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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(@&t's) is investigated by
photoluminescencéPL), 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 multiptiimvaiving three LO phonons
relaxation time of the first excited hole state being 40 ps. [0B& 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 radiatitens and nonradiative
(=100 ps recombination explaining the absence of a “phonon bottleneck” effect in the PL spectra.
[S0163-182607)09340-5

[. INTRODUCTION relaxation does not work due to the discrete energy spec-
trum, we will show that for a QD ensemble an equivalent

Carrier relaxation in quasi-O-dimensional semiconductoreffect can be observed in PLE, which then gives evidence of
systemgdubbed quantum dot®D’s)] has been widely dis- the dominating carrier-relaxation process.
cussed in recent yeats® Inelastic phonon scattering in The PLE spectra ofingle QD’s reveal sharp excitation
small QD’s having large substate splittings as needed foresonances that are unambiguously attributed to electronic
room-temperature optoelectronic applications, is predicted transitions?>?> However, comparatively broad excitation
to be slow since the discrete spectrum of eigenstates makessonances 30—130 meV above the detection energy are ob-
energy and momentum conservation difficult. Carrier-served monitorindarge ensemblesf self-organized QD’s
relaxation times of the order of radiative and nonradiativeand controversially discussed either as electronic transitions
recombination times are predictddrestricting the popula- reflecting the excited-state spectrtfi?*®or as multiphonon
tion of the ground state upon nonresonant excitation. Thisesonances indicative for carrier-relaxation proce&&s?®
effect has been termed “phonon bottleneck.” The experi-Similar (multi)phonon transitions have been observed in near
mental observation of intense ground-state photoresonance excited PL spectfa?® For InAs/GaAs QD’s up
luminescencE~® (PL) as well as the demonstration of in- to four LO-phonon replica are resolV@showing the cou-
jection lasing for self-organized QD{Refs. 16—18indicate  pling to LO modes from different regions of the QD
that such a “phonon bottleneck” is no intrinsic property of structure?* The multiphonon resonances have been tenta-
small QD’s. Alternative relaxation mechanisms, e.g., Augettively explained invoking the inhomogeneity of the QD en-
recombinatiofi and Coulomb scattering of free carriéfs, semble and a nonradiative recombination channel for holes
have been evaluated for their potential to remove the phonoim excited states to compete with intradot relaxafibiRe-
bottleneck. However, a high density of hole states or largeently, excited-state PL by itself has been proposed to be
free-carrier concentrations would be needed to obtain suffisufficiently efficient to compete with intradot relaxatiGtt®
ciently high relaxation rates. At low excitation densities, implying the observation of multiphonon resonances to be an
both conditions are not given for small self-organizedintrinsic property. However, PLE results for uncoupled,
QD's,*® making phonons the most likely candidates to dissi-stacked QD’s reveal the variation of the excited-state
pate the energy in carrier relaxation. splitting in dependence of the QD siZ&indicating excited-

A proven method to demonstrate the dominating carrierstate transitions to be resolved in the spectra. The mecha-
relaxation process in higher-dimensional systems is the omisms determining the appearance of the PLE spectra and
servation of hot exciton relaxatidfi,revealing LO-phonon therefore their interpretations are not clear yet. Furthermore,
resonances in PL excitatiofPLE) spectra. Hot exciton re- hole relaxatiof* and exciton relaxatidfi are controversially
laxation can be observed when the exciton relaxation has tdiscussed, depending on the assignment of the optical tran-
compete with other relaxation or recombination processessitions to either “forbidden™® or “allowed” ?® transitions.
Though for single QD’s the classical concept of hot excitonBoth processes cannot be easily distinguished from the en-
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ergy spacing of the PLE resonances due to the discrete nature
of the involved electronic states.

Here, we present a detailed study of carrier relaxation in
self-organized InAs/GaAs QD’s combining PLE and time-
resolved PL(TRPL) results. This paper is structured as fol-
lows: Sec. Il A gives detailed PLE results demonstrating the
multiphonon nature of the observed excitation resonances, in
Sec. Il B the multiphonon resonances are shown to be an
incoherent phenomenon yielding information on carrier re-
laxation in the QD’s, and in Sec. Il C we determine the
multiphonon (three LO phononsrelaxation time to 40 ps
and show that for the excited hole states in the investigated
samples a competing nonradiative recombination channel ex-
ists. Finally, in Sec. IV we propose that the observed PLE
spectra are intricately bound to the inhomogeneity of the R
investigated InAs island QD’and the nonradiative recom- - PLE
bination channel leading to a model similar to hot exciton
relaxation in higher-dimensional semiconduct®$he non-
radiative recombination is associated with defects in the )
GaAs barrier and enables the characterizatiorintrinsic A e L A |

PL
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carrier-relaxation mechanisms in small InAs/GaAs QD’s us- Lo L1 12 13 14 15 16
ing PLE. Energy (eV)

FIG. 1. PL(thick lines and PLE(thin lines spectra for samples
II. SAMPLES AND EXPERIMENTAL SETUP A andB taken withl ;<<0.02 W cm?atT=6 K. The PL is excited
at 1.67 eV and the PLE spectra are recorded on the respective PL

We report experimental results for two InAs/GaAs QD maximum. The dotted lines represent Gaussian fits of the QD PL.
samples grown by solid-source molecular beam epitaxy offhe peak at 1.491 eV is attributed to carbon-related PL in GaAs.
GaAs (100 substrate as described in detail in Refs. 14, 15,
and 29. The single InAs layer enclosed by GaAs barriers is
sandwiched between two GaAs/@a _,As superlattices Figure 1 compares low-excitation-density Rhick lineg
grown at 600 °C defining an “optically active” region from and PLE(thin lines spectra of sampled and B, with the
which carriers can be trapped into the QD’s. A GaAs bufferintensities given on the same scale. Upon excitation above
layer is grown on the first superlattice before the temperaturéhe GaAs band gap the ground-state transition of the InAs
is lowered to 480 °C for the growth of 12-A InAs and a QD’s leads to PL peaks at 1.105 and 1.079 eV with
10-nm-thick GaAs cap. Subsequently, the temperature is iFFWHM'’s of 42 and 37 meV, respectively, indicating the
creased back to 600 °C for the remaining growth. Samples A&verage InAs island size to be slightly larger in sarrile
and B differ nominally only in the different thickness of the The QD PL peaks are almost of Gaussian shape as indicated
active region being 15 and 116 nm, respectively. TEM reby the dotted fits in Fig. 1 and the FWHM is attributed to the
sults indicate the InAs islands, which sit on top of an InAsinthomogeneity of the QD ensemble with each single QD
wetting layer(WL), to be pyramid-shaped and to vary in size contributing only a sharp line<150 ueV).™ Assuming the
and shape showing side facets close {01 and carrier-capture cross section and quantum yield to be size
(203 %050 The QD' rave a base longh of 12-14 tm, a{SEBENETL he L peak epresens e horiogenecus QD

. . 1 _2 , -~ .
he'gg: Ot];]:_gl_nn;’ngngfg agsp?e?i?::éorhzbosﬁmlg]es' Werexcited—state spectrum of the InAs QD’s has been experi-

mounted in a continuous-flow He cryostat at 6 K. A tungstenAentally obtained from high excitation-density PL spettra.

. ; bove 50 W cm? the PL of the QD ground state saturates
lamp dispersed by a 0.27-m double-grating monochromatof 4 two additional peaks appear on the high-energy side

Serveg'z as a tunable, low-excitation-density<Q.02  gpjfted by about 85 and 165 meV. The excited-state PL lines
Wem™) light source and the PL was detected through &gre identified as recombination of holes in {891 and
0.5-m single-grating monochromator using a cooled Ge dijp02) excited states with electrons in tf@00) ground state,
ode. The TRPL measurements were performed in superfluigased on a good agreement with the energy spectrum calcu-
He with 150-fs pulses at a repetition rate of 76 MHz of alated for strained InAs pyramids.These transitions would
Ti-sapphire laser for excitation and a 0.35-m subtractivebe dipole-forbidden in QD’s having inversion symmetry but
double-grating monochromator in combination with a streakare allowed for the strained InAs pyramids. Figure 2 gives a
camera with an infrared-enhanced photocathode for deteschematic term scheme of the sample structure showing for
tion. The full width at half maximuniFWHM) of the system the QD’s in addition to th¢000 ground states th{01) and
response to the excitation pulses was between 25 and 60 )2 excited hole states.

depending on the time-range setting. The transients were _ )

analyzed taking into account the system response to the ex- A. Multiphonon resonances in the PLE spectra

citation pulses enabling the determination of time constants The excited-state transitions are not resolved in the PLE
down to 5 ps under optimal conditions. spectra recorded on the maximum of the QD PL pd#his

Ill. EXPERIMENTAL RESULTS
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FIG. 2. Schematic term scheme of the InAs QD structures de- Excitation Energy (eV)

picting carrier relaxation{,) and radiative €,y as well as non-

radiative (roonad recombination for the excitel®01) hole state. FIG. 3. PLE spectra of sampkein dependence on the detection

energy Ege). The spectra are shifted in thyedirection for clarity
and the crosses mark the respectyg,. The inset compares the PL
intensity for excitation in the maximum of the 1LO, 2LO, and 3LO
lines in Fig. 1. Instead a series of resonances is observed fofesonances and above the GaAs band gap.
excitation energiesH,,) below 1.25 eV, which we show

ﬁ,ﬂgxéoerﬁzgtgggAgg%dbcfézﬁ'itaﬁﬂﬂ;?Iﬁ?t'ﬁg mI;hISL gies by a weakly modulated broad excitation band. The en-
9 9 9 Q ergy separation of the PLE resonances of about 32 meV lies

is excited via carrier capture, revealing absorption by the . S
InAs WL and the GaAs IObarrier. The GgaAs freg-excitgn is™" the range of typical phonon energies in the InAs/GaAs

resolved for sampl® but not for sampleA, for which the system. Thus, we refer to the PLE peaks as 1L0O, 210, etc.

narrow width of the active region leads to quantization in thel€SONances as indicated in Fig. 3. The inset of Fig. 3 gives

GaAs barrier. The similar PL intensity in both samples forh€ ground-state PL intensity excited in the maximum of the
excitation below the GaAs band gap reflects the comparabié2rious LO resonances in dependence of the detection en-
QD density. Exciting above the GaAs band gap, the PL in€r9y- The PL intensity follows the mhomogenepug QD den-
tensity is about 6 times higher for samfBedue to the larger Sty represented by the QD PL upon GaAs excitation, show-
thickness of the active region, providing a h|gher carrier Conjng therelative intenSity of the first three LO resonances to
centration at the same excitation density. Carriers from th&®€ independent of the QD size and thigsoluteintensity to
whole active region are equally captured by the QD’s. Thedepend on the QD density. The dominating 3LO resonance
PLE peaks at 1.388 and 1.465 eV in samplare attributed  falls almost together with the absorption into j891) ex-
to the heavy(hh) and light(Ih) -hole absorption of the WL, cited hole state for pyramids witfl01} side facet$® We
respectively. Figure 3 shows the dependence of the PLEke to note that in our experiments stray ligimot shown in
spectra on the detection energiy() for sampleA. The the figure$ covers the resonantly excited PL of the QD
spectra are shifted in thg direction for clarity and the re- ground state. For QD’s having discrete energy levels, ab-
spectiveE 4 is indicated by the crosses. The energy of thesorption and emission match each other within the homoge-
WL resonance is 1.388 eV independent of the detection emeous FWHM(<150 ueV).'® However, calorimetric absorp-
ergy indicating that the QD size and the structural propertiesion experiments have shown absorption matching the
of the surrounding WL are not correlated in one sample. Thground-state P
effective thickness of the WL estimated from the transition The strongly modulated near-resonant excitation effi-
energy is 1.7 ML!® For sampleB the heavy-hole absorption ciency (Figs. 1 and B enablesselectiveexcitation of QD’s
appears at a higher ener¢¥.399 eV indicating the WL to  with a ground-state transition energy one, two, or three LO-
be thinner in favor of larger QD’s. phonon energies below the excitation energy as shown in
Exciting below 1.35 eV the PLE spectra assume a charFig. 4. In the selectively excited PL spectra, the relative in-
acteristic shape as shown in Figs. 1 and 3. Starting from theensity of the LO resonances depends on the excitation en-
detection energy, with increasing excitation energy a seriesrgy. With decreasing excitation energy, first the 3LO, then
of equidistant PLE resonances evolves. The first three resdhe 2LO, and finally the 1LO replica becomes dominant re-
nances are well resolved and increase in intensity, then thigecting the density of QD’s with a matching ground-state
fourth appears only weakly and is followed at higher ener4ransition energy. We find no indication of phonon-assisted
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FIG. 5. Line-shape fits of the PLE spectra of the QD PL in
samplesA andB recorded withl ;<0.02 W cm? at T=6 K. The
combined experimental resolution of excitation and detection was
3.6 meV.

FIG. 4. PL spectra of sampl for selective infrared excitation.
The spectra are shifted in tlyedirection for clarity and the crosses
mark the respective excitation enerdg¥.(J) -

emission processes consistent with the wealkhkeb inter-  Above 130 meV the resonances become broader and no
action in the covalent 1lI-V semiconductors. For excitationlonger correspond to multiples of the above phonon energies.
energies above 1.25 eV the inhomogeneous QD peak bé fit of a complete series of PLE spectra shows that the peak
comes apparent indicatingonselectiveexcitation. This be- energies of the various LO resonances and therefore the cor-
havior is merely the result of the weak modulation of theresponding phonon energies are independent of the detection
PLE spectra above 1.25 g¥ig. 3) and does not necessitate energy. This is illustrated in Fig. 6 for samgeshowing a
a nonlocal excitation mechanism as provided by GaAs ocontour plot of the PL intensity in dependence of the detec-
WL absorption. Finally, thesetsof PL and PLE spectra tion wavelength andAE. Multiples of the three phonon en-
shown in Figs. 3 and 4 both contain the same informationergies determined in the line-shape fits are indicated by hori-
e.g., the PL spectra can be unambiguously generated fromontal lines. We like to note that no resonances matching
the PLE spectra. Howeveeachsingle PL spectrum com- combinations of the different phonon modes are resolved.
pares QD’s with different ground-state transition energies, The three phonon modes can be attributed to LO phonons
whereas in PLE a subset of the QD ensemble defined by thia different regions of the strained InAs/GaAs QD structure,
ground-state transition energy is probed. Thus, in the followtaking into account that the LO-phonon energy in a semicon-
ing we prefer the PLE spectra for a more detailed analysis ofluctor nanostructure is altered by strain and confinerfent.
the phonon modes involved in the multiphonon processes. The effects of the biaxial strain and the strong vertical con-
Higher resolution PLE spectra for samplasand B are  finement compensate each other for thin InAs quantum wells
given in Fig. 5 as a function of the excess excitation energyQW’s).>* Thus, we identify the 29.6-meV mode, corre-
AE=E Ege revealing a threefold substructure for the sponding in energy to the bulk InAs LO phonon, with the LO
2LO and 3LO resonances. In order to determine the energghonon of the InAs WL. The 32.6-meV mode, which domi-
and FWHM of the various PLE resonances, we performedates the PLE spectra, is attributed to the LO phonon of the
line-shape fits assuming Gaussian peaks. Full lines in Fig. 5trained InAs QD'’s, for which phonon confinement can be
show the best fit to the PLE spectgiven as thick dofsand  neglected. A LO phonon energy of 32.1 meV has been esti-
the contributing Gaussians are indicated. The large numbemated from the strain distribution in InAs pyramids with
of Gaussians used is motivated by the rich fine structur¢101} side facets? which is in excellent agreement with the
resolved for sampl® and gives also the best fit for sample experimental value. The 37.6-meV mode is assigned to the
A. The fit of the 2LO and 3LO resonances yields for bothLO phonon in the GaAs barrier. The increased energy com-
samples the same three phonon energig@®6+0.5), (32.6  pared to bulk GaAs reflects the biaxial strain accommodated
+0.5), and(37.6x0.5 meV. The FWHM of the 29.6- and by the barrier in the immediate vicinity of the islands. The
37.6-meV resonances is7 meV, whereas the 32.6-meV large FWHM's of the PLE resonanc€s7 meV) might be
resonances are broader14 meV for 3LO.%? For the 1LO  the result of weakenek-selection rules, the shape inhomo-
resonance only the 32.6-meV mode is resolved. Howevelgeneity of the islands, which alters the strain distribution and
PL excited selectively with high density at 1064 nm showedtherewith the phonon energies, or higher-order processes in-
GaAs Raman scattering to contribute to the 1LO p&ak. volving LA phonons! Further investigations are needed for a
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i FIG. 7. QD PL transients for sampke excited above the GaAs
Detection Wavelength (nm) band gap with a density of 100 W ¢ty corresponding to

) o 4x 10 cm2 electron-hole pairs per pulse. The inset compares PL
FIG. 6. Contour plot of the QD PL intensity in samgeas a spectra for pulsed and cw-0.01 W cnm?) excitation.
function of the detection wavelength and the excess excitation en-

ergy (AE=Eg— Ege)- The horizontal lines represent multiples of

_2 . . . .
the phonon energies determined in the line-shape fits. 100 W em'® are shown in Fig. 7. The respective detection

energies are indicated by the arrows in the inset. Transients

more detailed analysis. Figure 5 shows that compared to th etected near the maximu(or on the low-energy sideof

QD phonon replica, the WL and GaAs modes are morg''€ QD peak de_cay monoexponentlally, Wheregs those de-
prominent for the 3LO resonance than for the 1LO and 2L.cf€Cted on the high-energy side show an additional faster
ones. The coupling to both modes depends on the extensigiPmponent which we att”bUt? to the superposition of

of the excited-state wave function into the barrier. Thus, theexcited-state PL of larger QD's and ground-state PL of

interaction with both modes becomes stronger with increasSMaller ones. The PL spectrum for pulsed excitatifuil

ing AE and therefore decreasing carrier localization in theIIne in the inset shows a high-energy shoulder not present

excited state. The phonon replica in the PLE spectra of thé:Or low-density cw e_xcitation(broken Iineﬁough the
QD’s arelocal probes of the strain in and around the over- ime-averaged excitation density of 100 W as chosen

grown InAs islands. The observed phonon energies are corfy 2voiding saturation of the QD ground-state PL during the

sistent withcoherentlnAs islands and can thus be taken asexpe_riments it. was sufficient to saturzi'ltg part of t_he_QD’s
indication for the detected, optically active QD's to be leading to excited-state PL. At 100 W Cmeach excitation

dislocation-free. pulse generates aboutx40'° cm2 electron hole pairs in
the 15-nm-wide active GaAs barrier, which is close to the
QD density (10 cm™?).

Figure 8 compares transients of the QD ground-state PL

Multiphonon resonances in the PLE spectra of bulkfor various excitation energies. Most remarkable, we observe
semiconductord® QW’s*® and corrugated superlattiés the same time behavior exciting via GaAs or WL absorption,
have been controversially discussed in terms of hot excitomwhich are completely incoherent excitation processes, and
relaxation and resonant Raman scattelfRiRS. The basic exciting via the 3LO resonance. This observation presents
difference between both processes is that hot exciton relaxunambiguous justification to treat the multiphonon reso-
ation is an incoherent process, and RRS is a coherent pre:ances as an incoherent phenomenon, i.e., as a three-step
cess. Thus, both processes usually proceed on a differeptocess: first absorption into excited states, then relaxation,
time scale defined by energy relaxation and dephasing prand finally ground-state recombination. Raman scattering
cesses, respectively. As shown by Toyozawa, Koyani, andhight contribute to the one LO resonance as observed in
Sum#?’ both processes become indistinguishable when botkelectively excited PL spectfd.Recently, Raymonet al?’
time scales become similar. In order to decide on the natureeported for Ajln, _,As/Al,Ga _,As QD'’s faster PL decay
of the multiphonon resonances observed for the InAs/GaAsxciting 1LO and 2LO phonon energies above the detection.
QD’s we studied TRPL in dependence of the excitation en-The authors used the fact that the observed decay is still
ergy. slower than the exciting laser pulse as argument to reject

Typical transients observed for samp@leupon excitation RRS for the observed phonon resonances located on an in-
above the GaAs band gap with an excitation density otense, broad PL background. This background is not present

B. The incoherent nature of the PLE resonances
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FIG. 8. Transients of the QD PL in samplefor different ex-
citation energies. The inset gives the PL rise time in dependence of FIG. 9. Energy dependence of the PL lifetimes of the ground
the excitation energy. The combined spectral resolution of excitastate ;) and the first excited state{) as well as the PL rise time
tion and detection was 20 meV for the time-resolved measurement§7isd for samplesA andB upon GaAs excitation. The excitation

densities were 100 and 1 W ¢ respectively.

in case of the InAs QD’s, Fig. 5. We like to note that the
dephasing times of the carriers in the InAs/GaAs QD’s aredecreasing QD size, the decay time decreases to about 350 ps
hitherto unknown, but can be expected to be longer than imear 1.25 eV. Lateral phonon-assisted tunneling from small
higher-dimensional systems. The spatial localization of thdo large InAs QD’s has been proposed recéfittp explain
carriers in the QD’s suppresses carrier-carrier scatteringhe shorter lifetime of the smaller QD’s. Though the QD
which is the dominant dephasing process in higherdensity in our samples is similar to that of the sample inves-
dimensional systems, and th®function density of states tigated in Ref. 41, we do not observe the reported character-
drastically restricts phonon scattering. Indeed, for bound existic deformation of the QD PL peak. Indeed, a ground-state
citons in bulk semiconductors recombination-limited dephasPL lifetime of 340 ps is found for samples having only small
ing times of several hundred ps have been obsef¥&t. QD’s'* in good agreement with the present results. Thus,
lateral energy transfer between QD’s is unlikely to be re-
sponsible for the energy dependence of the ground-state life-
time shown in Fig. 9. The observed decrease of the ground-

The PL transients are analyzed taking into account twastate lifetime with decreasing QD size could be the result of
exponential decay processes for ground)(and excited an increasing oscillator strength. However, for the investi-
(7,) -state recombination, and one exponential risgd to  gated small InAs/GaAs QD’s carrier-quantization energies
account for carrier capture and relaxation. Typical results ohre much larger than the exciton binding enefgyn this
a least square fit of the experimental data with the convolustrong confinement regime, the oscillator strength is pre-
tion of the assumed transient and the system response fundicted to be size independefitWe cannot exclude that non-
tion are shown as full lines in Fig. 7. Figure 9 compares riseradiative recombination, demonstrated below for the excited
and decay times deduced for sampleand B upon excita- QD states, is also of importance for the ground-state transi-
tion above the GaAs band gap in dependence of the detectigion of the smaller QD'’s.
energy. The transients for same which have been mea- Carrier capture and the subsequent intradot relaxation de-
sured at an excitation density of 1 W chcorresponding to  termine the PL rise after nonresonant excitation. Our TRPL
an initial carrier density of %10° cm? much lower than results(Figs. 8 and 9suggest carrier capture to be a cascade
the QD density 10" cm™?), decay monoexponentially process involving at least the excitg@D1) hole state as in-
even on the high-energy side of the QD PL confirmingtermediate state. The evaluation of the excitation-energy-
excited-state PL to be not detectable at such low-excitationlependent transient&ig. 8), yields a rise time of 285 ps,
densities. which is within our temporal resolutiof*-5 ps independent

The ground-state decay times of 1G0000 ps and 1070 of the excitation proces&ee inset indicating that only the
+100 ps for sampleé and B, respectively, observed near last relaxation step, namely, the hole relaxation from the ex-
the center or on the low-energy side of the QD PL peak areited|001) state, is resolved. This is supported by the detec-
in good agreement with previously reported values fortion energy-dependent data shown in Fig. 9. The ground-
In,Ga, _,As (Ref. 40 and InAs (Refs. 17 and 41 QD’s.  state rise time is about 30 ps independent of the QD size,
With increasing ground-state transition energy and thereforevhereas the excited-state PL rises much fatetO ps,

C. Relaxation and recombination dynamics
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FIG. 10. Excitation-density-dependent PL spectra for sarBple
and pulsed excitation. The spectra are normalized and shifted in the
y direction for clarity. An excitation density of 1 W cré corre-

sponds to an initial carrier density 0b310° cm™2,

0 300 600 900 1200

sampleA for E4>1.17 e\j. These observations show that t (ps)

the observed PL rise time of 26 ps is the lifetime of the _ _

|001) excited hole state and that we are not able to resolve FIG. 11. Transients recorded for samjeat the spectral posi-

carrier capture in the excited hole statess ps. The initial ~ tions corresponding to PL from the ground st@®0), the excited

carrier capture time has been assessed to be on a 1-ps tirf{@tes(|002, [002), and the WL as indicated in Fig. 10 at various

scale from the PL yield of deep etched mesa structures jfxcitation densities. The transients are normalized for the slow de-

dependence of the mesa diam&tend from the observation &Y component.

of hot electron resonances in the QD excitation via the GaAs

barrier?® We find no influence of carrier diffusion in the state PL is evident, and above 300 W ¢hthe spectral

GaAs barrier, which we attribute to a long-range attractiveshape saturates revealing emission from|@@s) and|002

potential caused by the strain field surrounding the &D’s excited hole states 82 and 177 meV above the ground-state

leading to carrier drift. transition as well as weak signal in the region of the WL,
The lifetime of the|001) excited hole state depends on observed at 1.399 eV in PLEig. 1). The excited-state tran-

relaxation () to the|000) ground-state, radiative recombi- sitions appear much weaker in PL for pulsed excitation than

nation (7,9 With electrons in the000 state, and nonradia- UpON cw excitation, compare, e.g., Fig. 3 in Ref. 31, since the

tive recombination fnonad, @s indicated in Fig. 2: decay of the excited-state population favors the ground-state
transition. The saturation of the shape of the PL spectrum
1= Tr_ell+ Tl:a%i_i_ T;O%rad 1) above 300 W cm? indicates the QD’s to be initially com-

pletely filled by each pulse.

As shown above, at low excitation densities radiative recom- The fast intradot relaxation leads to a situation where the
bination of excited states is suppressed by hole relaxatioholes in each QD behave practically like a hole gas filling the
(7re<Trag)- The intensity distribution between the ground energy states starting from the ground state. Consequently,
state and excited-state PL at high-density cw excitdtias  the PL of the highest populated state will decay following
well as the results of the calculatidfisndicate the oscillator the decrease of the hole density and PL from lower-energy
strength of the excited-state transitions to be lower than thagtates will be constant as long as the higher ones act as res-
of the ground-state transition{>1000 ps). ervoir, supplying holes as soon as one recombines. Lowering

The nonradiative recombination{,,;.d can be assessed the excitation density, the decay is entered at a later stage,
in high excitation density TRPL experiments. The saturatiorcorresponding to the lower initial carrier density. This is
of the QD states with two carriers suppresses the intradathown in Fig. 11 comparing for samgetransients recorded
relaxation leading to excited-state PRefs. 26 and 3land  with different excitation densities at the spectral positions of
altering the carrier dynamics. Figure 10 shows for sanfple the various PL transitiongnarked by the dotted lines in Fig.
excitation density-dependent PL spectra upon pulsed excitd-:0). Though the QD’s are initially completely filled at the
tion above the GaAs band gdthe spectra are normalized highest excitation density (3000 W ¢if), the transient of
and shifted in they direction for clarity. At 1Wcm2  the WL follows the system respongdotted curvg to the
(3%x10° cm™2 electron hole pairs per puls@nly ground-  excitation pulses indicating fast recombination in the WL
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(7<5 p9. With decreasing detection energy the PL decaychange in the local charge distribution for the excited states.
becomes slower, with time constants of4ID and 9510  Recently, Arakawat al*® solved the time-dependent Schro
ps (100 ps in samplé\, Fig. 9 for recombination from the dinger equation using the coupled mode equations for elec-
|002) and|001) excited hole states, respectively. Finally, thetron capture into localized QD states, yielding a weak de-
ground-state PL intensity is initially nearly constant andcrease of the relaxation probability with increasing energy
starts to decay only after a delay of 250 ps. Reducing th&PacingAE supporting our results. A detailed discussion of
excitation density, the intensity of the fast decay component§ultiphonon relaxation processes between localized QD
attributed to the excited-state PL decreases, but the dec&j@tes should be based on calculations taking into account the
times remain constant. The decay time of the ground-statBCtual QD shapépyramids, the finite-carrier confinement,
transition, however, shortens from 1070 to 800 ps increasingnd Proper confined phonon modes, which is beyond the
the excitation density from 1 to 3000 W émThese results cope of this paper.

show that in the investigated samples the hole population

decays with time constants shorter than 100 ps until only the IV. DISCUSSION

ground state is populated. . .
The fast decay of the excited-state PL under saturation 'N the preceding section we have shown that the QD PLE

conditions implies a nonradiative recombination channel aSPectra in the investigated samples are dominated by carrier

indicated in Fig. 2, with the observed lifetimes being a mea__relaxation leading to multiphonon resonances. Such a behav-

sure for the recombination times. Thus, the nonradiative re!®" 1S Well known as hot exciton relaxation in higher-
combination times are of the order of 95 and 42 ps for thélimensional systemi$®*°and is there inseparably bound to
1002 and|001) excited hole states and less than 5 ps for thethe continuous density of states. The present results indicate
WL. Auger processes, proposed recently to explain the sathat @ S'(;T,"lar effzct can b]? observed fr?r ?ﬁs though thﬁly
ration of the integrated PL intensity under high-density cw"2Ve @ discrete density of states. In the following, we wi
excitation in similar sample¥;2° could explain the increas- SNOW that the observation of “hot exciton” relaxation for
ing nonradiative recombination probability with increasing Q'S depends critically on the fact that we probe an inho-
occupation of the QD’s. However, the recent observatish mogeneous QD ensemble providing an efficient competing
of longer time constants for the decay of excited-state PL ir{elaxba_ltlor? channr(]el, name(;yr,] (?efect—relattra]d n?]m?]d'{it'%’e re-
InAs QD's suggests that the nonradiative recombination i€°™M ination for the excite ole states. Though, the inhomo-
not an intrinsic property of the QD’s. Our experimental re-geneity as well as the nonradiative recombination are unde-

sults can be explained assuming the nonradiative recombingi'€d Properties of the QD ensemble, they result for the in-
tion to be defect related. Since the PLE results show th¥eStigated samples in a situation where PLE spectra directly

optically active InAs islands to be coherent, we propose endémonstrate the dominating carrier relaxation process.
ergy transfer to deep defects in the vicinity of the InAs is- _1he first excited/001) hole state acts as bottleneck for

lands. The decreasing localization of the holes in the excite§0!€ relaxation in the small InAs/GaAs QD's. Comparing

states and, in particular, in the WL would then account forVith Fig. 2, the quantum yielg, for hole relaxation from the

the increasing nonradiative recombination probability. Re/00% to the|000 state, which we assume to be also that of

cently, Sercél discussed energy transfer between deep deth® ground-state PL, is given by the competition between

fects in the GaAs barrier and J8a_,As QD’s and pre- hole relaxation and recombination in t{#®1) hole state:
dicted transfer times in the 100-ps region for a QD/deep 1
defect separation of up to 10 nm supporting the interpretation _ Trel __ Tooy Thonrad
g L . nN=—T—7 —7 = ~ . 2

of the nonradiative recombination. The formation of deep Trol T TradT Tnomrad~ Trel Trel™ Thonrad
defects in the GaAs cap or the 1.7-ML InAs WL might be
intricately connected to the strain fields generated by thdhe lack of excited-state PL upon low-density nonresonant
InAs islands or be caused by the low-growth temperature oéxcitation shows that radiative recombination is too slow
the initial GaAs covering layer. For samples having smalle>>1 n9 to compete with intradot relaxation and, thus, can be
three-dimensional islands and a thinner WL no signs for nonneglected in Eq(2). The nonradiative recombination in the
radiative recombination are obserEd® investigated samples, however, is sufficiently fast

From the low-excitation-density lifetime and the nonradi- (7onrad™~100 ps) to compete with hole relaxation. We like to
ative recombination time of th®01) excited hole state, a note that the nonradiative recombination channel has no ef-
multiphonon relaxation time of 407 ps is determined using fect on the intensity ratio of excited- to ground-state PL
Eqg. (1). This result is in good agreement with recent resultswhich is given by the ratia /7,4 at low excitation densities
for uncoupled, stacked InAs QD’s, offering no nonradiativeand the statistics of carrier capture at higher excitation
recombination channéf, and for In, ;Ga, As QD’s*® The  densities'®
hole relaxation from théD01) state needs three LO phonons  The quantum yieldy for hole relaxation in a QD depends
to span the energy gap to th@0 ground state, and is thus on the relaxation time, for the |001) hole state and thus is
at least a third-order effect. The relaxation time is of theexpected to be a function of the excited-state splitfifgor
order of that predicted for second-order scattering of LOsingle QD’s electronic transitions lead to sharp lines in the
+LA phonons at low temperaturésndicating that for the PLE spectra, which are not correlated to LO-phonon
small InAs QD’s the multiphonon emission probability does energie$'??and » modulates only the intensity of the exci-
not drastically decrease for higher-order processes. The reation resonances. The situation is the same for an ensemble
son might be an increased hiich interaction in the small of QD’s of well-defined shape, which have a clear correla-
InAs QD’s as proposed for II-VI nanocrystdf$?’ or the tion between the ground-state transition energy and the
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excited-state splittings. However, the self-organized InAsfor a wide range of excited-state splittings. Using the experi-
GaAs QD’s investigated in this paper vary in sem@dshape. mental time constants and E() we estimate a quantum
Consequently, the excited-state splitting of a subset of QD’yield of 70% for the majority of the QD’s in the investigated
with the same ground-state transition energy is inhomogesamples, having an excited-state splitting allowing 3LO scat-
neously broadened leading to a finite den8Ii{E.,.,Eqe) Of  tering. Thus, it is not justified to speak of a phonon bottle-
QD’s, which are simultaneously in resonance with excitationneck as proposed by Benisty, Sotomayor Torres, and
and detection in a selective PL or PLE experiment. TheWeisbuclt in particular, since the nonradiative recombina-

emission intensity is then given by tion channel is not an intrinsic property of the InAs/GaAs
QD’s. However, the impact of out-of-resonance QD’s is ex-
1 N(Egyc: Eged 7( Eexc— Eded - (3)  pected to increase in case of samples with higher island uni-
formity.
The dependence of the guantum y|ejd)n the excess exci- The above discussion shows that PLE is a pOWGrfUl tool

tation energyAE= E,.— Eq determines which QD’s con- for the characterization of an inhomogeneous QD ensemble
tribute to the selective PL or PLE spectra, revealing thediving access to the shape nonuniformity of the islands, the
dominating relaxation processes if the inhomogeneou§arier relaxation processes, and nonradiative recombination.
broadening of the excited-state splitting is sufficiently large A detailed knowledge of the energy dependencepofind
The PLE spectra of the investigated samples, revealing 2Ldherewith of the relaxation and nonradiative recombination
and 3LO-phonon replica, indicate that the inhomogeneougrobabilities would be a precondition for a detailed modeling
broadening of the excited-state spectrum covers this enerddf the PLE spectra. However, the relative intensity of the
range for a given ground-state transition energy and that théLO and 2LO resonances in our experiments are a sensitive
dependence of, on AE strongly modulates. For »~1,  measure for the shape inhomogeneity of the islands and a
i.e., when nonradiative recombination is negligible, E).  change in the mean excited-state energy would change the
predicts the PLE spectra to reveal the inhomogeneouslifitensity distribution among the LO resonances. The relative
broadened excited-state splitting, as recently observed fdptensity of the various LO resonances in our PLE experi-
uncoupled, stacked InAs QD%.The FWHM of the PLE ments(Flg. 3 is mdependent of the detection energy, indi-
resonances indicated the inhomogeneous excited-state bro&@ting the average excited-state energy to be independent of
ening to exceed 20 me¥?. the ground-state transition energy. These results suggest the
The observation of multiphonon resonances in the PLEAverage island height-to-width ratio to decrease with increas-
spectra of small InAs/GaAs QD's is thus unambiguous proofnd island size, as recently inferred from high-excitation-
for multiphonon emission to be the dominant intradot relax-density PL spectra of a series of samptes.
ation process. Every time the excited-state splittihg
equals multiples of one of the available LO-phonon energies,

the relaxation rateq) has a maximum resultingin a PLE  We have investigated carrier relaxation and recombina-
peak. The above discussion shows that the increasing intefion for small self-organized InAs/GaAs QD’s. We observe
sity from the 1LO to the 3LO resonance is the result of thephonon resonances involving up to 4LO phonons in the PLE
inhomogeneity of the excited-state splittify centered spectra of the QD ground state and demonstrate with TRPL
around 85 meV, which acts as envelope function. At highemeasurements that these resonances can be discussed as an
energies the excitation process involves absorption in thihncoherent phenomenon, i.e., as a multistep process yielding
|002) or higher-excited hole states, subject to cascade rela¥nformation on excited-state absorption and carrier relaxation
ation. In this casey is no longer defined by the experimental in the QD’s. The results present unambiguous proof for in-
settings, i.e.Eqy andE e but depends on the actual excited- elastic phonon scattering to be the dominant carrier relax-
state spectrum, resulting in an effectivgy, averaged over ation process at low excitation densities.
the QD ensemble, in E@3). Thus, we attribute the intensity In particular, the present results show efficient carrier cap-
drop for the 4LO replica as well as the onset of the almosture after nonresonant excitation in the GaAs barrier and the
structureless PLE above 1.25 eV, Figs. 1 and 3, to multistepmAs WL. The initial carrier capture takes place on a ps time
relaxation in the QD’s. The situation might be different in anscale resulting in the population of the excit@1) hole
external magnetic field leading to a tunable splitting for thestate, which presents a bottleneck for hole relaxation to the
|001) hole state. In this case, the excited-state splitting andjround state. The multiphonon emission limited lifetime is
therefore also the two-step relaxation processes are well dd0+7 ps for QD’s with an excited-state splitting in reso-
fined and can thus be resolved in the PLE spectra. nance with a 3LO process. The results show that carrier cap-
The multiphonon relaxation time, is 40 ps for QD’s ture is a cascade process involving at least the ex¢{d@t}
having an excited-state splitting in resonance with the 3LChole state. We observe ground-state lifetimes of about 1000
process and expected to be faster for a lower-order processs for InAs QD’s with a transition energy around 1.1 eV,
i.e., 2LO scattering. For QD’s out of resonangg, is ex-  which is over an order of magnitude slower than intradot
pected to be much larger corresponding to the lower quarecarrier relaxation. The TRPL results for excitation densities
tum efficiency observed in PLE. However, the TRPL mea-sufficient to saturate the hole states in the QD’s, reveal a
surement are dominated by in-resonance QD’s, having a highonradiative recombination channel for holes in excited
excitation yield, due to the limited energy resolutibn20  states with recombination times shorter than 100 ps. The
meV) in the near-resonant excited TRPL experiments angnergy dependence of the nonradiative recombination rate
the fact that LO phonons with various energies contribute irsuggests energy transfer to deep defects in the vicinity of the
the relaxation process, allowing efficient carrier relaxationinAs islands.

V. CONCLUSION
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We propose an explanation for the observation of carrier The |001) hole state acts as a bottleneck for hole relax-
relaxation processes in the PLE spectra of the InAs QD’sation. However, this bottleneck is not observed in PL experi-
having a discrete energy spectrum with substate splittingments, since intradot hole relaxation is found to be faster
larger than LO-phonon energies, which is in close analogy tehan radiative or nonradiative recombination from the ex-
hot exciton relaxation in higher-dimensional semi- cited states, but might be important for QD-based injection
conductors? The continuous density of states being funda-jasers, when stimulated emission accelerates carrier recom-
mental to hot exciton relaxation is thereby replaced by theination. A hole relaxation time of 40 ps would limit the
inhomogeneity of the InAs QD ensemble. The observation ofigh-frequency capability and could cause excited states to
multiphonon resonances is the result of the competing nofyqntriyte in the lasing. The present results, however, de-

radiative recombination channel in the investigated samplegqine carrier relaxation at low-excitation densities and thus
QD’s with an excited-state splitting in resonance with one of

the multi-LO-phonon processes will allow efficient hole re- give only a lower limit for the relaxation probability under

. : o lasing conditions, where Auger processes and Coulomb scat-
laxation to the ground state instead of nonradiative recomblt— . iaht lerat ; laxati
nation. From the experimentally derived time constants wec'Ng might accelerate carrier relaxation.
estimate a yield of about 70% for hole relaxation in these
QD'’s. For the small InAs QD’s a wide energy window for
efficient ground-state population results from the coupling to ACKNOWLEDGMENTS
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