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Repulsive exciton-exciton interaction in quantum dots
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Biexcitons localized in single InAs/GaAs quantum d¢@D’s) are investigated by cathodoluminescence,
demonstrating an anticorrelation of the biexciton binding energy and the exciton transition energy. The binding
energy decreases with increasing transition energy changing its sign at about 1.24 eV. The “binding” to
“antibinding” transition is attributed to three-dimensional confinement, quenching correlation, and exchange
and causing local charge separation. Model calculations of the biexciton in truncated InAs/GaAs QD’s dem-
onstrate the observed trend to result from the decreasing number of localized excited states with decreasing QD
size. The interaction with resonant states in the wetting layer is found to be negligible.
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For few-particle states localized in semiconductor quan- Here we present a first systematic investigation of the
tum dots(QD’s) the interrelation of the Coulomb interaction biexciton binding energy in self-organized InAs/GaAs QD’s,
and confinement in determining the electronic properties iglemonstrating an anticorrelation between the binding energy
not clear, yet. A detailed understanding of such few-particleand the exciton transition energy. Comparing a large number
states is of interest both from a fundamental physics point 0bf single QD’s for a given sample in cathodoluminescence
view as well as for applications, possibly providing a path-(CL) experiments a transition from positive to negative biex-
way to utilize the structural properties of self-organized QD’sciton binding energy with decreasing QD size is observed.
as design parametetsin particular the exciton-biexciton Model calculations accounting for the details of the confine-
system is crucial for single-photon emittéfsand entangled ment potential resulting from the inhomogeneous strain,
qubit registerin quantum cryptography and quantum com- band mixing, and the piezoelectric potential show that the
puting, respectively. Here, the renormalization of the excitorbiexciton binding energy is determined by the confinement-
transition energy by a spectator exciton—i.e., the biexcitordependent interplay of direct Coulomb interaction and corre-
binding energy—is important, allowing one to address thdation and exchange.
exciton and biexciton selectively. The investigated samples were grown by metalorganic

In semiconductor structures with spatial dispersion thechemical vapor deposition on semi-insulating Ga@91)
biexciton is the bound state of two excitons and the bindingsubstrates. First, 300 nm GaAs followed by 50 nm AlGaAs
energy is defined as the energy gain with respect to twand 100 nm GaAs were grown as buffer. Next 1.7 monolayer
spatially separated excitons. The biexciton binding energy i$ML) of InAs were deposited at 485 °C followed by a growth
much smaller than the exciton binding energy and, thus, camterruption** resulting in the formation of QD’s in the
in first order be described by correlation and exchange of th&transki-Krastanow mode. Finally, the QD’s were capped
two neutral excitons. Confinement in one or more directionsvith 50 nm GaAs followed by 20 nm AlGaAs and 20 nm
reduces the exciton Bohr radius and thus increases the bieGaAs. Transmission electron micrographs show a QD sheet
citon binding energy-’ For self-organized I{GaAs/GaAs  density of 5< 10'° cm™2 and suggest flat, truncated pyrami-
QD’s a large spread of binding energies was reported, rangdal QD’s with base lengths around 13 nm. Cross-sectional
ing from sporadic negative values® up to ~5 meV (see  scanning tunneling images support the formation of trun-
e.g. Refs. 9 and 10 Remarkably, all the QD’s emit in the cated InAs/GaAs QD’s under the used growth conditibhs.
same spectral region, suggesting a pronounced impact of the The optical properties of the QD ensemble provide further
detailed structural properties. However, no correlation tansight into the structural properties. Photoluminescence was
structural or electronic properties of the investigated QD’sinvestigated with a tungsten lamp dispersed by a 0.27-m
was attempted, yet. double-grating monochromator as tunable excitation source

In self-organized QD’s the Coulomb interaction of the and a Ge diode in conjunction with a 0.3-m double-grating
four localized fermions of a biexciton is dominated by the monochromator for detection. Figuréal shows a photolu-
kinetic confinement energy. Though in principle the notion ofminescence spectrunt & K of a typical sample. The QD
two interacting excitons is no longer appropriate, it is still peak centered at about 1.2 eV shows a modulation of the
useful in describing experiments and shall be maintained ifntensity, which is typical for samples grown under similar
the following. The properties of few-particle states obviouslyconditions. Detailed optical and growth studies, which are
depend on the structural properties of the QD’s, which mighbeyond the scope of the present paper, show that the modu-
vary in a wide range. Remarkably, calculations predict thatation reflects a multimodal distribution of the ground-state
confinement can result in a negative biexciton bindingtransition energy in the QD ensemble, which can be traced to
energy" " indicating a repulsive Coulomb interaction be- ML steps of the QD heigh® Model calculations show that
tween the two localized “excitons.” In this case the biexci- the discrete energy jumps are in good agreement with InAs/
ton might be dubbed “antibinding” although the four- GaAs QD’s having a flat, truncated pyramidal shape with
particle state is still stable due to the confinement potentialwell-defined upper and lower interfaces.
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FIG. 2. Polarized CL spectra. The emissions marked by X, XX,
and arrows belong to a single QD. Inset: intensities of the X and
XX recombination as a function of the integrated intensity. The
lines indicate slopes of 1 and 2, respectively.

Excitation Energy (eV)

ally pushed into the wetting layer turning into resonant
states.

In order to investigate biexcitons localized in the InAs/
GaAs QD’s it is necessary to probe single QD’s. Therefore
CL measurements were performed in a JEOL JSM 840 scan-
| SQD spectroscopy | (b) ning electron microscope at an acceleration voltage of 7 kV

: T ! | J ) with the sample mounted on the cold finger of a variable-
=0 19 1'_20 125 180 1.35 temperature He-flow cryostat. Luminescence was dispersed
Detection Energy (eV) by a 0.3-m monochromator with a 1200 grooves/mm grating
and detected with a Si-CCD detector, providing a spectral
excitation contour plotb). The centers of the ground-state transi- resolutlon,bet.ter than 140ev. The S.' .detector all_ows to
tion (10) and of the firs{11) and secondl2) excited state transitions probe QD’s with a ground state tra”?'“or.‘ energy in the en-
are marked by the skew lines. Horizontal lines denote the heavy‘-argy range marked by the gray bar in ',:Igb)l For repro-
hole (hh) and light-hole(Ih) resonances of the wetting layer. Single dUciPle measurements on particular QD's, Au shadow masks
QD's (SQD'9 were probed in the energy range marked by theWith circular apertures of-100 nm diameter were used, lim-
gray bar. iting simultaneous optical access to four QD’s on average.
Arepresentative CL spectrum, as shown in Fig. 2, consists

As will be argued below the renormalization of the biex- of a rather large number of sharp lines, which might origi-
citon transition depends critically on the spectrum of excitedhate from various few-particle complexes in different QD's.
exciton states, which can be revealed by photoluminescendtis, however, possible to identify the exciton and biexciton
excitation (PLE) spectroscopy’ Figure 1b) depicts a con- emissions of a single QD in a three-step process. First, the
tour plot of the photoluminescence intensity as a function ospectrum of a single QD is identified by the omnipresent
the detection and excitation energies on a logarithmic scalespectral jitter of the transition energiésot shown herg'®
In the upper part of the plot, absorption in the GaAs matrixThe statistical variation of the local electric field, and there-
and in the wetting layer leads to intense nonselective lumifore the variation of the spectral shift caused by the
nescence. The heavy hdleh) resonance of the wetting layer quantum-confined Stark effect, is distinct for each QD. Typi-
at 1.42 eV marks the onset of the continuum that limits lo-cally, about seven emission lines are observed for a single
calization in the QD’s. At lower detection energies absorp-QD (marked by X, XX, and arrows in Fig.)2Second, the
tion of the first(11) and secondl2) excited exciton transi- exciton/biexciton emissions are cross-polarized doublets of
tions are resolved. The large splittings of140 meV identical splitting but reversed polarization with respect to
between the ground stat¢0) and I1 and~100 meV be- [110] (lines X and XX in Fig. 2. The observed splittings
tween 11 and 12 indicate strong gquantization, which we at-between 6QueV and 134ueV are attributed to the fine
tribute to the small size and high indium content of the in-structure splitting of the bright exciton state caused by the
vestigated QD’s. Obviously, the number of bound excitedreduced symmetry of the confinement potential resulting
exciton states depends on the ground state energy—i.e., tfim the piezoelectric potentidland a possible lateral elon-
size of the QD's[Fig. 1(b)]: With increasing(decreasing  gation of the QDS The lack of a measurable fine structure
ground-state energ§QD size the excited states are eventu- of the other emissions suggests recombination of charged

FIG. 1. Photoluminescence spectrg@and photoluminescence
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8 exciton transition energy highlights the importance of the
1 ----E| (i10] actual confining potential—i.e., of structural properties like
64 —E| 110] shape and composition. Note that different QD’s might have

Intensity

the same exciton transition energy. A pronounced impact of
the QD shape on the biexciton binding energy was recently
predicted for truncated pyramidal InAs/GaAs QBS2
Whereas an antibinding biexciton is expected for pyramidal
QD's, it becomes binding for truncated ones with a small
height to base length ratio. As outlined above, structural and
optical data indicate a flat truncated shape for the InAs/GaAs
. QD’s investigated here, implying a binding biexciton com-
E . plex as indeed observed for the larger QD’s emitting below
nergy (eV) . . .

1078 1.280 1.2327 ~1.24 eV. The calculatior fail, however, to explain the

-4 L L L ' L . antibinding biexciton complex in the smaller QD’s emitting
{«ce . around 1.3 eV.

X '.' e ® The biexciton binding energy results from the Coulomb

‘ interaction of the four fermiongtwo electrons and two

y T=6K holes localized in the confinement potential of the QD. The
e — binding energy is defined as the energy difference between

1.20 1.25 1.30 1.35 two independent excitons and the biexciton. For self-
Recombination Energy of X (eV) organized InAs/GaAs QD's, the kinetic confinement energy
dominates the Coulomb interactidrwhich limits the ability

FIG. 3. Biexciton hinding energy vs exciton recombination en-of the wave functions to adapt in the few-particle states. This
ergy for 46 QD's. The line is a linear fit to the data as guide to thejs particularly important for strained QD’s for which the con-
eye. Insets: polarized emission spectra of two QD’s demonstrating inement leads to local charge separation due to the inhomo-
binding (QD A) and an antibindingQD B) biexciton complex,  geneous strain and the piezoelectric quadrupole potéftial.
respectively. Though the exciton binding energy is always positive, the

repulsive electron-electron and hole-hole interactions over-
exciton complexes, for which either the electron or hole spircompensate the attractive electron-hole interaction in the
is paired off, quenching the exchange interaction. Chargeébur particle complex, providing for a repulsive direct Cou-
exciton complexes have been investigated in detailomb contribution to the biexciton binding energy. The repul-
recently’*° Finally, the exciton and biexciton emissions are sive direct Coulomb energy can be of the order of 10 meV in
identified by the characteristic excitation density depenpyramidal QD’s but strongly decreases truncating the
dences as depicted in the inset of Fig. 2. The effective exciQD’s.*21322The binding contribution to the biexciton bind-
tation density was varied scanning the electron beam acrossg energy results from correlation and exchange, which in
the aperture and using the integrated intensity as referencetal might lead to a binding biexciton state. Indeed, the
The exciton appears first with a slope ofl whereas the binding biexciton complexes observed for QD’s with transi-
biexciton intensity depends quadratically on the excitationtion energies smaller than 1.24 eV are in good agreement
density?! with the predictions for flat truncated InAs/GaAs QBs.

In the following we will concentrate on the biexciton  The observed decrease of the binding energy with increas-
binding energy. The insets of Fig. 3 depict polarized emisding transition energy is attributed to a decreasing impact of
sion spectra of two different QD’s with similar exciton re- correlation and exchange. On the one hand, the larger quan-
combination energy. The biexciton appears once at lowetization in smaller QD’s reduces the contribution of excited
(QD A) and once at higheiQD B) energy than the exciton. exciton states to the biexciton ground st&t®n the other
The respective energy shifts of 1 meV an® meV demon-  hand, the finite barrier potential in the InAs/GaAs system
strate the wide variation of the biexciton binding energy inlimits the number of localized exciton states in the QB'&?
the investigated sample, allowing even for a sign reversalAs demonstrated by the PLE results in Figo)lwith increas-
Obviously, the Coulomb interaction of the two localized ex-ing exciton transition energy the excited exciton states are
citons can be either attractive or repulsive—i.e., either bindsuccessively pushed into the wetting layer, becoming reso-
ing or antibinding. The main part of Fig. 3 compiles the nant states. Indeed, the smallest QD’s probed in the
biexciton binding energy in 46 different QD’s as a function single-QD experimenté-ig. 3) have no excited states at all,
of the exciton transition energy. The binding energy variesvhereas for the largest ones even 12 is observed. The de-
between 1.3 meV and 6.3 meV and, in spite of some scat- creasing number of localized excited states in the smaller
ter, exhibits a clear trend: The binding energy decreases witQD’s reduces the impact of exchange and correlation, being
increasing exciton recombination energy. The line is a lineain qualitative agreement with the observed trend as well as
fit as guide to the eye, showing the transition from a bindingthe antibinding biexciton complexes in the smaller QD’s.
to an antibinding biexciton complex at an exciton recombi- For the purpose of calculating the biexciton binding en-
nation energy of~1.24 eV. ergy in self-organized QD’s, we start with single-particle

The scatter of the biexciton binding energy for a givenwave functions calculated within an eight-bakeép frame-

: T T
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2.0+ QD’s. The calculations support that the observed transition
< . ° — — from a binding to an antibinding biexciton complex with
2 157 decreasing QD size results from the delocalization of the
el ] — _ excited states due to the finite barrier height. We conclude
3 ] _ _ that the Coulomb interaction with delocalized states in the
s 1.0 — — wetting layer is negligible for the biexciton binding energy.
c - . . . . . . .
w 1 ® Finally, the observed biexciton binding energies are sig-
054 1 L nificantly lower than most reported value:**We suggest
'12 ] | | that the composition of the QD’s makes the difference. The
B 003 - large substate splitting>100 meV) in the present samples
;é indicates a high indium content and quenches the impact of
0.5 [ correlation and exchange. An increasing gallium admixture
] reduces the substate splitting and increases the number of

excited statés and, thus, increases the binding contribution
of correlation and exchange. Indeed, InGaAs QD'’s have been
FIG. 4. Calculated biexciton binding energies for a truncatedStudied in most reported single-QD experiments.
InAs/GaAs QD taking into account different numbers of bound In conclusion, the biexciton binding energy in flat, trun-
states as depicted by the QD schemes. cated InAs/GaAs QD’s was investigated, demonstrating a
) . ) . o . - systematic dependence on the QD size. With decreasing QD
work including strain, spin-orbit interaction, band mixing, gjze the biexciton complex changes from binding to antibind-
interband coupling, and piezoelectrictyThe single-particle ing. The occurrence of an antibinding biexciton is attributed
wave functions carry the structural information of the QDS {5 the impact of the confining potential, which generates a

and are subsequently used to calculate few-particle states ingnisive effect of the direct Coulomb interaction, and the
configuration interaction scheme to account for the Coulomiyecreasing number of localized excited states with decreas-
interaction including correlation and exchange. Both excnor]ng QD size, which quenches the impact of correlation and
and biexciton complexes are calculated directly from thegychange. In particular the latter effect accounts for the ob-
single-particle wave functions rather than successively as iMsaped systematic decrease of the biexciton binding energy.

plied by the notion of a biexciton. Figure 4 shows the biex-The results demonstrate the biexciton binding energy to be a
citon binding energy predicted for a truncated pyramidalsengitive measure for the structural properties of self-

InAs/GaAs QD with a height of 5 ML and a base length of 5 ganized QD's as well as the impact of the Coulomb inter-
13 nm as a function of the size of the configuration room.,iion with delocalized states to be negligible.

Taking into account the lowest three spin-degenerated elec-

tron and hole states leads to a positive binding energy of We thank N. Zakharov and P. Werner for transmission
about 1.7 meV in good agreement with the experimental reelectron microscopy. The electronic-structure calculations
sults for the largest probed QD(see Fig. 3. Restricting the were performed on the Cray T3E computer of the Konrad-
configuration room and, finally, taking into account only the Zuse-Zentrum Berlin. Parts of this work were supported by
ground states causes a transition to an antibinding biexcitoDeutsche Forschungsgemeinschaft in the framework of SFB
in qualitative agreement with the results for the smaller296 and by INTAS Project No. 99-00928.
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