon, D. Leonar
M. Petroff, and J. L. Merz, Phys. Rev. B52, 17 238~1995!.

28K. H. Schmidt, G. Medeiros-Ribeiro, M. Oestereich, P. M



R
,
I.

U
u

s.

so

ed

N
S.

o

,

P.

.
s.,

,
,
.
d

. B

Y.

C.

a,

tes
r hot
nal

56 10 445ENERGY RELAXATION BY MULTIPHONON PROCESSES . . .
Petroff, and G. H. Do¨hler, Phys. Rev. B54, 11 346~1996!.
29N. N. Ledentsov, M. Grundmann, N. Kirstaedter, O. Schmidt,
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