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Optically detected single-electron charging in a quantum dot
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Abstract

By means of photoluminescence spectroscopy we compare the bias-dependent emissions of single-quantum dots which are
embedded in two di/erently designed photodiode structures. Controlled single-electron charging allows to identify neutral,
single- and double-charged excitons in the optical spectra of both samples. At high magnetic 2elds, one Zeeman component
of the single-charged exciton is found to be quenched, which is attributed to the competing e/ects of tunnelling and spin-3ip
processes. The strength of the tunnelling coupling between quantum dot and back-contact was found to have a strong in3uence
on the observed spectral features—in particular, the parallel appearance of emission lines resulting from the radiative decay
of di/erently charged quantum dot states is suppressed in case of strong tunnelling interaction. ? 2002 Elsevier Science
B.V. All rights reserved.
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Semiconductor quantum dots (QDs) are often re-
ferred to as arti2cial atoms. Di/erent levels of neutral
occupancies in QDs have been obtained in the last
years by power-dependent optical excitation. The
associated few particle states have been intensively
studied by multi-exciton photoluminescence (PL)
spectroscopy and corresponding theoretical inves-
tigations [1–7]. Occupancies with di/erent num-
bers of electrons and holes result in charged
exciton complexes. In analogy to QDs with neu-
tral occupancy—arti2cial atoms—charged exci-
ton complexes may be considered as arti2cial
ions. In the 2eld of low-dimensional semiconduc-
tors, charged excitons have been observed 2rst in
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quantum well structures [8]. In QDs, charged excitons
have been studied in inhomogeneously broadened en-
sembles by PL [9] as well as in interband transmission
experiments [10], and recently also in single, optically
tunable QDs [11] as well as electrically tunable quan-
tum rings [12] and QDs [13,14] by PL.
In the present paper we review our work on charged

QDs and take a closer look at the interaction of the
QDs with their environment within a photodiode. For
controlled charging of individual QDs, two di/erent
electric 2eld tunable n–i structures were grown by
molecular beam epitaxy. In a 2rst sample In0:5Ga0:5As
QDs are embedded in an i-GaAs layer 40 nm above
an n-doped GaAs layer 5×10−18 which acts as a
back contact. The growth of the QDs is followed by
270 nm i-GaAs, a 40 nm thick Al0:3Ga0:7As blocking
layer, and a 10 nm i-GaAs cap layer. A 5 nm thick Ti
layer is used as a semitransparent Schottky gate. With
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Fig. 1. Schematic sample structure: QD photodiode combined with
a near-2eld shadow mask (a). Energy-band structure: overview
and detail of the conduction band close to the QDs for the 20 nm
sample (a) and the 40 nm sample (b).

respect to the distance between the n-GaAs layer
and the QDs, this sample is referred to as the 40 nm
sample. In a second sample—the 20 nm sample—the
width of the intrinsic region and the distance between
the n-GaAs layer and the QDs is only half as wide.
Both samples were processed as photodiodes com-
bined with electron-beam-structured shadow masks
with apertures ranging from 200 to 500 nm [15]. The
general arrangement of our QD photodiodes is shown
in Fig. 1(a). The band diagrams of the samples are
displayed in Fig. 1(b) and (c) for the 20 and the
40 nm sample.
The occupation of the QDs can be controlled by

varying the external bias voltage VB between the
Schottky gate and the back contact. For increasing
VB, the band 3attens and the QD electron levels are
subsequently shifted below the Fermi energy EF of
the n-GaAs region. This results in a step-by-step
occupation of the QD with electrons: 2rst, the QD

Fig. 2. 40 nm sample: (a) grey-scale plot of the PL intensity as a
function of the emission energy and the bias voltage VB. Parallel
emission of X0 and X1− as well as of X1− and X2− from a single
QD can be observed and (b) analogous data from two other QDs.

s-shell is brought below EF. As a consequence, the
s-shell is occupied with one electron via tunnelling
between the n-GaAs region and the QDs. The voltage
for which the second s-shell electron state is occu-
pied is larger. This is due to the fact that a Coulomb
charging energy of about 20 meV has to be taken into
account for the second electron [16]. Due to the same
reason and additionally due to the con2nement ener-
gies of the higher shells, the voltages for which the
QD is occupied with three, four and more electrons
are shifted to higher VB values.
In our PL experiments excitons were optically gen-

erated at low rate by means of non-resonant excita-
tion with a HeNe-laser (632:8 nm). Together with the
VB induced electrons, these excitons form the neu-
tral, single- and double-charged excitons X0, X1−, and
X2− in the QD. A 0:7 m-Dilor-spectrometer combined
with a LN2-cooled CCD camera was used for detec-
tion of the PL. The sample was mounted in a confocal
low-temperature microscope [17].
In the grey-scale plot of Fig. 2(a), PL spectra of a

single QD are shown versus the external bias voltage
VB. Fig. 2(b) contains analogous data from two other
QDs in the same sample in order to demonstrate the
reproducibility of the experimental results. The ob-
served emission lines result from s-shell transitions of
the X0, X1−, and X2− excitons. In the voltage range
labelled as VPC, the QD is electrically neutral but no PL
is observed due to the comparably high electric 2eld
strength F . Under this condition carriers tunnel out
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of the QD rather than recombine radiatively. Within
VPC we have performed photo-current measurements
on the same QD [15]. Within V0 the QD is still elec-
trically neutral. The smaller electric 2eld results in
smaller tunnelling losses and in a detectable emission
of the sharp X0 line in PL. Within the voltage range
V1 the QD is occupied with one extra electron. As a
consequence, the X1− emission line appears 4:6 meV
below the X0 emission line. Within V2 we have a
static occupation with two electrons and therefore a
further renormalized emission, the X2− PL, which is
characterized by the appearance of two emission lines.
These two lines result from the existence of an ener-
getically higher triplet and a lower singlet 2nal state
with regard to the s-shell and p-shell electron that re-
main in the QD after the X2− decay. The two lines are
separated by the corresponding s–p-exchange energy,
which has a value of 4:6 meV for the investigated QD.
Within VWL only one broad emission line remains.
This indicates the 2lling of wetting layer (WL) states
with electrons. Here, weakly con2ned electrons inter-
act with the carriers in the QD causing a broaden-
ing of the detected s-shell decay. We have justi2ed
the assignment of the observed emission lines to the
decay of the X0, X1−, and X2− excitons by com-
paring theoretical calculations with the experimental
results in an earlier publication [13]. The investiga-
tion of 14 di/erent QDs resulted in an average value
of 4:75± 0:43 meV for the X1− binding energy and a
value of Eex = 1:95± 0:05 meV for the s–p electron–
electron exchange interaction. The standard deviations
are attributed to variations in the con2nement poten-
tials, which result from size and shape 3uctuations of
the self-assembled QDs. The comparably small stan-
dard deviation for Eex suggests that the s–p exchange
interaction is less in3uenced by the details of the con-
2nement potential.
Our theoretical model calculations follow the ap-

proach presented in Ref. [18], we assume for electrons
and holes, respectively, a con2nement potential which
is parabolic in the x-, y-plane and box-like along z
(see Ref. [13] for details). The data in Fig. 3 show
the dependence of the PL energy of the X0, X−, and
X2− lines as function of the extension Lh0 of the hole
wave function. In accordance with our experiments
and related work [11–14] we 2nd (for Lh0¡Le0) in the
PL spectra: a red-shift of the charged-exciton emis-
sion peak X−; a further, much smaller, red-shift of the

Fig. 3. Calculated PL energies as a function of the ratio of the
extension of the h and e wave functions Lh0=L

e
0. The width of each

line corresponds to the oscillator strength.

main X2− emission peak, which is accompanied by a
weak satellite peak at even lower photon energy (see
arrows). A quantitative comparison between theory
and experiment, however, reveals that for the same ex-
tension of electron and hole wave functions (Lh0 =L

e
0),

the calculated charged-exciton binding of 1:5 meV is
by a factor of 3 smaller than the measured value; we
checked that this 2nding does not depend decisively
on small modi2cations of the chosen dot and mate-
rial parameters. As can be inferred from Fig. 3, the
X− binding energy is a quite sensitive measure of
the relative extension of electron and hole wave func-
tions. We thus conclude that the large experimental
X− binding energy of 4:6 meV can only be explained
by more localized hole wave functions, which we at-
tribute to e/ects of heavier hole masses and of possible
piezoelectric 2elds. Additional evidence for this inter-
pretation comes from the ratio between the exchange
splitting of the two X2− lines and the X− binding en-
ergy. The experimentally observed exchange splitting
of about 4:6 meV between the weak low-energy and
intense high-energy branch of the X2− line is found
to be approximately equal to the X− binding energy.
From our theoretical investigations such a scenario
can only be obtained if the hole con2nement is con-
siderably stronger than the electron con2nement.
As mentioned before the QD is single-charged

withinV1. Surprisingly however, not only the expected
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Fig. 4. 40 nm sample: (a) bias-dependent X0, X1−, and X2− emis-
sion intensities revealing a change from dominant X0 to dominant
X1− emission at VB=−0:15 V, (b) tunnelling process resulting in
X0 emission and (c) spin-3ip process resulting in X1− emission.

X1− emission but also X0 emission is observed in this
voltage range. Even within V2 not only X2− but also
X1− emission is observed. A more quantitative illus-
tration of this aspect is provided in Fig. 4(a), where
the integrated emission intensities are plotted versus
VB. The observed parallel emission results from the
time-integrating character of the CCD measurements
combined with the statistical occurrence of di/erent
emission processes. Within the V1 voltage range, for
example, there are two major processes resulting in
X0 emission.
First, a single photo-excited hole can be captured

by the single-charged QD. Consequently, an X0 is
formed and X0 emission follows. Second, there is the
following scenario involving a tunnelling process: due
to the linear polarization of the excitation light, sta-
tistically every second exciton relaxing into the QD
leads to a spin con2guration where both electron spins
are oriented in parallel. As a consequence, the opti-
cally induced electron cannot relax down to the s-shell
due to Pauli blocking. Thus, it temporarily remains in
the p-shell until it tunnels out of the QD. This pro-
cess results in X 0 emission within V1, as illustrated in
Fig. 4(b). In case of opposite spin-orientation of the
electrostatically induced electron with respect to the

optically induced electron, both electrons can be ac-
commodated in the s-shell and a X1− is formed, which
eventually decays.
An important feature in Fig. 4(b) is the observed

change from dominant X0 emission to dominant
X1− emission which occurs at VB = −0:15 V. This
change can be explained as follows: the F-dependent
tunnelling time reaches such a large value for VB¿
− 0:15 V that Pauli-blocked p-shell electrons are
more likely to relax down to the s-shell by a spin-3ip
process than to tunnel out of the QD. Consequently,
the tunnelling process illustrated in Fig. 4(b) is re-
placed by the spin-3ip X1− emission process which
is illustrated in Fig. 4(c). Reversing all spins in the
displayed processes corresponds to the emission of
photons with opposite circular polarization. With
regard to Zeeman components, this will be of impor-
tance in the next part of this paper where magnetic
2eld data will be discussed.
Note that for X0 emission within V1 as well as for

X1− emission within V2 the QD is in a non-equilibrium
charging state prior to photon emission. Correspond-
ing to thermal equilibrium there should be one more
electron in the QD in both cases. Obviously, the tun-
nelling coupling between the n-GaAs region and the
QD is not strong enough in this sample that the charg-
ing state is turned back to equilibrium by a single
electron, which tunnels into the QD before radiative
emission takes place.
Next we discuss the magnetic 2eld dependence

shown in Fig. 5(a) for B = 12 T. From comparison
with the B = 0 T data (Fig. 2(a)) it is clear that
single-electron charging versus VB is mostly un-
a/ected by magnetic 2eld. The centres of s-shell
emission for X0, X−, and X2− are shifted to
higher energies due to diamagnetic shift and each
emission line splits into two lines, separated by
the Zeeman energy. In the following we con-
centrate on the asymmetry in the PL intensities
of the two Zeeman branches of the X− line for
−0:35 V ¡ VB ¡ − 0:13 V. This asymmetry is ob-
served only for the X− line, not for the X0 and X2−

lines. The explanation of this phenomenon involves
spin polarization, Pauli blocking, and state selective
tunnelling as summarized in Fig. 5(b). At B= 12 T a
single electron in a QD is spin polarized in thermal
equilibrium. The optical excitation of excitons can
happen with two di/erent spin orientations, which
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Fig. 5. B= 12 T experiments: the emission lines appear split into
two Zeeman components. In the 40 nm sample shown here, a
spin-selective tunnelling process results in the quenching of the
high-energy Zeeman component of the X1− emission (a). Triplet
and singlet electron con2gurations for X−. The triplet state is
subjected to tunnel decay from the p-shell (b).

results in the states shown in Fig. 5(b). Due to Pauli
blocking in the conduction band, parallel electron
spin orientation leads to a triplet con2guration with
one electron in the s-shell and one in the p-shell. If
the tunnelling time from the p-shell to the continuum
is shorter than the electron spin-3ip time, an electron
is lost and we end up with a neutral exciton and
hence with a contribution to one Zeeman component
of the X0 line, i.e. we lose one Zeeman component
of the X− decay. The introduction of an exciton with
opposite spin orientation, however, produces a singlet
state. The radiative decay of this con2guration con-
tributes to the other Zeeman component of the X−

line. Our 2ndings also imply that the associated heavy
hole spin-3ip time should be at least of the same
order or longer than the e–h lifetime. Long spin-3ip
times and conservation of the exciton spin within
the exciton lifetime has already been reported earlier

for zero-dimensional systems at high magnetic 2elds
[19]. The suppression of one X− Zeeman component
persists over a VB range of 0:22 V, which translates
to an energy shift of the QD states with respect to the
n-GaAs Fermi energy of 28 meV (about the conduc-
tion band s–p separation). For VB¿ − 0:13 V both
Zeeman components of the X− line are recovered
as a consequence of the increased tunnelling time,
which allows now for the competing spin 3ip and
relaxation process to the s-shell. For the X0 and X2−

lines a quenching of Zeeman lines is not expected
and also not observed, since the p-shell is either never
X0 or always X2− populated, regardless of the spin
orientation of the optically excited e–h pair.
Further discussion of this aspect is based on the

properties of the second sample—the 20 nm sam-
ple. In this sample the tunnelling barrier between the
n-GaAs region and the QDs is only half as wide as
in the 40 nm sample. The in3uence of this di/erence
on the tunnelling probability for electrons tunnelling
through the barrier can be estimated on the basis of
a one-dimensional WKB approach: the tunnelling
probability is at least 104 times larger in the 20 nm
sample as compared to the 40 nm sample. Due to
the enhancement of the tunnelling probabilities in the
20 nm sample non-equilibrium charging states have
considerably smaller lifetimes in the 20 nm sample.
This is expected to lead to a suppressed parallel emis-
sion of the X0, X1−, and X2− lines in the 20 nm
sample. In fact, this is nicely con2rmed by the exper-
imental results: Fig. 6(a) contains the VB-dependent
PL spectra of the 20 nm sample. Similar to the 40 nm
sample the series of X0, X1−, and X2− emission lines
is observed. In contrast to the 40 nm sample there is
no parallel emission in the 20 nm sample. Again, the
spectral features are very well reproduced as can be
seen from Fig. 6(b) and (c) where the emission of
two other QDs in the 20 nm sample is displayed.
All spectra of the 40 nm sample exhibit another

characteristic emission line. This feature is assigned
to the decay of a neutral bi-exciton (2X, see in Fig.
2). Its energetic position is about 3 meV below the
X0 emission line which is in good agreement with
our 2ndings from power-dependent single-QD spec-
troscopy [6]. Apart from that, its VB range perfectly
corresponds to the part of the V1 range where X1−

emission dominates. In this part of V1, the statistical
probability of the QD to be occupied with an X1− is



100 A. Zrenner et al. / Physica E 13 (2002) 95–100

Fig. 6. 20 nm sample: (a) grey-scale plot of the PL intensity as
a function of the emission energy and the bias voltage VB. No
parallel emission can be observed (b), and (c) analogous data
from two other QDs.

enhanced. Starting from this condition the negatively
charged QD can capture a single hole and a 2X is
formed, which eventually decays. In contrast, no 2X
emission is observed at equally low excitation power
in the 20 nm sample. Again this is due to the stronger
tunnelling coupling. The electrically neutral 2X state
is turned into a negatively charged exciton prior to
photon emission.
In summary, we have demonstrated bias-controlled

charging of a single QD in magneto-optic PL exper-
iments. The few-particle interaction energies deter-
mined experimentally for the X− and X2− states are
found to be in good agreement with our theoretical
model for situations where the spatial extent of the
hole wave functions is smaller as compared to the elec-
tron wave functions. Spin polarization and lifting of
the Zeeman degeneracy at high magnetic 2elds allows
further access to so far unexplored spin-dependent
properties of few particle states. The suppression of

one Zeeman component of the X− decay is explained
in terms of state-selective tunnelling from a spin triplet
con2guration. In particular, we have also shown that
the strength of the tunnelling coupling between the
QDs and the n-GaAs region of the samples has a strong
in3uence on the observed bias-dependent PL spectra.
The parallel appearance of emission lines resulting
from di/erently charged QD states is suppressed in
case of strong coupling.
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