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Excited states and energy relaxation in stacked InAs/GaAs quantum dots
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Excited states and energy relaxation processes are studied for stacked InAs/GaAs QD’s with GaAs cap
layers grown by migration enhanced epitaxy. Photoluminescence excit®tidf spectra reveal the excited
state spectrum as a function of size for self-assembled InAs QD’s in multilayered samples with 36-ML spacers.
The observed energy shifts and splittings are consistent with those of hole states numerically calculated for
pyramidal QD’s supporting assignment to the transition between the electron gj@@@dand the|001)
excited hole state. The optical results suggest the island shape uniformity to improve in multilayered samples,
which is attributed to the contribution of the buried islands to the surface strain altering the island formation
kinetics and energetics that also underlie vertical self-organization. Time-resolved photolumin€$&drice
results yield a lifetime of 40 ps for the first excitd@01) hole state, attributed to multiphonon relaxation
processes bridging the approximately 100 meV level separation, and ground-state lifetimes around 700 ps
independent of the detection energy. At high excitation densities saturation of QD states leads to long-living
excited-state PL and up to 1 ns delay in the ground-state PL decay, showing radiative decay to be the dominant
recombination process in the QD’s. The results presented contribute to the understanding of PLE spectra of an
inhomogeneous QD ensemble, which is argued to be sensitive to the shape uniformity, the excited-state
spectrum, and competing recombination proced&163-18208)03115-4

. INTRODUCTION with threshold current densities down to some 10 Aém
and the predictéd high-temperature stability, shows the
The spontaneous formation obherenthree-dimensional  high optical quality of the QD structures. However, self-
(3D) islands in highly strained semiconductor epitaxy suchassembled QD’s suffer 10% size fluctuatiotr” as well as
as InGa, _,As on GaAs(Ref. 1) and SiGe on S{Ref. 2 has  shape nonuniformity’ smearing out the otherwise discrete
attracted interest as nature’s way to generate nm-scale quadlensity of states. The nonuniformity of self-assembled QDs
tum dots(QD’s). Above a critical deposition thickness, co- makes a detailed investigation of the excited state spectrum
herent InGa, _,As islands with lateral extensions of 10-20 and of energy relaxatiofand recombinationprocesses dif-
nm and heights of 5-10 nm are spontaneously formed on toficult, which are both of basic physical interest and critical
of a 2D layer, called the wetting layéwL).>~" Although the  for design and performance of devices.
formation of 3D islands following a WL, referred to as the  The excited-state spectrum of self-assembled QD’s as
Stranski-Krastanow growth mode, is long known in strainedwell as the corresponding optical transitions are still contro-
epitaxy® only the discovery of the defect-free coherent na-versial. Depending on the assumed QD shape and size, cal-
ture of the islands? revealed the potential of the small QD’s culations predict the observation of “allowed” transitions
formed after GaAs overgrowth for optoelectronic applica-between electron and hole states of the same quantum
tions. The demonstration of QD-based injection lasets, numbet*~2° or recombination of holes in various excited

0163-1829/98/5(15)/905011)/$15.00 57 9050 © 1998 The American Physical Society



57 EXCITED STATES AND ENERGY RELAXATION N.. .. 9051

states with electrons in the ground stdte'® In the latter  the islands found. Additionally, nonradiative recombination
case, the low QD symmetry accounts for the oscillatorfor samples with MBE grown caps is negligible for these
strength of the otherwise “forbidden” transitions. Experi- samples’ The higher uniformity of the QD’s in the multi-
mental information on excited states of self-assembledayered samples, together with the lack of nonradiative re-
QD'’s is based on photoluminescen@l) spectra at excita- combination, allows the observation of the QD size-
tion densities sufficient to saturate QD sta%e® and on  dependent excited-state splitting and the study of the
capacitance measuremeit€® These experiments probe INtrinsic carrier relaxation and recombination dynamics of
QD’s charged with multiple electron-hole pairs or carriers,the self-assembled InAs/GaAs QD's.

respectively, and thus the single-particle states are altered by

Coulomb interactio*?° Highly sensitive absorption tech- Il. SAMPLES AND EXPERIMENTAL SETUP

niques, like calorimetric absorption spectroscopy, are able to ) )

resolve ground- and excited-state transitions of unpopulated The samples were grown in a solid source RIBER
QD’s,?® but are limited by the inhomogeneous broadeningmolecular-beam epitaxyMBE) system on semi-insulating
Optical techniques such as selectively excited @efs. GaAs(001)-0.1° substrates covered with a high-quality un-
14,20 or PL excitation(PLE) (Refs. 6,13 spectroscopy are doped GaAs buffer layer as described in Refs. 31 and 37.
expected to reveal excited-state transitions and the size d&?AS was deposited at 500 °C, a growth rate of 0.22 ME}s
pendence of the excited-state splitting. However, nonradia@nd an As partial pressure ofx6L0~° Torr on a starting
tive recombination in competing QD samples has been denfurface showing clear(4 <X 4) reconstruction. The reflection
onstrated to result in the observation of multiphononhigh-energy electron diffraction pattern became spotty after
resonance&3?? ~1.57 ML InAs deposition indicating the 2D to 3D mor-

The discrete atomiclike energy spectrum of QD’s imposeghology transition. The total deposition per InAs layer was
constraints for inelastic phonon scattering that havel.74 ML, resulting in a lateral QD density of 300,um™2.
been proposed to slow down carrier relaxaftof® Indeed, ~For multilayered samples, 20- and 36-ML-thick GaAs spac-
interlevel scattering times of the order of some 10 ps hav&rs were grown at 400 °C by MEE after each InAs deposi-
been observed in time-resolved P(TRPL) excitation tion. Finally, the samples were capped with 170-ML MEE-
measurements:*® The correspondingly long relaxation- grown GaAs. The use of MEE for the growth of the GaAs
limited lifetime of the excited states makes PLE sensitive tgspacer and cap layers improves the PL yield of the QD’s.
competing radiative and nonradiative recombination pro-The 20- and 36-ML GaAs spacers reestablish a planar
cesses, which ultimately might suppress ground state PLgrowth surface completely burying the InAs islahdsd re-
the so-called phonon bottleneck effé&tin an inhomoge- sult in vertical ordering £95%) of the InAs islands in
neous QD sample the phonon bottleneck effect leads to muptacks?*
tiphonon resonances in the PLE spectra, allowing only QD’s For the PL and PLE experiments the samples were
with fast intradot relaxation to contribute to the PLE sigffal. mounted in a continuous-flow He cryostat. PL was excited
It is not clear yet if the competing relaxation process is in-by an Ar’ laser or a tungsten lamp dispersed by a 0.27-m
trinsic to small QD’s presenting a principal limit to the double-grating monochromator as tunable, low excitation
achievable quantum yield. density (<0.02 W cm ?) light source and detected through a

The growth of multilayered QD structures has increas-0.5-m single-grating monochromator using a cooled Ge di-
ingly attracted interest. Depending on the spacer thicknesgde. The TRPL measurements were performed in superfluid
between subsequent QD layers vertical self-organization dfle with a Ti-sapphire laser providing 150 fs pulses at a
islands in stacks has been observefhe contribution of the  repetition rate of 76 MHz for excitation and a 0.35-m sub-
buried islands, acting as stressors, to the surface strain fietéactive double-grating monochromator in combination with
leads to strain-driven In migration favoring formation of an infrared-enhanced streak camera for detection. The full
new islands on top of the buried on&s? Although vertical ~ width at half the maximunFWHM) of the system response
ordering of InGa,_,As 3D islands in InGa _,As/GaAs to the excitation pulses was between 25 and 60 ps depending
multilayered structures was noted early Gnthe highly ~ on the time-range setting. Time constants down to 5 ps could
defected nature of the material did not draw attention to thée resolved taking into account the system response to the
potential of vertical self-organization. The high volume €xcitation pulses.
density of islands in multilayered structures has been ex-
ploited in QD injection laser$!®! The formation of verti-
cally ordered island stacks allows to exploit electronic cou-
pling of the islands by controlling the inter-island separation
in the nm regiort!* Recent results for the SiGe/Si system Low excitation density PL spectra of the multilayered
suggest that vertical self-organization might improve the unisamplegFig. 1) show a systematic effect of the arrangement
formity of self-assembled islands in the upper lay8®  of QD’s in stacks. The QD PL centered at 1.186 eV with a
making stacking a promising means to improve the islanddWHM of 70 meV for the single-layer sample exhibits a
uniformity. redshift and becomes narrower with increasing number of

In this paper we report on PLE and TRPL investigationslayers. The QD PL peak in the five-layer, 36-ML spacer,
of stacked InAs/GaAs QD’s in multilayered samples with sample is 87-meV redshifted and nonsymmetric. PL spec-
GaAs spacers grown by migration enhanced epitddE).  tra at moderate excitation densities of 1—10 WémFig.
The optical results suggest vertical self-organization im-2(a), reveal a doublet structure with peaks at 1.099 and 1.138
proves, in addition to the size, also the shape uniformity okeV. At high excitation densities the 1.138-eV peak domi-

lll. EXCITED STATES OF STACKED InAs QUANTUM
DOTS
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— 0 L= 50Wem® served PL doublet structure. Energy transfer within the stack
ﬂ { J E " b\‘\(r qguenches the PL of the higher-energy uncoupled QD’s at low
i H T excitation densities. Reducing the spacer thickness to 20 ML
o~ i M Ll \0\0‘ (dashed spectrum in Fig.),lonly the low-energy peak at
*é 5 layers | : ' "\_\* 1.088 eV remains with an almost Gaussian line shape and a
S [ 20ML FWHM of 36 meV. The inset in Fig. 1 summarizes for
S| ™ M . L0 samples with 36-ML spacers the ground-state transition en-
< | 0 N 2b ‘ol 4 ergies(solid circle$ and the excited-state transition energies
z2 s ~_ Hiber O Tayers (open circleg observed in high excitation density PL experi-
% 5 layers; 2 layers 1layer InAs/GaAs ments (Fig. 2; not shown for the one- and two-layer
= (x2) (x3) 36 ML spacer samples
= T=8K The formation of a QD superlattice due to electronic cou-
E_=167¢eV pling within the QD stacks has been invoked to explain com-
. I,=0.02 Wem™ parable low energy shifts observed for multilayered samples
R e ] — with GaAs spacers of thickness 18 ML or 1é3s? The cou-
1.0 L1 1.2 13 L4 pling strength depends on the wave-function overlap and

Energy (eV)

thus decreases exponentially with increasing thickness of the
GaAs barrier between the vertically aligned InAs QD’s. In

FIG. 1. PL spectra for multilayered InAs/GaAs samples with - respect, the only 11-meV energy difference between the

36-ML spacerdfull lines) excited nonresonantly in the GaAs bar-
rier. The PL spectrum of the five-layer sample with 20-ML spacer
(dashed lingis given for comparison and the vertical arrows mark
the detection positions for the PLE spectra shown in Fig. 3. Th
inset gives the PL peak positions observed for l@elid circles

and high(open circlegexcitation densities. The lines are for optica

guidance only.

S,

[S]

QD PL transitions at 1.088 and 1.099 eV for five-layer

samples with 20- and 36-ML spacers, respectively, seems
rather small, particularly since the 20-ML spacers are only
slightly thicker than the average island height of 5.5 nm ob-

| served in AFM studies for single layer sampleshereas the

36-ML spacers are expected to result in about 5-nm GaAs
barriers from the QD tip. Obviously, the barrier thickness is

nates and excited state transitions are observed. As will b function of the QD shapéfor a given volumg and, as
shown below, these peaks are distinguished by a differer@fgued below, the islands tend to become steeper with in-
excitation behavior and decay dynamics, suggesting the pre§r€asing layer number leading to a decreasing barrier thick-
ence of two different types of QD’s in the five-layer sample €SS in the upper layers of the stacks. We propose the coex-
with 36-ML spacers. As discussed in more detail below, weStence of coupled and uncoupled QD’s in the five-layer

propose a systematic variation of the island shape along tiRAMPle with 36-ML spacers as giving rise to the PL peaks
stacks to result in a transition from uncoupled to coupledcentered at 1.099 and 1.138 eV, respectively. The energy

QD’s with different electronic properties leading to the ob- shifts with respect to the single layer sample indicate that

1
InAs/GaAs

Intensity (arb. units)

—— 1000
—2—100
—o—10

—_—]

1.2 13 1.4
Energy (eV)

electronic coupling accounts only for part of the stacking-
induced low-energy shift of the QD ground state transition

(b) energy. " .

5 layers / 36 ML spacer Ledentsovet al. proposed_ vertical In traqsfer between

T=8K stacked InAs layers for their samples having thin GaAs

spacer layers£4.5 nm) insufficient to completely cover the

1,<0.02 Wem™ QD’s. The transfer was attributed to the tendency of InAs to
T D I wet the exposed GaAs surface. The increase in InAs cover-
— 1 l* T ] age in the higher layers increases the average island size.
(a) { I, (Wem™) However, in the present samples the GaAs spacer layers

completely bury the InAs islands and reestablish a
flat growth fronf making vertical mass transfer unlikely. The
strain-induced surface migration leading to vertical self-
organization could increase the island volume at the expense
of the WL. Indeed, the 2D to 3D morphology transition in-
volves the transfer of InAs already incorporated in the 2D
layer to the growing islandand at 1.74-ML deposition the
3D islands reside on a high-quality 1-ML InAs WE much
thinner than the critical coverage of 1.57 ML for InAs island
formation. Figure 3 shows PLE spectra for the multilayered
samples with 36-ML spacei$ull lines). The respective de-

FIG. 2. Panel@ shows the PL of the five-layer sample with €ction energies are indicated by verticle arrows in Fig. 1.
36-ML spacers for different excitation densities excited with a cw The PLE spectra show two excitation resonances at 1.45 and
Ar* laser. Pane(b) shows the PL intensity for low-density excita- 1.49 eV, which we attribute to the heatyh) and light(Ih)
tion in the 100 meV excited state resonance showing that the pedrole transitions of the InAs quantum well formed by the WL.

centered at 1.138 eV, which dominates the PL at 10 \f, eersults

The transition energies indicate a WL thickness of about 1

from the ground-state transition of uncoupled QD’s in the stacks. ML.*%*! The energy of the WL does not shift with the de-
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number of stacks due to the contributions of the various InAs
™ layers. Exciting below the hh-WL resonance at 1.45 eV the
InAs/GaAs PLE efficiency decreases again by approximately one de-

36 ML spacer cade. To the excitation in this energy region contribute only
T=8K excitation processes localized at the QD's: either excited
1,<0.02 Wem™ state transitions or charge transfer transitions leaving one

carrier localized in the QD and the other in the WL followed
by the immediate recapture of the photoexcited carrier by the
now charged QD. The two characteristic PLE resonances
(indicated by vertical arrows in Fig.)3ocated about 60 and
100 meV above the detection energy with FWHM'’s of about
25 meV are attributed to excited-state absorption of the
QD's 8132743 Near the detection energy stray light in the
PLE system leads to the rising signal hampering the detec-
tion of resonant excitation of the QD ground state or of ex-
citation resonances close to the detection energy. However,
PLE spectra for the one- and two-layer samples excited with
a tunable Ti-sapphire laser reveal only Raman scattering of
GaAs TO and LO phonons within 40 meV of the detection
L . , energy.

1.1 12 13 14 15 Figure 4 compares contour plots of the PL intensity as
function of the detection energy and the excess excitation
energy AE=E,— E4 for the one-, two-, and five-layer

FIG. 3. PLE spectra for multilayered InAs/GaAs samples with Samples with 36-ML spacers. The dotted lines marking the
36-ML spacers(full lines). The PLE spectrum of the five-layer PLE resonances are only guides to the eye. For the single-
sample with 20-ML spacer&lashed lingis given for comparison. layer sample the two excitation resonances are found invari-
The detection energies are marked by arrows in Fig. 1. The PLRbly at AE;=71.4 andAE,=103.8 meV, whereas for the
spectra are normalized for nonresonant excitation at 1.67 eV antio-layer and the 1.138-eV peak of the five-layer sample
shifted in they direction for clarity. The combined experimental AE; andAE, decrease with decreasing ground-state transi-
resolution for detection and excitation was better than 5 meV.  tion energy. This behavior reflects the decreasing excited-

state splitting in QD’s of increasing size. The FWHM of the
tection energy(compare, e.g., the two spectra for the five-PLE resonances probing a QD ensemble is large
layer sample with 36-ML spacers shown in Figiddicating (~25meV) in contrast to sharp lines observed for single
that the effective WL thickness is the same for all Iayers.QD’s.44 PLE overcomes the inhomogeneous broadening of
Together with the almost perfect vertical correlation of thethe ground-statetransition of the QD ensemble by setting a
islands®! i.e., a constant island density in the various layersnarrow detection window centered Bte;, and probes the
the results suggest that tlheerageisland volume does not inhomogeneously broadenexkcited-statespectrum of this
change significantly in the stacking process. subset. The inhomogeneity of the self-assembled QD'’s, ei-

The arrangement of InAs islands in stacks, however, alther in a single set or within the stacked layers, is not re-
lows the InAs QD'’s to relieve more strain than in the case ofstricted to volume variations alone, but also involves the
isolated QD’s in single layer sampl&s*? As a result the shape of the islands. Thus, even for a defined ground-state
InAs band gap energy will decrease leading to a low-energyransition energy, the excited-state spectrum will be inhomo-
shift of the QD transition energies. This is supported by thegeneously broadened, and the FWHM of the PLE resonances
PL spectraFig. 1) showing that even QD's in the first INnAs is a measure for the shape nonuniformity. The high excita-
layer experience a redshift in the stacks, which is expectetion density PL spectra of the multilayered samples show the
only in case of electronic coupling or an altered strain situirst excited-state transition between 80 and 100 meV above
ation. The analysis of the electronic coupling in QD stacksthe ground-state transition in good agreement with the domi-
needs to take into account the altered strain relaxation asating resonance in the better resolved PLE spectra.
proposed in Refs. 11 and 42. Figure 5 summarizes the energy sife of the PLE reso-

Returning to the three lowest PLE spectra depicted in Fighances with respect to the detection energy for the multilay-
3 for samples with one, two, and five InAs layers with ered samples with 36-ML spacers. Plan view and cross-
36-ML spacers, the general shapes are remarkably similasectional transmission electron  microscopyTEM)
supporting the notion of uncoupled QD'’s in the stacks. Thanvestigations of thesingle-layersample as well as of an
PLE spectra are normalized at 1.67 eV and shifted inythe identical but uncapped sample are consistent with a pyrami-
direction for clarity. The high excitation efficiency for exci- dal shape of the islands, with a base length of£23 nm
tation above the GaAs band gap shows the high carrier cagnd predominantly302 type side facet®> The QD shape
ture efficiency of the InNAs/GaAs QD%.The PLE efficiency and base length are similar to other observations for different
drops about one decade for excitation below the GaAs bangrowth conditions:*® Calculations for pyramidal QD’s with
gap, reflecting the lower optical thickness of the WL. The{101 (Ref. 17 and{302 (Ref. 19 side facets give only a
integrated intensity of the WL excitation increases in com-single localized electron state and locate the first excited
parison to the GaAs excitation efficiency with increasing|001), |010), and |100) hole states about 60-110 meV

WL
5 layers / 20 ML spacer

------------------------ X1.5 hh

Intensity (arb. units)

Excitation Energy (eV)
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120

3'\/ . <] PLE resonances observed for multilayered InAs/GaAs samples with
// &&K ] 36-ML spacers. The energy ranges for the excited-state splitting
O allowing efficient multiphonon relaxationtwo or three LO
%{ phonong are marked.
= 3
————

90

60 i single-layer samples a trend for larger volume islands to
have flatter side facets has been inferred from optical

30 InAs/GaAs results®?’ Figures 4 and 5 evidence a pronounced effect of
36 ML spacers the vertical stacking of InAs islands on the observed PLE

0 ; I-8K spectra. With increasing number of InAs layers the PLE
1.15 1.20 1.25 resonances shift for the same ground-state transition energy

Detection Energy (eV) towards lower energies and the low-energy shift of the reso-

FIG. 4. Cont lots of the OD PL intensit function of th nances with the decreasing ground-state transition energy be-
detectién'encé? Ou;r'? dotzg exceegs exciltr;t?on:leyngrs a IIJE”C TEO € comes steeper. We propose this behavior to indicate a sys-
. 9y . BY EexcEvet  omatic change of the InAs island shape in the stacking
for multilayered samples with 36-ML spacers. The dotted lines are . A . . .
. ; rocess as illustrated in Fig. 6, namely, an increasing height-
only guides to the eye following the PLE resonances marked b . . . ; - .
arrows in Fig. 3. o—w.|dth aspect rat|q and an |mprovmg_shape uniformity of
the islands in the higher layers. TEM images of uncapped
_ . islands in a single layer sample with 1.74-ML InAs deposi-
above thg000) ground state depending on the QD size andtion show side facets close {802.%° The PLE results sug-

shape. Thus, the dominant excitation resonance observefst that the islands in the higher layers become steeper in
60-103 meV above the detection energy might be attributed

to the transition between the electron ground state and an
excited hole state, most likely tH801) hole state, which has
a larger oscillator strength than transitions involving the InAs
|010) and the|100) hole levelst’ This assignment is in y <
agreement with that of excited-state transitions observed i
high excitation density PL experimefitsand supported by
the observation of multi-LO-phonon replicas in the QD PLE
spectrd’ as well as the Zeeman behavférThe PLE results
shown in Figs. 4 and 5 give, for the first time, experimental
evidence for the expected volume dependence of the excite:
state spectrum of self-assembled QD’s. Gaks 110 hed

Widely varying shapes have been reported for self- »
assembled InAs islands in single-layer sampiés?indicat-
ing that the thermodynamic equilibrium shape of the islands F|G. 6. Schematic illustrating the evolution of the InAs island
({101 side facet¥® is generally not achieved in the kineti- size and shape in multilayered samples. The height-to-width aspect
cally limited formation process, but that the islands have aatio increases and the shape uniformity improves for islands in the
tendency to form shallower side facets. Additionally, for upper layers.

b\

b
"»»
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the stacking process. However, this effect is not easily redimensional systenfS, which leads to multiple LO reso-
solved in cross-sectional TEM images of stacked sample;ances in PLE spectra, when competing nonradiative
where strain contrast masks changes in the island shape agcombination allows only the most efficient relaxation pro-
e.g., in Fig. Ic) of Ref. 31 for the five-layer sample with cessegLO scattering to populate the luminescent state. For
36-ML spacers. The decreasing intensity of the 60-meVQD’s having a discrete density of states the inhomogeneous
resonance compared to that of the 100-meV resonance withyoadening of the ensemble replaces the spatial dispersion in
increasing number of layettowest three spectrain Fig) B pigher-dimensional systems. For self-assembled InAs/GaAs
attributed to the narrowing of the inhomogeneous excitedQDvS radiative recombinatidf as well as a nonradiative re-

state splitting and supports an improving shape uniformity compination involving deep defects in the barfié? have
We propose a systematic change in '.S'af‘d shape to be NMKeen proposed to compete with intradot relaxation. In both
cately bound to the vertical self-organization of the islands i
the stacked samples. It is now well establishéfithat ver-

tical self-organization is a consequence of the contribution o

buried InAs islands to the surface strain distribution dictatin

theTiurfaPcLeEmigration O(; In _in th% sgcond layets. nances reported in this pap@tigs. 4 and b shows the lack
€ spectra dominated by a nharrow resonances »n efficient competing recombination channel in the in-

?rou?dAEz_loI(I) meV dlslcgss%q u|_p|> to now aLe characteristiq estigated samples. Indeed, the maximum of the excitation
or electronicallyuncoupled QD’s However, the increasing ;5 the|001) hole state is observed for an excited state split-

. . Sing of 83 meV (five-layer sample, Fig. ¥for which mul-
between the stacked islands and might eventually lead tﬂphonon relaxation

electronic couplmg. The 1.099-e\/ pedkig. 1) dominating is inefficient?” These results demonstrate the extrinsic nature
the P.L of the flve—!aygr sgmple_ with 36-ML spacers for,low- of any competing recombination channel for InAs/GaAs
density GaAs excitation is _attrlbu_ted to suqhupled QD's QD'’s, thus supporting the earlier notion of nonradiative en-
_The_ contour plot Of. the PL Intensity of the five-layer Sa_‘mpleergy transfer to deep defects in the GaAs barrier for samples
In F!g. 4 shows a different behavigmarked by c_zlasheq lines showing clear multiphonon resonanéésWe attribute the

in Fig. 4) for the 1.138- and 1.099-eV peakBhe intensity of |, er defect concentration in the GaAs barriers of the

the 100-meV resonance attributed to ﬂ@phmoqe €X-_ present samples to the employed MEE growth mode, which
cited state absorption of uncoupled QD's is shown in Fig. a5 heen observed to improve the QD PL yfeld.order to

2(b) as a fungtlon of the detection energy, demonstrating the insight into the carrier relaxation and recombination dy-
correlation with the 1.138-eV peak. For the 1.099-eV pea amics in the stacked InAs/GaAs QD samples we have in-

two additional excitation resonances at about 35 and 120 stigated the dynamic behavior of the QD PL following
meV are observed. The 35-meV resonance is t00 broad ang,seq excitation with various energies and densities.

intense to be attributed to Raman scattering and shifts to- |, TrRp| experiments the suppression of intra-dot carrier

W_ards higher energies With_decrea_sing detection ensey relaxation due to saturation of QD states results in character-
Fig. 5). A stronger electronic coupling for larger and there- e changes in the observed PL dynanfits2°! For the
fore higher QD's, which result in a thinner GaAs barrier ot agsembled  InAs/GaAs QD's  carrier  relaxation
bgtween the stacked QD’s, could explain this behavior. FO(~4O ps) (Ref. 27 is much faster than radiative recombina-
thinner spacer&20 ML) the PLE spectrum shows only weak tion. Thus, carriers generated by the short excitation pulse

structure peaking about 60 meV above the detection energy 50 g will fill u "
S . L . p QD levels starting from the ground state
(dashed spectrum in Fig).3This behavior is characteristic of after an initial capture and relaxation phase, which might be

strongly coupled QD'$? Higher-resolution PLE spectra re- o inateq by Coulomb scatterifigWith increasing delay

solving fine structure in the energy range below 30 me\./the hole density decreases due to carrier recombination and
would be needed for a detailed analysis of the electroni

ling in th D ks 4 h | ‘he various QD states will be successively depopulated. The
coupling in the QD stacks. However, the results presenteg, j iansity from a given state being proportional to its

here demonstrate the inequivalence of the various InAs lays o lation remains almost constant as long as higher-lying
ers in the multilayered samples.

states are populated providing practically instantaneous holes
to fill up freed states. Only the PL intensity from the highest
IV. CARRIER CAPTURE, RELAXATION, populated state dec_ay_s with a tim_e constant corrgsponding to
AND RECOMBINATION the sum o_f the radlat_lve _recombmatlon probab|llty and the
rate at which recombination generates a lower-lying empty
The observation of excited state resonances in the PLEtate enabling intradot relaxation. This will lead to system-
spectra of single and multilayer InAs/GaAs self-assembledtically shorter decay times for PL from higher excited states
QD'’s discussed above is in striking contrast to the observathough the oscillator strength might actually be lower than
tion of multiphonon resonances for single-layer samples exfor the ground-state transition. Master equations for mi-
amined in Refs. 13, 14, 27, and 43. Distinct replica correcrostatesMEM) provide a quantitative description of the PL
sponding to multiphonon scattering involving LO phononsdynamics for uncoupled QD’s as detailed in referetfce.
from the InAs QD, the WL and the GaAs barrier have been Figure 7 compares PL spectra of the five-layer sample
resolved:®?’ demonstrating inelastic multiphonon scatteringwith 20-ML spacers for continuous-wavew) and pulsed
to be the most efficient intradot carrier relaxation processexcitation revealing excited-state PL with increasing excita-
The observation of the multiphonon resonances has been efien density. For high intensity cw excitation the excited-
plained in analogy to hot carrier relaxation in higher- state PL intensity is comparable to the ground-state intensity

cases only QD’s providing rapid carrier relaxation will con-
Iribute to the PLE signal, and the observed multiphonon
esonances demonstrate a resonance condition for the
Yexcited-state splitting. The observation of excited-state reso-
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FIG. 7. Excitation density dependence of the QD PL in the T T T

five-layer _sample with 2_0-!\_/IL spacers for oidashed spt_ectraand 0 300 600 900 1200

pulsed(solid spectraexcitation. The spectra are normalized for the

QD ground-state transition and shifted in $helirection for clarity. t (ps)

The given excitation densities are time averaged, with 1 W<m
corresponding for pulsed excitation to an initial carrier density of of
about 2x< 10'° c? comparable to the lateral QD density.

FIG. 8. Transients recorded at various excitation densities for
the five-layer sample with 20-ML spacers at the spectral positions
corresponding to PL from the ground state and various excited

indicating comparable oscillator strength, whereas for pulseatates as indicated by arrows in Fig. 7. T.he transients are no”.nal'
excitation the subsequent depopulation of excited states réZ—Ed for the slow decay component attributed to the underlying
sults in a lower integrated intensity for the excited-state tran-grouml's'talte decay of smaller QD's.

sitions. H_ov_v_ever, thg same tlme-averaged excitation de_n Sltc\,(ontrast to the earlier observation of very rapid excited-state
provides initially a higher carrier density for pulsed excita-

tion. The lowest excitation density of 1 W crhis already PL decay (=100 ps) at high excitation densities, which has

sufficient to saturate the ground state of part of the QD’s. Abﬁ?\otr?kﬁi?,ezse;(nc?gggfggt;fpEﬁgr?ﬁéat';lsséﬁfzggn@o;; i
10 W cmi 2 the first excited state is saturated and the secon Y P P 9

_ : ests radiative recombination to dominate for the excited QD
one becomes populated. At 60 W cmPL appears in the 9 . . . ; ) -
spectral region of the WL indicating the QD states to bestates, demonstrating the high optical quality of the investi

completely saturated. Figure 8 gives transients recorded gted samples. The MEE growth technique used for the
the positiong(indicated by arrows in Fig.)7of the ground- aAs spacer and the cap layers provides GaAs with low

: . = . defect concentrations at the growth temperature of 400 °C.
state and various excited-state transitions showing the OFpe importance of the GaAs cap growth mode was manifest
pected initially almost constant intensity as long as PL fromin the increase in PL efficiency for samples with the cap

_hig_h_e_r-energy states is observed. The PL intensity, howeverayer grown in the MEE mode compared to those grown with
is initially not perfectly constant as a result of a laterally conventional MBE®

inhomogeneous excitation density, carrier diffusion, and the Pauli blocking can be neglected at low excitation densities

statistical population of the uncoupled QD’s after nonreso-, oy . .
nant excitatior’?> Multiexponential fits of the excited-state (<0.5Wcm ), in which case the transients are generally

PL transients yield a decay time of about 480 ps for PL fromWeII fitted assuming one exponential rise and one exponen-

the first excited state, which decreases to 15 ps for PL abov%al decay prociss, cliesclrlblng carneL relaxation andl reclom-
1.4 eV attributed to exciton recombination in the WL, re- ination in a three-leve syste_m. T e_luppermost_ evel s
flecting the increasing number of recombination channeI?Opu'alteOI at=0 and rela_xes_wnh rate; - to the lumines-
with increasing population of the QD's. A fit of the PL tran- cent level, before recombination into the ground state occurs
sients, recorded at 1 W cf, using MEM yields lifetimes of with rate 7, *. The shorter of the two time constants deter-

0.95 and 1.55 ns for the ground and first excited-state trafMines the rise and the longer one governs the decay of the

sition, respectively. The long excited-state lifetime is com-time-dependent PL intensity

patible with the forbidden character of tf@01),|000) tran-

sition. I(t)o
The high excitation density PL transients, Fig. 8, show T — T

saturation of the ground-state transition for up to 1 ns after

the initial excitation, and the first and second excited states Figure 9 shows a typical low excitation density QD PL

remain saturated for a few hundred ps. This behavior is ifransient(dotg for the case of the two InAs-layer sample

(exp V7 —exp (V72). (6]
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they can be captured into a localized state and relax by in-
terlevel scattering to the QD ground state, leading to the PL
detected in our experiments. The lack of free exciton PL
from the GaAs barrier and the InAs WL as well as the lack

5 of excited-state PL at low excitation densities indicate the
1 layer . . . .
n 20 1 o 2layers observed 40-ps rise time to describe carrier capture and re-
[ a5 layers laxation and the longer time constant to describe ground-
[ L L — state recombination. Both the rise and the decay titRas
1.2 14 1.6

10) vary only weakly with the detection energy as well as the
number of stacks in the sample. These findings suggest the

- | 2 layers /36 ML spacer oscillator strength to be practically independent of the QD
T=18K size, supporting the prediction of a constant interband oscil-
E, =167¢cV lator strength in the strong confinement regithé’ The ob-
E_ =1150eV served lifetimes are, however, shorter than those reported
I,=0.5 Wem® previously®?">® More detailed investigations are necessary
[P TP SR | Coly to evaluate the size and shape dependence of the transition
0 300 600 900 1200 1500 matrix element. Remarkably, the TRPL results show for the
t (ps) five-layer sample a sharp increase in the PL decay time be-

low 1.12 eV. PL in this region is attributed to coupled QD’s,

FIG. 9. Transient of the QD PL in the two-layer sample with suggesting a decreasing oscillator strength for weakly

36-ML spacer for nonresonant, low-density (0.5 W @&nexcita-

coupled QD’s. An increasing oscillator strength with de-

tion in the GaAs barrier. Dots represent the experimental data andreasing barrier thickness has been reported for strongly
the full line shows a two-exponential fit as described in the text.coupled QD’sl_l

The inset shows the rise timer ) of the QD PL maximum in

TRPL measurements for various excitation energies allow

multilayered samples with 36-ML spacers for various excitationa more detailed characterization of the excitation dynamics.
energies. The error bars given for the single layer sample are a|5RIthough for excitation near the hh transition of the WL

representative for the stacked ones.

with a 36-ML spacer together with a least-square(fiil

(1.44 eV or via excited state transitions of the QIX%.25
eV) carrier diffusion and carrier capture into excited states,
respectively, are excluded from the excitation chain, the tran-

line) of the convolution of Eq(1) with the system response gjents, within the experimental erraaye the same as for
to the exciting laser pulses. Evaluating transients of multilayuycitation in the GaAs barrier. As shown in the inset of Fig.

ered samples with 36-ML spacers we find time constants

°§, the observed PL rise time is (#®) ps independent of

about 40 ps for the PL rise and of a few hundred ps for thgne chosen excitation energy/process as well as the number
PL decay, which are summarized in Fig. 10. Nonresonangs siacks in the sample and thus limited by intradot relax-

excitation of the GaAs barrier generates free electron-holgion processes. The observed PL rise time is in good agree-
pairs, which have to diffuse or migrate to the QD's, beforement  with recent experimental results on  single-layer

sample$’*° and attributed to multiphonon relaxation of the

' ' ' o 11 excited hole states.
Y ayer . .
A A o 2layers ] The T_RPL res_ults yield only an upper limi(5 ps) for
~ 1000 | A Slayers ] cgptgre_mto e>.<C|ted QD states. Hoyvever, the .PLE results
R Bap A A A N ] give indirect evidence for sub-ps carrier capture inferred ear-
B [ o) q:.qjdjdjd% o A ] lier from thg guantum efficiency of deep_etched mesa
S 0r @ a1 structures® Figure 11 shows the PLE behavior of the QD
ground-state PL for the two-layer sample. The excitation ef-
ol . ) . . ficiency in the GaAs barrier shows minima separated by
T y T T ] (43+2) meV that extrapolate to the free-excit¢RE) en-
; ergy as indicated. The observed energy spadifigis char-
—~ wf oo 0O o] acteristic for hot-electron relaxation in GaAs, giverfby
& - ] % A o IA:I AD O% o
g | A0 m
F gl MAs/Gals ° ] AE=haiox| 1+ =414 meV, @)
[ T=18K
ol L, =05 Wem™ , with w o the LO phonon energy and the effective
1.1 1.2 1.3 masses of electrons and holes. An energy spacing of 41.4

meV is expected from GaAs parameters. The observation of
hot-electron relaxation leading to minima in the PLE effi-
FIG. 10. QD PL rise {0 and decay fuecs) times as a func- ciency indicates the formation of low-mobility FE's near the
tion of the detection energy for multilayered samples with 36-ML I" point to compete with carrier trapping into QD’s. For this
spacers upon nonresonant, low-density excitation in the GaAs bagompetition to be observable in the PLE spectra, both pro-
rier. The experimental error of the rigdecay time is about 10 ps  cesses have to proceed on a comparable time scale locating
(70 ps. carrier capture on a subpicosecond time scale. Exciton local-

Detection Energy (eV)
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FIG. 11. PLE spectrum of the QD Ridetected at 1.159 e\Mn

the two-layer sample with 36-ML spacer. The minima in the PLE . .
efficiency are attributed to hot-electron relaxation in the GaAs bar- G- 12. Temperature dependence of the QD PL intensity in the

fier. The inset shows the GaAs band-gap region on an enlargel§’0-1ayer sample with 36-ML spacer for excitation in the GaAs
energy scale for various temperatures. barrier, in the InAs WL, and via the excitd@01) hole state. The

intensities are evaluated from PLE spectra detected at the maximum

ization in the GaAs barrier hampering QD excitation is alsoof the temperature-dependent QD PL peak as indicated in the inset.
revealed by the temperature dependence of the PLE spectra,
cally not resolved and the PLE spectra reveal the. hotig2ed using PLE and TRPL spectioscopy. The contribution
electron relaxation minima. Raising the temperature to 17 KOf th_e bu_rled InAs islands to the §urface SFram dlrec_tlng the
the FE absorption appears and the PLE efficiency becomelg migration leads not only to vertical ordering of the |sl_ands
smooth at higher energies attributed to the thermally actibut, as suggested by the results presented, also to an increas-
vated mobility of FE’s. ingly higher degree of island uniformity. The optical results

PLE spectra taken for various temperatures at the peak afemonstrate unambiguously the inequivalence of the various
the QD PL in the two-layer sample reveal remarkable differ-lnAs QD layers for samples with 36-ML GaAs spacers, in-
ences in the intensity evolution depending on the excitationlicating a systematic variation of the island shape in the
process. Figure 12 depicts the intensity of the QD groundstacks. The ground-state transition energy of the stacked
state PL for excitation in the GaAs barrier, the hh tranSitionQD’S is found to decrease Compared to that of isolated QD’S
of the WL, and thg001),|001). excited-state transition reso- as a result of the higher degree of strain relaxation and elec-
nance as indicated in the inset. Exciting the GaAs barriefronic coupling. The systematic change in island shape com-
(triangles the PL intensity doubles from 4 to 18 K only to pjicates control of the electronic coupling in the QD stacks.
decrease again with increase of temperature to 35 K, show- PLE spectra reveal the size-dependence of the excited-

ing the increasing mobility of the FE's and their thermal g0 spectrum for self-assembled InAs QD’s. The dominant

dissociation, respectively. The FE effect is absent when ©Xaxcitation resonance is attributed to 1061),,/ 000, excited

citing via the WL. The decrease of the PL intensity above 80state transition based on numerical results for pyramidal

K observed for nonresonant excitation has been attributed A As islands supporting the earlier assignment of the
. . 7 '

E:ermal evapo_r_at|on Of. carr:je_rs frlom the gér)gund S?é@ d excited-state transitions observed in high excitation density
h olwever, ex?mfr:g calgr,lers. ||rect|y |(;1to th D.h e_f>§C|te | PL to transitions between excited hole states and the electron
ole state of the Q sﬁqrc €y lea s 1o a significantly o.q,nq statd® State-filling effects are found to dominate the
higher-temperature stability of the PL intensity. These result L dynamics in densely populated QD's for up to 1 ns, at-
show thgt actually ;c]he cbarrler gapture and re(ljaxatlo(ljw profriguted to a low concentration of competing nonradiative
cesses determine the observed temperature dependence ol hination channels in the investigated samples due to

the QD PL intensity for nonresonant excitation. The decreasme MEE growth of the GaAs spacer and cap layers. Carrier
ing capture efficiency above 80 K, is attributed to a decreas-apture and intradot carrier relaxation lead to a{&0) ps

ing parrier captur.e efficiency due to thermal evaporation o ise time for the QD ground-state PL, attributed to mul-
carriers from excited QD states. tiphonon relaxation of th#01) hole state. Carrier cooling is
about two orders of magnitude slower than in higher-
dimensional systems but still over one order of magnitude
In the present paper the effect of stacking on the excitedaster than radiative recombination, explaining the apparent
states and carrier relaxation processes of InAs QD's is invedack of a phonon bottleneck in PL experiments. However,

V. CONCLUSION
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