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We studied the electronic structure and relaxation processes in InAs quantum dots embedded in GaAs. Using
capacitance measurements along with photoluminescence spectroscopy, we estimate the energy splitting be-
tween the ground and first excited quantum-dot state in the conduction and valence band, respectively. There
are five quantum-dot transitions observable in our photoluminesc@tigespectra, which we attribute to
allowed transitions between electron and hole states of the same quantum number. Phonon-related relaxation
processes were studied combining PL, resonan{f®L), and photoluminescence excitatiALE) experi-
ments. In the RPL as well as in the PLE spectra, we observed enhanced signals at twice the phonon energies
available in the system. Therefore, a maximum in the intensity of the PLE and RPL signal does not necessarily
occur when most of the dots are pumped resonantly into an excited state. The main criterion, however, seems
to be that the energy distance between the pumped levels and the levels below matches a multiple of the
available phonon energies. Changing the pump power in our resonant PL experiments corroborates that at least
in the small carrier density regime phonon-related processes are important for the carrier relaxation in InAs
guantum dots embedded in GaAs bulk matefi@D163-18206)07039-1

. INTRODUCTION energy levels'!?as well as the carrier relaxation processes
in such QD’s are still subjects of intense resedrch?So far
The epitaxial growth of different materials on top of eachthe electronic structure is determined theoretically and con-
other using molecular beam epitaxy MBE, metal organicfirmed by comparing the calculated transition energies with
chemical vapor deposition, etc. allows the creation of quanexperimental photoluminescen¢BL) datall??3 Size and
tum structures with completely different electronic behaviorshape effects on the dot potential, however, are not well
compared to bulk material. Due to the thin deposited layer&known and understood. The situation becomes even more
of different materials quantum effects are clearly observablecomplicated because of the lattice mismatch between InAs
Devices with interesting properties have been developed bgnd GaAs which produces a high strain in the system. There-
taking advantage of two-dimensional quantum phenoména. fore, different theoretical assumptions lead to different mod-
Two-dimensional confined systems are relatively easy to fabels of the electronic structure in InAs self-assembled QD'’s.
ricate with layer-by-layer epitaxy. It is much more difficult For example using a small pyramidal shape for the QD’s the
to obtain additional confinement in the lateral direction and(PL) peaks under high excitation are explained by “forbid-
achieve one-dimensional quantum witesand zero- den” transitions between only one electron state and several
dimensional quantum dot®D’s).* hole levels'! On the other hand, a parabolic potential of a
An easy way to fabricate zero-dimensional QDs is thelens-shaped QD gives energetically equidistant transitions
growth of InAs on GaAs in the Stranski-Krastanow growth between electron and hole levels of the same quantum
mode® In this case a 1-ML-thick InAs layer is formed on numbers’®
GaAs at the initial stage of the growth. Due to the 7% lattice In our study we have determined the electronic structure
mismatch between GaAs and InAs, the two-dimensionabf InAs QD’s embedded in GaAs by combining capacitance
growth changes into a three-dimensional one after the depdC-V) and photoluminescence spectroscopy. Therefore, no
sition of =1.5-1.6 ML InAs. Small InAs islands are formed. assumptions about the dot potential, the strain, and other
In this system zero-dimensional quantum phenomena havgarameters are necessary.
been clearly observét1? Having an idea about the electronic structure it is now
The self-assembling QD structures are very interestingossible to discuss the relaxation processes in self-assembled
from both technological and physical points of view. A QD’s. Several groups have already reported on this topic
guantum-dot laser, for example, is predicted to have a veruysing either resonant P(RPL) or photoluminescence exci-
low threshold current because of its zero-dimensional densittation spectroscopyPLE) to explore carrier relaxation pro-
of states. On the other hand, for building a device it is verycesses in zero-dimensional systerh¥"?! The carrier relax-
important to completely understand the physical propertiestion seems to be dominated by phonon-related effects if the
of the QDs. QD’s are pumped resonantly. This has been confirmed by
Much research has been done on these self-assemblitigne-resolved measurements where the relaxation times in
QD’s. However, the number and energetic positions of theAl,In;_,As QD’s were studied pumping on and off reso-
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nance with the phonon energyHowever, only relaxation growth interruption. The InAs dot region is embedded be-
into the ground state was studied and nothing was reportelveen two lum-thick GaAs-AlAs (1.8 nm/1.5 nm SPS’s
about the effect of different carrier relaxation efficiencies onwhich were grown at 600 °C. The InAs QD region between
the PL line shape pumping nonresonantly into the claddinghe SPSs consists of ten periods of 1.8-ML InAs and 50-nm
layers. The carrier density should also have an effect on thig 4oG& 99 AS and was grown at a pyrometer reading of
relaxation mechanisms because at high carrier densities tim&30 °C. The 0.3% In concentration in the Gg, _,AS spacer
resolved experiments measured onGg, _,As QD’s sug- layer was used in order to exclude a flux transient during the
gest that other processes like Auger effet8might be re-  InAs dot growth and ensure the same dot size and composi-
sponsible for the fast carrier relaxation in these dots. tion for each of the ten dot layers. Therefore, the ten InAs
We have investigated carrier relaxation not only to theQD layers are as identical as possible. A 100-nm-thick
ground state but also between excited states comparing Plng o5& 99AS layer separates the cladding layers from the
RPL, and PLE spectra measured at the same sample positidit region. These layers were grown at 600 °C. The whole
(i.e., the same dot size distribution and densifihe line  structure is capped with 10-nm GaAs. Due to the 50-nm
shape of the PL and RPL signals and the relaxation processéy, ooGa, g9 AS between the dot layers vertical alignment
are discussed as a function of QD size and pump intensityand electronic coupling of the QD’s can be excludée?
We were able to define and separate different relaxation All C-V experiments were carried outBt4.2 K using a
mechanisms. In the PLE and RPL spectra various structurés?210 EG&G dual phase lock-in amplifier. To measure the
are observed which we attribute to enhanced luminescenaapacitance, an ac bias of 5 mV was added to a variable dc
caused by phonon-assisted relaxation. The difference béias®
tween the energy of the pump light and the PLE and RPL For our PL studies we pumped our samples with an Ar
structures, respectively, is in good agreement with the availlaser and a Ti-sapphire laser was used in our PLE and RPL
able phonon energies. Especially in the low carrier densityexperiments. Both lasers were focused down to a spot size of
regime it seems that phonon-assisted processes are an impabout 100um. The luminescence was dispersed by a 0.85-m
tant carrier relaxation mechanism in InAs self-assemblediouble spectrometer, and detected by a cooled Ge detector
guantum dots embedded in GaAs while at higher carrier derwith a spatial resolution of 0.5 nm.
sities other mechanisms like Auger effects become more and

more dominant. A. Electronic structure of InAs self-assembled quantum dots

In order to obtain information about the various electron
Il. EXPERIMENT and hole levels in our QD’s, we investigated sample | with
C-V and PL spectroscopy. In this particular sample all dot
We have grown two different samples in a Varian GEN Il jevels are above the Fermi level only at an applied dc bias of
MBE system under an As pressure 010 ° Torr. Inboth  y<—1 V. In this case the doping concentration in the
samples the substrate was not rotated during the InAs dep@rdoped GaAs region and the thickness of the intrinsic layers
sition. This procedure allows us to explore rapidly a range ofbove determine the capacitance of the sample. With de-
dot sizes and densities grown simultaneously. creasing negative bias the electron ground sfateeled 0 in
Sample | was especially designed for capacitance experkig. 1) is shifted below the Fermi leve . The QD's are
ments. In this sample a 160-nm-thick GaAs/Al&&nm/2-  |oaded with one electron. This results in a change of the
nm) short-period superlattic€SPS was grown on a thick capacitance signal and a peak appeats$=at-0.85 V in Fig.
GaAs buffer layer at 600 °C followed by 20-nm Si-doped 1. The broadening of the peak is caused by a distribution in
GaAs (np=4x10" cm ). A 25-nm intrinsic GaAs layer |n-Ga composition, strain, and size of the QD's.
separates the InAs dots from the doped GaAs layer. Before An additional energy is required to overcome the Cou-
we started the deposition of InAs with a growth rate of 0.04|omb blockadeE. if a second electron is added to the ground
ML/s, we lowered the substrate temperature to 530 °C. Thetate of the dots. This process is described by the second

first 1.5-ML InAs were grown in 0.15-ML intervals followed peak atU=—0.7 V. The applied bias can be converted into
by 2-s growth interruption. After that, we continued to de- energy according fo

posit about 0.2-ML InAs in steps of 0.05-ML with 2-s delay
time in between until the reflection high-energy electron- to
diffraction pattern changes from streakiwo-dimensional E=—U, 1)
(2D) growth]| to spotty (3D growth. After a short growth
interruption we overgrew the InAs QD’s with 5-nm intrinsic wherety=25 nm andt;,;=175 nm are the thicknesses of the
GaAs before the temperature was increased to 600 °C and @pacer layer and the total intrinsic region, respectivsbe
additional 25-nm GaAs was deposited. The whole structuré¢he inset of Fig. L From the distance between the two peaks
was capped by a 116-nm-thick GaAs/Al&snm/3 nm) SPS we determined a Coulomb charging energy of
and 4-nm GaAs to prevent oxidation of the AlAs layers. ForEc=e?/2C~20 meV for InAs QD’s embedded in GaA§€.
our capacitance experiments we used conventional photolis the self-capacitance of the quantum dot. The Coulomb
thography to fabricate circular gat€s50-um diametey. The  charging energy of a metallic disk with radius 10 nm embed-
Shottky interface is formed by a 15-nm-thick Cr layer, fol- ded in GaAs isEc=18 meV which is in quite good agree-
lowed by 10-nm Ni and 200-nm gold for bonding the device.ment with our experimentally observed value. In order to put
The back contact is a Ni-AuGe alloy annealed at 400 °C fora third electron into the QD the first excited electron level
120 s. (labeled 1 in Fig. L has to be shifted below the Fermi level,
Sample Il is completely undoped, and was grown withoutand the Coulomb blockade of two electrons has to be over-
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FIG. 1. Capacitance spectrum of sample | measurdd=at.2 K FIG. 2. PL spectrum(-O-O-) of sample | pumped with 30
with an ac bias of 5 mV. The inset shows a schematic conductioW/mn? of an Ar*-laser afT =300 K. The solid line shows a Gauss-
band diagram ) of the sample aU=0 V. ian line fit (---) to the experimental data. The nhumbered transitions

in the inset are attached to the numbered PL peaksandE,, are
come. This leads to an increase in the capacitance signal &te conduction- and valence-band edges, respectively.
U=-0.25 V. Taking the Coulomb effects into account we

in an enerav solittindE~. . between the aground and €duivalent to the sum of thg energgtic distadey,, o/, be-
g?st? exgiteg :tzgtilas %f ro%gh(iKEm —90 meV—QJZEC~50 tween the ground and the first excited states of the electron
£

and the hole system. According to our model the peaks la-
eled 2—4 in Fig. 2 describe optical transitions between
igher excited QD states. Due to Coulomb blockade effects,

these higher excited states are not observable inQthé

meV. Here it is assumed thét. is independent of the num-
ber of electrons, which are already in the dot, and the Q
level in which tunneling takes place. Despite our crude as

sumptions AEo, ., determined with capacitance, is in good gecym of Fig. 1. Here the dots are loaded with electrons

agreement with far-infrared data measured on the same @j1y and the energy levels above the first excited state are
similar sampleé.' A more detailed study about Coulomb gpifted into the wetting-layer continuum.

charging effects in terms of number of electrons in a quan-  However, in PL the total charge in the QD is 0, and there-
tum dot is given in Refs. 28 and 29. fore recombination processes between higher excited states
The broad shouldeflabeled 1 in Fig. 1atU~0 V de-  are visible below the wetting-layer transition. This interpre-
scribes the tunneling of the third, fourth, fifth, and sixth elec-tation seems to be reasonable since Dt measurements
tron into the first excited electron state of the QD. This stateand far-infrared absorption show that at least four electron
consists of two degenerate energy leveis=+/—1), and states can be associated with the QD’s. This statement will
each can be filled with two electrons. The broadening ise justified below. In addition, we assume that forbidden
caused by Coulomb blockade effects. Finally the strong intransitions do not contribute to the PL spectrum. As in ca-
crease in the capacitance signal at abdut0.4 V corre-  pacitance spectra slightly different dots are again responsible
sponds to tunneling of the electrons into the two-dimensionafor the broadening of the PL peaks. The energy splitting
InAs-wetting-layer states. With respect to K@) we deter- AE,, of the peaks decreases froMEy; =77 meV to
mined a distance between the QD ground state and th&E.;,=62 meV with the increasing number of the transition,
wetting-layer ground state of roughlyEy, =180 meV. and their full width of half maximum is about 60 meV as
In order to obtain an idea about the hole confinementeduced from a multiple gauss fit also shown in Fig. 2. As
energies, we measured the PL spectrum of sample | pumpedready mentioned above, the number of excited states is in
with 300 mW of a focused Afr laser atT=300 K. In Fig. 2  good agreement with our results from capacitance spectros-
the GaAs band edge as well as the InAs wetting-layer traneopy. With the latter technique an energetic distance between
sition are observable at 1.424 and 1.35 eV, respectively. Ththe QD and the wetting-layer ground state of roughly
QD PL signal at lower energies consists of five peaks whichAE,,, ~180 meV is determinedsee Fig. 1 The energy
we attribute to transitions between electron and hole statesplitting between the ground and first excited electron states
with the same quantum numbeisset of Fig. 2. According  in the QD is aboutAEq; ,~50 meV. Assuming the same
to Fig. 2 the PL peak labeled 0 reflects the recombination oénergy splitting for all other electron levels, at least four
an exciton in its QD ground state. The PL peak labeled Jelectron states should exist in an unloaded InAs QD. How-
describes the recombination process of an electron in the firgver, the level splitting decreases with increasing quantum
excited state with a hole in the first excited stétgain these number, as can be observed in the PL spectrum of Fig. 2.
states consist of two degenerate energy levels with+/  Therefore, the existence of an additional electron level re-
—1). The energetic differencE,; between peaks 0 and 1 is sulting in a fifth PL peak is quite reasonable.
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FIG. 3. Model of the phonon-related relaxation mechani&nand of the resulting Plb) in an ensemble of QD’s with slightly different
electronic structures. The gray boxes labeigd,,, andE, ¢, describe the energy-level distribution of the grow@idand first excited1) QD
states in the conduction and valence bands, respectively. Déstlig@rrows reflect the relaxatiamadiative recombinatiorprocesses. The
thickness of a line increases with the probability of a relaxation or a recombination process. Thkeftighide of(a) depicts the situation
for small (large QD’s marked with a smalllarge disk. The black bar on the far right side represents the phonon energy available for the
carrier relaxation, which splits into two parts used for electron and hole relaxation, respectively. The dashed Gaussian(buarestire
modeled PL of an ensemble of slightly different QD’s without size-dependent phonon-enhanced relaxation taken into account. The full lines
represent the PL signal of small and large QDtwrked with disks of different diametaerhen size-dependent phonon relaxation is included
according to(a).

The difference betweeAEy=E;—E;=AEy+AEq,  The phonon energies available in the system are 29.6 meV
(Fig. 2 andAE,  (Fig. 1 and the inset of Fig.)Zjives an  for the InAs WL and 31.9 meV for the InAs QD phonon, as
energy splitting between the ground and first excited holevell as 35 meV for the GaAs-InAs interface and 36.6 meV
states ofAEy; ;=27 meV in our sample. In the consider- for the GaAs phonoAt
ations above, excitonic effects are less important because |n a real experiment a huge number of QD’s is investi-
only energy differences are taken into account, and the bintgated. All these QD’s have slightly different ratios of the
ing energies for an exciton in the ground and first excited QDn-Ga concentration, strain, and size, which results in a dis-
sta_tes are very similaf. Ac_co_rdmg to Refs. 12 and 23, a ipution of the QD energy levelgepresented by the gray
ratio of 2 for the_ energy splitting of the electron and the holey, a5 in Fig. 8)]. Larger QD's have their energy levels on
levels seem quite reasonable. the low-energy siddleft side of Fig. 3a) marked with a

large disK, and smaller dots on the high-energy side of this
B. Carrier relaxation in InAs quantum dots distribution [rlght side of Flg Ba), marked with a small
disk]. However, not only the absolute energetic position but

Having an idea about the electronic structure in our QD’s, -
it is possible to discuss the relaxation processes between dﬁ-a_lso the energy splitting of the QD levels depends on the

ferent dot levels. Due to the energy dispersion in t@eet- particular QD sizg[Fig._ S(a)]. ,

ting layep and three—dimensionalg)éystgrtGaAs cla\g‘?ﬁng Phpnons act like size fllters_ for these. QD S As_already
layersg hot carriers are able to relax down easily to the banc{mm'one‘.j aboye, efﬂqent carrier relaxation is possible only
edges using first optical and finally acoustic phonons. If Eq. (2) is fulfilled. Figure 3 shows that only the energy-

Zero-dimensional QD systems have no energy dispersiol?ve.I Slp“'f[t'tng AEOllf_/hlz E%’etfﬂ_ E?{e/h in_small QDbIS Ilf
but well-defined sharp levels ik space. If carriers want to cauivalent to a multiple of the phonon energg,, [blac

bar in Fig. 3a)], while the splitting in large QD’s is not.
relax down to a lower energy levek)l by phonon-related . -t ) .
processes, the energy splittiade,, = E,— E, (y=x+1) be- Therefore, carrier relaxation in large QO'#hin dashed line

tween these levels has to match a multiple of the availablgq Fig. 3a)] is reduced compared to small QD[shick

phonon energie¥. Since the electron and hole are localized dashed line in Fig. @). Due to the size-dependent relax-

at the same position in real space, the Coulomb interactioﬁt'orllI eﬁllac,lerjc;r/]_thhe Intensity 0(; E[hethgroqnd-Tta]Eel R of D
between these two types of carriers is very strong, and th ma QD’s is higher compared to the signal of large QD's

. . 3(b)]. This results in an enhancement of the signal on
electron and hole are no longer independent of each oth -19 .3( i ;
Therefore, excitonic relaxation might be the dominant ther-he h|g.h-energy S'd‘? of the modeled ground-state PL of F|.g.
malization process in QD¥3! For fast phonon-enhanced _3(b). Since the confinement energy depends on the dot size

carrier relaxation, either the energy splitting of the electron" large dots, the level splitting does not match a multiple of

and the hole IevelSAE, ,n=Ey on— Ex ) OF a combina- the phonon energies. Therefore, the carriers stay longer in

tion of both(excitonic relaxationhas to match a multiple of exc!ted states an(_j recombine there. Consequently t_he PL of
the phonon energie,): excited stateg1) is enhanced on the low-energy side for

large dots(Fig. 3.
On the other hand, if the level splitting in large dots meets
AE,y et AE, n=nEy; (y=x+1,nintege). (2) EQq.(2), the considerations above would result in an enhance-
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of sample Il measured at the same wafer position, the
same dot size distribution and densitfpue to the ten dot
layers and the thick cladding layers the excitation per dot is
significantly lower compared to sample | even at higher
pump intensity. Therefore, in the PL spectrum of Fig. 4 the
guantum-dot transitions at higher energies are less pro-
nounced compared to the PL data of sample | in Fig. 2.
Nevertheless, in the PL curve of Fig. 4 there are at least two
excited QD states clearly observable at 1.18 and 1.25 eV,
respectively.

The detection energi4.—=1.13 eV of the PLE spectrum
is marked by the dashed line. Due to the zero-dimensional
density of states, the ground state of the selected QD’s is not
observable in PLE experimerit€?! unless a time-delayed
experiment is usetf As expected from the PL data, the PLE
signal shows two pronounced peaks which we attribute to

0.2

0.15

01

0.05

PL and PLE signal (arb. units)

0 transitions into the first and second excited QD states. As
105 11 115 12 125 1.3 135 already mentioned above, a structure in the PLE spectrum is
energy (eV) observed only if absorption of the laser light is possible, and

if the excited electron-hole pair is able to relax down to the
FIG. 4. PL(thin line) and PLE spectrurtthick line) of sample I QD ground state.
measured at 10 K and pumped with an"Aaser(50 W/mn?) and In the PLE experiment shown in Fig. 4, the detection
a Ti-sapphire lasef27 W/mnf), respectively. Analogous to Fig. energy is equivalent to the energy, where the ground-state
3(b), the energetic position of the PL signal is marked by large andp)_ gjgnal is maximum. Since the energetic distance between
small F:Iisks according to the QD'size. The dashed line shows th?ne PL transitions0,1,2 is slightly smaller than twice the
detection energ¥ 4. Of the PLE signal. As soon as the energy of phonon energ;Eph mostly the small dots are investigated

the pump lase(E,) is in resonance with the firg¢t) or second2) . ! . . .
excited-state transition(see the inset and relaxation into the with PLE according to the size-dependent relaxation effi-

ground state0) is possible, a signal appears at the detection energyCi€ncy described in Fig. 3. In these QD’s the carrier relax-
ation is most efficient, and their ground-state PL is at a maxi-
ment of the ground-state PL on the low-energy sidege ~ mum. Consequently a peak in the PLE signal appears on the
dots, and the PL of excited states is increased on the highhigh-energy side of an excited-state transitiig. 4). Only
energy side'small dotg. In any case, however, the PL does for such excitation energids,, are the carriers created in the
not necessarily reflect only the QD level distribution but isproper dot size, and the carrier relaxation in these QD’s is
modified by size-dependent relaxation efficiencies if themost efficient. Following the discussion in the previous para-
splitting of the energy levels in the QD.e., the energetic graph, this results in a shift of the PLE with regard to the PL
distance AE=E;—Ey=AEq .+ AEq, between two QD peaks(Figs. 3 and % The energy distance between the de-
transitiong is close to a multiple of the phonon energies.tection energyE g (dashed ling and the first PLE peak as
Such size-dependent relaxation effects should be also obvell as between the first and second PLE structures matches
servable in the PLE signal of a QD ensemble. The PLE dat&wice the phonon energies available in the system, which is a
do not only reflect the absorption of the sample, but in addistrong argument that phonon-related processes are very im-
tion depend strongly on the carrier relaxation down to theportant for the carrier relaxation in InAs QD’s.
detection energ$* To obtain more information about the phonons which are
In order to study the relaxation processes in an ensembli@volved in these relaxation processes we performed reso-
of InAs QD’s, we performed PL, PLE, and RPL experimentsnant PL(RPL) experiments on the same sample positidn.
on sample Il using a Ti-sapphire laser with 200-mW outputAt an excitation energye., of 1.157 eV [0 in Fig. 5a)]
power as a wavelength tunable pump source. Since welectron and hole pairs are excited mainly into the ground
pumped resonantly with a single laser line, relaxation of astate of small dot$the inset of Fig. &)]. As already dis-
single exciton is studied with PLE and RPL experiments.cussed those dots have slightly higher transition energies
According to Ref. 30 the energetic position of the energythan larger dots and their ground-state PL is therefore on the
levels (i.e., the transition energyin a QD depends on the high-energy shoulder of the PL peak at 1.13 eV. If there is
number of excitons in the dot. Consequently, as soon as amo coupling between the dots, the carriers cannot relax down
exciton is excited the QD levels change their energetic posito lower energies, but have to recombine from the same state
tion. Thus, the transition energy comes out of resonance witin which they had been excited. Therefore, the sample emits
the laser beam, and due to the zero-dimensional density ahostly at the excitation energy and the RPL signal at lower
states in a QD excitation of a second exciton is suppresseénergies is weak in Fig.(8). With increasing energy the
As soon as the first exciton recombines, the electronic strudaser beam pumps more and more carriers into the first ex-
ture of the QD recovers and it is possible to create the nextited electron and hole level of the QD’s. Thus relaxation
exciton. A detailed theoretical study of excitons in self as-into the ground state is possible which results in an increase
sembled QD is given in Ref. 30. of the RPL signal at lower energies. The relaxation process is
Figure 4 shows PI(thin line) and PLE(thick line) spectra most efficient in those QD’s in which the electronic structure



54 CARRIER RELAXATION AND ELECTRONIC STRUCTUE . .. 11351

0.1

T T T T 0.1

g 0.08 : 2% { Eph(WL) ‘:0.08 g
I E,,(QD) 1 B
2006 70.06 £
5 [ 2x { E s(Gads) ] =
%004 E (IF) 10.04 5
: d
g >
1
8 T FIG. 5. PL and RPL spectra of sample Il done
_ o under the same experimental conditions as in Fig.
£ 4. The RPL spectra are measured at different ex-
= £ citation energie€,, [(a), (c), and(e)]. The ener-
g 2 getic position of the PL corresponding to the size
g § of the QD is marked by large and small disks
E g  (compare Figs. 3 and)4The inset shows the ex-
& % citation and recombination for the labeled excita-
ki g ton energies. Inb), (d), and(f) the RPL curves
o are related to the excitation energy of the Ti-

sapphire laser. The dashed lines mark the phonon
= energiesEy, which are available in the InAs-
E 5 GaAs system.
s
E g
2 &
~
g 0.02 E
d

g

PSS BRI RTINS RR SN RIS R |

1.08 1.12 1.16 1.2 1.24 1.28 1.32
energy (eV)

fulfills Eq. (2). In this case the energy difference between the The intensity of the ground state RPL signal decreases for
exciting and the emitted light matches a multiple of a phonorpump energies higher thadf,,=1.207 eV and finally reaches

energy, a minimum atE.,=1.237 eV[2 in Fig. 5c)] whereas a peak
appears in the PL spectrum. In this case the carriers are
ErpL— Eex= AEyy e+ AEyn=nEy, (y=x+1,n integey. pumped into the second excited state of larger dots. For most

(3)  of these dots the splitting of the energy levels does not meet
the multiphonon conditions for easy relaxation described in
Following the previous discussion an enhanced RPL signal i&q. (2). As already mentioned above this causes an enhance-
observed in Fig. &). At a pump energy of 1.207 eM in  ment of the PL of the excited state and the ground-state RPL
Fig. 5(a) and Fig. %c)] most of the created carriers can relax signal decreases. In addition to the ground-state lumines-
down to the ground state via phonons and the intensity of theence a signal from the first excited state appears in Figs.
ground-state RPL signal reaches a maximum. 5(c) and 5e). We attribute this effect to carriers which relax
The phonon energies are independent of the excitatiodown from the second excited into the first excited state by
energy. Therefore, the energetic distance between a phonomultiple phonon-related processgsgs. d), 5(f), and the
related RPL structure and the excitation energy has to bimset of Fig. %e)]. The splitting between the first excited and
constant{see also Eq(3)]. In fact, if the RPL signal is re- the ground state in these dots, however, does not match Eq.
lated to the excitation energy one of the peaks lines up at2). Therefore, the probability of radiative recombination
about twice the phonon energy of Ga#36.6 meV} or the  from the first excited state is enhanced. Due to the high strain
GaAs-InAs interface phonof85 me\). A second one can be and the strong QD confinement light-hole transitions are at
attributed to a relaxation process which is supported by thenuch higher energies and can be excluded to be responsible
InAs QD phonon30 meVj or the InAs wetting-layer phonon for the PL signal at 1.18 eV in Fig. 8.
(29 meV) [Fig. 5b)]. The broadening of the phonon struc-  With further increasing energy of the pump light more
tures is attributed to the high strain in the dot region whichand more carriers are created in the second excited state of
has also an influence on the phonon energies. We interprétose dots, whose electronic structure fulfills E8) [Fig.
the small peak at 35 meV as Raman-scattered laser lighi(e)]. Since the relaxation efficiency is high in this case, the
because its linewidth is only 3 meV, and its intensity showsRPL signal of the ground state increases again. Due to broad-
almost no dependence on the energy of the pump light.  ening, phonon-related structures are no longer observable in
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relaxation time was observed if the M;_,As QD’s are

0:08 SR pumped resonantly into an excited state which is separated
0.07 £ T=10K 3 from the ground state by one phonon energy.
= 006 Plaser ] lll. CONCLUSION
2 - 2.7 kW/cm? ] ) i
5 o005 F 160 Wiem2 (x17) 3 We used capacitance and photoluminescence spectros-
g n 25 W/em?2 (x110) 7 copy to study the energy splitting of electron and hole states
= 0.04 ] in InAs self-assembled quantum dots embedded in GaAs
o . ] bulk material. Taking Coulomb effects into account, we de-
g 003 E termined an energetic distance between the ground and first
§ g ] excited electron QD states &fE,; ,~50 meV. In combina-
g 002 E tion with the PL data measured at the same sample this re-
001 b Eex sults in a level separation between ground and first excited
T \ bk hole QD states of roughlEqy; ,~27 meV. In our PL spec-
ob W L U 7 Al tra measured with high excitation, we observe five peaks
S AT S S T PRI AR IR below the wetting-layer transition which we attribute to
1.05 1.1 1.15 1.2 1.25 electron-hole recombination from quantum-dot levels of the
energy (eV) same quantum number. The number of excited states is in

good agreement with our results from capacitance spectros-
FIG. 6. RPL spectra of sample Il measured at different pumpcopy. It seems that the Hamiltonian for an InAs QD system
intensities and with the same excitation enefgy, of the Ti-  can be well approximated by a parabolic potential since the
sapphire laser. The spectra are normalized to the spectrum meRL peaks are almost equidistant from each other. PLE and
sured with the highest pump intensifynultiplication factors in  RPL experiments show clearly the existence of phonon-
brackets. enhanced carrier relaxation into the ground and excited states
if the energy splitting between the QD levels matches twice
the ground-state RPL signal. The same phenomenon appearg available phonon energies. Saturation effects can be ruled
for the higher levels with further increasing pump energy.out because a change of the pump power over two orders of
Finally the RPL signal becomes similar to the PL signal. magnitude has no influence on the line shape of the RPL
In order to rule out that saturation effettsof the lower  spectra. Therefore, structures in the PLE and RPL signal do
levels are responsible for the RPL signal of the excited stategot necessarily depend only on the density of states but also
we changed the pump intensity of the Ti-sapphire laser ovegn the efficiency of the carrier relaxation between the
two orders of magnitude. The integrated RPL signal changegumped level and the level below. In addition, different
linearly with the pump intensity but there is no change in thephonon-related carrier relaxation efficiencies for different
line shape observablig. 6). This clearly indicates that our QD sizes would also explain the slight shift between the PL
experiments were all done under equilibrium conditions ancand PLE structures observed in our experiments. Finally, it is
the characteristic line shape results from different relaxationmportant to keep in mind that the electronic structure as
probabilities between the energy levels in different QD’s. well as the relaxation processes are described in an easy
Following the previous discussion it is important to note model in order to give an idea about the situation in InAs
that a maximum in the intensity of the PLE or RPL signal self-assembled QD’s grown at our growth conditions. How-
does not necessarily occur when most of the dots are pumpesier, much remains to be understood since different growth
resonantly into excited states. The main criterion, howeverparameterslike temperature or As pressormight result in
is that the energy distance between the pumped levels anfle formation of different QD’s with different energetic con-
the levels below matches a multiple of the available phonomyitions, and the influence of carrier density on the relaxation
energies. This effect even appears in normal PL spectra. Aprocesses is still unclear.
efficient phonon-assisted carrier relaxation results in a carrier
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