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EXCITON DROPLETS IN ZERO DIMENSIONAL SYSTEMS IN A MAGNETIC FIELD
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The emission spectrum of self-assembled InGaAs/GaAs quantum dots
filled with up to 10 excitons is measured in magnetic fields up to
13 Tesla. The spectrum shows a number of peaks which split and rearrange
with the magnetic field. The behaviour of the spectrum with carrier density
and magnetic field is compared with detailed calculations. The model
allows us to interpret our results in terms of coherent many-exciton states
and their destruction by the magnetic field. The level structure of the
spectra is related to the shell structure and collective excitations of many-
exciton droplets in these artificial atoms. © 1997 Published by Elsevier

Science Ltd. All rights reserved
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There is currently great interest in the creation [1-7] of
dense exciton droplets in zero dimensional systems (0D).
The most promising realization of 0D systems are the
self-assembled quantum dots (SAD), small quasi-two-
dimensional semiconductor structures with discrete
density of states and electronic shells similar to atoms
[8—11]. The ability to add/subtract individual excitons in
0D systems could open up a number of interesting
possibilities, from exciton condensation in confined
geometries, optical quantum logic gates [12], single-
photonics [13], to quantum dot lasers [2]. In particular,
an understanding of the operation of a QD laser requires
the knowledge of the behaviour of many interacting
electrons and holes. This knowledge is still missing as
demonstrated by recent experiments [3—7]. For example,
a ‘“‘Fermi gas of excitons’” has been invoked by
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Bockelmann et al. [3] to explain spectral features in the
recombination spectrum of a finite density of electrons
and holes. The high excitation spectra observed by Bayer
et al. [4], Lipsanen et al. [5], Fafard et al. [6] and
Raymond et al. [7] were identified with a simultaneous
emission from ground and populated excited states in
quantum dots but no apparent band gap renormalization
was found. The lack of band gap renormalization was
very puzzling in view of time resolved PL experiments
[3, 7] which clearly showed that the observation of
excited states was due primarily to a significant popula-
tion of electrons and holes and not due to impeded
thermalization of a single electron hole pair. Intriguing
features were also observed in spectra of highly excited
quantum wells in a strong magnetic field [14] where
quantization of kinetic energy is provided by the
magnetic field. The recent theoretical work [15-17]
showed that the electronic shell structure and the inter-
actions characteristic of particles in SAD are indeed
responsible for nontrivial behaviour of this strongly
interacting system. These shells of degenerate states are
quite analogous to Landau levels and much work has
been devoted to understanding unusual behaviour of
excitons in strong magnetic fields [14, 18]. In SAD,
strongly interacting electrons and valence holes in a
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partially filled shell form a coherent many-exciton state
due to hidden symmetries [15]. This results in the
formation of plateaus in the dependence of the chemical
potential w(N) on a number of excitons N in the dot.
Therefore adding/subtracting excitons from an N exciton
droplet can take place only with a small set of allowed
energies corresponding to plateaus of the chemical
potential, This unusual behaviour of strongly correlated
electrons and holes is largely a consequence of
degeneracies and interactions in electronic shells.
These degeneracies are removed by an application of
the magnetic field. Hence the magnetic field allows us to
unambiguously identify the nature of the recombination
spectrum in terms of excited states of many-exciton
complexes in quantum dots. The destruction of hidden
symmetries by the magnetic field leads to experimentally
observed splitting of recombination lines.

We present here results of measurements and calcu-
lations of the effect of carrier density and the magnetic
field on the recombination processes in SAD with up to
N = 20 electrons and holes. These dots, which have a
diameter of ~400 A, can accommodate up to N =30
excitons. The single particle energy spacing is com-
parable to the coulomb interactions and these SAD are
ideal to study strongly interacting electron-hole systems.
The single particle spectrum of SAD is well described via
Fock—Darwin energy levels [16, 17] and much
theoretical work has been devoted to excitons in 0D
systems with parabolic confinement [16, 19-22].

The SADs used for the present study comprise of
lens-shaped QDs with an average diameter of 36.5 nm
growth by molecular beam epitaxy (MBE) using the
Stranski—Krastanow growth mode on a GaAs (100)
substrate. The layering atop a GaAs buffer layer consists
of a 6 nm reference quantum well of Ingy;GaggsAs, a
100 nm GaAs spacer, followed by the QD layer where
6.5MLs of IngsGagsAs were grown at a nominal
temperature of 530°C and covered with a 30 nm GaAs
cap layer. The magneto-PL. measurements were
performed at T =~ 2 K using for the excitation source
an Argon ion laser. The excitation beam was passed
through a 35m long multi-mode fiber with a core
diameter of 100 um which had its end placed directly
above the sample surface inside the coil-magnet, effec-
tively probing an ensemble of 8 X 10° QDs. The emitted
luminescence signal was collected through the same fiber
and then dispersed with a 0.64 m spectrometer and
detected with a resolution of 0.4 nm using a cooled
germanium detector with standard synchronous detection
techniques. The transmission spectra of the fiber has been
verified independently and used to correct the PL spectra
for the fiber absorption. -

The experimental results are summarized in Fig. 1.
The evolution of the recombination spectrum with
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Fig. 1. The inhomogeneously broadened recombination
spectrum of quantum dots excited with 100 mW, for
magnetic fields ranging from B=0T to B=13T.
Inset shows the dependence of the spectrum on excitation
power.

excitation power, measured without a fiber, is shown in
the inset of Fig. 1 [6, 7]. As the number of generated
electrons and holes increases, up to 5 peaks appear in the
spectrum. The measured dependence of the recombina-
tion times of each peak on the excitation power [3, 7] has
been attributed to the inhomogeneously broadened
emission spectrum of a finite number of electrons and
holes in a QD.

The magnetic field evolution of one of the recombi-
nation spectra (measured with the fiber) of the highly
excited dots is shown in Fig. 1. At B = 0 T the spectrum
consists of three well resolved peaks at 1.102, 1.155,
1.197 eV and a fourth weak structure at 1.245 eV. With
increasing magnetic field the spectrum does not change
significantly until B = 7 T where the spectrum broadens
in the spectral range 1.15-1.20eV. The broadening
decreases and sharp spectral features are recovered by
B = 12 T. We interpret the broadening by the splitting of
the second and third peaks as indicated by the circles in
Fig. 1. From the pumping power, cross section of the
fiber and time resolved experiments [7] we estimate that
the spectrum corresponds to a recombination from SADs
with an average of N = 2-10 excitons per dot. Such
population translates to an areal density of 0.2-
1.0 X 10" cm~2 for which band gap renormalization
of the order of the spacing of observed peaks is expected.

We now turn to the analysis of experimental results
and comparison with theoretical calenlations.
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Fig. 2. The energy spectrum of electrons and holes as a
function of the magnetic field. The allowed optical
transitions are indicated by arrows.

The detailed numerical calculations [16] showed that
in these lens shaped quasi-two-dimensional SAD’s both
conduction electrons and valence band holes are confined
in the SAD by an effective parabolic potential. With the
magnetic field B applied normal to the plane of the dot,
the single particle FD energies [8, 11] and eigenstates are
those of two harmonic oscillators with frequencies
tunable by the magnetic field. The magnetic field evolu-
tion of the single particle energy spectrum of electrons
and holes (ignoring the semiconductor gap E) is shown
in Fig. 2. The optically allowed transitions of N = 10
noninteracting electrons and holes are indicated with
arrows. The B = 0T spectrum consists of three peaks
corresponding to s, p, d degenerate shells. The
degeneracies are removed by the increasing magnetic
field and transitions originating from the p and d shells
split. In the B = 11-12 T range the level crossing leads
to the creation of a new shell structure and some of the
transitions become degenerate. Therefore, on the basis of
the noninteracting energy spectrum one expects to see
sharp peaks in the recombination spectrum at B =0,
followed by the broadening due to splitting of levels,
followed again by sharp peaks in the B = 11-12 T due to
the formation of a new shell.

How does this simple picture survive the effects of
carrier—carrier interactions? From capacitance experi-
ments [10, 17] and exciton calculations [16] the charging
energy and the exciton binding energy of ~20 meV are
comparable to the kinetic energy quantization. Therefore
the effects due to carrier interactions are as important as
due to the quantization of single particle kinetic energy.
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To analyze the interacting system, we - carry out
numerical diagonalization of the electron—~hole
Hamiltonian [15]. The Hamiltonian H is the sum of the
kinetic energy, the electron—electron and hole—hole
repulsion and electron—hole attraction. The two-body
coulomb matrix elements are evaluated [15-17] in the
basis of FD states and a total of 30 single particle states of
the dot, including spin, was used in the calculations. The
eigenstates of the electron—hole system with N excitons
are expanded in products of the electron and hole con-
figurations. The optically active configurations have zero
total angular momentum and zero z-component of total
spin. The simplest configurations correspond to
completely filled shells. The completely filled shells
correspond to N =2, 6, 12,...excitons. A good
approximation to the ground state of a filled shell is a
product of single Slater determinations for electrons and
for holes. Removing an exciton from a filled shell creates
a state with a pair of vacancies. The vacancies interact
and the actual final state | f ) is a linear combination of
single vacancy states. The emission spectrum E(N, w)
from a filled, e.g. d-shell with N excitons is a sum of all
possible transitions from an initial state to all final states,
EWN,w) = LK fIP™ i = d )*8(Ef + w — E,), where P~
is an interband polarization operator removing an exciton
from an initial state |i =d) of N = 12 excitons. The
situation is equally simple for a single exciton in, e.g.
empty shells. The approximate ground state |i) is a
product of an exciton and filled shells wavefunctions.
The final states involve the removal of an exciton both
from empty and from filled shells. The state correspond-
ing to a removal of an electron hole pair from filled shells
with an electron and a hole left in higher empty shells is
however an intershell charge excitation of a neutral
exciton droplet. We calculate numerically all collective
excitations of the droplet, including vertex and self-
energy corrections and their projection on the initial
state. The procedure is also carried out in a magnetic
field using states evolving from occupied shells, as
shown in Fig. 2. Such procedure is reasonable in the
absence of level crossing (B <7T) but its accuracy
decreases with increasing magnetic field. More accurate
calculations, including mixing with higher shells, will be
presented elsewhere.

The calculated recombination spectra as a function of
the magnetic field for increasing number of excitons N
are shown in Fig. 3. For comparison, we also show the
single exciton density -of states (open circles). The
peaks in the exciton density of states correspond to
the ones observed in absorption/PLE spectra. The area
of the circles is proportional to the oscillator strength.
The energy of the exciton and bi-exciton recombina-
tion line (filled circles) shows no noticeable increase
with the magnetic field. The bi-exciton energy is
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Fig. 3. Magnetic field dependence of the emission
spectrum from dots filled with N = 1-12 excitons.

lower by =5 meV. The energy of the recombination line
increases when excitons are added to higher shells.
However, the position of the highest recombination line
at B=0 for N =3 and N = 6 (p-shell) and for N =7
and N = 12 (d-shell) is the same. This is a manifestation
of the hidden symmetry [15]. The hidden symmetry
guaranties that the energy to remove an exciton from a
coherent many-exciton state in a given shell is approxi-
mately constant. Hence the emission from a number of
excitons (e.g. N = 3—6 or N = 7-12) takes place at the
same energy and leads to only a few observable peaks.
However, this is no longer true for finite magnetic fields
where the positions of the recombination lines for, e.g.
N =7 and N = 12 excitons are different. We notice that
for a given number of excitons N there are several
recombination lines, with the highest energy line
having the largest oscillator strength. This observation
appears to be in agreement with Bockelmann ef al. [3].
The lower energy peaks, which look like recombination
from filled shells, are in reality excitations of an excitonic
droplet. Their energy and their oscillator strength
depends on the number of excitons and the magnetic
field.

The comparison of experimental results with theory
follows the work on electron—hole systems in strong
magnetic fields [14]. With increasing excitation power,
excitons diffuse, accumulate in quantum dots and
efficiently relax to their ground state. The efficient
relaxation is directly verified by time-resolved experi-
ments [7]. In steady state, the number of excitons NV in an
ensemble of quantum dots fluctuates around a mean
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Fig. 4. The dependence of measured (open circles) and
calculated (black circles) recombination spectra from
SADs on (a) mean number of excitons (b) magnetic
field for SADs filled with an average of N = 5 excitons.

value (N). The experimentally observed spectrum E(w)
is therefore averaged over a spectrum of dots, each
containing N excitons with probability P(N):
E(w) = ZyP(N)E(N, w). Assuming a gaussian distribu~
tion P = exp[ — (W — (N))2/A2] a calculated recombina-
tion spectra are compared with experiment in Fig. 4. The
full dots correspond to calculated and empty dots to
measured spectra. Figure 4(a) shows the dependence of
spectra on the mean number of excitons and Fig. 4(b)
shows the dependence on the magnetic field for a fixed
exciton density with (N} =5, A = 5.

The overall agreement and level spacing between
calculated and measured spectra is good. The calculation
predicts a fairly broad spectrum in the exciton bi-exciton
range due to overlap of many excitations as shown in
Fig. 3 and measured in the experiment. The broadening
of the spectrum replaces a usual redshift (bandgap
renormalization) of the spectrum, although the details
are not completely understood at present. The model also
predicts a broadening and level splitting in the 5~10 T
range of two higher peaks, in good agreement with
experiment. The calculated recombination spectrum is
different from the calculated single exciton density of
states.

To summarize, we have measured a recombination
spectrum of strongly correlated electrons and holes in
zero dimensional systems in a magnetic field. We have
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shown that the recombination spectrum can be under-
stood in terms of a gas of weakly interacting excitons.
The destruction of hidden symmetries by the magnetic
field leads to observed splitting of recombination lines.
The structures in the recombination spectrum from a
droplet of many excitons reflects the 0D quantized
density of single particle states but the spacing is neither
that of electrons and holes, nor of a single exciton, but
rather reflects the excitation spectrum of the droplet.
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