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Carrier capture and relaxation processes in self-assembled 15-5BajsAs/GaAs quantum dots are
investigated by means of time-resolved photoluminescence spectroscopy. In a systematic study of photolumi-
nescence rise times and barrier decay tivasiation of temperature, excitation energy, and excitation density
we aim to identify the physical mechanisms responsible for fast carrier capture and relaxation in quantum dots.
Both processes are separated by using appropriate excitation energies. Carrier capture and relaxation are shown
to proceed with rates as high a2x 10'° s~ at low temperature even if less than one electron-hole pair per
dot and excitation pulse is created. We interpret our results in terms of multiphonon processes at low excitation
densities and in terms of Auger processes at high excitation denf&i@s63-182096)03240-1

[. INTRODUCTION nant excitation energies report a fast photoluminescépice
rise time, suggesting that the phonon bottleneck is overcome
Among the fundamental properties of zero-dimensionaby the presence of an alternative, efficient carrier relaxation
semiconductor structures carrier relaxation processes hayeocess in these self-assembled Q'S Auger processes
been widely discussed because of their physical interest anwlere proposed to provide an efficient relaxattén? but
their important implications on the luminescence efficiencyhave not yet been identified experimentally by their charac-
and performance of potential applications such as quanturteristic temperature and density dependence. In addition, it
dot lasers. Due to the discrete nature of the electron and hofeas been shown theoreticdfiythat electrons can efficiently
energy levels of quantum dot€D’s), single longitudinal- interact with LO phonons in a wide energy range 50
optical (LO) -phonon emission is forbidden, except in the meV) when applying coupled equations in Wigner-
unlikely case that energy levels are separated by the phondieisskopf theory instead of Fermi’s golden rule as generally
energy hw_o. Single longitudinal-acousti¢LA) -phonon  used in discussions of the phonon bottlenktk.
emission by deformation potential coupling is strongly In this paper we present a systematic study of the PL rise
qguenched with decreasing dot size as soon as the energiymes of self-assembled }Ba _,As/GaAs quantum dots af-
level separation exceeds a few m&Recently, coupling be-  ter pulsed picosecond excitation as a function of temperature
tween electrons and LA phonons arising from the perturbaexcitation density, and excitation energy. By variation of the
tion of the electron wave function by the motion of QD excitation energy we are able to separate carrier capture, car-
interfaces has been studied and shown to dominate the deer relaxation, and carrier recombination processes. As a re-
formation potential coupling for dot sizes less tharb0 sult, capture and relaxation processes are shown to be fast,
nm2 But still, the overall magnitude of the scattering time i.e., of the order of X10'° s™1, even in the regime of less
for both mechanisms is much larger than typical QD recomthan a single electron-hole pair per dot under resonant exci-
bination times of about 1 ns because the momentum of th&tion, where Auger processes can be excluded. We are able
single acoustic phonon required to cover large QD energyo explain our temperature-dependent rise-time measure-
separations in small dots cannot be supplied by the electroments for different excitation densities at low excitation den-
with its relatively large wavelength of the order of the dot sities by a multiphonon relaxation process that involves char-
size. Poor luminescence propertiesd luminescence from acteristic LA phonons of 2.7 meV and by Auger processes at
excited QD statés have been attributed to this “phonon high excitation densities.
bottleneck effect.” The paper is organized as follows. After a description of
Recently the growth and characterization of self-the samples and the experimental setup in Sec. Il and a brief
assembled QD’¢Stranski-Krastanow growth moglas at-  cw optical characterization of the QD’s in Sec. lll, the results
tracted much intere§t® Due to the strong carrier confine- of the time-resolved measurements are discussed in two
ment leading to a small number of states well separated by anain parts. In Sec. IV we compare PL rise times under reso-
least a few tens of meV for electromsd holes these quan- nant and nonresonant excitation with the decay times of the
tum dots constitute ideal objects to study relaxation mechaGaAs barrier for different temperatures allowing us to iden-
nisms in the full “bottleneck regime.” In addition, the high tify the time scales for carrier capture and carrier relaxation.
guantum efficiency of such self-assembled QD’s allows onéSection V aims at identifying the physical mechanisms that
to use very low excitation densities such that the relaxatiorare responsible for the fast carrier capture and relaxation by
of single electron-hole pairs per dot and excitation pulse camsing the experiments at different temperatures and excita-
be investigated. Early time-resolved studies using nonresdion densities.
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II. SAMPLES AND EXPERIMENTAL SETUP
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The samples were grown by the metal-organic chemical 50

vapor deposition growth technique on a GaAs subsfr&s.
top of a 200-nm GaAs buffer layer two-dimensional
Ing=Ga sAs was deposited. Due to the large lattice mis-
match, the surface transforms into three-dimensional islands
(Stranski-Krastanow growth mogeafter the deposition of
1.5 monolayergML). Scanning electron and atomic force
micrography reveal the formation of dots with a narrow size
distribution. The dot diameter is about 15 nm, the dot height
about 5 nm before overgrowth, and the area dot density
about 2x10° cm™ 2. The dots were covered in one growth
run by a 30-nm GaAs cap barrier layer using a lower growth T T
temperature. A reference {n-Ga, gsAs/GaAs quantum well 125 1.30 1.35 1.40 1.45 1.50 1.56 1.60
(QW) of 5 nm thickness was grown under similar growth energy (eV)
conditions. Details of the sample growth are reported in Ref.
6. From part of the QD sample the GaAs cap, the QD layer, FIG. 1. Low-temperaturé25 K) time-integrated PL spectrum
and ~30 nm of the GaAs buffer were removed by wet (thick lines of the InysGa, sAs/GaAs dot sample under nonreso-
chemical etching. nant excitation E.=2.330 eV andl=2.5 Wi/cnf) and corre-
Time-resolved optical experiments were performed in thesPonding photoluminescence excitati#?LE) spectrum of the QD
temperature range between 2 and 80 K. Nonresonant arlgminescencéthin lines. The ins_et is an (_expanded vi(_ew of the PLE
resonant excitation were provided by the second harmonic giPectrum near the GaAs barrier showing the wetting layet)
a continuously mode-locked and pulse-compressed Nd:YA@bso_rptlon. Arrows |nd|c_ate the three excitation energies relevant
laser (where YAG denotes yttrium aluminum garné8 ps for Fig. 3 and the detection energy for the PLE spectrum.
pulses at 532 nirand by a wavelength-tunable, continuously
mode-locked Ti:sapphire laséfl.5-ps pulses in the 720— tion peak below the GaAs barrier exciton is interpreted as
1080 nm rangk both with a repetition rate of 82 MHz. The due to the IpGa, _,As wetting layer(WL). Its energetic po-
PL signa| was dispersed byfa: 25 cm monochromator with sition at 1.512 eV and the position of the QD emission at
a spectral resolution of about 0.5 meV and detected with &.34 €V indicate that the actual indium content in our struc-
synchroscan streak camera. The temporal resolution of thiélre is around 30%. Reducing the excitation energy below
setup amounts to about 10 ps. The photoluminescence exdhe wetting-layer ground state, the PLE signal drops signifi-
tation (PLE) spectrum was recorded using a cw Ti:sapphirecantly by about an order of magnitude since absorption can

laser, af =1 m double monochromator, and a Ge detector. Now only take place in the §Ga _,As quantum dots.
The resonant part of the PLE spectrum exhibits two rather

IIl. ew OPTICAL CHARACTERIZATION b_r(_)ad structures that we attrik_)ute to excited QD stqtes. Tran-
sitions between the electronic states and the various light-
The cw photoluminescencghick lineg and photolumi-  hole and heavy-hole states should conserve the azimuthal but
nescence excitation spectttnin lineg of the unprocessed not necessarily the radial quantum number in the dots with
dot sample are given in Fig. 1. The luminescence at 1.34 e\¢ylindrical symmetry. We therefore expect that many al-
of a large number of dots excited in the focus of the laser ofowed excited-state transitions contribute to the excitation
~100 um diameter has a narrow linewidth of 25 meV re- spectrumt* The large number of probed QD’s that may have
flecting the high quality of the dots. Micro-PL measurementsthe same ground-state energy but different excited-state en-
systematically reducing the number of dots under optical inergies due to independent fluctuations of size, shape, In con-
vestigation (etched mesasshow sharp photoluminescence tent, and strain gives rise to the inhomogeneously broadened
lines from individual quantum dots as observed by otherstructures in the excitation spectrum. We do not observe any
groups~? and clearly demonstrate that the inhomogeneoushPL enhancement for excitation energies permitting single
broadened macro-PL arises from a superposition of theseO-phonon relaxation as Fafarétall® and Raymond
sharp PL lines from zero-dimensional states with slightlyet al® reported for some of their presented samples, indicat-
different energies. The dot emission shifts to lower energieing that the interlevel spacing and phonon energies are not
with increasing temperature similarly to the energy shift ofclosely matched in our dot sample.
the reference QW giving no indication of defect formation Model calculations of the excitonic eigenstates and ener-
in our dot sample. We emphasize that under nonresonaunjfies in the spherically shaped dBtsndicate that the first
excitation conditions the integrated emission intensity of theexcited state is about 40 meV above the excitonic ground
dots is nearly as high as the total emission intensity of thestate. We therefore exclude any emission from excited states
reference  QW. Furthermore, no PL signal of theto be present in our photoluminescence signal. Finally, it is
In,Ga _,As wetting layer is resolved below the GaAs bar- important to note that there is virtually no observable signal
rier. This demonstrates an efficient carrier capture and a veryvhen exciting within the PL emission line. This is a clear
high quantum yield of the dots. sign of the sharp zero-dimensional density of states of the
The PLE spectrunithin lines in Fig. 1 is detected at QD’s, which prevents observing time-integrated PL from
Eqe=1.333 eV near the center of QD photoluminescenceQD’s directly excited in their ground states due to scattered
and expanded near the GaAs barrier in the inset. The absorfaser light.
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FIG. 2. Time-resolved PL emission of the QD’s and the refer- temperature (K)
ence QW at low temperaturd €25 K) under resonant excitation o
Eex=1.483 eV (=75 Wicn). FIG. 3. Temperature dependence of the QD rise times for the
three excitation energies of Fig. 1 under low excitation density of
IV. IDENTIFICATION OF CARRIER CAPTURE less than one electron-hole pair per dot and excitation pulse
AND CARRIER RELAXATION (l 1:2.5 chn‘? andl 2= |3:75 W/CTT?) The solid fit curve USing

a Bose distribution function is described in Sec. V A. The inset

Figure 2 depicts the time-resolved variation of the emisshows the temporal rise of the QD photoluminescence signal for the
sion intensity of the QD’s and the reference QW25 K, three excitation energies @t=5 K.
resonant excitation enerdy,,= 1.483 eV, and excitation in- ] ] o
tensity 75 W ¢ 2) averaged over 7 me\8.5 me\j at the ~ Maxima of_the cw photoluminescence (.axclltat|.0n spgc_:trum as
center of the PL line of the QD'§QW). The traces exhibit @spussgd in Sec. Il Thg resonant excitation intensities were
fast rise times for the two-dimensionéD) reference and limited in order to restrict the average number_ of carriers
the QD's. We observe a prolonged QD decay timeCreated per dot}g Iess_than one electron-hole palriger dot and
(7=1032 p3$ as compared to the QW decay time=(618 pulse(75 Wcm ). L}smg a filling fact_olr of 3.X 19 and
ps). Throughout this paper we will apply a three-level model@n absorption coefficient of >5_106 m %, we estimate an
to analyze the temporal profiles. The carrier capture and re2Verage nugber of 0.2 pairs per dot and pulse for
laxation from the excited state to the excitonic ground statd = 75 W cm . Nonresonant excitation was then adjusted to
and the excitonic lifetime are modeled by time constants Yield approximately the same total intensity, i.e., the same
and, respectively. The time evolution of the PL signal thenumber of  electron-hole pairs per dot and pulse

follows from the analysis of the rate equations (~2.5 Wcm ?). Under these excitation condi_tions we ob-
serve the dynamics of single electron-hole pairs per dot and
I(t)c(e V"—e V) (r—1,). (1) exclude many patrticle effects, as will be confirmed in Sec. V.

Figure 3 summarizes the rise times for the three different
Note that(1) is invariant against an interchange gf and  excitation energies as a function of temperature. Increasing
7. The prolonged QD decay time can therefore either reflectemperature reduces all PL rise times systematically by ap-
a prolonged carrier lifetime or a slowed down carrier relax-proximately 35 ps between 5 and 60 K while preserving a
ation as predicted by the phonon bottleneck. The followingconstant offset of roughly 30 ps between rise times under
studies will, however, confirm the first interpretation andnonresonant excitation just above the GaAs barrier and reso-
show that the short QD rise time is determined by carriemant excitation just below the JiGa, _,As wetting layer. Ex-
capture and relaxation processes that are as fast as in the 2Ring at still lower energiesE.,=1.402 eV} decreases the
reference QW. rise times only slightly by some more 5-10 ps.

The temporal rise of the QD photoluminescence signal is We now turn to a study of the barrier luminescence. For
shown in the inset of Fig. 3 for three different excitation nonresonant excitation the electronic states in the QD’s will
energies T=5 K). As indicated by the arrows in Fig. 1, be populated mainly by carriers excited in the GaAs barrier.
excitation energies above and below the GaAs band gap havéhis results in an important carrier loss mechanism for the
been used. The PL rise times are determined from a curve fifarrier. Figure 4 shows time-resolved photoluminescence
of the whole temporal evolution of the PL emission accord-profiles of the GaAs barrier of the QD sampgkolid line)
ing to Eq.(1). The slowest rise time of 93 ps corresponds toand of the etched sample without the QD laygashed ling
an excitation energy of 1.561 eV, slightly above the GaAsat T=25 K. An excitation energy of 2.330 eV was used in
barrier band gap, while rise times of 62 and 56 ps are obboth cases. Due to the high absorption coefficient the laser
served under resonant excitation at 1.483 eV below th@enetration depth amounts to about 150 nm. Thus the GaAs
ground state of the 1.5-ML WGa _,As wetting layer and emission originates mainly from the GaAs buffer layer. The
1.402 eV deep in the dots, respectively. The resonant exclifetime of the GaAs barrier in the sample where the QD
tation energies(1.483 and 1.402 el correspond to the layer has been completely removéthshed curve in Fig.)4
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FIG. 5. Comparison of the corrected barrier decay tirpdor

FIG. 4. Time-resolved photoluminescence signals of the GaAd=2.5 Wicnf (see the teyt with the difference in rise times
barrier (T=25 K, E¢=2.33 eV, and|=25 W/cnf) before 71— 72 from Fig. 3 as a function of temperature.
(solid curve, m,,=27 p9 and after removal of the QD’&dashed
curve, 7o=216 p3 as illustrated in the inset. (i) PL rise times under nonresonant excitation are deter-

mined by carrier capture into the dots and carrier relaxation

amounts tory=216 ps and is dominated by surface recom-inside the dots while rise times under resonant excitation
bination and diffusion into the substrate where more nonrareflect the carrier relaxation inside the QD’s solely. Equation
diative recombination channels might be present. In contrastp) implies that the carrier relaxation process is the same for
the lifetime of the GaAs emission in the original dot samplenonresonant and resonant excitation for the low excitation
is drastically reduced ta,=27 ps(solid curve in Fig. 4. densities usedcf. Sec. V A.
Note that an increase of the surface recombination velocity (ji) PL decay times are determined by the exciton lifetime
by the wet chemical etching process would result in the opin the QD ground state. They remain constant at low tem-
posite effect, i.e., a shorter barrier lifetime for the sampleperature and are nearly independent of the excitation energy.
without the QDs. Clearly, it is the presence of the QD layer  Consequently, we interpret the comparison of the time-
that results in a fast loss channel for carriers in the GaAsesolved emission curves of the QD’s and the QW of Fig. 2
barrier. as follows.(i) The nearly identical rise times of the two PL

The efficient carrier capture is confirmed first by the highsignals for 25 K(Ref. 17 is evidence that the carrier relax-
luminescence intensities of the QD’s and second by a deation in the QD’s is as fast as in the 2D reference QW.
crease of the time- and wavelength-integrated GaAs barrieThe prolonged QD decay time as compared to the one of the

signal with QD’s by a factor of 3 as compared to the oneQw is an indication of the smaller coherence volume of the
without QD’s. The absence of any emission from the 1.5-MLexciton in the QDX

wetting layer in our sample indicates that carriers are not just
captured into the wetting layer but are furthermore efficiently
and rapidly transferred into the QD’s. From the barrier life- V. NATURE OF THE CARRIER CAPTURE
time of the unprocessed dot samplg, we deduce @apture AND RELAXATION MECHANISMS
time 7., for the carrier capture from the barrier into the QD’s
by taking into account the finite lifetime of the carriers in the
barrier without QD’s7q according to 1#.= 1/7,,— 1/7q. For
the data shown in Fig. 4 we obtain a capture time of about 3
ps for T=25 K. Within these 31 ps carriers diffuse to the
QD’s and are captured into the high-lying QD states.
Figure 5 compares the carrier capture timeobtained
from the lifetime of the barriediamonds in Fig. bwith the
difference in rise times of the QD emissieircled triangles
in Fig. 5 obtained by subtracting the rise times, under
excitation slightly below the WL aE.,=1.483 eV from the
rise timesr,; under excitation slightly above the GaAs band ; ;
gap atE.,=1.561 eV for different temperatures. The good density dropping below 40 ps at 90 W/¢m

. . ; LA ~  Figure 7 displays the temperature dependence of the PL
agreement identifies the difference in rise times as the carri€fse times for the two typical excitation densities 2.5 and 50
capture time from the barrier into the QD’s: ;

W/cm? marked by arrows in Fig. 6 together with the tem-
?) perature dependence of the corrected barrier decay time

for the high excitation density. Under low excitation density
It furthermore allows the following assignments, thereby re<2.5 W/cn?) the PL rise times decrease with increasing tem-
solving the ambiguities discussed with Ed) and Fig. 2. perature(cf. Sec. IV}, while temperature no longer affects

Having identified the origin of the PL rise and decay
times we want to further characterize the capture and relax-
tion processes present in our QD’s in order to understand
e underlying physical mechanisms. We therefore studied
the PL rise times under nonresonant excitafién,= 2.330
eV (Ref. 19] as a function of the excitation density as shown
in Fig. 6. For excitation densities below4 Wi/cn? the PL
rise times amount to about 90 ps and do not depend on
excitation density. In contrast, for excitation densities above
~4 W/cn? nonresonant rise times are no longer indepen-
dent of the excitation power: They decrease with increasing

Te=Tr1™ Tr2-
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FIG. 6. Rise times of the QD photoluminescence under nonresol N€ observed differences raise the question whether different
nant excitation E.,=2.330 andT=5 K) as a function of the laser Mechanisms are responsible for the carrier relaxation in the
excitation density. two density regimes. In fact, we will show in the following
that the carrier relaxation process is mediated by mul-
C’rjphonon processes under low excitation and by Auger pro-
desses under high excitation.

Beforehand, we want to investigate the average number of
ectron-hole pairs created in the QD’s per excitation pulse

again: The dynamics of the QD luminescence should consid-

As demonstrated by Figs. 6 and 7, we deal with two den- " :
. . . . < erably change as soon as state filling takes pla&érst, the
sity regimes with markedly different propertie$) The PL time evolution of the ground-state emission should show a

rise tmes are independent of "‘—‘)?C't'?‘“on den§|ty belo""plateaulike behavior due to carrier replenishment from
~4 Wicn? and depend on excitation density above

. S higher states before following an exponential decay. Second,
f~4 chmz_ (")n;g_rhe PL rise tmes depen? on temperatl#rethe transient spectra at short times after the pulsed excitation
or I=2.5 Wijcnt and are independent of temperafure foryre eynected to exhibit broadening on the high-energy side
=50 Wi/cn?. (i) As shown in Sec. IV under low excita-

. . 2 . I X due to luminescence from excited states. Under nonresonant
tion density(2.5 W/cnr) capture and carrier relaxation are excitation ate.,= 2.33 eV both effects can first be seen very

separable, i.e., the sum of the rise time under resonant exq}\'/eakly at excitation densitids=7.5 Wicn? in our sample.
tation 7, and the corrected barrier decay timeequals the  jonce the “one electron-hole pair per dot and pulse” regime
rise time under nonresonant excitation: is expected not much below the excitation density of 7.5
W cm™2. Taking into account that the PL rise times do not
change for excitation densities below 4 W th ranging
down to densities as low as 0.2 W ¢rfy the relaxation dy-
namics in this regime is considered to essentially reflect the
100 e e —— relaxation of single electron-hole pairs per dot. This will be
particularly true for the lower nonresonant excitation energy
Ecxi=1.561 eV used for the measurements of Fig. 3
(1=2.5 Wcm ?), yielding a six times larger absorption

the carrier capture and relaxation processes under high ex
tation density(50 W/cn?). In the latter case, rise times re-
main constant at about 40 ps and coincide with the correctegI
barrier decay timer..

Tr2F Te=Tr1. )

o 1, for ;=25 W/cm?
w 7, for ,=50 W/cm?

80 i ] depth but the same PL rise times with the same temperature
o~ . dependence. Therefore, the number of pairs per dot and ex-
2 - 1 citation pulse of 0.2 calculated in Sec. IV seems realistic.

60 |- .

o
.E I A. Multiphonon processes(low excitation density)
40'_5 LI om0 s ] According to Eq.(2), carrier capture and relaxation are
i ¢ n " | sequential processes under low excitation dengiipe

Ny electron-hole pair per dot and puls€arriers are first cap-
. tured into the high-lying energy levels just below the
20 ——— 2'0 — 4'0 —t— 5'0 — %0 wetting-layer continuum(probably by the emission of LO
temperature (K) phonong and relax inside the QD’s afterwaldFig. 8@)].
The latter process is the slower one and reveals a stronger
FIG. 7. Temperature dependence of the QD rise timesinder ~ temperature dependence: The carrier relaxation is accelerated
nonresonant excitation for the two different excitation densities 2.90y about 40 ps by increasing the temperature from 2 to 60 K
and 50 W/cnf marked by arrows in Fig. 6. Also, the corrected (Fig. 3), while the carrier capture time decreases only by
barrier decay timer, for 50 W/cn? is shown. about 10 ps from~35 to ~25 ps in the same temperature

| 0 7, for ;=50 W/em™
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range(Fig. 5. The main contribution to the temperature de- ate state. The following arguments can then be generalized to

pendence oéll PL rise times therefore stems from the tem- higher-order multiphonon processes.

perature dynamics of the relaxation process inside the dots, (i) The temperature dependence of a two-phonon emis-

which is obviously the same for nonresonant and resonargion rate is determined by the producth(ﬁw(';lo

excitation. +1][ng(hw™) +1]. In the investigated temperature regime
Trying to identify the relaxation process, we first note thathe|ow 80 K we havd’zw'ao> kT~Aw:" and the LO Bose

Auger processes with carriers in the surrounding barrier mag;nctions are negligible. Acoustic phonofiso"™ with the

terial should not be present under resonant excitation. AUg&faximum relaxation rate will give the major contribution to
processes inside the QD are ruled out in the one electroqhe sum over acoustic wave vectdrand dominate the tem-

hole pair per dot regime because a third carrier is required e a1 re dependence of the whole emission rate as observed
relax both the electron and hole energy. In fact, the temper sxperimentally:

ture dependence of the PL rise times seems to be determined
. . . . _ _ 71 .
by a Bps_e d|§tr|butlon functiong= [expCE/k‘D 177, whlch Wone[ Ng(h 0™+ 1]. (6)
is an indication for a phonon relaxation process. By using a
function of the form7~*=T(X(ng+1), wherel'y is the  However, we cannot exclude the participation of more than
transition rate foff =0 K, we are able to perfectly reproduce one LA phonon in a multiphonon process because the mea-
the temperature-dependent rise times as shown in Fig. 3 f@jured rise times can be fitted by products of the féBhwith
the lower resonant excitation energy. The fit yields a characs|ightly higher phonon energies as well.

teristic energy oE=2.7 meV. We point out that this energy (i) We recall that single LA emission rates should not
compares favorably with the threshold LA-phonon energyexceed 10 s~ ! due to the small matrix elementsl LA

for reduced relaxation in a QD, while single LO processes proceed on a subpicosecond time
scale afT=0 K (large matrix element;©) if they match

the energy separation of QD state€S.For LO plus LA two-
onon processes sums over product teiySM* have to
calculated yielding relaxation rates of abové'1§ ! ac-
cording to Ref. 23, which is even larger than the observed

o (P~hcy(2m/L,), (4)

which has been deduced from energy and quasimomentuﬁ{1
conservation argument$ This energy has been shown to be e
effective in predicting the maximum LA emission rate in the 4
direction of the strongest confinemelnt and the onset of elaxation rates.

strongly quenched LA transition rates at higher phonon en- 10 04" Ignowledci]e Pulgp?onoréprocesfses;f higher order
ergies for a statistical average of an ensemble of QD’s. Usin ave not been calculated for Q S s far. But again it is
portant to realize that the emission times for single-

L,=5 nm as the smallest dot dimension and a velocity o h o t iust be added to give th

sound of c;=3400 m/s for InsGa 4As?t we obtain pmoinoinnertriwrlssenrptrr?cessr?s camra?nju?n I'?ii nen orglve €

fog™=2.8 meV. We seem to deal with a relaxation process?_ SsI0 € for the co espo“ g ultiphonon process.
herefore, even a few of the “slow” LA phonons might

including the emission of acoustic phonons with an ener.g)f:)articipate in the measured fast relaxation-e10® s at

that is typical for the particular QD size and allows maxi- low temperature. Note in this context that the number of

mum emission rates. This is the case when the aCOUStiCr'e uired LA phonons to cover an arbitrary energetic separa-
phonon wavelength is comparable with the electron’s wave: d b y 9 P

length according to Eq.(4). Because no intermediate tion between excitation and detection energy by a LO-LA

electronic or excitonic states are available for both singl multiphonon process is reduced first by the possible interac-

such LA emission processes and single LO emission rst-ion of QD cariers with the energetically different LO
P 9 I honons of the GaAs bulk, the |Ga _,As wetting layer,

cesses we assign the fast relaxation to multiphonon processgs ) X
of several LO and LA phononfFig. 8a)] as recently ob- the InGa,_.As QD's, and the respective interfacesmeV

served in PLE experiment@ in Ref. 22 and second by broadening of these LO phonons

i atemp o furhr et he dea of  muphonon 2 A 16 e Hroogenenes, oo i secoun
relaxation process we investigate the probability of an elec; . ; o
tron to emit one LO phonot»-° and one LA phonon further increase the number of possible combinations of LQ
LA d and LA phonons to relax both the electron and hole energy:
hy® in a two-phonon process: Phonon-assisted electron-hole scattering has been shown to
ise xSt allow a rapid transfer of the electron energy to the Hole,
E/( Mg My which means that the relaxation process of the electron-hole
Ei—Es—fawg’ pair is limited only by the hole relaxation through its more

dense energy spectrum.

1 2«

W =
o T Gk

S

2

M :(SM sf
! [Np(hw®) +1][ng(h o

+—
Ei—Es—fowp”

B. Auger processeghigh excitation density)

+1]8(Ei—Ef—hag —hol), (5) For time-averaged excitation densitiesibove 4 W/cni
the rise times under nonresonant excitation decrease with
whereng, hog® (hoy), andM, (M) are the Bose dis- increasing excitation density and become independent of
tribution function, the LO(LA) phonon energy, and the ma- temperature at high excitation densitg0 W/cm?). Both
trix elements for LO(LA) emission via the Fidlich interac-  properties are characteristic features of Auger procésses.
tion (deformation potential interactionrespectively.i (f) The Auger scattering rates exceed the combined phonon cap-
denotes the initiaifinal) QD state and a virtual intermedi-  ture and relaxation rates ef10'° s~ for | >4 W/cn? and
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dominate the overall capture and relaxation rate at VI. CONCLUSION
| =50 W/cnt. Then the corrected barrier decay timede-

o . . \ Comparing PL rise times under resonant and nonresonant
scribing the carrier capture into the QD’s equals the nonreso-_ =~ . ; ; .
S o excitation with the decay times of the GaAs barrier allows us
nant rise timer,; of the QD emissioEq. (3)]. 7, reflects

the carrier capturandrelaxation. This can be explained by a to separate and clearly identify the carrier capture and the

. . . . carrier relaxation under low excitation density. We observe
single Auger process that is responsible for the carrier Calsoih fast capture and relaxation processes of the order of
ture and carrier relaxation as illustrated in Figb)8for the

041 i . ; :
electron. The electrothole) is captured from the barrier di- _}_gle tsem eeVrZ?ulrr;: tgs Zﬂzgigrgfﬂtaglgf ?;;g?ﬂndg :ggggg a
rectly into the QD ground state by transferring its energy to P P

. different behavior at low and high excitation densities. We
a second barrier electrghole) next to the QD. However, we . X .
. .interpret our results in terms of multiphonon processes at low
consider as well a sequence of two Auger processes dis- ~." . . ) i
.02 ) I : excitation densities. The temperature-dependent rise times
played in Fig. &): The electron is first captured into an .’ . ; :

4 i X . ._Indicate that acoustic phonons with energies that allow the
excited QD state by Auger interaction with a second barrier aximum emission rates for the particular dot size to be
electron and relaxes down to the QD ground state afterward, o . P .

A . . realized are involved. The phonon wavelength is then com-
giving its energy to a third barrier electron or even more

probably to another electron inside the QD. Note in this con-parable to the electron wavelength; typical acoustic-phonon

text that the onset of the decreasing PL rise times in Fig. & ge;gr;isor?gitﬂe\é Z;ii;\ ?g! ggnmsﬁséidALO ter;e r%?eggggggan
occurs at the same excitation density as the first observatiort " ' 9 gerp

of state filling. Equation3) will be fulfilled for the Auger aicgot‘i‘rrr‘]te‘;o:h‘;‘f”asr';y'ndoef’:r:‘d:r”; ;‘”;réﬁ{gpiﬁ[gt‘é;e't'gfeegigdf;t
sequence if the Auger relaxation process is fast as compar 9 P P

to the Auger capture process. This has indeed been show"r?'iXatlon Processes.
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