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Exciton complexes in InxGa12xAs/GaAs quantum dots
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Multiexciton complexes in InxGa12xAs/GaAs quantum dots in the weak-confinement regime have been
investigated by photoluminescence spectroscopy atT52K. 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
energyD(X2) increases with decreasing dot size, depending on the height of the confinement potential. The
splitting of the biexciton emission by a magnetic field (B<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
D(X2) 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 discussed.@S0163-1829~98!05232-1#
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I. INTRODUCTION

Optical studies of semiconductor quantum dots~QD’s!
might open new possibilities for investigating Coulomb i
teractions in multiparticle states consisting of electrons~e’s!/
holes~h’s!, or excitons~X’s!. This expectation is supporte
by the development of several fabrication techniques cap
of providing high-quality QD’s.1 For example, QD’s have
been formed by embedding semiconductor microcrystal
glass matrices. Other techniques make use of epita
growth, by which QD’s can be fabricated either directly, e.
by self-organized growth, or by means of lithographic p
terning of quantum wells~QW’s!.

The confined nature of the single-particle states in Q
has been shown by various techniques of opti
spectroscopy.1 Multiparticle effects are of importance in
variety of aspects of the linear and nonlinear optical prop
ties of semiconductor quantum structures.2 The formation of
multiparticle complexes in QD’s is determined by the d
crete, atomiclike level structure and by the strong Coulo
interactions among the carriers. The interplay of these eff
might cause new collective phenomena. A particular
ample are the ‘‘magic’’ states in doped QD’s: the total a
gular momentum of a certain number of e’s is driven throu
a sequence of discrete values by a magnetic field becau
the competition between kinetic energy and e-e repulsio3,4
PRB 580163-1829/98/58~8!/4740~14!/$15.00
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The goal of this paper is to study QD multiparticle stat
consisting of several X’s. A well-known example of such
complex is the biexciton~biX! consisting of two X’s. In bulk
crystals the biX is bound only by the Coulomb interacti
between the carriers. Only the spin-singlet biX state is sta
while the triplet state is unstable due to the strong Pa
repulsion between carriers with identical spin orientation5

The effect of quantum confinement on the biX has been s
ied widely in QW’s and a strong enhancement of the b
binding energy over the bulk value has been found.5,6 In
quantum wires no experimental observation of biX formati
has been reported up to now, although calculations pred
drastic increase of the binding energy.7,8

BiX’s in QD’s have been subject of a number of theore
ical investigations of the influences of geometric and diel
tric confinement on their binding energies.9–16 Experimen-
tally, biX’s in microcrystals9 have been studied by linear an
nonlinear spectroscopy. A systematic increase of the grou
state biX binding energy with decreasing dot size has b
found, in good agreement with model calculations.14,17Also,
excited biX states have been observed and even lasing
volving biX’s was found.14,17 In III-V semiconductors the
biX binding energy is clearly smaller than in wide-gap sem
conductors. Therefore single-dot spectroscopy has been
plied to observe biX’s.18,19 Also, here an increase of the biX
binding energy was observed, e.g., for GaAs/AlxGa12xAs
4740 © 1998 The American Physical Society
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QD’s with sizes comparable to the X Bohr radiusax by more
than one order of magnitude over the bulk value.18

Similar to the biX triplet state, multiexcitons~multiX’s!
consisting of more than two excitons are not stable in se
conductors with simple conduction and valence-band st
tures because of the Pauli repulsion. However, in QD’s
geometric confinement prevents a separation of X’s in sp
and thus enables the formation of multiX’s.

In photoluminescence studies using high optical exc
tion QD’s have been occupied with more than two electr
hole pairs. The spectral features in the emission of QD m
tiX’s are still not fully understood. For example, a Fermi g
of excitons has been proposed from time-resolved exp
ments on single QD’s.20 In studies on QD arrays the forma
tion of an electron-hole plasma has been suggested.21–25

However, in these experiments surprisingly no ‘‘band-g
renormalization’’ was observed. Recently, the first clear
servation of a three-exciton complex in QD’s has be
claimed for CuCl microcrystals embedded in a Na
matrix.26

Only a few theoretical studies exist up to now on mu
exciton complexes.27,28 For self-organized QD’s with size
comparable to the X Bohr radius it was shown that
strongly correlated e’s and h’s in a QD form a gas of wea
interacting X’s.28 The origin for this behavior lies in hidde
symmetries of the multiparticle Hamiltonian, which a
based on degeneracies of QD states from geometrical in
ances and on the symmetry of the interparticle Coulomb
teractions. Because of these symmetries the chemical po
tial shows pronounced plateaus as function of the X den
in the dot reflecting the single-particle density of states. B
addition and subtraction of an X in a shell occurs only with
a small set of allowed energies and leads to a fine structur
the emission spectrum. In lowest approximation the splitt
among the emission features from different X complex sh
is given by the energy splitting of the single-particle stat
However, the Coulomb interaction causes a renormaliza
of the transition energies of the exciton droplet and the
cillator strengths.

In the present paper we investigate the X-X interactions
X complexes in QD’s in the weak-confinement regim
where the dot size is larger than the X Bohr radius. Wh
done on QD arrays, such studies are often complicated by
inhomogeneous broadening of the emission due to dot
fluctuations. These broadening effects in the optical spe
prevent a resolution of the fine structure due to X-X inter
tion. Therefore the present experiments were performed
In0.14Ga0.86As/GaAs single QD’s and on arrays o
In0.03Ga0.97As/GaAs QD’s, whose spectra show only a sm
broadening.

First we study the dependence of the biX binding ene
D(X2) on dot size and on confinement potential height. F
large confinement potentials we find a strong increase w
decreasing dot radius, while for weakly confined QD’s t
binding energy is almost independent of dot size. We a
study the dependence ofD(X2) on magnetic field. In addi-
tion, we investigate the interaction energies in multiX’s co
sisting of more than two X’s. The correlation energies
crease strongly with decreasing dot size and they are stro
reduced when applying a magnetic field. For the four-exci
complex we find an energy splitting, which can be related
i-
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the exchange energy splitting of carrier configurations w
parallel and antiparallel spins.

The outline of the paper is as follows: In Sec. II we giv
a description of the QD samples and of the experimen
technique used to study these structures. The results o
investigation of biX’s are given in Secs. III and IV w
present the results for multiX complexes consisting of s
eral X’s.

II. EXPERIMENTAL

The experiments were performed on undoped QD’s f
ricated by lithography and etching on InxGa12xAs/GaAs
QW’s.29 The samples were held at a temperature of 1.5 K
the Helium insert of an optical magnetocryostat (B<8 T)
with the field aligned normal to the heterostructure. For o
tical excitation we used an Ar1 laser. The laser spot could b
focused down to a diameter of about 20mm with a variable
excitation power up to 1 kW cm22. In order to avoid
sample heating effects, the average laser power inciden
the sample was limited to 50 W cm22 by a mechanical
chopper when using high excitation. The emission was d
persed by a monochromator (f 50.6 m) and detected by a
LN2-cooled Si charge-coupled-devices camera. The polar
tion of the luminescence could be analyzed by a quar
wave retarder and linear polarizers.

To study the rather small confinement-induced change
the Coulomb interaction between carriers in a QD, effects
sample inhomogeneities must be avoided or at least
creased. Such inhomogeneities cause a strong broadeni
optical spectra hiding thus Coulomb interaction effects.
the present experiments they were suppressed by prop
designed samples:

~i! First we have studied single QD’s of cylindrica
and rectangular shape. Starting material was
In0.14Ga0.86As/GaAs QW with a width of 5 nm. From this
QW single QD’s of widely varying sizes were fabricate
The spacing between adjacent dots was 50mm, so that the
laser spot~with a focus diameter of about 20mm) could be
adjusted to excite only an individual QD.

~ii ! Second we have studied arrays of cylindrical QD
fabricated from shallow In0.03Ga0.97As/GaAs QW’s with a
width of 5 nm. In these QW structures the half-width of th
luminescence emission is small~about 1 meV!, because X
scattering by interface roughnesses or alloy fluctuation
considerably reduced in comparison to QW’s with large
contents. When fabricating lateral nanostructures from th
shallow wells, we find that the increase of the inhomog
neous broadening with decreasing structure size is we
than in structures formed from deep wells. Therefore a
spectrally closely spaced features can be resolved in spe
from arrays of shallow QD’s. The size of the arrays was
325 mm. The diameter of the laser spot was chosen to
slightly larger than the array size in order to obtain homo
neous excitation conditions.

The geometric shape of the QD’s determines the se
‘‘good’’ quantum numbers, which describe the singl
particle states in addition to the spin. Besides the vert
QW quantum numbernz the states are characterized by
radial and an azimuthal quantum number,nr andnw , in cy-
lindrical QD’s. The quantum numbernw originates from ro-
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4742 PRB 58M. BAYER et al.
tation invariance around the QD symmetry axis normal to
QW plane. It corresponds to the angular momentum of
carriers around this axis. In rectangular QD’s this symme
is broken. The electronic levels are characterized by
quantum numbersnx andny describing the excitations alon
the in-plane directionsx andy.30

The lateral geometric sizes of the QD’s were measured
scanning electron microscopy with an accuracy of63 nm.
The sizes ranged down to about 50 nm, slightly larger th
the extension of the X wave function characterized by
Bohr radius of about 10–13 nm for the prese
InxGa12xAs/GaAs structures.

III. TWO-EXCITON COMPLEXES

A. Biexciton binding energies atB50

Figure 1 shows PL spectra of a cylindrical single QD w
a diameter of 60 nm atB50. At low excitation intensity
~lowest trace in Fig. 1! a narrow emission line~labeled by
X→0) is observed at an energyE51.429 eV, which origi-
nates from recombination of one X in the QD. The ha
width of the emission is about 0.6 meV.31 With increasing
excitation a second feature~labeledX2→X) appears on the
low energy side of the X emission atE51.4275 eV. The
integrated intensity of this feature increases superline
with excitation power.19 This dependence~together with the
results of the studies in the magnetic field described bel!
clearly suggest that the emission can be attributed to
recombination. In particular, it cannot be attributed to a
excited X state in the QD because then it would appear
the high-energy side of the X line. We can also exclude X

FIG. 1. PL spectra of a cylindrical In0.14Ga0.86As/GaAs single
QD with a diameter of 60 nm recorded atB50 using varying
excitation powers increasing from bottom to top:P@mW#510 ~a!,
25 ~b!, 50 ~c!, 100 ~d!, and 200~e!.
e
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bound to an impurity from consideration because the co
sponding emission would appear even at the smallest ex
tion densities, which in our experiments is not the case32

Moreover, it cannot originate from charged X’s33 because if
the QD would contain an equilibrium carrier~without pho-
toexcitation! then the emission of charged X’s would als
appear already at the smallest illumination. For clarity,
spectra recorded at further elevated excitation intensities
be discussed in Sec. IV.

The low-energy shift of the emissionX2→X in compari-
son to the X emission arises from the X-X Coulomb intera
tion and can be considered as the biX binding energyD(X2)
in a QD,34 as shown in Fig. 2. There the energies of t
multiX states in cylindrical QD’s are displayed schema
cally. From left to right the different columns correspond
carrier configurations in which one, two, three and four e
pairs are in the dot. The allowed optical transitions due to
decay of an e-h pair are indicated by arrows. From the sp
ting between the X and the biX emission lines, we obtain
biX binding energy D(X2)52E(X)2E(X2)5E(X→0)
2E(X2→X), whereE(X2) is the energy of the two-X com
plex andE(X) is the X energy. For 60-nm-wide QD’s w
find a binding energy of about 1.6 meV.35

Figures 3–5 show PL spectra of differe
In0.14Ga0.86As/GaAs single QD’s of rectangular shape. T
in-plane areasA5LxLy of these dots were 45355 nm2 ~Fig.
3!, 50370 nm2 ~Fig. 4! and 1403800 nm2 ~Fig. 5!. The
spectra were recorded atB50 using different excitation in-
tensities. Qualitatively, the behavior of the emission from
small dots is similar to that of cylindrical QD’s. The low
excitation PL spectra consist of the X emission lineX→0
and with increasing excitation density the biX emission a
pears at the low-energy side of the X emission.

FIG. 2. Energy level scheme of QD multiX statesXn
(!) consist-

ing of up to four X’s atB50. The first column corresponds to
carrier configuration, in which one e-h pair is in the QD, in t
second and the third ones, respectively, two and three e-h pair
in the dot and in the fourth column four e-h pairs populate the d
The total energies of the statesE(Xn

(!)) are shown in vertical direc-
tion. The arrows indicate allowed optical transitions. The bind
energies of the multiX statesD(Xn

(!)) are shown on the right-hand
side.
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Quantitatively, however, there are significant differenc
Comparison of Figs. 3–5 shows that the energy gap betw
the biX and X emission lines depends strongly on the late
dot size. In the smallest QD theX2→X line lies about 2 meV
below the X emission. In the larger dots theX2→X line is

FIG. 3. PL spectra of a rectangular In0.14Ga0.86As/GaAs single
QD with an in-plane area of 45355 nm2 recorded atB50 using
varying excitation powersP increasing from bottom to top
P@mW#5100 ~a!, 400 ~b!.

FIG. 4. PL spectra of a rectangular In0.14Ga0.86As/GaAs single
QD with an in-plane area of 50370 nm2 recorded atB50 using
varying excitation powers:P@mW#510 ~a!, 25 ~b!, 50 ~c!, and 200
~d!; the differential spectra d1 and d2 in the upper half of the fig
are obtained from the spectra recorded at 25mW and 50 mW ex-
citation power.
.
en
al

located closer to theX→0 line and is more difficult to re-
solve. In order to determine its energy with higher precis
we have recorded differential spectra. In the upper half
Fig. 4 a typical differential spectrum (d1) is shown for a
50370 nm2 wide dot ~difference of spectra recorded at
525 mW and 10 mW). After subtracting the X emission
the biX line X2→X dominates the spectrum. It is shifted b
about 1.5 meV to lower energies in comparison to the
emission. In the large, quasi-2D dot the energy gap betw
X2→X andX→0 is about 0.7 meV.

The biX binding energies obtained from PL spectra
QD’s are shown in Fig. 6 versus the lateral dot size. T
squares give the results for rectangular QD’s and the cir
those for cylindrical QD’s. In order to display the rectangu
and the cylindrical dot data in one figure we calculate
effective diameter 2R for the rectangular QD’s that describe
the cross section of the structurespR25LxLy . Figure 6
shows that with decreasing lateral size the biX binding
ergy increases up to 2 meV for the smallest cylindrical QD
with a diameter of 50 nm. For a 2D In0.10Ga0.90As/GaAs
reference we find a binding energy of about 0.7 meV. T
is, in these QD’sD(X2) is up to three times larger than in th
quasi-2D reference and up to one order of magnitude la
than in bulk.

In previous studies36 we have found that the effects o
confinement on X’s in InxGa12xAs/GaAs QD’s become im-
portant for sizes as large as 100 nm, which is about ten tim
the Bohr radius. Figure 6 shows that similar to the X bindi
energiesD(X2) is already enhanced for 100 nm wide dots37

Qualitatively, the observed increase compares well with t
observed in previous investigations of QD’s.9,14,17,18,29

D(X2) is determined by the complicated balance of t
interactions between the carriers forming the biX. BiX’s
higher-dimensional structures are stable, because the fi
extension of the four-particle wave function allows a carr
distribution, in which the attractive exceed the repulsive

e

FIG. 5. PL spectra of a quasi-2D rectangul
In0.14Ga0.86As/GaAs single dot with an in-plane area of 14
3800 nm2 recorded atB50 for varying excitation powers increas
ing from bottom to top:P@mW#510 ~a!, 25 ~b!, 50 ~c!, and 200~d!.



is
tio
nt

e
n
in

ion
ie
n

he

e
a

lf

on
y

h
u-
’s
w
d
e

-
ith

n-

.

ac-
he
ral
the
dis-
ds

nto

l

l

4744 PRB 58M. BAYER et al.
teractions. By geometric confinement the interparticle d
tances are reduced and therefore the interparticle interac
are enhanced. In QW’s this leads to a drastic enhanceme
the biX binding energy over the bulk value.5,6

BiX’s in QD’s have been the subject of a number of th
oretical investigations.9–16 The biX binding energy has bee
determined using several calculation techniques, includ
matrix diagonalization, variational calculations, perturbat
theory, and Monte Carlo techniques. All of these stud
show that the QD biX also has a positive binding energy a
that D(X2) increases with decreasing dot radiusR. The in-
crease is to a good approximation proportional to 1/R.

The dotted line in Fig. 6 gives the results of a fit to t
data by a function proportional to 1/R with a binding energy
of 0.7 meV for the 2D reference. From this fit good agre
ment with the experimental results is obtained. For the sm
est QD’s with a diameter of 50 nm~about four times the
Bohr radius! the biX binding energy of 2 meV is about ha
the bulk Rydberg of 4 meV for In0.14Ga0.86As. This result is
in agreement with the calculations of Takagahara11 for
spherical QD’s withR;2aX .

The biX binding energy depends on the height of the c
finement potential. Figure 7 shows PL spectra of an arra
cylindrical In0.03Ga0.97As/GaAs dots with a diameter 2R
570 nm. In these structures the QW confinement is rat
weak. The evolution of emission lines with increasing ill
mination power is similar to that observed for single QD
The narrow X emissionX→0 dominates the spectrum at lo
excitation, and the biX emissionX2→X appears at elevate
excitation at the low-energy side of the X emission. Figur
shows high excitation spectra of In0.03Ga0.97As/GaAs QD’s
with varying diameters atB50. Due to the lateral quantiza
tion of the X the emission shifts to higher energies w

FIG. 6. BiX binding energiesD(X2) as function of the latera
dot size for cylindrical and rectangular In0.14Ga0.86As/GaAs QD’s.
The dotted line gives the result of a theoretical estimate forD(X2)
described in the text.
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decreasing dot diameter, while the splitting betweenX2→X
andX→0 does not vary strongly.

In Fig. 9 the dot size dependence of the biX binding e
ergies is shown for In0.03Ga0.97As/GaAs QD’s. For compari-
son, also the data for In0.14Ga0.86As/GaAs dots are plotted
The binding energies are shown in units ofD(X2) in the
corresponding reference QW’s. Within the experimental
curacyD(X2) remains constant with decreasing size for t
shallow dots. In strongly confined structures with late
sizes larger than approximately the X Bohr radius both
attractive and the repulsive interactions increase. The re
tribution of the biX wave function by the confinement lea
to a net increase ofD(X2). In shallow In0.03Ga0.97As/GaAs
QW’s the e wave function has a significant penetration i

FIG. 7. PL spectra of an array of cylindrical In0.03Ga0.97As/GaAs
QD’s with a diameter of 70 nm recorded atB50 with varying
excitation powers:P@mW#5100 ~a!, 200 ~b!, and 400~c!.

FIG. 8. High excitation PL spectra of cylindrica
In0.03Ga0.97As/GaAs QD’s with varying diameters atB50. The ex-
citation power was 400mW in each case.
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the surrounding barriers, while the h wave function is s
well confined. The resulting mismatch of the e and h wa
functions might lead to a stronger increase of the repuls
interactions by the lateral confinement in comparison to
attractive ones. This might result in a compensation of
increase ofD(X2) due to wave-function redistribution and i
an independence ofD(X2) on lateral dot size. However, de
tailed numerical calculations are required to understand
behavior fully.

B. Biexcitons in magnetic field

1. Unpolarized spectra

In previous experiments we have studied the X sp
splitting in InxGa12xAs/GaAs QD’s with x50.10. From
these studies we find that the spin splitting has a strong
dependence, but still is rather small, e.g., in comparison
the splitting between the size-quantized QD states.38 In the
present structures the biX binding energyD(X2) exceeds the
spin splitting DE6 and the biX is expected to be a stab
state for all field strengths. Further the investigation of biX
in magnetic field should be possible from unpolarized
spectra.

PL spectra of rectangular single dots are shown in F
10–12. The spectra were recorded using the same excita
conditions as for those atB50 ~Figs. 3–5!, but at B
56 T. However, the spectral features are different fro
those at zero magnetic field. Figure 10 shows that in a
with an in-plane area of 45355 nm2 the splitting of theX2
→X and theX→0 emission lines is clearly reduced byB.
This indicates a strong decrease of the biX binding ener

In the larger, 50370-nm2-wide dot the X and the biX
emission are very close to each other. To resolve their en

FIG. 9. BiX binding energiesD(X2) as functions of the latera
dot size for deep In0.14Ga0.86As/GaAs and shallow
In0.03Ga0.97As/GaAs QD’s of cylindrical shape. The binding ene
gies are given in units of the binding energy in the respec
quasi-2D reference samples.
l
e
e
e
e
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ze
to
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gy

splitting we have recorded a differential spectrum (d1). The
biX is located at only slightly smaller energie
(;0.6 meV) than the X emission. This splitting is signifi
cantly smaller than that (;1.5 meV) atB50.

e

FIG. 10. PL spectra of a rectangular In0.14Ga0.86As/GaAs single
QD with an in-plane area of 45355 nm2 recorded atB56 T with
varying excitation powers:P@mW#5100 ~a! and 400~b!.

FIG. 11. PL spectra of a rectangular In0.14Ga0.86As/GaAs single
QD with an in-plane area of 50370 nm2 recorded atB56 T with
varying excitation powers:P@mW#510 ~a!, 25 ~b!, 50 ~c!, and 200
~d!; the differential spectra d1 and d2 in the upper half of the fig
are obtained from the spectra recorded at 25mW and 50 mW ex-
citation power.
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Two different effects could cause the reduction of the b
binding energy byB. First, a stronger diamagnetic shift o
the biX in comparison to twice the shift of the X or secon
the Zeeman-splitting of the emission lines could be the r
son for the observed behavior. For clarification we have
corded polarized spectra of the X and biX emission.

2. Zeeman splitting of the biX emission

Figure 13 showss1- and s2-polarized PL spectra o
In0.03Ga0.97As/GaAs QD’s atB58 T for different excitation
densities. At low excitation the spectra consist of the sin

FIG. 12. PL spectra of a rectangular In0.14Ga0.86As/GaAs single
dot with an in-plane area of 1403800 nm2 recorded atB56 T for
varying excitation powers increasing from bottom to top:P@mW#
510 ~a!, 25 ~b!, 50 ~c!, 100 ~d!, and 200~e!.

FIG. 13. Polarized PL spectra of an array of cylindric
In0.03Ga0.97As/GaAs QD’s with a diameter of 70 nm recorded atB
58 T using various excitation powers:P@mW#5100 ~a! and 400
~b!.
,
-
-

e

X emission line @X→0#(s1) and @X→0#(s2), respec-
tively. The splittingDE6 of the lines arises from the Zeema
splitting of the X stateDE65gXmBB wheremB is the Bohr
magneton andgX is the X g factor. Within the experimenta
accuracy, the experimentally observed splittingDE6 in-
creases linearly with magnetic field and is about 0.8 meV
B58 T. The larger intensity of thes1 polarized componen
reflects a higher time-averaged filling of the X ground sta
In spectra recorded at higher excitation intensities thes1-
and s2-polarized biX emission lines@X2→X(s2)#(s1)
and @X2→X(s1)#(s2) are observed. The splitting of th
biX emission lines is approximately equal to the splitting
the X emission, independent of the dot size.

This behavior can be understood from the scheme of
tical transitions in Fig. 14. The biX ground state is a sp
singlet state and its energy cannot be split byB. However,
the final state of the biX transition is an X, whose energy
split by B. Thus the splitting of the biX emission is given b
that of the X in the final state of the optical transition. Th
interpretation is supported by Fig. 13, which shows that~in
contrast to the X emission! the intensities of the spin
polarized biX emission lines are about equal as expected
transitions from the same initial state.

These results are therefore also an additional proof
the emission at the low-energy side of the X comes ind
from biX recombination. In particular, it should be noted th
the emission cannot be associated with emission from tri
consisting of an X and an e or a h. In that case the lines w
s1 ands2 polarizations would correspond to recombinati
of trions in the ground and excited spin states and there
their intensities would be different.

Within this frame also the reduction of the biX bindin
energy byB has to be explained. The transition scheme
Fig. 14 shows that the@X2→X(s1)#(s2) emission line cor-
responds to a transition from the biX to an X in its sp
ground state. The energy gap between the@X2
→X(s1)#(s2) and@X→0#(s1) emission lines can be con
sidered as the effective biX binding energy,D(X2)5E„@X
→0#(s1)…2E„@X2→X(s1)#(s2)… Further, the energy gap
D0(X2)5E„@X→0#(s6)…2E„@X2→X(s7)#(s6)… be-
tween the X and biX emission lines of the same polarizat
can be compared withD(X2). D(X2) andD0(X2) are shown
in Fig. 15 versus magnetic field for 70-nm-wid
In0.03Ga0.97As/GaAs QD’s.D(X2) decreases about linearl
from 1.3 meV to 0.5 meV up to 8 T. This decrease is eq

FIG. 14. Scheme of allowed optical transitions of X’s and biX
in QD’s at zero and nonzero magnetic fields. The total energie
the states are shown in vertical direction. Also the polarizations
the emission lines atBÞ0 are shown.
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to the X spin splitting. In contrast, we find thatD0(X2) is
equal toD0(X2) at B50. This result means that the decrea
of the biX binding energy by a magnetic field originat
mainly from the Zeeman splitting of the X, while the rea
rangement of the biX and X wave functions byB plays a
minor role and the resulting diamagnetic shifts ofE(X2) and
2E(X) are equal.

This finding is confirmed by the magnetic-field depe
dence ofD(X2) in rectangular QD’s as shown in Fig. 16. F
all structures we find a decrease ofD(X2) with increasingB.
However, the size of the decrease is strongly enhanced
decreasing dot size. For the quasi-2D dot we find a decre

FIG. 15. BiX binding energy,D(X2) and energy splitting
D0(X2) as function of the magnetic field for 70 nm wide, cylindr
cal In0.03Ga0.97As/GaAs QD’s.

FIG. 16. BiX binding energies in rectangula
In0.14Ga0.86As/GaAs QD’s with different in-plane areas as functio
of the magnetic field.
e

-

ith
se

from 0.8 meV atB50 to 0.4 meV atB56 T. For the dots
with in-plane areas of 50370 nm2 and 45355 nm2 we find
decreases of 0.8 meV and 1.2 meV, respectively. Accord
to the above results this means that the X spin-splitting
creases strongly with decreasing dot diameter. Such an
crease has been observed in previous investigations of c
drical In0.10Ga0.90As/GaAs QD’s,38 in which an enhancemen
of the spin splitting over that in a QW was found that
inversely proportional to the square of the dot radius.

IV. MULTIEXCITONS IN QUANTUM DOTS

In the following the interaction energies of X’s are inve
tigated when the QD’s are filled with more than two e
pairs. In semiconductor structures with simple valence- a
conduction-band structures and with free dispersion alon
least one spatial direction~in bulk, in QW’s and in quantum
wires! the formation of such complexes is impossible b
cause the strong Pauli repulsion among X’s with the sa
spin orientation causes a separation of these X’s in spac

A. Multiexcitons at zero magnetic field

When the excitation power is increased above the illum
nation densities at which biX emission is observed, ad
tional emission lines appear in the QD luminescence spec
as seen for a 60-nm-wide cylindrical QD in Fig. 1. A we
separated spectral line~labeledX3→X2) appears at abou
E51.433 eV, 3.5 meV above the X emission lineX→0.
This emission cannot be attributed to the first excited stat
the center-of-mass quantized motion of the X, because
culations show that for this dot diameter the energy sep
tion of this state from the ground state would be less tha
meV. In contrast, the separation of 3.5 meV is rather co
parable to the sum of the quantized e and h single-part
energies. Simultaneously, the low-energy emission~labeled
by X3→X2

!) is additionally redshifted by about 1 meV i
comparison to the biX emission. The intensity of the lo
energy feature saturates, when the excitation power is fur
increased, while that of the high-energy feature increases
ther.

These observations can only be explained by assum
that the e and h ground states in the QD~which are double
spin degenerate! are fully occupied and additional carriers
the QD occupy the first excited states. The carriers in
ground and excited states form multiX complexes due
their mutual Coulomb interactions. In particular, the hig
energy feature cannot be attributed to excited biexci
states, because then the appearance of this feature woul
be accompanied by a further low-energy shift of the grou
state emission. The redshift ofX3→X2

! can only arise from
Coulomb interactions with additional carriers in the dot.39

In cylindrical QD’s the first excited states can be pop
lated by up to four carriers due to spin and orbital angu
momentum (nw561) degeneracies. From the comparis
of the intensities of the excited state to the saturated grou
state emission,I 1 to I 0 , one can estimate the~time-averaged!
number of X’s in the QD. In spectrum~c! I 1 is about halfI 0
indicating that the excited state is filled with one e-h pa
while in spectrum~d! two X’s are in the excited shell be
cause of the equal intensitiesI 0 andI 1 . At this excitation the
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low-energy emission is again shifted to lower energies
the higher-lying emission line is split into two lines separa
by almost 2 meV. A further increase of the excitation pow
causes a broadening of the spectral features. The gro
state emission cannot be resolved as a separate line any
and the emission from excited states dominates. At the h
est excitation the intensityI 1 is approximately twice as larg
as that of the ground-state emission indicating a strong fil
of the first excited e and h shells. No fine structure can
resolved in the excited emission and its energy is about
energy of the emissionX3→X2 of the three-exciton com
plex.

Similar observations are made for the three-X complex
rectangular QD’s. Figure 4 shows that for a QD with an a
of 50370 nm2 an increase of the excitation power results
the appearance of a well pronounced shoulder at the h
energy side of the X emission and in a shift of the groun
state emission to lower energies. In order to resolve b
emission linesX3→X2 and X3→X2

! more clearly, we have
again recorded a differential spectrum shown in Fig. 4, tr
d2. The corresponding lines are located 2 meV below an
meV above the energy at which theX→0 transition is ob-
served.

For comparison we have also performed high excitat
studies of a large, quasi-2D rectangular dot. An increase
the excitation power causes changes of the optical spe
very similar to those in a QW. Figure 5 shows that no p
nounced structure appears in the PL spectrum; the spe
line broadens monotonically and transforms into the str
tureless emission band characteristic of a Fermi system~e-h
plasma! at B50.2

B. Shell model for multiX states in QD’s

For self-organized QD’s with lateral sizes comparable
the X Bohr radius detailed calculations have shown that
X complexes have a shell structure that reflects the sin
particle density of states.28 The splitting between the emis
sion features from different shells corresponds to collec
excitations of the exciton droplet in the QD. In first approx
mation the splitting is given by the energy difference b
tween the single-particle states. Its renormalization by
Coulomb interaction is rather small. Thus the multiX sta
can be classified by using e and h single-particle rather t
X shells. This shell model is therefore similar to that us
earlier for multiX complexes bound at neutral impurities
bulk semiconductors.40,41 Here we consider QD’s in the
weak-confinement regime with minimum lateral sizes o
few aX . However, as discussed above the energy split
between the excited and ground-state transitions is la
than the calculated energy splitting between the center
mass quantized X states, but instead is of the order of
sum of the quantized e and h energies. Thus our stu
indicate that X complex formation on the basis of the sing
particle shells occurs already for QD’s with lateral sizes o
few Bohr radii. This may be expected from studies on bou
multiX’s in bulk semiconductors, where the Pauli repulsi
among e’s/h’s prevents a strong spatial shrinkage of
wave function of the multiX complex.40

However, the energies of the multiX states are modifi
by the X-X Coulomb interaction. These interactions result
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a renormalization of the transition energies and in a fi
structure splitting. For one or two e-h pairs the carriers
cupy the lowest single-particle energy shells leading to th
and biX emission lines. As discussed above, the ene
E(X2) of the biX state is smaller than the energy 2E(X) of
two uncorrelated X’s because of the attractive X-X intera
tion in the biX spin-singlet state.

With two carriers of opposite spin the e and h grou
states (nz50, nr50, and nw50 in cylindrical and nz

50, nx50, andny50 in rectangular QD’s! are fully oc-
cupied. Therefore, when an additional e-h pair is created
the dot, the Pauli principle prevents the relaxation of the
carriers into the ground, but forces them into the first exci
states. The ground-state three-X complexX3 thus consists of
two e’s and h’s in the lowest and one e and h in the fi
excited shellsX3[(2e,2h21e!,1h!). Only transitions be-
tween carriers with the same quantum numbers have la
oscillator strength and accordinglyX3 can decay in two dif-
ferent ways: First the recombination of an e and a h in the
excited states can occur leaving the biX ground stateX2 as
final state. This transition causes the high-energy fea
X3→X2 in the spectra. Second, an e and a h in theground
shells can recombine leaving behind the excited biX st
X2

![(1e,1h21e!,1h!) as a final state consisting of an e
pair in both the ground and the first excited shells. The
sulting spectral line,X3→X2

! , has a smaller energy separ
tion from the biX as the biX has from the X. This may b
expected because the interaction energy between X’s f
inner and outer shells is weaker than the biX binding ene
due to the reduced spatial overlap of the single-particle w
functions in the Coulomb interaction matrix elements.

From the transition energies we can determine the bind
energies in the X complexes. From Fig. 2 the following r
lations are obtained: Besides the ground-state biX bind
energyD(X2) the biX binding energyD(X2

!) in the excited
state can be calculated byD(X2

!)5E(X3→X2
!)2E(X3

→X2)1D(X2). The binding energyD(X3) of a third X to
the biX can be determined fromD(X3)5E(X→0)2E(X3
→X2). Finally, we can consider the addition of a third e
pair in the ground shells to the excited biX. Its binding e
ergy D(X3

!) is given byD(X3
!)5E(X→0)2E(X3→X2

!).
The dot size dependence of these binding energies in

lindrical In0.14Ga0.86As/GaAs QD’s is shown in Fig. 17. The
X transition energies are determined from emission spectr
low excitation powers while the energies of the two- a
three-X complexes are obtained from high excitation a
from differential spectra.35 While D(X2) is positive~binding
energy in a strict sense!, the energyD(X3) is negative~re-
pulsion energy!. This means that, similarly to the case
bulk, the effective X-X interaction in the QD is attractiv
only for biX’s and the energy of the three-X state is larg
than the energy of a biX and an X without correlation. T
negative ‘‘binding energy’’ originates from the strong Pau
repulsion between e’s/h’s with identical spin orientati
pushing the third X into a higher shell. The three-X compl
is confined only because of the 3D geometric confinem
potential, which prevents a spatial separation of X’s. Sim
arguments hold also forD(X2

!).
As expected from the biX binding energy, the correlati

energies increase strongly with decreasing dot size bec
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of the spatial confinement. For example,D(X3) increases
from about22 to 25 meV, D(X2

!) from 22.5 to more
than 26 meV. According to the shell model the domina
contributions toD(X3) andD(X2

!) are given by the energie
of the quantized e and h single particle states, which incre
with decreasing dot size as 1/r 2.

The effective X interaction is attractive when an X
added in the ground shell to the excited biX. The third X fi
an empty space and the Pauli repulsion has no effect whe
the correlation energy increases with the number of parti
in the QD. ThereforeD(X3

!) exceeds the biX binding energ
by about 0.5 meV.

When even more e-h pairs populate the QD, additio
carrier-carrier interactions must be taken into account. F
fourth e-h pair, the additional carriers also occupy the fi
excited single-particle states. In a cylindrical QD the fi
excited state is four times degenerate. Thus the addition
for example, can occupy different states. First, it can occ
a state with a spin quantum number different from that of
third e ~thus fulfilling the restrictions of the Pauli principle!
but with the same orbital angular momentum. In this case
two e’s in the excited shell can spatially come very close
each other leading to a strong repulsive e-e interaction wh
increases the energy of this state. Second, the fourth e
occupy a state with identical spin orientation but with diffe
ent angular momentum. The Pauli repulsion then preve
the two excited e’s coming close to each other and there
the repulsive e-e interaction is smaller than in the first ca
Therefore this carrier configuration is energetically pref
able and forms the ground state four-X complex symb
cally labeledX4[(2e,2h22e!↑,2h!↑), while the state with
two excited e’s of different spin orientations is an excit
four-X complex X4

![(2e,2h2e!↑,e!↓,h!↑,h!↓) with a
higher energy.42 The energy difference between these sta
corresponds to the exchange energy.

The radiative decay of four-X complexes can occur
recombination of an X from the inner or outer shell.43 Opti-

FIG. 17. Coulomb correlation energiesD(Xn
(!)) of two- and

three-X complexes as described in the text plotted against the
ameter of cylindrical In0.14Ga0.86As/GaAs QD’s.
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cal transitions of outer shell X’s leave a three-X complex
its ground stateX3 as final state and can occur with eitherX4

or X4
! being the initial state. Both transitionsX4→X3 and

X4
!→X3 are observed in Fig. 1 and they are split due to

exchange energy splitting of the carriers in the four
complex.43 From the splitting of the lines the exchange e
ergy is about 2 meV.

For optical transitions of X’s from the inner shell th
final state will be an excited three-X comple
either X3,1

! [(1e,1h22e!↑,2h!↑) or X3,2
! [(1e,1h

2e!↑,e!↓,h!↑,h!↓). The energy splitting betweenX3,1
! and

X3,2
! is also determined by the exchange energy splitting

should be roughly equal to the splitting ofX4 andX4
! . Thus

the allowed optical transitionsX4→X3,1
! andX4

!→X3,2
! have

about the same energy and only one low-energy emis
line is observed in the spectra. For this emission line a f
ther small shift to lower energies is found compared to
emission lineX3→X2

! . This redshift can be expected be
cause the interaction between X’s in the ground and exc
shell is attractive.

For rectangular QD’s with different side lengths the on
degeneracy is the spin degeneracy, except for specific ra
of the lateral sizes for which degeneracies can occur.
first excited state is only twice degenerate and the spin of
fourth e in the dot must have an orientation opposite to t
of the third e. Thus an exchange energy splitting of t
four-X complex cannot occur in rectangular QD’s. Typic
PL spectra of a rectangular single QD with a cross section
41376 nm2 are shown in Fig. 18. Qualitatively, the evolu
tion of the dot emission is similar to that in cylindrical stru
tures. First the X and biX features are observed in spectra~a!
and~b!. Then the excited shell states are populated leadin

i-

FIG. 18. PL spectra of a rectangular In0.14Ga0.86As/GaAs single
QD with an area of 41376 nm2 at zero magnetic field for varying
excitation powers increasing from bottom to top:P@mW#525 ~a!,
50 ~b!, 100 ~c! and 200~d!.
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the emission of three- and four-X complexes@spectra~b!–
~d!#. As expected, the four-X complex emission consists o
of two spectral lines, a low-energy featureX4→X3

! from the
decay of an inner X and a high-energy featureX4→X3 from
an outer X decay. For the latter transition no exchange
ergy splitting is found.

For the cylindrical QD’s the first excited single partic
shells can be occupied by two more carriers with increas
optical excitation. However, as can be seen for the 60-n
wide In0.14Ga0.86As/GaAs QD in Fig. 1, trace~e!, then the
spectral features broaden. The high excitation causes ra
high carrier temperatures, which lead to a population also
higher excited states. The resulting large number of poss
transitions might result in the observed broadening. T
emission from the ground shell can no longer be resolved
a separate line. The energy of the excited shell transitio
about the energy of the excited shell transition of the thr
exciton-complex and no fine structure is resolved in
emission line. As discussed above, the ratio of emission
tensitiesI 1 to I 0 indicates a strong filling of the first excite
state. According to the shell model for dots in the stron
confinement regime, the energy of the emission from a s
filled with one X is the same as that of emission from
completely filled shell, for which the final state is a sh
with one vacancy.28 This is a direct consequence of the hi
den symmetries of the multiparticle Hamiltonian. Indicatio
for this behavior can also be found for the present QD’s
the weak-confinement regime. However, further studies
necessary to verify this feature clearly in the optical spec

When the lateral dot size becomes much larger than th
Bohr radius, the influence of the geometric confinement
tential on the single particle states can be neglected.
energy spectrum is quasicontinuous and the dots can be
cupied with a large number of X’s of the same spin orien
tion that are spatially separated. With increasing excitat
the carrier configuration in large dots transforms from a s
tem of X’s over a system of biX’s into an e-h plasma,
observed experimentally in Fig. 5.

C. Magnetic-field dependence of multiexciton energies

A test for the above shell model is the magnetic-fie
dependence of the multiX energies. A magnetic field can
degeneracies of QD levels leading the electronic sys
back to a ‘‘quasicontinuous’’ single-particle energ
spectrum.21,25,44–46The hidden symmetries in the multipa
ticle Hamiltonian are destroyed for QD’s in the stron
confinement regime, except for certain magnetic fields
which degeneracies of electronic states occur.28 In the limit
of a very stong magnetic field the symmetry is fully broke
The excitons then form a maximum density droplet. Thu
magnetic field results in a significant modification of t
multiX shells.

The evolution of the three-X-complex energies with i
creasingB can be seen from the PL spectra of a rectangu
dot with an area of 50370 nm2. Comparison of the differ-
ential spectrad2 in Figs. 4 and 9 shows that the ener
splitting of the emission linesX3→X2

! and X3→X2 is sig-
nificantly reduced atB56 T in comparison toB50. This
decrease means that the magnetic field suppresses the
sion between X’s with the same spin orientation.
y

n-

g
-

er
of
le
e
as
is
-

e
-

-
ll

l

n
re
a.
X
-

he
c-
-
n
-

ft
m

t

.
a

r

pul-

The transition energies of the X complexes in a rectan
lar QD with an area of 50370 nm2 are shown in Fig. 19
versusB. TheX→0 andX2→X transitions shift smoothly to
higher energies with increasingB. For the transition of the
three-X complex into the excited biX complexX3→X2

! also
a small shift to higher energies is observed, which is sim
to that of X2→X. In contrast, the energy of theX3→X2
transition decreases at lowB and shifts to higher energie
only at high fields.

In the frame of the shell model the magnetic-field depe
dence of the energy splitting between multiX emission lin
is mainly given by that of the single-particle energies.
magnetic field causes the convergence of QD states to f
Landau levels ~LL’s ! when the magnetic lengthl B
5(\/eB)1/2 becomes smaller than the QD size. The ene
splitting between the first excited and the ground e an
states,DE5DEe1DEh , decreases continuously with in
creasingB. For example, in cylindrical QD’s the degenera
of states with positive and negative angular momentanw is
lifted by the magnetic-field interaction of the magnetic m
ment associated tonw . The first excited state withnw521
converges with the ground statenw50 to form the lowest
LL.44,21 In contrast, the state withnw511 transforms into
the first excited LL.

From the transition energies in Fig. 19 the magnetic-fi
dependence of the Coulomb correlation energies can be
rived. All binding/repulsion energies, shown in Fig. 20, te
to zero with increasingB. For the repulsion energyD(X3) in
the three-X complex we find a decrease from23 meV to
21 meV. For the binding energy of the excited biX sta
D(X2* ) we find a similar decrease by about 2 meV. By
magnetic field the particles are localized in an area with
extension of about 2l B . The Pauli repulsion is reduce
whenl B becomes smaller than the QD size and the beha
of the carriers becomes more and more QW-like. Con
quentlyD(X3) and alsoD(X2

!) decrease withB and tend to

FIG. 19. Transition energies of the spectral lines due to deca
two- or three-X complexes in a rectangular In0.14Ga0.86As/GaAs
single QD with an area of 50370 nm2 as functions of the magnetic
field.
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zero forL,R@l B , that is, when the X’s in the QD are sep
rated by several magnetic lengths. A similar transitionl
behavior with increasingB has recently been found for X’
in quantum wires.47

Finally the B dependence ofD(X3
!), the binding energy

of an X in the ground state to an excited biX, can be cons
ered. D(X3

!) is slightly more than 2 meV atB50 and is
reduced to about 1.5 meV atB56 T. It follows closely the
magnetic-field dependence ofD(X2). As for the biX,D(X3

!)
is reduced by the X Zeeman splitting, while the addition
attractive interaction with the X in the excited shell is n
strongly modified byB.

For comparison also a large, quasi-2D dot has been s
ied in high magnetic fields. For this QD the PL spectra
Fig. 10 are qualitatively different from that of small QD’
but are similar to those of a QW.48 In particular, in high
excitation spectra a spectral line appears only at much hig
energies than in a small dot. The energy of this spectral
increases linearly withB and the energy splitting from th

FIG. 20. Coulomb correlation energiesD(Xn
(!)) of two- and

three-X complexes in an In0.14Ga0.86As/GaAs rectangular single QD
with an area of 50370 nm2 vs magnetic field.
.
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ground-state transition is comparable to the sum of the e
h cyclotron energies,\vc5\eB/m, wherem is the reduced
e and h mass. Hence the spectral features can be assign
emission from the ground, first, and second excited LL
The emission lines are labeled accordingly,ne2nh ,ni
50,1,2, corresponding to the e and h LL quantum numb
From the filling of the LL’s at the highest excitation w
estimate that the dot is occupied by a few hundred
pairs.49

The broadening of the lowest LL emission line is rel
tively small until carriers occupy the first Landau level a
form a maximum density droplet.50–53 This means that the
effective X-X interaction in the lowest LL is strongly sup
pressed. Only when the first excited LL is occupied w
carriers a significant low-energy shift of the ground-sta
transition in conjunction with a strong broadening of t
emission line is observed that arises from the interaction
particles in different LL’s. This behavior occurs because
e-e and h-h interactions cancel exactly the e-h interacti
among X’s in one LL and the X’s form an ideal gas.

V. CONCLUSIONS

MultiX complexes in InxGa12xAs/GaAs QD’s with lateral
dimensions down to 50 nm have been investigated by
spectroscopy. A model is discussed that explains the exp
mental findings by an X complex formation on the basis o
and h single-particle shells. The formation of biX’s atB
50 has been observed with binding energies that incre
with decreasing dot size. The biX binding energies are
creased by a magnetic field normal to the QD plane. T
decrease originates mainly from the Zeeman splitting of
X emission. MultiX complexes are confined in QD’s on
because of the 3D geometric confinement potential. Th
binding energies are negative because the Pauli repul
pushes additional e’s and h’s into higher shells. The C
lomb correlation energies among the carriers forming
complexes increase with decreasing dot size. A magn
field reduces strongly the X-X repulsion in the multiX com
plexes when the magnetic length becomes smaller than
QD size.
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