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Spectroscopic access to single-hole energies in InAs/GaAs quantum dots
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We present a purely spectroscopic way to determine single-particle energy level splittings in individual
InAs/GaAs QDs. The method is based on a combination of u-photoluminescence spectroscopy (uPL) with
resonant excitation and u-photoluminescence excitation spectroscopy (uPLE) of charged QDs. The approach
allows elimination of all contributions from few-particle interactions such that true single-particle energy level
distances are determined. For the present InAs/GaAs QDs, showing ground-state recombination energies
between 1.23 to 1.27 eV, the splitting between the hole ground state (o) and first excited state (k) is
A(hgh;)=(27.1%=1.8) meV. The splitting between the first and second excited hole states is A(hh,)
=(10.8£0.3) meV. These values are in good agreement with results from eight-band k-p calculations on

lens-shaped InAs/GaAs QDs. Theoretical investigations identify unambiguously the heavy-hole-light-hole cou-
pling as the decisive parameter leading to a nonzero h;—h, splitting.
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I. INTRODUCTION

Semiconductor quantum dots (QDs) possess a discrete
electronic structure!-? in contrast to continuous bands of en-
ergy levels in bulk semiconductors. The eigenenergies and
wave functions of the three-dimensionally confined electrons
and holes were calculated in the past as a function of size,
shape, and chemical composition of the QDs by semiempir-
ical pseudopotential theory>* and eight-band k-p theory>%
including first- and second-order piezoelectric effects.

In optical experiments on ensembles of QDs the lumines-
cence or absorption of millions of excitonic complexes is
observed, leading to contourless inhomogeneously broad-
ened lineshapes. Advanced experimental techniques such as
cathodoluminescence,’” u-photoluminescence spectroscopy
(uPL),%? and u-photoluminescence excitation spectroscopy
(uPLE)'%-13 enabled spectroscopic investigations of single
excitonic complexes such as excitons, biexcitons, trions, and
the study of few-particle effects as a function of geometry
and chemical compositions of the QDs.!*!3 In order to com-
pare with theoretical predictions the single-particle theory
had to be further extended to a theory of few particles by
taking into account direct Coulomb exchange and correlation
effects. Only very recently a proper treatment of exchange
effects was proposed,'® enabling a quantitative comparison
with experiments. A direct test of single-particle calculations
by comparison to optical experiments is desirable but still
missing.

A memory concept based on hole storage in valence en-
ergy levels of a few QDs has been proposed recently.!”-!8
The storage capability in such a memory structure is deci-
sively influenced by the hole-level structure of QDs.

In this paper, we present a purely spectroscopic method to
determine directly the single-particle energy level splittings
in individual InAs/GaAs QDs. We will focus here on hole
levels. Results of uPL with resonant excitation and uPLE
experiments on the positively charged trion X+ (eyhohg) are
compared to each other. In the uPLE spectra the four-level
fine structure of the hot trion X+* (eghoh;) is
visualized.!®!%?0 The relaxation to the ground state X+ of
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one of the hot trion states is blocked due to a parallel spin
orientation of the hole spins and Pauli’s principle. That leads
to additional direct recombination processes in this
relaxation-blocked state. The observation of these recombi-
nation processes enables the direct measurement of the
single-particle hole-level splittings. As the initial state of the
recombination processes equals the final state of the corre-
sponding excitation process, all few-particle effects are
eliminated by subtracting both energies. The single-particle
hole-level energy splittings A(hgh,) and A(/k,h,) are obtained
with high accuracy. If uPLE investigations of the X- were
performed, the same approach would hold for the measure-
ment of excited electron levels.

II. EXPERIMENTAL

The investigated QDs were grown by molecular-beam ep-
itaxy (MBE) on GaAs(001) substrate. For the QD layer
nominally 2.5 monolayers of InAs are deposited and covered
by GaAs at 485 °C. The QD density is on the order of 5
X 10" ¢m™? with the PL maximum at 1.12 eV [full width at
half maximum (FWHM) of 75 meV]. For the single QD
measurements, we choose QDs with an exciton ground-state
recombination energy between 1.23 and 1.27 eV on the high
energy side of this distribution. All measurements are per-
formed at 15 K. The QD luminescence is excited by a tun-
able cw Ti:Sapphire laser through a gold shadow mask with
100 and 200 nm apertures on the sample surface and de-
tected by a triple 0.5 m monochromator with a LN,-cooled
charge coupled device (CCD).

III. SINGLE LEVEL SPLITTING VIA OPTICAL
SPECTROSCOPY

Systematic excitation-density and polarization-dependent
mPL measurements enabled the identification of the emission
lines corresponding to the ground-state recombination of the
exciton (X—0) and the positively charged trion
(X+ —hg).152122 The uPLE spectrum detected on the re-
combination energy of the positive trion Ez(X+ —hj) in
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FIG. 1. (Color online) (a) uPLE spectra detected on the trion
ground-state (X+) recombination energy and the two recombination
channels, (i) and (ii), of the relaxation-blocked hot trion state. (b)
MPL spectra with resonant excitation at the peak energies labeled
1-4 in (a). At resonant excitation into peak 2 additional recombina-
tion peaks emerge at detection energies of (i) and (ii). The uPL
graphs are shifted vertically and horizontally for clarity.

Fig. 1(a) reveals resonant eyh; and eyh, absorption lines of a
QD charged with a hole in the ground state /. The peak
intensities reflect the transition probability of these absorp-
tion processes, the relaxation into the ground state X+, and
its subsequent recombination. The unambiguous identifica-
tion of the resonances labeled 1-4 to hy— X+| , excitations
into the four states of the hot trion X+" in the configuration
eghoh, was enabled by a comparison to the fine-structure
splitting of the X+ revealed by the decay of the positively
charged biexciton in uPL.'® A deviation from QD structures
with mathematically exact symmetry is indicated by the ob-
servation of eph; transitions. As all three particles of the
X+ occupy different orbitals, the exchange interaction be-
tween them leads to a fine-structure splitting of the energy
levels resulting in four twofold degenerate sublevels, de-
noted as X+ , (see Fig. 2).192923-25 The X+], X+5, and
X+ states are triplet states with the projection of total angu-
lar momentum F,=*7/2, F,=*5/2, and F,=*1/2, re-
spectively. X+; is a singlet state with F,==*1/2. For each
state one of the two possible spin configurations is shown in
Fig. 2. The spin orientation of the electrons (heavy holes) is
denoted with 1] =1/2 (4T *£3/2), whereby bold arrow-
heads (Uff) mark the spin orientation of holes in the excited
state. For simplicity only the isotropic contributions of the
exchange interaction and heavy-hole states are considered.
Resonances 5 and 6 in Fig. 1(a) correspond to
ho— X+1"; excitations into the first two states of the excited
trion X+ (eyhoh,), as will be shown later in this work. The
X+ is expected to exhibit a fundamentally similar fine
structure to X+* of four twofold degenerate states, as shown
in Fig. 2. The absolute magnitude of the X+** fine-structure
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FIG. 2. (Color online) Level scheme of the X+" and X+** with
the respective eph; and eph, excitations into the hot trion states X
+ 4 and X+77. All states of X+* and X+"* are twofold degenerate.
On the left-hand side the main electron-hole configuration of each
excitonic complex, on the right one of the two spin configurations,
is shown. Arrowheads T, TT, and 1 represent the spin orientation of
electrons, holes, and excited holes. Excited state relaxation path-
ways, according to spin-selection rules, are marked by dotted gray
arrows. The three utilized recombination pathways are illustrated.
Rightmost the decay of the ground-state trion X+. Beside the decay
of the relaxation-blocked X+ with remaining /, and h,, respec-
tively. Excitation transitions 2 and 6 to the relaxation-blocked ex-
cited trion states are highlighted.

splitting deviates from that of the X+ since it is determined
by the spatial extent of the three wave functions.

In order to interpret the relative intensities of peaks 1-4,
spin-selection rules for an eph; absorption are considered.
Thus, an estimate for the probability of excitations
hy— X+, , into each of the four X+| , states and their re-
laxation probability into the X+ ground state can be given.
Conservation of total angular momentum AF,= = 1 demands
that the absorbed electron and hole must have opposite spins,
e.g., |Tl). Then, the eyh; absorptions to the X+, and to the
|TTTU) part of the X+; and X+ are optically allowed. Absorp-
tion to the |7 U1 part of the X+; and X+ states, as well as to
the X+ state is forbidden. Consequently the spin-dependent
eoh,-absorption probability is one for X+5, one half for X+;
and X+, and zero for X+]. Experimentally absorption reso-
nances 1-4 exhibit an intensity ratio of 7(1):1(2):1(3):1(4)
=0.18:0.17:0.50:0.64 (mean values for six dots). The theo-
retical estimate of the absorption probability approximately
agrees for intensities I(1), 1(3), and 1(4) even though heavy-
hole-light-hole mixing and the anisotropic part of the ex-
change interaction soften the derived optical selection
rules.'® However, the deviation of I(2) from its theoretical
value is striking. This peak intensity does not only reflect the
absorption but also the relaxation efficiency from X+, to the
X+ level, (cf. Fig. 2). As the holes in the ground and first
excited states have parallel spins in X+, the relaxation of the
excited hole is blocked. Long-time constants for hole spin
flips in InAs/GaAs QDs?%?7 lead to the reduced intensity of
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1(2) and an increased probability for an eyh, recombination
in the relaxation-blocked state X+5.

Two recombination channels of the relaxation-blocked
state X+5, dubbed as (i) and (ii) throughout this work, were
observed. They are disclosed by two additional peaks being
present in the wPL spectrum [Fig. 1(b)] upon resonant exci-
tation at the energy corresponding to the transition
ho— X+, (peak 2). These emission lines are not visible at
excitation energies in resonance to the other three transitions
hO_’X+T,3,4'

In order to identify these two recombination channels, the
MPLE spectra detected at the recombination energy of both
channels will be analyzed now. In addition, this analysis will
enable an estimate of the hole p-state splitting.

The excitation spectra detected on the emission line of
recombination channels (i) and (ii) are displayed in Fig. 1(a).
Their correspondence with several resonances in the excita-
tion spectrum detected on the trion ground state X+, which is
observed for all investigated QDs, shows that identical ex-
cited states from the same QD are probed here. Moreover,
the excitation spectra detected at (i) and (ii) share exactly the
same signature, proving that a radiative recombination from
the same state of the QD is probed. However, the detection
energies have a separation of 11.0 meV pointing to different
final states for the two recombination processes. As expected
from the uPL graphs, both excitation spectra have a common
resonance at the energy of the peak labeled 2 in the excita-
tion spectrum detected on the ground-state recombination en-
ergy of X+. Thus, the hy— X+, excitation results in three
different emission lines. One corresponds to the radiative
ephy recombination in X+ after relaxation. Two emission
lines are related to the direct eph, recombination in the
relaxation-blocked state X+5. The same three emission lines
are observed for excitation in resonance with peak 6 in Fig.
1(a). This resonance belongs to an excitation to the next
optically active excited trion level, which might be formed
either by a e hyhg or a ephyh, configuration. Higher indexed
configurations are unlikely due to the small energy difference
of 11.4 meV between peaks 2 and 6. Only the eyh, excitation
generates an excited trion with a fine structure and a
relaxation-blocked state. Therefore, resonance 6 is assigned
to the transition hy— X+,". Here, X+," corresponds to an
excited trion state in the configuration eyhyh, having a total
angular momentum F,=*5/2. On that basis peak 5 can be
interpreted as an hy— X+, excitation to the state with total
angular momentum F,= *=7/2. These transitions are illus-
trated in Fig. 2 by arrows numbered 5 and 6. A correct as-
signment of any two peaks in the excitation spectrum to
transitions into the excited trion states X+; and X+ is not
feasible at this point.

Still, the uPLE results reflect the energy level splitting
between the excited trions X+* and X+ in the configura-
tions eghohy and ephgh,. That splitting deviates from the
single-particle energy level splitting of the excited hole states
h; and h, due to few-particle effects, such as direct Coulomb
and exchange interactions. The contribution of the Coulomb
interaction to both binding energies is similar as the wave
functions of the excited holes &; and &, of X+* and X+** both
have a leading p-orbital character.*?®2° Furthermore, the in-
fluence of exchange effects is minimized for the observed
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energy difference of 11.4 meV between peaks 2 and 6 since
excited trion states with the same main total angular momen-
tum *=5/2 are considered. Overall, the energy separation
A (hyhy) i= Eeg(hg— X+, ") — Eeyo(hg— X+5) between reso-
nances 2 and 6 should deviate only little from the true p-state
splitting A(/,h,) between the single-particle hole states A,
and h,. See also notes in Refs. 30 and 31.

Knowing now the approximate hole p-state splitting
A**(h,h,) enables the identification of the two direct recom-
bination processes, (i) and (ii). As the initial state for both
recombination processes is identical, the difference of their
detection energies yields the energy level splitting between
the final states, without the influence of any additional few-
particle effects (cf. Fig. 2 and note in Ref. 30). Indeed, the
MPL spectrum displayed in Fig. 1(b) shows that recombina-
tion channel (ii) of the relaxation-blocked state X+ is red-
shifted by 11.0 meV with respect to channel (i). That corre-
sponds well to the A**(h,h,)=11.4 meV splitting. The small
deviation reflects the differences of the Coulomb interactions
between X+* and X+**, which is included in A**(h,h,) but
not in the single-particle level splitting A(h,h,). Thus, re-
combination channel (i) corresponds to the X+5— h; and (ii)
to the X+5— h, recombination. The latter process involves
an energy transfer promoting the spectator hole from the first
excited hole state /2 to the second one h,.

For the QD, whose spectra are displayed in Fig. 1, the
hole p-state splitting A(h,4,) is 11.0 meV. The single-particle
level splitting A(hoh;) can now be determined based on the
identification of recombination channel (i) with the transition
X+5— h;. The difference between the energy Eg.(X+5—h)
of the direct eyh, recombination in X+, and the energy
Eo(hg— X+5) for resonantly exciting the X+, yields the
single-particle  level splitting ~ A(hoh;)=Eqy(hg— X+3)
—E4(X+5— h;) between the first two hole levels kg and h,
of the QD (cf. Fig. 2). For the QD shown in Fig. 1 a value of
A(hgh,)=28.4 meV is determined. In Table I the hole-level
splittings of four additional QDs are listed, resulting in aver-
age values of A(hph)=(27.1=1.8) meV and A(hh,)
=(10.8=0.3) meV. The exciton ground-state transition en-
ergy for these dots differs by up to 37 meV. Such weak
dependence of the hole energy levels from the ground-state
energy of the QDs is expected theoretically.>°

IV. THEORY

In order to support the above conclusions and to under-
stand the origin of the observed hole-level splitting, realistic
modeling based on a three-dimensional (3D) implementation
of the eight-band k- p model for the single-particle states and
the configuration interaction method for the exciton energies
is used. The inhomogeneous strain as well as first- and
second-order piezoelectric effects are accounted for. A de-
tailed description of the entire method can be found in Refs.
5 and 6.

As model structures lens-shaped InAs/GaAs QDs, with a
trumpetlike InAs composition profile as, e.g., observed in
Refs. 32-34 are used. Diameters and heights range from
40-19 and 3.6-9.5 nm, respectively, whereby the total
amount of InAs is kept constant. The experimentally ob-
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TABLE 1. Single-particle hole-level splittings compared to the energy separation A*(hoh;), A*(h h,)
among X, X*, and X**. The energetic difference A**(hoh;), A**(h h,) among X+, X+, and X+" is listed as

well. All energies are in meV.

One particle

Two particles

Three particles

E(X) A(hohy) A(hyihy) A*(hohy) A¥(hihy) A*(hohy) A (hyhy)
1228.6 28.4 10.5 28.9 10.3 25.6 11.7
1245.1 28.3 10.8 30.2 8.1 24.2 7.8
1247.4 25.6 26.9 10.2 20.9 9.9
1248.4 28.4 11.0 29.5 9.0 24.9 11.4
1265.7 24.8 27.5 7.7 20.9 9.9

served large oscillator strength for the egh; absorption pro-
cesses suggests a deviation from QD structures with math-
ematically exact symmetry. This is taken into account by a
granulated alloy of the QDs, which has been shown to give
reasonable explanation for lifting of the optical selection
rules in MBE grown In(Ga)As/GaAs QDs.!® The color
scheme of the upper QD in Fig. 3 presents the continuous
virtual crystal approximation (VCA) of the In distribution
leading to strict selection rules and thus prohibiting eyh;
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FIG. 3. (Color online) Our model QD in the VCA on the top and
with a granular In distribution (non-VCA). (a) Single-particle hole-
level splitting A(hgh;) and A(hgh,) for lens-shaped QDs, with di-
ameters and heights ranging from 40-19 and 3.6-9.5 nm, respec-
tively. The In distribution is handled in the non-VCA mode. (b)
Light-hole contribution to the first four hole states A, i}, h,, and h;.

transitions. Starting from this InAs composition a granulated
alloy is derived, as shown for the lower dot in Fig. 3. For a
given fraction (x,1-x) of In,Ga,_,As at a given grid point
InAs is chosen with probability x and GaAs with 1 —x. Since
the choice is not unique we applied this procedure several
times for each QD. Due to the resulting granular In distribu-
tion any symmetry of the system is lifted. Consequently, the
strict selection rules are lifted and the eyh; transitions into
the excited trion states couple to the light field, in accordance
to the experimental observations.

The single-particle energy differences A(hyh;) and
A(hyh,) for these structures are shown in Fig. 3(a). Values
between 21.8 and 6.5 meV are observed for A(hyh;) and
between 6.5 and 14.0 meV for A(h,h,). Up to an aspect ratio
of 0.3 the splittings are in good agreement with the experi-
mental values. In addition, the calculated exciton ground-
state transition energies match the experimental range. For
aspect ratios larger than 0.2 the second p state crosses the
first d state; hence, A(hh,) refers to a splitting between the
first p state and the first d state.

The central issue is the origin of the large splitting be-
tween the first and second excited hole states, sometimes
termed hole p-state splitting (although it can be a p-d split-
ting). In a single-band effective mass model for hole states,
taking only the heavy-hole parts into account, a C.,, or Cy,
confinement symmetry results in a p-state splitting A(hh,)
=0. A nonzero p-state splitting in turn can only be explained
by a lowering of the confinement symmetry to at most C,,,.
The origin of such lowering can be a piezoelectric field® or a
QD elongation.®

To test whether such a conclusion holds also for an eight-
band k-p approach, which includes heavy-hole light-hole
coupling, we calculate the hole p-state splitting for lens-
shaped QDs as function of the lateral aspect ratio, including
and excluding the piezoelectric field. Hence, we separately
analyze the two potential sources of lateral anisotropy sepa-
rately. The volume of the QDs, with a vertical aspect ratio of
0.2 and a trumpetlike InAs composition profile, is kept con-
stant for the calculations. We use the VCA description; there-
with a circular base of the QDs leads to a C,, symmetry if
piezoelectricity is considered, and a C,, symmetry without
piezoelectricity, as the lattice structure is not included in the
eight-band k-p model. The results are shown in Fig. 4: a
large p-state splitting Ahh,>7.2 meV remains even in the
case of a circular-based QD, having a C.,-confinement sym-
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FIG. 4. (Color online) Hole-level splittings in the absence and
presence of piezoelectric fields for lens-shaped QDs of varying lat-
eral aspect ratio. The vertical aspect ratio of the QD is 0.2.

metry, in absence of piezoelectricity. The splitting is weakly
affected by the QD elongation. Thus, the origin of the split-
ting is the heavy-hole-light-hole coupling in such QDs. It
depends on their size and their vertical aspect ratio. The cou-
pling is smaller in flat QDs, resulting in a smaller p-state
splitting.®® For large very flat QDs the coupling disappears,
leading to a degeneracy of h; and h, (see Fig. 16 in Ref. 6).

For the nonelongated lens-shaped QDs the light-hole con-
tribution to the hole wave functions A; is displayed in Fig.
3(b) as a function of the vertical aspect ratio. Its percentage
increases for all hole states upon larger vertical aspect ratios
and is accompanied by an increase in the p-state splitting.
Thus, the heavy-hole-light-hole coupling seems to rule the
experimentally observed nonzero hole p-state splitting. In
contrast the piezoelectric field is too small in these QDs to
impose such a large hole p splitting.

V. FEW-PARTICLE EFFECTS

The exciton binding energy is experimentally not acces-
sible. Knowing the single-particle level splittings among #,,
h;, and h,, the difference between the binding energies of a
ground-state exciton (trion) and the exciton (trion) with one
hole in the excited state can be quantitatively analyzed.
Therewith, the spatial overlap of the electron (e;) and hole
(ho,hy,h,) wave functions in ground and excited complexes
is characterized.

The energy separation A™(hoh;) between X+* (eghoh;)
and the ground state X+ (eyhghy) is accessible by uPLE de-
tected on Eg(X+ — hg). To account for the exchange inter-
action in X+*, the mean value over all four excitation ener-
gies E,,.(hg— X+] ) has been taken to obtain the values of
A**(hoh;) shown in Table I. Compared to A(hoh,), A (hoh,)
is shifted to lower energies. The deviation A**(hgh,)
—A(hyh;) itself is related to the variation in the Coulomb
interaction (binding energy) between X+ and X+". Values
between —2.8 and —4.7 meV demonstrate a stronger binding
of the single particles in the X+* complex. The reduced at-
tractive (repulsive) Coulomb interaction between the /; and
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FIG. 5. (Color online) (a) uPLE spectrum detected on Eg (X
—0), showing the eph; and eph, absorptions. Labels next to the
peaks indicate the corresponding transitions. (b) wPLE spectrum
detected on Eg(X+5—hy). The A*™(hh,) is in good agreement
with A*(h;h,) in the exciton excitation spectrum. The shared AE
axis defines the difference between excitation and detection energy
in the corresponding uPLE spectrum.

e (hg) in the X+" is a result of the leading p-orbital character
of h] .

The spatial extent of the #; wave function in comparison
to the &, and hy wave function is accessed by an analysis of
few-particle effects in the ground X (eyh,) and excited state
excitons X* (eph;) and X** (egh,). Knowing the single-
particle hole-level splittings, transitions into excited exciton
states X* and X™ can be identified in the uPLE detected on
the exciton ground-state emission line Eg(X—0). This
spectrum [Fig. 5(a)] shows two resonances at the energies
AE=26.9 and 37.3 meV above E4(X—0). From the excita-
tion spectrum detected on the relaxation-blocked hot trion
[Fig. 5(b)] the hole-level splittings A(hyh;)=25.6 meV and
A**(h hy)=9.9 meV can be determined directly. The gray
bars in the upper and lower panels of the figure mark the
energy A**(h,h,). This splitting is almost identical to the
energy difference of 10.2 meV between the two peaks in the
exciton excitation spectrum. The peaks in the exciton excita-
tion spectrum are therefore identified as a generation of a X*
(egh,) and X** (eyh,) into an empty QD. Thus, A*(hyh;) and
A*(hyh,) are determined to be 26.9 and 10.2 meV from Fig.
5(a).

The difference of the exciton binding energy between X
and X* of A*(hyh;)—A(hyh;)=1.3 meV is marked in Fig. 5
by the black bar. The positive value points to a weaker bind-
ing of X* compared to X. That matches theoretical results,>¢
where h; has a smaller overlap with ¢, than /4 leading to a
reduction in the attractive Coulomb interaction by 1.3 meV
in the eyh; complex. Values between 0.5 and 2.7 meV for
different QD underline this finding. For three QDs the dif-
ference A*(hoh,)—A(hgh,) of the exciton binding energy be-
tween X™ and X has been measured. The binding energy of
X is always larger than that of X* and for two dots even
larger than that of X, as values of A*(hyh,)—A(hyh,) between
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0.3 and —0.9 meV demonstrate. Thus, the spatial overlap of
h, with e, is larger than the one with A, and for negative
values of A*(hgh,)—A(hgh,) even larger than the one with ;.

VI. CONCLUSION

Using a combination of wPLE and resonant uPL we have
directly determined the splitting between the first three
single-particle hole levels in individual QDs, eliminating all
few-particle effects. For the present InAs/GaAs QDs the
energy level splitting between the hole in the ground state
(hy) and the first excited state (h;) is  A(hoh)
=(27.1£1.8) meV. The splitting between the excited hole
states is determined to A(hh,)=(10.8 £0.3) meV.

Resonant excitation of a relaxation-blocked hot trion state
enabled the observation of two different recombination chan-
nels. The first one leaves a single hole in the first excited
state of the QD after the recombination process X+>— h;.
The second recombination channel X+5— h;, is characterized
by an energy transfer to the hole in the first excited state,
promoting it to the second excited state. As the relaxation is
blocked for both recombination processes, the difference be-
tween the excitation energy E,.(hy— X+5) and the detection
energy Eg(X+5—h;) or Eg(X+,—h,) yields A(hoh,) or

PHYSICAL REVIEW B 79, 205321 (2009)

A(hgh,), in accordance to the note in Ref. 30. Thus, the in-
fluence of any additional few-particle effects is eliminated.

Knowing the single-particle level splittings the variation
in the binding energy within an exciton or positive trion after
the transfer from the ground to an excited state is quantita-
tively analyzed. The binding energy of X+" is 2.8 to 4.7 meV
larger than that of X+. For the excited excitons, X* and X,
we determine a 0.5-2.7 and 0.3—(-0.9) meV smaller bind-
ing energy compared to the ground state X. These results
agree with theoretically predicted larger wave-function over-
lap of the e, with the h, as compared to A;.

Calculations in the framework of the eight-band k-p
model on flat lens-shaped QDs reproduced the experimen-
tally found hole-level splittings well. The heavy-hole-light-
hole coupling is unambiguously identified as the parameter
causing the experimentally observed nonzero hole p-state
splitting.
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