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Multiexciton complexes in lfGa_,As/GaAs quantum dots in the weak-confinement regime have been
investigated by photoluminescence spectroscoply=a2K. The lateral dot sizes varied down to about 50 nm
so that the transition from the quantum well to the quantum dot case could be studied. The biexciton binding
energyA(X,) increases with decreasing dot size, depending on the height of the confinement potential. The
splitting of the biexciton emission by a magnetic fieBI<€8 T) arises from the spin splitting of the exciton
in the final state of the optical transition, because the biexciton is a spin-singlet state. A magnetic field reduces
A(X,) by approximately the exciton spin splitting. This reduction is due to the decrease of the energy gap
between the biexciton transition into the spin ground-state of the exciton and the transition of the spin ground-
state exciton. The formation of complexes consisting of three and four excitons becomes possible due to the
three-dimensional quantum dot confinement. Because of the Pauli principle the Coulomb correlations in the
three-exciton complex result in a net repulsion energy that increases strongly with decreasing dot size. The
multiexciton interaction energies are reduced by a magnetic field because the exciton repulsion decreases when
the magnetic length becomes smaller than the quantum dot size. In the four-exciton-complex we find an
exchange energy splitting of states corresponding to carrier configurations with parallel and antiparallel spins.
The energy differences between exciton transitions from excited and ground states are about equal to the
corresponding energy splittings of the single-particle electron and hole states. These findings indicate that the
strong Pauli repulsion between electrons and holes determines the formation of exciton complexes. Based on
these results a shell model for quantum dot multiexciton states is disc{S€d46b.3-182098)05232-1]

[. INTRODUCTION The goal of this paper is to study QD multiparticle states
consisting of several X’s. A well-known example of such a

Optical studies of semiconductor quantum d@@D’s) complex is the biexcitobiX) consisting of two X’s. In bulk
might open new possibilities for investigating Coulomb in- crystals the biX is bound only by the Coulomb interaction
teractions in multiparticle states consisting of electr@is)/  between the carriers. Only the spin-singlet biX state is stable,
holes(h’s), or excitons(X's). This expectation is supported while the triplet state is unstable due to the strong Pauli-
by the development of several fabrication techniques capableepulsion between carriers with identical spin orientations.
of providing high-quality QD’s: For example, QD’s have The effect of quantum confinement on the biX has been stud-
been formed by embedding semiconductor microcrystals ined widely in QW’'s and a strong enhancement of the biX
glass matrices. Other techniques make use of epitaxidlinding energy over the bulk value has been fothdn
growth, by which QD’s can be fabricated either directly, e.g.,quantum wires no experimental observation of biX formation
by self-organized growth, or by means of lithographic pat-has been reported up to now, although calculations predict a
terning of quantum well$QW’s). drastic increase of the binding energ.

The confined nature of the single-particle states in QD’s BiX's in QD’s have been subject of a number of theoret-
has been shown by various techniques of opticaical investigations of the influences of geometric and dielec-
spectroscopy. Multiparticle effects are of importance in a tric confinement on their binding energi&s® Experimen-
variety of aspects of the linear and nonlinear optical propertally, biX’s in microcrystalg have been studied by linear and
ties of semiconductor quantum structuféEhe formation of  nonlinear spectroscopy. A systematic increase of the ground-
multiparticle complexes in QD’s is determined by the dis-state biX binding energy with decreasing dot size has been
crete, atomiclike level structure and by the strong Coulombound, in good agreement with model calculatidhs’ Also,
interactions among the carriers. The interplay of these effectexcited biX states have been observed and even lasing in-
might cause new collective phenomena. A particular exvolving biX’s was found:*’ In 11l-V semiconductors the
ample are the “magic” states in doped QD’s: the total an-biX binding energy is clearly smaller than in wide-gap semi-
gular momentum of a certain number of e’s is driven throughconductors. Therefore single-dot spectroscopy has been ap-
a sequence of discrete values by a magnetic field because plied to observe biX'$%!9Also, here an increase of the biX
the competition between kinetic energy and e-e repuf$fon. binding energy was observed, e.g., for GaAsd, _,As
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QD’s with sizes comparable to the X Bohr radaisby more  the exchange energy splitting of carrier configurations with
than one order of magnitude over the bulk valtie. parallel and antiparallel spins.

Similar to the biX triplet state, multiexcitongnultiX’s) The outline of the paper is as follows: In Sec. Il we give
consisting of more than two excitons are not stable in semia description of the QD samples and of the experimental
conductors with simple conduction and valence-band structechnique used to study these structures. The results of the

tures because of the Pauli repulsion. However, in QD’s thévestigation of biX's are given in Secs. lll and IV we
geometric confinement prevents a separation of X’s in SIOaC@resent the results for multiX complexes consisting of sev-
and thus enables the formation of multiX’s. eral X's.

In photoluminescence studies using high optical excita-
tion QD’s have been occupied with more than two electron- Il. EXPERIMENTAL

hole pairs. The spectral features in the emission of QD mul-
tiX's are still not fully understood. For example, a Fermi gas  The experiments were performed on undoped QD's fab-
of excitons has been proposed from time-resolved experiicated by lithography and etching on,{a ,As/GaAs
ments on single QD'® In studies on QD arrays the forma- QW's.?® The samples were held at a temperature of 1.5 K in
tion of an electron-hole plasma has been suggéstéd. the Helium insert of an optical magnetocryost&<(8 T)
However, in these experiments surprisingly no “band-gapwith the field aligned normal to the heterostructure. For op-
renormalization” was observed. Recently, the first clear obdical excitation we used an Arlaser. The laser spot could be
servation of a three-exciton complex in QD's has beerfocused down to a diameter of about 2n with a variable
claimed for CuCl microcrystals embedded in a NaClexcitation power up to 1 kW ciit. In order to avoid
matrix2® sample heating effects, the average laser power incident on

Only a few theoretical studies exist up to now on multi- the sample was limited to 50 W ¢ by a mechanical
exciton complexeé’?8 For self-organized QD’s with sizes chopper when using high excitation. The emission was dis-
comparable to the X Bohr radius it was shown that thepersed by a monochromatof£0.6 m) and detected by a
strongly correlated e’s and h’s in a QD form a gas of weaklyLN,-cooled Si charge-coupled-devices camera. The polariza-
interacting X's?® The origin for this behavior lies in hidden tion of the luminescence could be analyzed by a quarter-
symmetries of the multiparticle Hamiltonian, which are wave retarder and linear polarizers.
based on degeneracies of QD states from geometrical invari- To study the rather small confinement-induced changes of
ances and on the symmetry of the interparticle Coulomb inthe Coulomb interaction between carriers in a QD, effects of
teractions. Because of these symmetries the chemical potefample inhomogeneities must be avoided or at least de-
tial shows pronounced plateaus as function of the X densitgreased. Such inhomogeneities cause a strong broadening of
in the dot reflecting the single-particle density of states. Botlpptical spectra hiding thus Coulomb interaction effects. In
addition and subtraction of an X in a shell occurs only withinthe present experiments they were suppressed by properly
a small set of allowed energies and leads to a fine structure efesigned samples:
the emission spectrum. In lowest approximation the splitting (i) First we have studied single QD’s of cylindrical
among the emission features from different X complex shellsind  rectangular shape. Starting material was an
is given by the energy splitting of the single-particle statesIng14/G& ggAs/GaAs QW with a width of 5 nm. From this
However, the Coulomb interaction causes a renormalizatio@W single QD’s of widely varying sizes were fabricated.
of the transition energies of the exciton droplet and the osThe spacing between adjacent dots was 68, so that the
cillator strengths. laser spofwith a focus diameter of about 20m) could be

In the present paper we investigate the X-X interactions iradjusted to excite only an individual QD.
X complexes in QD’s in the weak-confinement regime, (ii) Second we have studied arrays of cylindrical QD’s
where the dot size is larger than the X Bohr radius. Wherfabricated from shallow k{Ga o/AS/GaAs QW's with a
done on QD arrays, such studies are often complicated by theidth of 5 nm. In these QW structures the half-width of the
inhomogeneous broadening of the emission due to dot siZzeminescence emission is sméilbout 1 meY, because X
fluctuations. These broadening effects in the optical spectracattering by interface roughnesses or alloy fluctuations is
prevent a resolution of the fine structure due to X-X interac-considerably reduced in comparison to QW's with large In
tion. Therefore the present experiments were performed ooontents. When fabricating lateral nanostructures from these
Ing14Ga gAS/GaAs single QD’'s and on arrays of shallow wells, we find that the increase of the inhomoge-
Ing.0fGay o/ AS/GaAs QD’s, whose spectra show only a smallneous broadening with decreasing structure size is weaker
broadening. than in structures formed from deep wells. Therefore also

First we study the dependence of the biX binding energyspectrally closely spaced features can be resolved in spectra
A(X5) on dot size and on confinement potential height. Forfrom arrays of shallow QD’s. The size of the arrays was 25
large confinement potentials we find a strong increase with 25 um. The diameter of the laser spot was chosen to be
decreasing dot radius, while for weakly confined QD’s theslightly larger than the array size in order to obtain homoge-
binding energy is almost independent of dot size. We alsmeous excitation conditions.
study the dependence d&f(X,) on magnetic field. In addi- The geometric shape of the QD’s determines the set of
tion, we investigate the interaction energies in multiX's con-*good” quantum numbers, which describe the single-
sisting of more than two X's. The correlation energies in-particle states in addition to the spin. Besides the vertical
crease strongly with decreasing dot size and they are stronglQW quantum numben, the states are characterized by a
reduced when applying a magnetic field. For the four-excitorradial and an azimuthal quantum number,andn,, in cy-
complex we find an energy splitting, which can be related tdindrical QD’s. The quantum number, originates from ro-
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FIG. 2. Energy level scheme of QD multiX stat&§’ consist-

ing of up to four X's atB=0. The first column corresponds to a
carrier configuration, in which one e-h pair is in the QD, in the
second and the third ones, respectively, two and three e-h pairs are

NP B B R in the dot and in the fourth column four e-h pairs populate the dot.
1.420 1.425 1.430 1.435 1.440 The total energies of the state¢X(*)) are shown in vertical direc-
energy [eV] tion. The arrows indicate allowed optical transitions. The binding
energies of the multiX statak(xﬁ]*)) are shown on the right-hand
side.

(a)

FIG. 1. PL spectra of a cylindrical §nGa, gfAs/GaAs single
QD with a diameter of 60 nm recorded Bt=0 using varying
excitation powers increasing from bottom to td:xuW]=10 (a),
25 (b), 50 (c), 100(d), and 200(e). bound to an impurity from consideration because the corre-

sponding emission would appear even at the smallest excita-
tation invariance around the QD symmetry axis normal to theion densities, which in our experiments is not the cHse.
QW plane. It corresponds to the angular momentum of thévloreover, it cannot originate from charged ¥decause if
carriers around this axis. In rectangular QD’s this symmetrithe QD would contain an equilibrium carriéwithout pho-
is broken. The electronic levels are characterized by theoexcitation then the emission of charged X’s would also
quantum numbers, andn, describing the excitations along appear already at the smallest illumination. For clarity, the

the in-plane directionx_ an_dy.3° spectra recorded at further elevated excitation intensities will
The lateral geometric sizes of the QD’s were measured bye discussed in Sec. IV.
scanning electron microscopy with an accuracy<d nm. The low-energy shift of the emissiof,— X in compari-

The sizes ranged down to about 50 nm, slightly larger tharion to the X emission arises from the X-X Coulomb interac-
the extension of the X wave function characterized by thejon and can be considered as the biX binding energX.,)
Bohr radius of about 10-13 nm for the presentj, 3 QD3* as shown in Fig. 2. There the energies of the

In,Gay - xAs/GaAs structures. multiX states in cylindrical QD’s are displayed schemati-
cally. From left to right the different columns correspond to
IIl. TWO-EXCITON COMPLEXES carrier configurations in which one, two, three and four e-h

pairs are in the dot. The allowed optical transitions due to the
decay of an e-h pair are indicated by arrows. From the split-
Figure 1 shows PL spectra of a cylindrical single QD with ting between the X and the biX emission lines, we obtain the
a diameter of 60 nm aB=0. At low excitation intensity biX binding energy A(X;)=2E(X)—E(X,)=E(X—0)
(lowest trace in Fig. 1a narrow emission linglabeled by —E(X,—X), whereE(X,) is the energy of the two-X com-
X—0) is observed at an ener@y=1.429 eV, which origi- plex andE(X) is the X energy. For 60-nm-wide QD’s we
nates from recombination of one X in the QD. The half-find a binding energy of about 1.6 mev.
width of the emission is about 0.6 me¥ With increasing Figures 3-5 show PL spectra of different
excitation a second featuftabeledX,— X) appears on the Ing1/Ga gfAs/GaAs single QD’s of rectangular shape. The
low energy side of the X emission &=1.4275 eV. The in-plane areag=L,L of these dots were 4655 nn? (Fig.
integrated intensity of this feature increases superlinearly), 50x<70 nnt (Fig. 4 and 140800 nnt (Fig. 5. The
with excitation power® This dependencéogether with the spectra were recorded Bt=0 using different excitation in-
results of the studies in the magnetic field described belowtensities. Qualitatively, the behavior of the emission from the
clearly suggest that the emission can be attributed to biXémall dots is similar to that of cylindrical QD’s. The low
recombination. In particular, it cannot be attributed to anyexcitation PL spectra consist of the X emission Ie->0
excited X state in the QD because then it would appear oand with increasing excitation density the biX emission ap-
the high-energy side of the X line. We can also exclude X'spears at the low-energy side of the X emission.

A. Biexciton binding energies atB=0
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FIG. 3. PL spectra of a rectangular,iGa, sAs/GaAs single FIG. 5 PL spectra of a quasi-2D rectangular

QD with an in-plane area of 4555 nn? recorded aB=0 using
varying excitation powersP increasing from bottom to top:
P[ «W]=100 (a), 400 (b).

Ing 14Ga gAS/GaAs single dot with an in-plane area of 140
X800 nnf recorded aB=0 for varying excitation powers increas-
ing from bottom to topP[ uW]=10(a), 25 (b), 50(c), and 200(d).

Quantitatively, however, there are significant differencesjpcated closer to th&—0 line and is more difficult to re-
Comparison of Figs. 3—5 shows that the energy gap betweegpve. In order to determine its energy with higher precision
the biX and X emission lines depends strongly on the laterajye have recorded differential spectra. In the upper half of
dot size. In the smallest QD the,— X line lies about 2 meV Fig. 4 a typical differential spectrumd() is shown for a
below the X emission. In the larger dots thg— X line is  50x 70 nnf wide dot (difference of spectra recorded at P
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=25 uW and 10 uW). After subtracting the X emission,
the biX line X,— X dominates the spectrum. It is shifted by
about 1.5 meV to lower energies in comparison to the X
emission. In the large, quasi-2D dot the energy gap between
X,—X andX—0 is about 0.7 meV.

The biX binding energies obtained from PL spectra of
QD’s are shown in Fig. 6 versus the lateral dot size. The
squares give the results for rectangular QD’s and the circles
those for cylindrical QD’s. In order to display the rectangular
and the cylindrical dot data in one figure we calculate an
effective diameter R for the rectangular QD’s that describes
the cross section of the structureﬁR2=LXLy. Figure 6
shows that with decreasing lateral size the biX binding en-
ergy increases up to 2 meV for the smallest cylindrical QD’s
with a diameter of 50 nm. For a 2D JndGa gAS/GaAs
reference we find a binding energy of about 0.7 meV. That
is, in these QDA (X,) is up to three times larger than in the
quasi-2D reference and up to one order of magnitude larger
than in bulk.

In previous studie§ we have found that the effects of
confinement on X’s in IfGa, _,As/GaAs QD’s become im-
portant for sizes as large as 100 nm, which is about ten times
the Bohr radius. Figure 6 shows that similar to the X binding
energies\ (X,) is already enhanced for 100 nm wide ddfs.

Qualitatively, the observed increase compares well with that
;§,17,18,29

FIG. 4. PL spectra of a rectangular,liGa, ssAs/GaAs single  Observed in previous investigations of QD

QD with an in-plane area of 5070 nn? recorded aB=0 using A(X;) is determined by the complicated balance of the
varying excitation powersP[ uW]=10 (a), 25 (b), 50(c), and 200  interactions between the carriers forming the biX. BiX’s in
(d); the differential spectra d1 and d2 in the upper half of the figurehigher-dimensional structures are stable, because the finite
are obtained from the spectra recorded at 2% and 50 uW ex-  extension of the four-particle wave function allows a carrier
citation power. distribution, in which the attractive exceed the repulsive in-
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FIG. 6. BiX binding energies\(X,) as function of the lateral decreasing dot diameter, while the splitting betwegn- X
dot size for cylindrical and rectangularypGa, gAs/GaAs QD's. andX—0 does not vary strongly.
The dotted line gives the result of a theoretical estimateAfox,) In Fig. 9 the dot size dependence of the biX binding en-
described in the text. ergies is shown for l§nGa g AS/GaAs QD’s. For compari-
son, also the data for §nGa gfAs/GaAs dots are plotted.
The binding energies are shown in units &{X,) in the

teractions. By geometric confinement the interparticle dis - \ I .
. N . corresponding reference QW'’s. Within the experimental ac-

tances are reduced and therefore the interparticle interactions . . ; .
racyA(X,) remains constant with decreasing size for the

{l H H C
are enhanced. In QW's this leads to a drastic enhancement gﬁallow dots. In strongly confined structures with lateral

theBt_);()f b.'”d'gﬁ? er?ergybover thhe bublk valr'ifé. ber of th sizes larger than approximately the X Bohr radius both the
12S 1IN Q S .ave_lge” the subject of a number of the- 4 ctive and the repulsive interactions increase. The redis-

oretical investigationS-*° The biX binding energy has been iy tion of the biX wave function by the confinement leads

determined using several calculation techniques, includingy 5 net increase Ak (X,). In shallow In o Gay o AS/GaAs

matrix diagonalization, variational calculations, perturbationg\,s the e wave function has a significant penetration into
theory, and Monte Carlo techniques. All of these studies

show that the QD biX also has a positive binding energy and
that A(X,) increases with decreasing dot radiRs The in-
crease is to a good approximation proportional t.1/ Ing,03Gage7As/Gaks QDs B=0
The dotted line in Fig. 6 gives the results of a fit to the
data by a function proportional toRAMith a binding energy
of 0.7 meV for the 2D reference. From this fit good agree-
ment with the experimental results is obtained. For the small-
est QD’s with a diameter of 50 nrtabout four times the
Bohr radiu$ the biX binding energy of 2 meV is about half
the bulk Rydberg of 4 meV for iy Ga ggAS. This result is
in agreement with the calculations of Takagaharéor
spherical QD’s withR~2ay .
The biX binding energy depends on the height of the con-

finement potential. Figure 7 shows PL spectra of an array of 2R=105nm
cylindrical Iny o4Gay o7AS/GaAs dots with a diameter R /\

intensity

norm.

=70 nm. In these structures the QW confinement is rather
weak. The evolution of emission lines with increasing illu-
mination power is similar to that observed for single QD’s. T T
The_ narrow X em|ssu_JDK—>Q dpmmates the spectrum at low 1.496 1.500 1.504 1.508
excitation, and the biX emissiod,— X appears at elevated
excitation at the low-energy side of the X emission. Figure 8
shows high excitation spectra of lgGay oAS/GaAs QD’s FIG. 8. High excitaton PL spectra of cylindrical
with varying diameters @B =0. Due to the lateral quantiza- In,(Ga, ¢ As/GaAs QD’s with varying diameters &=0. The ex-
tion of the X the emission shifts to higher energies withcitation power was 40QuW in each case.

2R=192nm

energy [eV]
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QD with an in-plane area of 4555 nnt recorded aB=6 T with
FIG. 9. BiX binding energied (X,) as functions of the lateral varying excitation powersP[ uW]=100 (a) and 400(b).

dot size for deep InGagAs/GaAs and shallow

Ing 0G& g AS/IGaAs QD’s of cylindrical shape. The binding ener- _ . .

gies are given in units of the binding energy in the respectivesphttlr_lg we have recorded a dlffgrentlal spectrud ). The.

quasi-2D reference samples biX is located at only slightly smaller energies

(~0.6 meV) than the X emission. This splitting is signifi-

the surrounding barriers, while the h wave function is still cantly smaller than that¢1.5 meV) atB=0.
well confined. The resulting mismatch of the e and h wave

functions might lead to a stronger increase of the repulsive ———r——rT—T——— T
interactions by the lateral confinement in comparison to the Xy=>Xg*

attractive ones. This might result in a compensation of the X5—>%,
increase ofA (X,) due to wave-function redistribution and in
an independence d(X,) on lateral dot size. However, de-
tailed numerical calculations are required to understand this Xp=>X

behavior fully. (@

.p-
o

) 0

~
o
o
V4

B. Biexcitons in magnetic field

1. Unpolarized spectra
Ing.14G0p geAs/GaAs QD

A=50-70nm?

. intensity

In previous experiments we have studied the X spin-
splitting in In,Ga _,As/GaAs QD’s with x=0.10. From
these studies we find that the spin splitting has a strong size
dependence, but still is rather small, e.g., in comparison to

@
the splitting between the size-quantized QD statds. the

norm

present structures the biX binding eneryfX,) exceeds the ()
spin splitting AE. and the biX is expected to be a stable
state for all field strengths. Further the investigation of biX's (b)
in magnetic field should be possible from unpolarized PL
spectra. (@)

PL spectra of rectangular single dots are shown in Figs.
10-12. The spectra were recorded using the same excitation PRSPPI S U S NI
conditions as for those aB=0 (Figs. 3-5, but at B 1.425 1.430 1.435
=6 T. However, the spectral features are different from energy [eV]

those at zero magnetic field. Figure 10 shows that in @ QD G, 11. PL spectra of a rectangula nGa, ssAS/GaAs single
with an in-plane area of 4655 nnt the splitting of theX,  Qp with an in-plane area of 5070 nn? recorded aB=6 T with
—X and theX—0 emission lines is clearly reduced By varying excitation powers?[ W]= 10 (a), 25 (b), 50 (c), and 200
This indicates a strong decrease of the biX binding energy.(d); the differential spectra d1 and d2 in the upper half of the figure

In the larger, 5& 70-nnf-wide dot the X and the biX are obtained from the spectra recorded at2 and 50 u\W ex-
emission are very close to each other. To resolve their energytation power.
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FIG. 12. PL spectra of a rectangulag lnGa, ggAs/GaAs single
dot with an in-plane area of 140800 nnf recorded aB=6 T for
varying excitation powers increasing from bottom to t&puW]
=10 (a), 25 (b), 50 (c), 100(d), and 200(e).

Two different effects could cause the reduction of the biX
binding energy byB. First, a stronger diamagnetic shift of
the biX in comparison to twice the shift of the X or second

son for the observed behavior. For clarification we have re
corded polarized spectra of the X and biX emission.
2. Zeeman splitting of the biX emission

Figure 13 showso*- and o~ -polarized PL spectra of
Ing odGay gAS/GaAs QD’s aB=8 T for different excitation

M. BAYER et al.

the Zeeman-splitting of the emission lines could be the reat_
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B=0 B#0

FIG. 14. Scheme of allowed optical transitions of X's and biX’s
in QD’s at zero and nonzero magnetic fields. The total energies of
the states are shown in vertical direction. Also the polarizations of
the emission lines @ +#0 are shown.

X emission line[X—0](s*) and [X—0](c"), respec-
tively. The splittingAE . of the lines arises from the Zeeman
splitting of the X statAE. =gyugB whereug is the Bohr
magneton andy is the X g factor. Within the experimental
accuracy, the experimentally observed splittinde.. in-
creases linearly with magnetic field and is about 0.8 meV at
B=8 T. The larger intensity of the™ polarized component
reflects a higher time-averaged filling of the X ground state.
In spectra recorded at higher excitation intensities dtie
and o~ -polarized biX emission linegX,—X(a )](c")
and[X,—X(o")](o”) are observed. The splitting of the
biX emission lines is approximately equal to the splitting of
the X emission, independent of the dot size.

This behavior can be understood from the scheme of op-
ical transitions in Fig. 14. The biX ground state is a spin-
singlet state and its energy cannot be splitBayHowever,
the final state of the biX transition is an X, whose energy is
split by B. Thus the splitting of the biX emission is given by
that of the X in the final state of the optical transition. This
interpretation is supported by Fig. 13, which shows flat
contrast to the X emissignthe intensities of the spin-
polarized biX emission lines are about equal as expected for

densities. At low excitation the spectra consist of the singlaransitions from the same initial state.

Ing03Gag.97As/GaAs QDs

2R=70nm

Xp—>X

intensity [arb. units]

1.504 1.5086 1.508 1.510
energy [eV]

FIG. 13. Polarized PL spectra of an array of cylindrical
Ing o G& g AS/GaAs QD’s with a diameter of 70 nm recordedBat
=8 T using various excitation powerB{ uW]=100 (a) and 400
(b).

These results are therefore also an additional proof that
the emission at the low-energy side of the X comes indeed
from biX recombination. In particular, it should be noted that
the emission cannot be associated with emission from trions
consisting of an X and an e or a h. In that case the lines with
ot ando ™ polarizations would correspond to recombination
of trions in the ground and excited spin states and therefore
their intensities would be different.

Within this frame also the reduction of the biX binding
energy byB has to be explained. The transition scheme in
Fig. 14 shows that thEX,— X(o*)](o ™) emission line cor-
responds to a transition from the biX to an X in its spin
ground state. The energy gap between th&,
—X(o")](c7) and[X—0](c*) emission lines can be con-
sidered as the effective biX binding energy(X,)=E( X
—0](c")—E([X,—X(c*)](c7)) Further, the energy gap
A%(Xp) =E([X—=0](07))—E([(X;—X(07)](0¥))  be-
tween the X and biX emission lines of the same polarization
can be compared with (X,). A(X,) andA°(X,) are shown
in Fig. 15 versus magnetic field for 70-nm-wide
Ing odGay g AS/IGaAs QD’s.A(X,) decreases about linearly
from 1.3 meV to 0.5 meV up to 8 T. This decrease is equal
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from 0.8 meV atB=0 to 0.4 meV aBB=6 T. For the dots
with in-plane areas of 5970 nnt and 45<55 nnt we find
decreases of 0.8 meV and 1.2 meV, respectively. According
to the above results this means that the X spin-splitting in-
creases strongly with decreasing dot diameter. Such an in-
crease has been observed in previous investigations of cylin-
drical Iny ;6Ga goAS/GaAs QD’s>® in which an enhancement

of the spin splitting over that in a QW was found that is
inversely proportional to the square of the dot radius.

IV. MULTIEXCITONS IN QUANTUM DOTS

In the following the interaction energies of X’'s are inves-
tigated when the QD’s are filled with more than two e-h
pairs. In semiconductor structures with simple valence- and
conduction-band structures and with free dispersion along at
least one spatial directiofin bulk, in QW’s and in quantum
wires) the formation of such complexes is impossible be-
cause the strong Pauli repulsion among X's with the same
spin orientation causes a separation of these X’s in space.

FIG. 15. BiX binding energy,A(X,) and energy splitting

A°(X,) as function of the magnetic field for 70 nm wide, cylindri-

cal Iny oGa&y g AS/GaAs QD's.

to the X spin splitting. In contrast, we find that’(X,) is
equal toA°(X,) atB=0. This result means that the decrease
of the biX binding energy by a magnetic field originates
mainly from the Zeeman splitting of the X, while the rear-
rangement of the biX and X wave functions Byplays a
minor role and the resulting diamagnetic shiftsegX,) and

2E(X) are equal.

This finding is confirmed by the magnetic-field depen-
dence ofA (X5) in rectangular QD’s as shown in Fig. 16. For
all structures we find a decreaseXfX,) with increasingB.
However, the size of the decrease is strongly enhanced wi
decreasing dot size. For the quasi-2D dot we find a decrea%e

2.0

A(X5) [meV]

o

FIG. 16.
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A. Multiexcitons at zero magnetic field

When the excitation power is increased above the illumi-
nation densities at which biX emission is observed, addi-
tional emission lines appear in the QD luminescence spectra,
as seen for a 60-nm-wide cylindrical QD in Fig. 1. A well-
separated spectral lingabeled X;— X,) appears at about
E=1.433 eV, 3.5 meV above the X emission lixe-0.
This emission cannot be attributed to the first excited state of
the center-of-mass quantized motion of the X, because cal-
culations show that for this dot diameter the energy separa-
tion of this state from the ground state would be less than 1
meV. In contrast, the separation of 3.5 meV is rather com-
. parable to the sum of the quantized e and h single-particle
nergies. Simultaneously, the low-energy emisgiabeled
Y X3—X3) is additionally redshifted by about 1 meV in

comparison to the biX emission. The intensity of the low-
energy feature saturates, when the excitation power is further
increased, while that of the high-energy feature increases fur-
ther.

These observations can only be explained by assuming
that the e and h ground states in the Qithich are double
spin degenerajare fully occupied and additional carriers in
the QD occupy the first excited states. The carriers in the
ground and excited states form multiX complexes due to
their mutual Coulomb interactions. In particular, the high-
energy feature cannot be attributed to excited biexciton
states, because then the appearance of this feature would not
be accompanied by a further low-energy shift of the ground-
state emission. The redshift &f;— X5 can only arise from
Coulomb interactions with additional carriers in the dfot.

In cylindrical QD’s the first excited states can be popu-
lated by up to four carriers due to spin and orbital angular
momentum ¢,=*1) degeneracies. From the comparison
of the intensities of the excited state to the saturated ground-
state emissiorl,; to |5, one can estimate thiéme-averaged
number of X's in the QD. In spectrurt) |, is about halfl

rectangular indicating that the excited state is filled with one e-h pair,

Ino.1Ga ssAS/GaAs QD's with different in-plane areas as functions While in spectrum(d) two X’s are in the excited shell be-
of the magnetic field.

cause of the equal intensitiegandl ;. At this excitation the
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low-energy emission is again shifted to lower energies an@ renormalization of the transition energies and in a fine-
the higher-lying emission line is split into two lines separatedstructure splitting. For one or two e-h pairs the carriers oc-
by almost 2 meV. A further increase of the excitation powercupy the lowest single-particle energy shells leading to the X
causes a broadening of the spectral features. The groungnd biX emission lines. As discussed above, the energy
state emission cannot be resolved as a separate line anyma@ex ) of the biX state is smaller than the energi(X) of

and the emission from excited states dominates. At the highyo uncorrelated X’s because of the attractive X-X interac-
est excitation the intensith; is approximately twice as large tjon in the biX spin-singlet state.

as that pf the g_round—state emission indi_cating astrong filling  \with two carriers of opposite spin the e and h ground
of the f|rs_t excited e and h shells. No_ fine structure can b&tates 0,=0, n,=0, andn,=0 in cylindrical andn,
resolved in the excited emission and its energy is about the. 0, n,=0, andn,=0 in rectangular QD’sare fully oc-

Slne?(rgy of the emissioXs—X, of the three-exciton com- cupied. Therefore, when an additional e-h pair is created in
Similar observations are made for the three-X complex inthe dot, the Pauli principle prevents the relaxation of these

rectangular QD’s. Figure 4 shows that for a QD with an aresLarrers into the ground, but forces them into the first excited

of 50X 70 nn? an increase of the excitation power results in S12€S: Thedgrr:,)ur?d-sr':at? three-X Eomp\‘@dhusd CEUSISLS 0ff
the appearance of a well pronounced shoulder at the higfWe €'s and h's in the lowest and one e and h in the first

energy side of the X emission and in a shift of the ground-eXcited shellsX;=(2e,2h—1e,1n"). Only transitions be-
state emission to lower energies. In order to resolve botWeen carriers with the same quantum numbers have large

emission linesXs— X, and X;— X3 more clearly, we have oscillator strength and accordingKs can decay in two dif-

again recorded a differential spectrum shown in Fig. 4, tracéergntdways: First the rec?)mb'inaticr)ln gf an edam:jh in the
d2. The corresponding lines are located 2 meV below and xcited states can occur leaving the biX ground skgtes

meV above the energy at which the—0 transition is ob- inal state. This transition causes the high-energy feature
served. X3— X, in the spectra. Second, an edaa h in theground

For comparison we have also performed high excitationShe"S can recombine leaving behind the excited biX state

studies of a large, quasi-2D rectangular dot. An increase ofz=(1€,1h—1e",1h%) as a final state consisting of an e-h

the excitation power causes changes of the optical spectRAl in both the ground and the first excited shells. The re-
very similar to those in a QW. Figure 5 shows that no pro-sulting spectral lineX;—X5, has a smaller energy separa-
nounced structure appears in the PL spectrum; the spectrn from the biX as the biX has from the X. This may be
line broadens monotonically and transforms into the struc€xpected because the interaction energy between X's from

tureless emission band characteristic of a Fermi syseem  inner and outer shells is weaker than the biX binding energy
plasma at B=02 due to the reduced spatial overlap of the single-particle wave

functions in the Coulomb interaction matrix elements.
From the transition energies we can determine the binding
B. Shell model for multiX states in QD’s energies in the X complexes. From Fig. 2 the following re-

For self-organized QD's with lateral sizes comparable toIatlons are obtained: Besides the ground-state biX binding

the X Bohr radius detailed calculations have shown that th€"€79YA(Xz) the biX binding energi (X;) in the excited
X complexes have a shell structure that reflects the singlé!@te can be calculated b (X3)=E(X3—X3) —E(Xs
particle density of state®. The splitting between the emis- —X2) +A(Xz). The binding energiA (X;) of a third X to
sion features from different shells corresponds to collectivén€ biX can be determined from(Xs)=E(X—0)—E(X;
excitations of the exciton droplet in the QD. In first approxi- —X2)- Finally, we can consider the addition of a third e-h
mation the splitting is given by the energy difference be-Pair in the ground shells to the excited biX. Its binding en-
tween the single-particle states. Its renormalization by th&rgy A(X3) is given byA(X3) =E(X—0)—E(X3—X3).
Coulomb interaction is rather small. Thus the multiX states The dot size dependence of these binding energies in cy-
can be classified by using e and h single-particle rather thalindrical Ing 1/Ga gfAs/GaAs QD’s is shown in Fig. 17. The
X shells. This shell model is therefore similar to that usedX transition energies are determined from emission spectra at
earlier for multiX complexes bound at neutral impurities in low excitation powers while the energies of the two- and
bulk semiconductor®** Here we consider QD's in the three-X complexes are obtained from high excitation and
weak-confinement regime with minimum lateral sizes of afrom differential spectrd> While A(X,) is positive(binding
few ay. However, as discussed above the energy splittingnergy in a strict sengethe energyA(X3) is negative(re-
between the excited and ground-state transitions is largdtulsion energy This means that, similarly to the case of
than the calculated energy splitting between the center-ofoulk, the effective X-X interaction in the QD is attractive
mass quantized X states, but instead is of the order of thenly for biX’s and the energy of the three-X state is larger
sum of the quantized e and h energies. Thus our studig§an the energy of a biX and an X without correlation. The
indicate that X complex formation on the basis of the single-negative “binding energy” originates from the strong Pauli
particle shells occurs already for QD’s with lateral sizes of arepulsion between e’s/h’s with identical spin orientation
few Bohr radii. This may be expected from studies on boundpushing the third X into a higher shell. The three-X complex
multiX’s in bulk semiconductors, where the Pauli repulsionis confined only because of the 3D geometric confinement
among e’s/h’s prevents a strong spatial shrinkage of th@otential, which prevents a spatial separation of X's. Similar
wave function of the multiX comple® arguments hold also fak(X3).

However, the energies of the multiX states are modified As expected from the biX binding energy, the correlation
by the X-X Coulomb interaction. These interactions result inenergies increase strongly with decreasing dot size because
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FIG. 17. Coulomb correlation energies(X ") of two- and o
three-X complexes as described in the text plotted against the di- 1.425 1.430 1.435 1.440
ameter of cylindrical Ip,,Ga, sAs/GaAs QD’s. energy [eV]
of the spatial confinement. For exampl®(X5) increases FIG. 18. PL spectra of a rectangulag lnGa, gfAs/GaAs single

from about—2 to —5 meV, A(X3) from —2.5 to more QD with an area of 4% 76 nnt at zero magnetic field for varying
than —6 meV. According to the shell model the dominant excitation powers increasing from bottom to tdf:uW]=25 (a),
contributions toA (X3) andA(X3) are given by the energies 50 (b), 100(c) and 200(d).
of the quantized e and h single patrticle states, which increase
with decreasing dot size asri/

The effective X interaction is attractive when an X is
added in the ground shell to the excited biX. The third X fills or X being the initial state. Both transition$, X3 and
an empty space and the Pauli repulsion has no effect where&s — Xz are observed in Fig. 1 and they are split due to the
the correlation energy increases with the number of particleg)“;h"’lnge energy splitting of the carriers in the four-X

in the QD. Therefore\ (X3) exceeds the biX binding energy omplexb Fro;n th(i/spllttmg of the lines the exchange en-
by about 0.5 meV. ergy Is about 2 me

; o For optical transitions of X's from the inner shell the
When even more e-h pairs populate the QD, additional. : .
v P Pop Q Lnal state will be an excited three-X complex,

carrier-carrier interactions must be taken into account. For N " * K
fourth e-h pair, the additional carriers also occupy the flrste'ther X3,=(1e,lh—2e"1,2h"7) or  X3,=(le1lh
excited single-particle states. In a cylindrical QD the first—€"T,€"1,h"T,h"]). The energy splitting betweex; ; and
excited state is four times degenerate. Thus the additional &3,2 i also determined by the exchange energy splitting and
for example, can occupy different states. First, it can occupyhould be roughly equal to the splitting Xf, and X} . Thus
a state with a spin quantum number different from that of thethe allowed optical transition¥,— X3 ; and X;— X3 , have
third e (thus fulfilling the restrictions of the Pauli principle about the same energy and only one low-energy emission
but with the same orbital angular momentum. In this case théne is observed in the spectra. For this emission line a fur-
two e’s in the excited shell can spatially come very close tather small shift to lower energies is found compared to the
each other leading to a strong repulsive e-e interaction whickmission lineX;—X3. This redshift can be expected be-
increases the energy of this state. Second, the fourth e cafause the interaction between X’s in the ground and excited
occupy a state with identical spin orientation but with differ- shell is attractive.
ent angular momentum. The Pauli repulsion then prevents For rectangular QD’s with different side lengths the only
the two excited e’s coming close to each other and thereforglegeneracy is the spin degeneracy, except for specific ratios
the repulsive e-e interaction is smaller than in the first casepf the lateral sizes for which degeneracies can occur. The
Therefore this carrier configuration is energetically prefer-first excited state is only twice degenerate and the spin of the
able and forms the ground state four-X complex symboli-fourth e in the dot must have an orientation opposite to that
cally labeledX,=(2e,2h—2e*1,2h*1), while the state with  of the third e. Thus an exchange energy splitting of the
two excited e’s of different spin orientations is an excitedfour-X complex cannot occur in rectangular QD’s. Typical
four-X complex X;=(2e,2h—e*7,e*|,h*1,h*]) with a  PL spectra of a rectangular single QD with a cross section of
higher energy? The energy difference between these stategl1x 76 nn? are shown in Fig. 18. Qualitatively, the evolu-
corresponds to the exchange energy. tion of the dot emission is similar to that in cylindrical struc-
The radiative decay of four-X complexes can occur viatures. First the X and biX features are observed in spéatra
recombination of an X from the inner or outer sH€lOpti-  and(b). Then the excited shell states are populated leading to

cal transitions of outer shell X’s leave a three-X complex in
its ground stateX; as final state and can occur with either
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the emission of three- and four-X complexepectra(b)— [
(d)]. As expected, the four-X complex emission consists only AT 14600 ashs/Gaks QD
of two spectral lines, a low-energy featukg— X3 from the [
decay of an inner X and a high-energy featXye— X5 from 1.430 .,
an outer X decay. For the latter transition no exchange en- [ T s
ergy splitting is found. B
For the cylindrical QD’s the first excited single particle
shells can be occupied by two more carriers with increasing
optical excitation. However, as can be seen for the 60-nm-
wide Iny 1Ga gAs/GaAs QD in Fig. 1, tracee), then the
spectral features broaden. The high excitation causes rather [ -
high carrier temperatures, which lead to a population also of 1.427 - ' s
higher excited states. The resulting large number of possible [ -
transitions might result in the observed broadening. The 1426 L _eeeeT
emission from the ground shell can no longer be resolved as d e
a separate line. The energy of the excited shell transition is i ‘..---"' """ « A=50-70nm?
about the energy of the excited shell transition of the three- 1.425 -
exciton-complex and no fine structure is resolved in the R S R —
emission line. As discussed above, the ratio of emission in- magnetic field [T]
tensitiesl ; to |, indicates a strong filling of the first excited
state. According to the shell model for dots in the strong- FIG. 19. Transition energies of the spectral lines due to decay of
confinement regime, the energy of the emission from a shelwo- or three-X complexes in a rectangulan, |§Ga, gAs/GaAs
filled with one X is the same as that of emission from asingle QD with an area of 5070 nnf as functions of the magnetic
completely filled shell, for which the final state is a shell field.
with one vacancy® This is a direct consequence of the hid- N . .
den symmetries of the multiparticle Hamiltonian. Indications ~ The transition energies of the X complexes in a rectangu-
for this behavior can also be found for the present QD's inlar QD with an area of 5870 nnt are shown in Fig. 19
the weak-confinement regime. However, further studies ar¥ersusB. TheX—0 andX,— X transitions shift smoothly to
necessary to verify this feature clearly in the optical spectrahigher energies with increasirt. For the transition of the
When the lateral dot size becomes much larger than the ¥hree-X complex into the excited biX complég— X3 also
Bohr radius, the influence of the geometric confinement poa small shift to higher energies is observed, which is similar
tential on the single particle states can be neglected. Th® that of X,—X. In contrast, the energy of th¥;— X,
energy spectrum is quasicontinuous and the dots can be ottansition decreases at lo® and shifts to higher energies
cupied with a large number of X’s of the same spin orienta-only at high fields.
tion that are spatially separated. With increasing excitation In the frame of the shell model the magnetic-field depen-
the carrier configuration in large dots transforms from a sysdence of the energy splitting between multiX emission lines
tem of X’s over a system of biX’s into an e-h plasma, asis mainly given by that of the single-particle energies. A
observed experimentally in Fig. 5. magnetic field causes the convergence of QD states to form
Landau levels (LL's) when the magnetic length/z
=(%/eB)*? becomes smaller than the QD size. The energy
C. Magnetic-field dependence of multiexciton energies splitting between the first excited and the ground e and h

A test for the above shell model is the magnetic-fieldStates, AE=AE.+AE,,, decreases continuously with in-
dependence of the multiX energies. A magnetic field can lificreasingd. For example, in cylindrical QD’s the degeneracy

degeneracies of QD levels leading the electronic systeraf states with positive and negative angular momemnjas
back to a “quasicontinuous” single-particle energy lifted by the magnetic-field interaction of the magnetic mo-

spectruntt?544-46The hidden symmetries in the multipar- ment associated to,,. The first excited state with,=—1
ticle Hamiltonian are destroyed for QD’s in the strong- converges with the ground statg,=0 to form the lowest
confinement regime, except for certain magnetic fields, atL.**?!In contrast, the state with,=+1 transforms into
which degeneracies of electronic states oé€un the limit  the first excited LL.
of a very stong magnetic field the symmetry is fully broken.  From the transition energies in Fig. 19 the magnetic-field
The excitons then form a maximum density droplet. Thus &lependence of the Coulomb correlation energies can be de-
magnetic field results in a significant modification of the rived. All binding/repulsion energies, shown in Fig. 20, tend
multiX shells. to zero with increasin®. For the repulsion energy(Xs) in

The evolution of the three-X-complex energies with in-the three-X complex we find a decrease fren8 meV to
creasingB can be seen from the PL spectra of a rectangular-1 meV. For the binding energy of the excited biX state
dot with an area of 58 70 nn?. Comparison of the differ- A(X3) we find a similar decrease by about 2 meV. By a
ential spectrad2 in Figs. 4 and 9 shows that the energy magnetic field the particles are localized in an area with an
splitting of the emission lineX;— X5 and X3— X, is sig-  extension of about Zg. The Pauli repulsion is reduced
nificantly reduced aB=6 T in comparison tB=0. This when/z becomes smaller than the QD size and the behavior
decrease means that the magnetic field suppresses the repefi-the carriers becomes more and more QW-like. Conse-
sion between X’'s with the same spin orientation. quently A(X3) and alsoA(X3) decrease witiB and tend to
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ground-state transition is comparable to the sum of the e and
h cyclotron energiesh w.=#%eB/ u, whereu is the reduced
e and h mass. Hence the spectral features can be assigned to
emission from the ground, first, and second excited LL's.
The emission lines are labeled accordingly,—n,,n;
=0,1,2, corresponding to the e and h LL quantum numbers.
From the filling of the LL's at the highest excitation we
estimate that the dot is occupied by a few hundred e-h
pairs*®

The broadening of the lowest LL emission line is rela-
tively small until carriers occupy the first Landau level and
form a maximum density droplé?=>3 This means that the
effective X-X interaction in the lowest LL is strongly sup-
pressed. Only when the first excited LL is occupied with
carriers a significant low-energy shift of the ground-state
transition in conjunction with a strong broadening of the
emission line is observed that arises from the interaction of
particles in different LL’s. This behavior occurs because the
e-e and h-h interactions cancel exactly the e-h interactions
among X's in one LL and the X's form an ideal gas.

V. CONCLUSIONS

FIG. 20. Coulomb correlation energies(X{") of two- and MultiX complexes in InGa, _,As/GaAs QD’s with lateral
three-X complexes in an §nGay ssAs/GaAs rectangular single QD dimensions down to 50 nm have been investigated by PL
with an area of 5670 nnf vs magnetic field. spectroscopy. A model is discussed that explains the experi-

mental findings by an X complex formation on the basis of e
zero forL,R>/g, that is, when the X's in the QD are sepa- and h single-particle shells. The formation of biX's &t
rated by several magnetic lengths. A similar transitionlike=0 has been observed with binding energies that increase
behavior with increasing has recently been found for X’s with decreasing dot size. The biX binding energies are de-
in quantum wire$! creased by a magnetic field normal to the QD plane. This

Finally the B dependence oA(X3), the binding energy decrease originates mainly from the Zeeman splitting of the
of an X in the ground state to an excited biX, can be considX emission. MultiX complexes are confined in QD’s only
ered. A(X3) is slightly more than 2 meV aB=0 and is because of the 3D geometric confinement potential. Their
reduced to about 1.5 meV Bt=6 T. It follows closely the binding energies are negative because the Pauli repulsion
magnetic-field dependence A{X,). As for the biX,A(X3) pushes additional e’s and h’s into higher shells. The Cou-
is reduced by the X Zeeman splitting, while the additionallomb correlation energies among the carriers forming the
attractive interaction with the X in the excited shell is not complexes increase with decreasing dot size. A magnetic
strongly modified byB. field reduces strongly the X-X repulsion in the multiX com-

For comparison also a large, quasi-2D dot has been studglexes when the magnetic length becomes smaller than the
ied in high magnetic fields. For this QD the PL spectra inQD size.
Fig. 10 are qualitatively different from that of small QD'’s,
but are similar to those of a QW.In particular, in high
excitation spectra a spectral line appears only at much higher
energies than in a small dot. The energy of this spectral line The work was supported by the State of Bavaria and
increases linearly witlB and the energy splitting from the partly by the Volkswagen Foundation and NATO.
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