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Theoretical and experimental results are reported which provide the first evidence for biexciton states
in semiconductor quantum dots. The theory predicts an increasing biexciton binding energy with de-
creasing dot size. Unlike bulk semiconductors, quantum dots have excited biexciton states which are
stable. These biexciton states are observed as pronounced induced absorption features on the high-
energy side of the bleached exciton resonances in femtosecond and nanosecond pump-probe experiments

of quantum dots in glass matrices.

PACS numbers: 71.35.+z, 78.20.Dj

In contrast to bulk semiconductors, where even the
ground-state resonance of the biexciton (two-electron-
hole-pair state) can be detected only in materials with a
relatively large band gap,' we predict that energetically
higher two-pair states in quantum dots are observable
quite easily as increasing probe absorption on the high-
energy side of the exciton (one-electron-hole pair) reso-
nances. Since the excited states of the biexciton are typi-
cally unbound in bulk semiconductors, their appearance
in quantum dots is a unique consequence of the spatial
confinement in such systems.

For simplicity, we present our calculations for the case
of intrinsic semiconductor quantum dots, but additional
investigations show that the predicted features are quite
universal and even enhanced in systems with imperfec-
tions, such as charged impurities or traps. We compare
the theoretical results with our femtosecond and nano-
second pump-probe experiments of CdS and CdSe quan-
tum dots in glass matrices. The experiments clearly
show the predicted induced absorption features in addi-
tion to the bleaching of the inhomogeneously broadened
exciton resonance.

The quantum dots are modeled as dielectric spheres
with perfect confinement of the optically generated elec-
tron-hole pairs.>> As in Ref. 4, we expand the wave
functions of the exciton and biexciton states in terms of
the eigenfunctions of the noninteracting electron-hole
system. The expansion is truncated after M terms, and
M is increased until satisfactory convergence is ensured.
The kinetic-energy terms are diagonal in the chosen
basis and the Coulomb matrix elements are evaluated
numerically. The resulting matrices for the one- and
two-pair Hamiltonians are diagonalized numerically to
yield the eigenfunctions and eigenvalues of the system.
To improve the convergence of the procedure, we use the
fact that the exciton and biexciton states are eigenfunc-
tions of the total angular momentum operator and its z

component. We start with a relatively small number,
M =40, of basis functions and successively increase M
until the lowest-energy eigenvalues converge to within a
few percent. Typically, we use a few hundred eigenfunc-
tions for the final results.

In Fig. 1, we plot the ground-state biexciton binding
energy,

5E2=2E|—E2, (1)

as function of the radius R of the quantum dots (solid
line). Here, E, and E, are the exciton and biexciton
ground-state energies, respectively. To eliminate most of
the material-parameter dependencies, we scale all ener-
gies in units of the bulk exciton Rydberg energy Eg, and

FIG. 1.

Biexciton binding energy, SE2/Er [Eq. (1)], as
function of quantum-dot radius R/ao, where Eg and ao are the
bulk exciton binding energy and Bohr radius, respectively. The
solid line shows the result of numerical matrix diagonalization;
the dashed line is obtained from perturbation theory around
R =0, Eq. (2), and the dots with the bars are quantum Monte
Carlo results.
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all lengths in units of the bulk exciton Bohr radius ay.
Third-order perturbation theory around R =0 yields

SE)JEgR=A\—AyR/ay, )

where A; and A; are given in terms of integrals over the
exciton and biexciton wave functions. The evaluation of
Eq. (2) is plotted as the dashed line in Fig. 1. In Ref. 5
it was shown that A, is strictly positive, independent of
the system parameters, and we also find A;> 0. The
dots with the error bars in Fig. 1 have been obtained
from quantum Monte Carlo calculations for excitons and
biexcitons in quantum dots.® All these results show
clearly that the biexciton binding energy increases with
decreasing dot radius, R/a¢. For small quantum dots the
biexciton binding energy is enhanced by more than an
order of magnitude over the corresponding value in bulk
semiconductors. The exact values of SE,/Eg depend
weakly on the mass ratio, but the overall functional vari-
ation is mass independent. Similar quantum-confine-
ment enhanced biexciton ground-state energies have
been reported also for quantum-well systems’™® and for
quantum wires. '’

Our matrix-diagonalization procedure yields the ener-
gies and wave functions not only for the exciton and
biexciton ground state but also for all the excited states
included in the basic sets. Using these wave functions we
evaluate the various dipole matrix elements for transi-
tions between the quantum-dot ground state and the one-
and two-electron-hole-pair states. Inserting these results
into the equation for the two-beam, third-order suscepti-
bility, we calculate the changes in absorption Aa, which
should be seen in a pump-probe experiment.

Examples of the computed normalized transmission
changes, —Aa, are shown in Figs. 2(a)-2(c) for quan-
tum dots with R/ap=1.0 and different homogeneous
broadenings. These spectra are calculated for the case
of resonant excitation of the energetically lowest exciton
resonance, which in this case amounts to (hw —E,)/Eg
=6.2. The dominant feature in Figs. 2(a)-2(c) is the
bleaching of the exciton state, causing the positive peak
in the spectra. In addition to this exciton saturation, we
see regions of increasing absorption (negative —Aaq)
which are the consequence of biexciton transitions. For
the small homogeneous broadening Ay=Eg, Fig. 2(a)
shows induced probe absorption both below and above
the exciton resonance. The absorption increase below
the exciton resonance is due to the biexciton ground-
state transition, reminiscent of results in bulk materials.'
The additional induced absorption in the region around
(hw—Eg)/EREIZ is due to the transition to excited
biexciton states which are energetically between the two
lowest exciton resonances. The dominant contribution to
these transitions comes from biexcitons where the two
electrons are in the ls state and the two holes are either
both in the 1p state, or one hole is in the 1s and the other
in the 2s state, respectively. In Fig. 2(a) one can actual-
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FIG. 2. Computed absorption change, —Aa, for pump-
probe excitation assuming pumping into the energetically
lowest one-pair state. The parameters are m./ms =0.24, R/
ao=1, and (a) hy/Er =1, (b) 2, and (¢c) 3, respectively.

ly identify both of these transitions as substructures in
the increasing absorption regime around (hw—E,)/Eg
=11 and 12. Such transitions would be dipole forbidden
in the case without Coulomb interaction, and they are di-
pole allowed only because the Coulomb interaction
breaks the symmetry of the quantum dots. This is the
basic reason why these biexciton transitions are
enhanced through the presence of impurities or defects. '!

Increasing the homogeneous broadening to hy=2FEg
[Fig. 2(b)]1 and hAy=3Eg [Fig. 2(c)] shows that the
biexciton ground-state transition is gradually suppressed
by the dominating bleaching of the directly excited exci-
ton resonance. However, the excited-state absorption on
the high-energy side of the exciton resonance remains
clearly resolved, since there is no competing one-photon
resonance in this spectral regime.

For comparison with the theory, we have performed
femtosecond and nanosecond pump-probe experiments
on CdS and CdSe quantum dots in glass matrices. The
results of our CdSe measurements are discussed in Refs.
11 and 12, where both the femtosecond and nanosecond
experiments unambiguously show the predicted in-
duced absorption features on the high-energy side of the
bleached exciton resonance. For a direct comparison
with the results in Fig. 2(c), we show in Fig. 3 our mea-
surements for CdS quantum dots at 10 K. The pump
pulse was tuned inside the energetically lowest exciton
resonance and a broadband cross-polarized probe pulse
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FIG. 3. Experimental results for CdS quantum dots in glass.
The linear absorption spectrum is plotted together with the ab-
sorption changes and the spectral position of the pump.
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measured the absorption changes induced by the pump.
In addition to the absorption changes, we also show the
linear absorption spectrum and the energetic position of
the pump. The absorption changes clearly show the in-
duced absorption feature on the high-energy side of the
exciton transition, in good qualitative agreement with the
theoretical predictions.

In conclusion, as a consequence of the Coulomb in-
teraction, and as a unique quantum-confinement effect,
we predict an increasing absorption due to excited biex-
citon states on the high-energy side of the exciton reso-
nance. The only requirement for the observability of the
predicted effects is the existence of reasonably well-
defined quantum-confined resonances in the linear ab-
sorption spectra. The observation of the induced absorp-
tion in CdS quantum dots is shown and similar features
have been seen also in other systems, such as CdSe or
CdTe quantum dots in a glass matrix.
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