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Few-particle interactions in charged InxGa1ÀxAsÕGaAs quantum dots
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The impact of few-particle interactions on excited states of excitons localized in self-organized
InxGa12xAs /GaAs quantum dots~QD’s!, charged either with electrons or holes, is investigated. Excited-state
absorption is probed size selectively by photoluminescence excitation spectroscopy improving the achieved
resolution beyond the inhomogeneous broadening. Charging QD’s embedded in suitable diode structures leads
to nonlinear changes of the absorption characteristics for the individual excited-state transitions, enabling their
unambiguous identification. Few-particle interactions lead to a renormalization of the excited-state transition
energies, which ranges from a pronounced red shift to a blue shift depending on the excited-state transition and
the type of spectator charge. The most pronounced effects occur charging the ground state of the QD’s. The
results are supported by eight-bandk•p model calculations using a configuration-interaction scheme to account
for the Coulomb interaction in the few-particle states.

DOI: 10.1103/PhysRevB.67.235304 PACS number~s!: 78.67.Hc, 78.55.Cr, 73.21.La, 71.15.Qe
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I. INTRODUCTION

In recent years, fundamental properties of quantum d
~QD’s!, which confine electrons and holes in all three dime
sions on a nanometer scale, have been studied extensiv1

In particular, self-organized QD’s have attracted much in
est due to their defect-free, coherent nature, which is a
condition for the investigation of intrinsic electronic prope
ties. The possibility to grow complex nanostructures
unpatterned substrates in a way compatible with conv
tional heterostructures and the high luminescence yield h
led to the successful development of injection lasers,2,3 as
well as the demonstration of detectors4,5 and memory
devices.6–8

The localization of charges in the small volume of a Q
strongly enhances the Coulomb interaction between the
calized carriers. However, the kinetic confinement energ
predicted to reduce the impact of correlation and exchang
the strong confinement limit, leaving state filling as t
dominant nonlinear effect.9 In this limit, the Coulomb inter-
action alters the transition energies, but the change of
wave functions due to correlation/exchange is negligible.
self-organized QD’s, the confinement is in the intermedi
regime and the Coulomb interaction is expected to not
ably change the wave functions. Indeed, calculations pre
a renormalization of the ground-state exciton transition
ergy by the presence of spectator charges as well as of s
tator excitons.10 For self-organized QD’s, the structural d
tails and, in particular, the resulting inhomogeneous str
distribution lead to a complex potential landscape, which
distinctively different for electrons and holes.11 Correspond-
ingly, the effect of the Coulomb interaction on localized fe
particle states is expected to depend strongly on the ac
structural details of the QD’s.12

In recent years, investigations on single QD’s have p
vided experimental information on the renormalization of t
ground-state exciton in the presence of spectator charge
excitons.13–18 The spectral resolution in such experiments
limited ideally only by the homogeneous linewidth of th
transitions and allows resolving the fine structure as wel
renormalization on ameV scale. Both binding and antibind
0163-1829/2003/67~23!/235304~9!/$20.00 67 2353
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ing renormalizations have been observed for exciton
biexciton complexes in QD’s charged with electrons13–16and
holes.17,18However, such single-QD PL~photoluminescence!
experiments concentrate on the ground state of the m
particle configurations. In order to gain information on t
excited-state transitions, one has to probe the absorp
spectrum of the charged QD’s. Previous investigations
near-infrared exciton19 and mid-infrared electron20 absorp-
tion of negatively charged QD’s probed the full ensemb
and, thus, were limited by inhomogeneous broadeni
which obscures the information expected from such exp
ments.

Here we investigate the excited-state spectra of sub
sembles of charged self-organized InxGa12xAs/GaAs QD’s
defined by the ground-state transition energy. Incorpora
the QD’s in the space-charge region ofp1n- andn1p-diodes
allows controlled charging of the QD’s with electrons a
holes, respectively. To overcome the inhomogeneous bro
ening PL excitation spectroscopy~PLE! is used, which
probes size selectively the absorption spectrum of QD’s w
the selected ground-state transition energy.21 The bias-
dependent charge state of the QD’s is determined fr
capacitance-voltage (C-V) investigations~Sec. III A!, show-
ing that the present QD’s can be filled with up to appro
mately eight electrons and seven holes, respectively. A c
acteristic saturation as well as a renormalization of
transition energies of the individual absorptions with incre
ing charging help in identifying the excited-state transitio
and to understand the few-particle effects~Secs. III B and
III C !. The experimental results are supported by eight-b
k•p calculations~Sec. III D! accounting for the Coulomb
interaction including correlation and exchange in
configuration-interaction scheme.22

II. EXPERIMENT

The investigated samples were grown by metalorga
chemical vapor deposition~MOCVD! on GaAs~001! sub-
strates, whereby the QD layer was incorporated inp1n- and
n1p-diode structures to allow for controlled charging. Th
QD layer surrounded by;10 nm semi-insulating GaAs is
©2003 The American Physical Society04-1
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embedded in the low-doped (;1016 cm23) side of the di-
odes. The QD’s are outside the space-charge region wit
bias and, thus, completely charged in a conductive surrou
ing. Increasing the reverse bias, the QD’s are successi
depopulated and finally become neutral. The process is il
trated schematically by the insets~from right to left! of Fig.
1 for electrons.

SampleE1 is a p1n structure with InxGa12xAs /GaAs
QD’s embedded in then region. The InxGa12xAs QD’s were
grown at 500 °C depositing;7 ML In0.7Ga0.3As on top of a
QD ‘‘seed’’ layer formed by the deposition of;3.5 ML
In0.7Ga0.3As QD’s, where ML stands for monolayer. Th
GaAs spacer of only 3 nm thickness ensures vertical co
lation, which allows to fix the QD density in favor of a large
size of the upper InxGa12xAs QD layer.23 Transmission elec-
tron microscopy investigations of similar samples24 yield an
area density of;531010 cm22 and a truncated shape wit
an average base width of;20 nm and height of;4 nm.
X-ray diffraction25 and cross-sectional scanning tunnel m
croscopy data26 suggest that the indium content of the QD
is indeed higher than the nominal one. The ground-state t
sition energy is;1.0 eV at He temperatures. Note that t
smaller InxGa12xAs seed QD’s have only a minor effect o
the electronic and optical properties of the InxGa12xAs QD’s
due to the large mismatch of the ground-state transi
energies.27

In order to compare the impact of negative and posit
charging of QD’s with electrons and holes, respectively, t
additional structures, dubbedE2 andH2, have been inves
tigated. The samples contain a single InxGa12xAs /GaAs QD
layer formed by the deposition of;3 ML In0.8Ga0.2As at
500 °C in ap1n ~E2! and an1p ~H2! structure. The QD’s
are less dense (;331010 cm22) and smaller than in sampl

FIG. 1. C-V plot of sampleE1 allowing to identify the bias-
dependent average charge state of the QD’s. Below26.5 V the
QD’s are empty; between26.5 and25.5 V, the ground state is
filled; and between25.5 and23 V, excited states are filled with
spectator electrons. Above23 V, localization of further spectato
electrons in the QD’s is prevented by Coulomb charging. The in
depict schematically vertical cuts through the QD potential for d
ferent charge states.
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E1,28 resulting in a larger ground-state transition energy
;1.12 eV.

The bias-dependent charging of the QD’s in the dio
structures was investigated in C-V experiments using a p
cision LCR meter as described in Ref. 29. For the PL a
PLE experiments, the samples were mounted in
continuous-flow He cryostat at temperatures between 7
and 220 K. A tungsten lamp dispersed by a 0.27 m doub
grating monochromator served as a low-density, tunable l
source. The luminescence was spectrally dispersed b
0.3 m double-grating monochromator and detected with
cooled Ge-diode using lock-in techniques.

III. EXPERIMENTAL RESULTS

A. Bias-dependent charge state

Incorporating QD’s inpn-diode structures allows us t
tune the Fermi level in the vicinity of the QD’s by applyin
an appropriate bias voltage, which is commonly exploit
e.g., for deep level transient capacitance spectrosc
investigations.30 In the present context,C-V spectra reveal
the biases needed to charge the different QD levels in
investigated samples, whereby a low modulation freque
~1 kHz at 77 K! ensures compatibility to the quasistatic sit
ation in the optical measurements. Figure 1 depicts theC-V
spectrum~solid line! and its second derivative~dashed line!
for sampleE1. The low-bias onsets of the plateaus, i.e., t
peaks in the second derivative mark the beginning pop
tion of a QD shell.31 Three different regimes can be ident
fied: Below a bias of26.5 V, the electron levels of the QD’
are completely above the Fermi level and therefore no sp
tator electrons are in the QD’s~left inset of Fig. 1!. Between
26.5 and25.5 V, the ground state is populated with tw
spectator electrons~middle inset!. Above 25.5 V, excited
states are populated with electrons, whereby above23 V
the QD’s leave the space-charge region being comple
filled ~right inset!.

Note that the Coulomb charging limits the equilibriu
population of the QD’s well before all localized levels a
filled. The localized charges lead to a local band bend
around the QD’s lifting the higher excited states above
Fermi level~see the right inset of Fig. 1!. Such excited states
are separated only by a potential barrier from the surrou
ing barrier continuum and often dubbed ‘‘resonant state
Even though the carriers in such resonant states could p
cipally tunnel to the surrounding matrix, they can be op
cally investigated as shown below.

The C-V results allow us to estimate the number of ca
riers accumulated in the QD layer.32 The independent knowl-
edge of the QD density is required to estimate the aver
population of the completely charged QD’s. For sampleE1,
this yields approximately eight electrons per QD. The la
substate splitting of the electron levels allows us to dist
guish population of the ground and excited QD states, res
ing in an additional plateau in theC-V curve.29 The evalua-
tion of theC-V data in this bias region yields two carriers p
QD, as expected for a spin-degenerated ground state.

C-V measurements of sampleE2 reveal charging of the
ground state above21.1 V and of the excited states abov
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FIG. 2. Bias-dependent PL
spectra at 77 K on a logarithmic
scale ~b!, showing the ground-
state shift to be negligible abov
26.5 V. Panels~a! and ~c! show
PL spectra for the limiting case
of empty and completely charge
QD’s, respectively, on a linea
scale.
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20.45 V. At 10.4 V, the QD’s leave the space-charge
gion. The actual biases differ for each sample depending
the position of the QD’s with respect to the space-cha
region and the doping levels. SampleH2 is populated with
holes between29 V and 26.8 V, whereby the smalle
quantization of the hole levels does not allow to distingu
population of the ground and excited states. The smaller
of the QD’s in samplesE2 andH2 results in a smaller lo-
calization energy and a larger substate splitting. Theref
we expect less carriers per completely charged QD comp
to sampleE1. Evaluating theC-V data yields approximately
five electrons per QD for sampleE1 and approximately
seven holes per QD for sampleH2.

B. Negatively charged QD’s

Charge-dependent PL spectra of thep1n structureE1
with the seeded InGaAs QD’s are summarized in Fig. 2. T
spectra have been recorded at 77 K exciting at 1.45 eV w
a density below 5 mW/cm2 in order to ensure that the carrie
distribution reaches and maintains its bias-dependent equ
rium under optical excitation. Figure 2~b! shows a contour
plot of the logarithmic PL intensity in dependence on t
detection energy and the applied bias. Figures 2~a! and 2~c!
depict, respectively, the PL spectra for the two limiting ca
of empty (UBias5210 V) and completely filled~UBias50
V! QD’s. At zero bias, PL from localized wetting layer~WL!
states33 (;1.23 eV) is seen in addition to the QD PL peak
1.024 eV. Applying a reverse bias leads to an electric fi
across the QD layer, which ultimately decreases the lumin
cence yield. The threshold for the PL quenching depends
the exciton localization, starting with the WL (;25 V) and
finally also affects the QD (;28 V) luminescence. The
probability of carrier escape by tunneling across the appr
mately triangular barrier depends on the localization ene
and the local electric field. Interestingly, the inhomog
neously broadened PL peak does not change its energy
tion when depopulating the QD’s between23 V and
26.5 V. In single-QD investigations, a renormalization
23530
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the ground-state exciton recombination energy of up
;8 meV has been observed for negatively charg
InxGa12xAs /GaAs QD’s,16 which is clearly not the case fo
the present sample. A possible explanation might be the
pendence of the renormalization on the details of the con
ing potential, being obviously quite different for the inves
gated InxGa12xAs QD’s (EG;1 eV) and QD’s with ground-
state energies.1.2 eV, typically probed in single-QD
experiments. The minor red shift (;5 meV) decreasing the
bias voltage from26.5 V to210 V ~the QD’s are neutral in
this bias range! is attributed to the Stark effect34 and the
dependence of the carrier escape rate on the localiza
energy.

Figure 3 compares normalized PL spectra of sampleE1
for various biases, i.e., as a function of the charging of
QD’s. At 7 K @Fig. 3~a!#, the spectator electrons do not affe
the PL spectrum even when the electrons populate exc
states, suggesting that independent of the charge state
combination of electrons and holes in the respective grou
state dominates. Obviously, the relaxation of the photoge
ated holes to the ground state is faster than recombina
and ‘‘allowed’’ transitions dominate. Note that the broad l
minescence between 1.1 eV and 1.3 eV@Fig. 2~c!# originates
from a broad distribution of localized WL states33 and not
from transitions involving the recombination of electrons
excited states of the charged QD’s.

At 220 K @Fig. 3~b!#, thermal redistribution within the QD
ensemble leads to a narrowing of the PL spectrum,
excited-state transitions become visible in the charged Q
The latter is attributed to the thermal population of excit
hole levels, which enables allowed recombination with el
trons in excited states. Obviously, allowed transitions w
Dn50 dominate in the spectra of the investigated flat, tru
cated QD’s, though strict selection rules would be expec
only for idealized QD’s with, e.g., a two-dimension
harmonic-oscillator potential. Theoretical studies indica
that the reduction of the piezoelectric potential when trunc
ing QD’s partly recovers the selection rules.10 In addition,
4-3
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the spectator charges in the QD’s lead to a screening of
piezoelectric potential further reducing the lateral asymm
try.

In the following, excited-state absorption in charged QD
is investigated by PLE spectroscopy. As has been dem
strated recently, in an ensemble of noninteracting QD’s
PLE spectra reveal absorption spectra of a subensemble
fined by the ground-state transition energy.21 Varying the de-

FIG. 3. PL spectra of sampleE1 for different charging condi-
tions at 7 K~a! and 220 K~b!. At low temperature, the hole relaxe
to the ground-state before recombination and no excited-state
sitions can be seen. At 220 K, the holes are thermally activated
excited states, and excited-state recombination is observed in
The results indicate that allowed transitions dominate the n
infrared optical spectra in truncated QD’s.
23530
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tection energy allows, e.g., to probe the size dependenc
the quantization. Here, a fixed detection energy is used
select always the same sub-ensemble in the cha
dependent experiments. The renormalization of the grou
state transition energy is negligable as was shown in F
2~b!. Figure 4~b! shows the PL intensity on a logarithmi
scale in dependence of the excitation energy and the
voltage. Figures 4~a! and 4~c! show the PLE spectra o
empty (UBias510 V) and completely charged (UBias

50 V) QD’s, respectively. As has been demonstra
previously,21 the dominating linegroupscan be labeled with
respect to a two-dimensional harmonic-oscillator modeln
50,1,2), which might serve as a first approximation, sin
for electrons the quantization is significantly larger than
impact of the structure-dependent symmetry lowering. T
notation captures only the main contributions, neglecting
fine structure resulting from the actual structural propert
of the QD’s.11,21 For the neutral QD’s, the first excitatio
resonance;16 meV above the detection energy has pre
ously been attributed to a transition between an excited h
state and the electron ground state.21 The resonance a
;36 meV is attributed to LO-phonon-assisted absorption
the exciton ground state. Both peaks involve the elect
ground state and are, therefore, markedn50. For the first
excited (n51) electron state, three peaks are resolv
around 53 meV, 67 meV, and 77 meV, involving two nea
degenerate electron states and several hole states. Finall
components of the second excited (n52) state lead to ab-
sorption ;140 meV above the ground state transition e
ergy.

Charging the QD’s with electrons, the PLE spectra, i.
the absorption spectra, change drastically. For each ex
tion resonance, the transition energy and intensity are,
spectively, renormalized and quenched in a character
way, see Fig. 5. The quenching of the PLE peaks is attribu
in first order to saturation resulting from successive filling
the electron levels, providing additional information on t
origin of the various absorptions. The intensity of the ex
tation resonances is shown in Fig. 5~a! as a function of the

n-
to
L.
r-
-
e
r

b-

-

FIG. 4. Contour plot of the PL
intensity at 1.024 eV on a loga
rithmic scale in dependence on th
bias and the excitation energy fo
sampleE1, panel~b!. Two n50
transitions, involving an excited
hole state ~marked 0! and LO-
phonon-assisted ground-state a
sorption ~LO!, are shown. Sub-
structures of then51 transitions
(1a–1c) and n52 transitions
(2a,2b) can be identified. Panels
~a! and ~c! depict PLE spectra for
the limiting cases of empty and
completely charged QD’s, respec
tively, on a linear scale.
4-4
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applied bias. Bothn50 transitions are quenched betwe
26.5 and25.5 V indicating saturation of the QD groun
state with electrons in good agreement with theC-V results
discussed above, see Fig. 1. The results support the prev
assignment to a ‘‘forbidden’’ transition between the electr
ground state and an excited hole state.21 The three resolved
components of then51 excited-state transition grou
quench between25.5 V and23 V. The energy splitting of
the components of then51 state is small compared to th
main quantization, being consistent with the occurrence
line groups in PLE as well as the observation of a sin
inhomogeneously broadened peak in high-density
experiments.35 Finally, also then52 excitation resonance
quenches by about 50%. Note that the absorption of thn
52 excited state decreases already populating the gro
and then51 excited states. This behavior suggests a red
tion of the corresponding oscillator strength when charg
the QD’s. Due to the Coulomb charging, then52 excited
state is expected to become a resonant state above the
band edge. The concomitant change of the wave funct
could lower the oscillator strength and thus mimic a satu
tion of the absorption. By assuming a two-dimension
harmonic-oscillator model, a maximum charging with a
proximately eight to nine spectator electrons is estima
when the QD’s are outside the space-charge region, bein
good agreement with the estimate based on theC-V data
~Sec. III A!. Note that in a conducting environment, th
maximum charge state is insensitive to the actual dop
level, which however affects the width of the tunnel barrie
and, thus, the properties of the resonant states and the
needed to reach an equilibrium charge distribution. For

FIG. 5. Evaluation of Fig. 3,~a! bias-dependent intensity and~b!
bias dependent transition energy of the excited-state transition
sampleE1.
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investigated samples and excitation energies ab
;1.23 eV, the PLE spectra show almost no dependence
the charge state of the QD’s. Apparently, holes relax to
ground state recombining with a ground state electron,
electron relaxation dominates the tunnel escape for the r
nant states.

Figure 5~b! summarizes the transition energies, which a
given with respect to the ground-state transition, of the va
ous excitation resonances as a function of the applied b
The QD’s are empty below26.5 V and experience an in
creasing local electric field with decreasing bias. The fie
induced tunnel escape and the Stark effect reduce the e
tation yield and lower the energy of the highest excited st
2b, see Fig. 5. More interestingly, the transition energ
renormalize when the QD’s are charged with electrons ab
26.5 V. The largest effect on the excited-state transition
ergies have the first two charges occupying the ground s
which result in red shifts of then51 andn52 transitions of
up to ;17 meV. With increasing charging, few-particle e
fects lead to a renormalization of the transition energies. T
observed red shift implies that the excited-state transiti
are more sensitive to correlation/exchange than the grou
state transition and that the direct Coulomb interaction is l
important than exchange and correlation. A possible exp
nation for the large effect of the first two charge carrie
might be the efficient screening of the piezoelectric potent
a nonlinear effect that is well known for InxGa12xN
structures.36,37 Note that band bending due to Coulom
charging and the finite electric field in the growth directio
@as long as the QD’s are in the depletion region (UBias,
23 V)] affects the wave functions and transition energi
too.

The combination of optical data and typical properties
InxGa12xAs QD’s allows another estimation of the numb
of electrons in sampleE1. The estimate is based on the lev
splitting of ;70 meV extracted from Fig. 5~b!, a Coulomb
charging energy per carrier of;20 meV,31,38,39and an elec-
tron localization energy of typically 280 meV~Ref. 10! for a
ground-state transition energy of 1.024 eV. Therewith, ab
seven spectator electrons will push then52 excited states
above the bulk GaAs band edge due to Coulomb charg
i.e., they will become ‘‘resonant states.’’ The estimate agr
well with approximately eight electrons per QD extract
from C-V ~Sec. III A! and the optical data discussed abov

C. Positively charged QD’s

SamplesE2 andH2 allow us to compare the impact o
spectator electrons and holes on the excited states in n
nally identical InxGa12xAs QD’s. Figure 6 compares the re
sults of PLE experiments on samplesE2 ~left-hand side! and
H2 ~right-hand side!. The PLE spectra are shifted vertical
for clarity. The InxGa12xAs /GaAs QD’s are smaller than th
seeded InxGa12xAs /GaAs QD’s in sampleE1, resulting in a
higher ground-state transition energy (;1.12 eV) and
slightly larger substate splittings. A consequence of
weaker electron localization is a lower maximum char
state. The PLE spectra support a lower maximum charg
showing still some absorption due to then51 excited-state

for
4-5
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FIG. 6. Comparative PLE
study of negatively~sampleE2)
and positively ~sample H2)
charged InxGa12xAs QD’s. Panels
~a! and ~b! show the PLE spectra
in the energy range of the excite
state transitions for differen
charging conditions. The evalua
tion of the intensity and transition
energy is shown for both sample
in panels~c! and ~e! for spectator
electrons and panels~d! and~f! for
spectator holes. Additional infor-
mation is extracted fromC-V
measurements and plotted a
vertical-dashed lines indicating
the plateaus where the QD’s be
come charged/discharged.
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transitions for sampleE2 under completely charged cond
tions (UBias.0.4 V). The occupation of completely charge
QD’s with approximately five electrons extracted fromC-V
measurements~Sec. III A! is consistent with the optical re
sults. Populating the electron ground state leads again
pronounced renormalization of then51 transitions by abou
10 meV. However, for then52 excited-state transition th
red shift continues until the QD’s are ‘‘completely’’ charge
reaching 25 meV. This behavior is clearly different from th
of sampleE1, Fig. 4~b!, which might be attributed to differ-
ent structural properties of the QD’s in both samples.

The right-hand side of Fig. 6 shows the influence of sp
tator holes as observed for sampleH2. The spectra of posi
tively and negatively charged QD’s are quite different w
respect to both the saturation of absorption and the renor
ization of the transition energies, as depicted in Figs. 6~d!
and 6~f!, respectively. The additional holes affect similar
the excitation resonances 1a and 2a as well as 1b and 2b.
This becomes particularly obvious from the renormalizat
of the transition energies leading, respectively, to a red s
and blue shift, Fig. 6~f!. Additionally, the quenching is more
pronounced for thea components than for theb components.
23530
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The results suggest that the subpeaksa andb involve differ-
ent hole levels. The only partly quenched subpeaksa andb
support the estimate of approximately seven holes per c
pletely charged QD as extracted from theC-V data ~Sec.
III A !.

D. Predicted absorption spectra of charged QD’s

The renormalization of the excited-state transition en
gies in charged QD’s is a consequence of the Coulomb
teraction between the localized carriers and the altered
rier potential due to band bending caused by the Coulo
charging. The latter leads to a transition from a localized t
resonant character of the higher excited states, which
lifted above the GaAs band edge. Experiments, as wel
calculations considering realistic structural properties for
QD’s, have already demonstrated that the properties of
ground state of few-particle complexes depends sensitiv
on the structural properties of the QD’s, leading to eith
blue or red shifts for one and the same few-particle state
differently shaped QD’s.12 The reason is that the direct Cou
lomb energies depend sensitively on the difference betw
4-6
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the electron and hole charge distributions, and that corr
tion and renormalization depend inversely on the quant
tion, i.e., the kinetic confinement energy and the suble
splitting. It is shown in the following that the behavior of th
excited states can be qualitatively understood by a comp
son to absorption spectra predicted for positively and ne
tively charged QD’s.

For the calculations, a truncated pyramidal InAs/Ga
QD with a baselength~height! of 18 nm ~3.5 nm! was as-
sumed guided by the QD’s in the investigated samples.40 The
structure is shown schematically in the inset of Fig. 7. T
calculations were performed based on the eight-bandk•p
model used previously to successfully predict the proper
of pyramidal InAs/GaAs QD’s.11,41 The few-particle states
are calculated by evaluating the Coulomb interaction in
configuration-interaction scheme including correlation a

FIG. 7. Predicted absorption spectrum of the neutral QD. T
transitions are labeled with the dominant participating electron
hole levels. The inset shows a schematic of the calculated In
GaAs QD.
23530
a-
-
l

ri-
a-

s

e

s

a
d

exchange.11 The exciton absorption spectrum of the neut
QD is shown in Fig. 7, whereby the height of the bars re
resents the oscillator strength. The transitions are labeled
cording to the dominating single-particle components. T
flat, truncated shape reduces the amplitude of the piezoe
tric potential and the strain-induced vertical modulation
the confinement potential, compared to the situation in py
midal QD’s, such that allowed transitions arranged in li
groups dominate the spectrum.10

Figure 8 compares the absorption spectra of negativ
@panel~a!# and positively@panel~b!# charged QD’s with up
to three spectator charges. The transitions have been a
cially broadened using Gaussians with a full width at h
maximum of 10 meV in order to sum up contributions
subcomponents that are not resolved in the experiments.
calculated spectra show clearly the quenching of the grou
state absorption observed in the experiments and the shi
the transition energies. Charging the QD with up to thr
carriers reduces also the oscillator strength of then52
excited-state transitions, as experimentally observed.
calculated spectra show red shifts up to;9 meV for the
excited-state transitions in case of negatively charged Q
whereby the population of the ground state already leads
pronounced renormalization. The renormalization is mu
smaller for positively charged QD’s and recovers for then
51 state transition of the triply charged QD.

IV. CONCLUSION

Excited-state transitions in positively and negative
charged InxGa12xAs /GaAs QD’s have been investigated b
size-selective PLE spectroscopy and eight-bandk•p model
calculations. The results clearly identify few-particle effec

e
d
s/
n

re
-

FIG. 8. Absorption spectra calculated in a
eight-bandk•p model for a neutral QD and a QD
charged by up to three spectator electrons@panel
~a!# or spectator holes@panel~b!#. In addition to
the d-type absorption lines, the spectra we
broadened by 10 meV to have a linewidth com
parable to the experimental results.
4-7



th
h

tify
e
u-

o
of
m
in
t

ie

or-
FB
o.
m-

T-
ons
d-

t

h.
d

c

rd

ue

B

tus

rg

.

an

re

k-
,

il
.M

S.
F.

-

s-

B

D.

d

kar,

f
-

l.

.

ys.

I.
in

,
,

ys.

.

y,
.
-

A.

H.

J.
M.
.F.

F. GUFFARTHet al. PHYSICAL REVIEW B 67, 235304 ~2003!
for the excited states, which are strongest when filling
ground state with spectator charges. Successive quenc
and renormalization of PLE resonances allow to iden
transitions corresponding to specific electron and hole lev
The band bending in the vicinity of the QD’s due to Co
lomb charging alters the confinement due to the formation
a ‘‘triangular’’ barrier, which reduces the confinement
higher excited states. The Coulomb charging limits the nu
ber of localized states and therewith the maximum charg
of the QD’s. However, the resonant excited states above
GaAs barrier are still observed in PLE, indicating carr
relaxation to be faster than tunnel escape.
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