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Some recent highlights of our optical studies on single and coupled semi-
conductor quantum dots are reviewed. In the first part, we concentrate on
the role of spins and spin—spin interaction in nonmagnetic and magnetic sin-
gle quantum dots. In the case of strictly resonant excitation of the ground
state in self-assembled CdSe/ZnSe quantum dots, we find an exciton spin
relaxation time, which exceeds the recombination lifetime significantly. Lin-
ear polarization has to be used for these experiments, as the electron—hole
exchange interaction lifts the spin degeneracy and the eigenstates are lin-
ear combinations of spin-up and spin-down excitons. In a magnetic quan-
tum dot, the exchange interaction between carrier spins and the spins of
magnetic ions is shown to be responsible for giant magneto-optical effects.
We demonstrate the formation of zero-dimensional magnetic polarons and
we succeeded in measuring the magnetization on a scale of a few nanome-
ters using the characteristic photoluminescence signal of individual quantum
dots as experimental monitor. The second part is devoted to pairs of single
quantum dots. On one hand, single exciton tunneling within an individual
quantum dot pair is demonstrated studying single pairs of vertically corre-
lated strain-induced and self-organized quantum dots. On the other hand,
we show that in a pair of lithographically defined single dots with strongly
different g-factors the energy spacing between the dot ground states can be
tuned in an external magnetic field by about 10 meV, giving access to a
controlled coupling between two individual quantum dots.
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1. Introduction

The huge interest in semiconductor quantum dots (QDs) is driven on one
hand by a variety of promising applications making use of the characteristic -like
density of states and on the other hand by the possibility, to study fundamental
physical aspects in these man-made “artificial atoms”. The physical understanding
of these quantum objects has significantly increased since researchers became able
to study individual QDs, e.g. by means of spatially resolved photoluminescence
(PL) spectroscopy [1-4]. Effects well known from atomic physics, like the Stark
effect [5-9], the Zeeman effect [10-12], the Overhauser effect [13] and other more
have been extensively investigated in single QDs during the last years. For exam-
ple, 1t has been shown that applying external electric or magnetic fields can be used
to manipulate the QD eigenstates in a well-defined manner. Moreover, the occu-
pation of QD states with individual charge carriers can be controlled quite nicely.
By varying the power of the exciting laser beam multiexciton formation has been
observed [10, 11, 14-16] and combining optical excitation with electrical carrier in-
jection even allows to control the formation of charged excitons [17-19]. In contrast
to “real” atoms, QDs offer the unique possibility to tailor the energy of the eigen-
states, the g-factor of the charge carriers or even the magnetic properties just by
varying the size and/or the composition of the QD. In particular, adding magnetic
ions results in some characteristic magneto-optical effects; like exciton magnetic
polaron formation [20, 21] or giant g-factors [22] in quasi-zero-dimensional elec-
tronic systems. Going even a step further, some recent research efforts concentrate
on fabricating and analyzing “artificial molecules” by combining two individual
QDs with a well-defined spatial separation [23-26].

The large application potential of single and coupled QDs is evidenced by a
variety of novel concepts envisioning devices used for single photon sources [27],
single photon turnstiles [28], quantum dot memories [29] or even quantum com-
putation [30, 31]. Loss and DiVincenzo [30], e.g., suggest to use the spin states
of particles in a single QD as qubits. In that sense, the role of the spin of elec-
trons, holes or excitons as well as the spin—spin interaction within a QD is of
particular interest. Even more, as the spin relaxation time in QDs apparently
exceeds the values found in higher dimensional systems significantly [32-34], the
usage of (single) QDs should be also promising in the rapidly growing field of
spintronics. One example of recent successes within this area is the application of
(diluted) magnetic semiconductors (DMS) for spin injection into a nonmagnetic
semiconductor [35-37]. Here, one might expect that combining the discrete den-
sity of states of zero-dimensional systems with the adjustable magnetic properties
known from magnetic semiconductors will open a new path to devices based on
the interaction between single carrier spins and the spins of magnetic ions. Quite
recently, magnetic semiconductor QDs have been prepared by molecular beam epi-
taxy [22, 38—40] and first investigations on several interesting aspects, including
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g-factor engineering [22] and spin—spin interaction [20, 21, 41] have already been
started.

In this contribution, we mainly focus on two aspects of QD physics. In the
first part the spin relaxation and the spin-spin interaction in (single) semiconduc-
tor QDs is discussed. Both, the exchange interaction between charge carriers and
its impact on the exciton spin relaxation, as well as the exchange interaction be-
tween carrier spins and the spins of magnetic ions, which allows to probe optically
the QD magnetization with high spatial and temporal resolution, will be addressed.
In the second part of the paper, we introduce two approaches for defining pairs of
vertically correlated single QDs. This allows on one hand to demonstrate the (in-
coherent) tunneling of a single exciton from a strain-induced into a self-assembled
QD and on the other hand to tune the energy spacing between the ground state
of two adjacent, lithographically defined single QDs by about 10 meV simply by
applying an external magnetic field.

2. Spins in nonmagnetic and magnetic quantum dots

Both, the idea of using spin states as qubits in quantum computation [30]
and the rapidly growing field of spintronics [42-44] raised a huge interest for a
more detailed understanding of spin dynamics and spin—spin interaction in low
dimensional semiconductors. In particular, the observation of long electron spin
coherence times in n-doped bulk GaAs [45] or the experimental proof of enhanced
exciton spin relaxation times in QDs as compared to higher dimensional system [32]
can be regarded as important steps towards the realization of spin-based devices.
Moreover, the growing interest of adding magnetic ions to semiconductors requires
a deeper insight into the interaction between carrier spins and the spins of magnetic
ions. Here, we discuss some important aspects of spin physics in low dimensional
systems, in particular the spin relaxation in nonmagnetic QDs and the spin—spin
interaction in magnetic semiconductor QDs.

2.1. Ezcilon spin relazation in CdSe/ZnSe quantum dots

It is well known from transmission electron microscopy that in the CdSe/ZnSe
system the QDs are more or less disk-shaped, i.e. the dot height is much smaller
than its diameter [4, 46]. Thus, we can characterize the spin state of the electron
and the heavy hole by their components in growth direction, s, and j,, respec-
tively. The selection rules for optical transitions allow to address the spin states of
electron—hole pairs quite easily by adjusting the polarization of the exciting laser
beam. Only excitons, where the spins of the electron and the heavy hole are aligned
antiparallel (J, = s, + j, = £1) can directly couple to the light field. Exciting
the QD ground state with ¢ (o) polarized light should generate heavy hole
excitons® with J, = 1 (J, = —1). Monitoring the polarization degree as a function

*Due to strain and quantization effects, the light hole state is strongly shifted to higher
energies as compared to the heavy hole state.
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of time will thus directly allow to extract the spin relaxation time of quasi-zero
dimensional excitons.

We have investigated self-assembled CdSe/ZnSe QDs grown by migration
enhanced epitaxy [47] on a GaAs substrate. A nominal CdSe thickness of 1.3 mono-
layers was used, which allows to tune the band gap of the QDs to about 2.6 V.
A frequency doubled, mode-locked Ti-sapphire laser (pulse width 1.5 ps), either
linear or circular polarized was adjusted to the QD ground state. The transient
photoluminescence (PL) signal of the photogenerated excitons was dispersed by a
0.46 m monochromator with a 300 mm~—* grating and detected by a Streak camera
system with a temporal resolution of 20 ps. Strictly resonant excitation was used,
1.e. the detection energy was identical to the excitation energy of 2.599 eV. All the
measurements were done at 7' = 2 K.

In Fig. 1, left, the PL signal after ¢ polarized excitation (i.e. only exci-
tons with J, = +1 are generated) is depicted for both, o+ and o~ polarized
detection, respectively. No difference between these two traces is seen giving a
time-independent polarization degree of peir = (IU+ — IU_)/(I‘7+ + 177 ) &~ 0. At
first glance, this seems to indicate that the spin information transferred to the
exciton by the exciting laser beam is completely lost within our time resolution.
In contrast, if one excites with linear polarized light (i.e. #° and #¥, polarized
along the [110] and the [110] crystal orientation, respectively), a strong difference
is found, if one detects either the # or the 7% polarized PL signal (see right part
of the figure). The PL signal is much larger, if the polarizations of the exciting
laser pulse (in this case 7¥) and the detected PL signal are identical. From the
data we extract a polarization degree of py, = (I™" — I”I)/(I”y + I”I) ~ 0.75 and
no decrease was found within the time window under investigation. This indicates
that a once prepared exciton spin state is conserved at least for several nanosec-
onds, if one excites the QD ground state, in good agreement with recent results
on self-assembled InAs/GaAs QDs [32].

In order to understand these results, i.e. the large and time-independent po-
larization degree after linear polarized excitation and the apparently ultrafast loss
of spin information after circular polarized excitation, it is important to recall the
influence of electron—hole exchange interaction on the symmetry of the eigenstates
in self-assembled QDs. It has been shown that the spin degeneracy of the heavy
hole exciton ground state is lifted due to exchange interaction [3, 10] and the fine
structure splitting strongly depends on the symmetry of the QDs [10]. In fact, if
the QD symmetry is e.g. reduced to Cs,, the eigenstates of the bright excitons are
given by

X7 = (1 + 1) £ - 1)/V2. (D)

As the exchange splitting of excitons in QDs is small as compared to the
inhomogeneous broadening of an ensemble of QDs, one has to address single QDs

in order to extract the fine structure and thus the symmetry of the eigenstates of
zero-dimensional excitons. For selecting individual QDs, we have prepared small
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Fig. 1. PL intensity of the ground state emission of CdSe/ZnSe quantum dots
versus time for different polarizations. The measurements have been performed at
T = 2 K. Left: circular polarized excitation and detection, right: linear polarized
excitation /detection. Strictly resonant conditions have been applied, i.e. the excitation

energy was identical to the detection energy.
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Fig. 2. PL spectra for two different CdSe/ZnSe single quantum dots obtained for 7*
and 7Y polarization, respectively. The inset shows a statistics of the exchange splitting
61 between the ground state of the exciton obtained by comparing a variety of single

quantum dots.

mesas with diameters down to 40 nm by electron beam lithography and wet chem-
ical etching [4]. As the typical dot density is on the order of 1019—10'! em~=2, one
might expect only a few or even one single QD within such small mesas. In Fig. 2,
we plotted linear polarized PL spectra of two individual CdSe/ZnSe QDs with
similar growth parameters as the sample studied above. Low excitation density
was used to ensure that only single electron—hole pairs occupy the QD ground
state. While one QD (E = 2.679 V) shows a pronounced splitting between the
7% and the 7¥ polarized component of the PL spectrum, the energy splitting of
these two components is negligible for the other one (F & 2.6955 eV). As can be
seen in the inset of the figure, the fine structure splitting varies from dot to dot
and in some cases reaches values of up to 1 meV. Let us note that due to our finite
spectral resolution of about 0.3 meV, small splittings cannot be resolved with our

setup.
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The results obtained from time-resolved experiments and from spatially re-
solved measurements fit quite nicely together. As most of the QDs have at least a
small asymmetry, the exciton eigenstates are predominantly linear combinations
of J, = +1 and J, = —1. Thus, linear polarized excitation generates excitonic
eigenstates. In consequence, the large time-independent polarization degree indi-
cates a suppression of spin relaxation in QDs. In contrast, for circular polarized
laser pulses, a coherent superposition of the exchange doublet (the band width
of the laser pulse exceeds the energy splitting) is generated. However, as these
experiments are performed on QD ensembles consisting of lots of dots with differ-
ent exchange splittings, interference effects [48] prevent the observation of large
polarization degrees or even photon beats, like observed by Flissikowskii et al. [49]
on a single QD.

2.2. Spin—spin inleraction CdSe/ZnMnSe quantum dots

In semimagnetic QDs like CdSe/ZnMnSe, exchange interaction does not only
occur between electrons and holes, but in particular between carrier spins and
the spins of magnetic ions in the crystal matrix. This has some important con-
sequences, like the giant Zeeman effect or the formation of excitonic magnetic
polarons (EMPs) [50-52]. An EMP is a small area in the crystal, where the spins
of the charge carriers and the spins of the Mn?T ions are strongly correlated due
to sp—d exchange interaction. In higher dimensional systems like bulk or quan-
tum wells, the exciton wave function changes during the EMP formation due to
(auto-)localization effects [563]. In contrast, in a wide-band gap self-assembled IT-VI
quantum dot (such as CdSe/ZnMnSe), the exciton is three-dimensionally confined.
For magnetic fields below a 10 T, the dot radius is smaller than the typical mag-
netic length of | = y/h/eB. In addition, the energy spacing between the ground
state and excited states is in the range of several tens of meV [54], i.e. much larger
than the thermal energy for temperatures below s 100 K. Within these limits,
neither increasing the temperature nor applying a magnetic field is expected to
change the exciton wave function significantly and thus, the PL energy of a mag-
netic QD is expected to directly reflect changes in the magnetization via the sp—d
exchange interaction.

This can be nicely seen in time-resolved PL experiments, performed on
self-assembled CdSe/ZnMnSe QDs grown by molecular beam epitaxy on a GaAs
substrate. We chose a nominal CdSe thickness of 2.5 monolayers and a Mn con-
centration of # = 0.25. In order to suppress nonradiative losses, we have taken
care to prepare samples where the CdSe QD transition is energetically below the
transition between internal Mn?* states [38]. In Fig. 3, the transient energy shift
of the PL signal of an ensemble of CdSe/ZnMnSe QDs after picosecond excitation
is depicted. In the inset of the figure, PL spectra are shown for different delay
times after the excitation pulse.
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Fig. 3. Transient energy shift of the PL signal of self-assembled CdSe/ZnMnSe
quantum dots after picosecond excitation. The solid line is a fit according to
AE=—FEyp(l1 - e_t/TMP). The inset shows transient PL spectra for different delay

times At after the excitation pulse. The measurements have been performed at T'= 2 K.

We found an energy shift of about 15 meV during the first hundreds of pi-
coseconds and a saturation of the transient shift after about half a nanosecond.
This energy shift can be attributed to EMP formation: the Mn ion spins become
aligned in the exchange field of the exciton and the reduction of the energy of
the spin complex is seen as a red shift of the characteristic PL signal [41]. Several
important points should be emphasized. First, the EMP formation time is found
to be about mvp = 125 ps, 1.e. much smaller than the recombination lifetime of
580 ps in this sample. Thus, the whole EMP formation process until the equi-
librium case, which is characterized by a complete alignment of the magnetic ion
spins 1n the exciton exchange field, is monitored. Second, as the exciton wave func-
tion is not expected to change with time, the EMP formation time corresponds to
the spin—spin scattering time, i.e. directly reflects the magnetization dynamics in
magnetic semiconductor QD. In that sense, the EMP time constant may represent
some high frequency limitation of potential devices based on the interaction be-
tween carrier spins and spins of magnetic ions in magnetic semiconductor quantum
dots.T

The unique possibility to probe the magnetization via the optical response of
magnetic semiconductor QDs offers an interesting chance: Addressing optically a
single CdSe/ZnMnSe QD will give insight into magnetism on the nanometer scale!
To get a sufficient spatial resolution for the selection of individual QDs metal aper-
tures with diameters down to 80 nm have been defined lithographically on top of
the samples [20, 21]. The most straightforward way to influence the magnetization
is to apply an external magnetic field and/or to change the temperature. In the
left part of Fig. 4, spatially resolved PL spectra of single CdSe/ZnMnSe QDs are
plotted for different magnetic fields. Low excitation density was used in order to
ensure that only one single electron—hole pair was generated per QD. Surprisingly,

tThe EMP formation time is of course expected to depend sensitively on parameters like the
Mn-concentration, see T. Dietl et al. [53].
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the individual emission peaks of the magnetic single QDs are characterized by a
rather large line width of several meV, which is strongly reduced if one applies an
external magnetic field in the Faraday geometry. In addition, a strong red shift oc-
curs if one increases the magnetic field. This i1s the well-known giant Zeeman effect,
a direct consequence of the sp—d exchange interaction. Increasing the temperature
on the other hand (see Fig. 4, right) causes a blue shift and a slight broadening of
the individual PL peaks.

> ‘
i
c |
£ M 12T 32K L
=
k] > CAE
Q
o |
[ \
3 ﬂ\vr/\
o
= Jf\/\
M ‘
oT 5K }
|
T \\ T T
204 2. 208 210 2.04 208 2.12

Energy (eV) Energy (eV)

Fig. 4. Spatially resolved PL spectra of individual CdSe/ZnMnSe quantum dots for
different external magnetic fields (left) and different temperatures (right). The data are
obtained by using metal nanoapertures for single quantum dot selection with ¢ = 250 nm

and ¢ = 175 nm in diameter, respectively.

In diluted magnetic semiconductors, the magnetization M can be described
by a modified Brillouin function [55]

5 nB
M(B,T) = £ Nogyn B Sert Bs /2 (%) ; (2)

where g = 2 is the g-factor of Mn?? ions, and N is the number of cations per unit
volume. The effective spin Seg < 5/2, and the effective temperature Teg = T + Tp
take into account the antiferromagnetic interaction between neighboring Mn?*t
spins [56]. The field B = Bext + Bump includes both the external magnetic field
Bext and the exchange field Byp between the charge carriers and the spins of
the magnetic ions [21, 57]. Due to the sp—d exchange interaction between the
three-dimensionally confined carriers and the spins of the Mn?* ions, the energy
E(B,T) of the PL signal from a single QD depends directly on the magnetization
M (B, T) within the exciton wave function. For example, for the ot-polarized
component of the PL signal we can then write

Bex -

BB,T) — Bo(1) = L8Pt D)y gy g
2 2{BgMn

where o and 3 are the well-known exchange constants of the electrons and holes,

respectively [58], Fo(T') includes the temperature dependence of the band gap



Nano-Optics on Individual Quantum Objects . .. 483

and ¥ (which is less than unity) takes into account the fact that only a part of
the exciton wave function actually overlaps with the Mn?* ion spins [21]. If the
Zeeman shift resulting from the band g-factor gy and the change of the band gap
due to temperature are small, the PL energy of a single exciton directly monitors
variations in the magnetization of the QD.*

In Fig. 5, we plotted the PL energy shift of a single QD versus magnetic
field (a) and versus temperature (b). The symbols correspond to the experimental
data, while the solid lines represent fits according to Eqgs. (2) and (3). An excellent
agreement between theory and experiment is obtained for both sets of data using
v = 0.34 and an internal exchange field of Byp = 2.6 T. This clearly confirms
that our approach is well suited to monitor the magnetization on a scale defined
by the extension of the exciton wave function.
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Fig. 5. Energy shift of an individual CdSe/ZnMnSe quantum dot versus magnetic field
(a) and versus temperature (b). The temperature dependent data have been corrected
by the (small) temperature dependent shift of the band gap. Symbols represent experi-
mental data, the solid lines are fits according to Eq. (3).

At first glance one would expect that in the equilibrium case the EMP in
a given single QD is characterized by a well-defined energy — i.e., the PL signal
should be spectrally quite narrow. However, as the single QD is being probed re-
peatedly in our experiment, statistical variations of the orientation of the magnetic
ion spins, i.e., fluctuations of the magnetization within the exciton wave function
result in a broadening of the single QD emission peak in time-integrated experi-
ments [59, 60]. This is quite similar to what is known from fluctuating charges in
the environment of a nonmagnetic single QD, which is found to result in a distinct
line width broadening in ¢cw PL measurements [61-64]. Intuitively it is clear that
applying a magnetic field in the Faraday geometry will suppress the fluctuations of
the magnetization explaining the line width narrowing seen in the experiment (see
Fig. 4). Tt should be noted that such statistical magnetic fluctuations may be a
severe limitation for the functionality of devices based on magnetic semiconductor
QDs or other kinds of nanomagnetic systems.

1 This assumption is fulfilled in our case because of the large Mn-concentration, i.e., the large
effective g-factor, and the small temperature range under investigation.
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3. Approaches to pairs of single quantum dots

Approaches to (single) quantum dot pairs for applications like quantum com-
putation or quantum dot memories have to fulfill several requirements. First, one
should be able to control the interdot distance very precisely, as e.g. the tunnel-
ing between two adjacent QDs depends exponentially on the spatial separation
between the dots. Second, 1t is desirable to be able to control the energy spacing
between the dots e.g. by external fields, which will allow to control the coupling in
a QD molecule. From transport measurements, resonant tunneling of single elec-
trons through discrete energy states of individual electrostatically defined quantum
dots is well known and by changing the applied voltage, even the tunneling pro-
cess can be controlled [65]. In contrast, only a few, quite recent publications deal
with epitaxially defined single dot pairs. Incoherent tunneling between individual
QDs have been reported quite recently by Seufert et al. [25] and Shtrichman et
al. [26]. On the other hand, Schedelbeck et al. [23] and Bayer et al. [24] observed
bound and antibound states in single quantum dot pairs prepared by cleaved edge
overgrowth and self-organized growth, respectively. Although Shtrichman et al.
have succeeded in applying an external electric field to a single pair of InAs/GaAs
QDs, controlling the (coherent) tunneling of electrons, holes or excitons between
two QDs still remains a challenge. Here, we discuss some of our recent results on
single QD pairs with a well-defined vertical correlation between the dots. In partic-
ular, incoherent single exciton tunneling between a single pair of QDs is described
and a new approach for defining QD molecules with adjustable energy spacing is
presented.

3.1. Single exciton tunneling between two correlated quantum dots

For studying the (incoherent) tunneling of a single exciton between two cor-
related single QDs we follow an approach first introduced by Nikitin et al. [66]:
Self-assembled CdSe QDs induce zero-dimensional states in a neighboring CdZnSe
quantum well (QW) layer due to their strain and/or piezoelectric [67] field. The
samples have been grown by migration enhanced epitaxy on [100] GaAs substrates.
After a 200 nm GaAs buffer, a 50 nm ZnSe layer followed by a CdZnSe QW with
a well width of 10.5 nm and a Cd concentration of # = 0.08 was deposited. Above
the QW a ZnSe spacer layer of thickness d (d = 2.8 nm, 9 nm and 20 nm, respec-
tively) was grown followed by the deposition of 2.5 monolayers CdSe which leads
to the formation of self-assembled QDs. A 25 nm ZnSe capping layer is used on
top of the sample. As a reference, a QW sample without self-assembled QDs was
grown. Using time-resolved PL spectroscopy on QD ensembles, an efficient tunnel-
ing between the CdZnSe and the CdSe layers was observed strongly depending on
the spacer thickness. For example for a spacer thickness of 9 nm a tunneling time
of about 40 ps was found while the tunneling time decreases to < b ps in case of
d = 2.8 nm.
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In order to prove the formation of strain-induced QDs within the CdZnSe
layer, spatially resolved PL spectroscopy was performed. The spatial resolution
was obtained by etching small mesas with diameters down to 40 nm (see Sec. 2.1).
For the sample with d = 9 nm and the reference QW, PL spectra obtained with
different spatial resolution are plotted in Fig. 6. For decreasing mesa diameter,
i.e. increasing lateral resolution the inhomogeneously broadened PL signal of the
self-assembled CdSe QDs breaks up into several spectrally narrow lines, each line
corresponding to the recombination of an exciton in an individual QD [4]. The same
behavior is observed for the PL signal of the adjacent CdZnSe layer: here the nar-
row lines are attributed to excitons three-dimensionally localized in strain-induced
QDs. In contrast, the PL spectrum of the reference QW (see Fig. 6, right) did
not show any signature of quasi-zero-dimensional states even for the highest spa-
tial resolution used (40 nm). Therefore we conclude that the strain field of the
self-assembled QDs locally modulates the potential landscape of the CdZnSe layer
forming strain-induced QDs.
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Fig. 6. PL spectra of the coupled quantum dot system obtained with different mesa
sizes, 1.e. different spatial resolutions. The spectral features centered at about 2.32 eV
arise from the self-assembled quantum dots, the PL signal at ~ 2.7 €V from the
strain-induced quantum dots. For comparison, spatially resolved PL spectra for the

CdZnSe quantum well reference sample are shown in the right part of the figure.

The possibility to access experimentally single pairs of self-assembled and
strain-induced QDs allows us to investigate single exciton tunneling between ad-
jacent QDs with a well-defined spatial separation. Experimentally, we applied the
technique of photoluminescence excitation (PLE) spectroscopy: The detection en-
ergy was adjusted to the ground state emission of the self-assembled QDs, while
the excitation energy was tuned across the band gap of the strain-induced QDs.
In Fig. 7, the PLE spectrum obtained for ensembles of QD pairs (top) is com-
pared to a PLE spectrum measured on a single QD pair (bottom). In addition,
the corresponding PL spectra of the self-assembled QDs, centered around 2.32 eV
are depicted. The detection energy used for the PLE measurements is marked by
an arrow.
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Fig. 7. PLE spectra for the coupled self-assembled — strain-induced quantum dot sys-
tem for different spatial resolutions (¢ = 100 gm and ¢ = 250 nm, respectively). The
detection energy was adjusted to the ground state of the self-assembled quantum dots
while the excitation energy was tuned across the band gap of the strain-induced quantum
dots. In addition, the corresponding PL spectra in the energy range of the self-assembled
quantum dots are plotted. The arrows mark the detection energy used for measuring
the PLE spectra.

In case of the ensemble measurements, the PLE resonance in the energy range
of the ground state of the strain-induced QDs (& 2.7 €V) is rather broad (FWHM
/2 19.5 meV) due to inhomogeneous broadening effects. In contrast, performing the
measurements on a single QD, a spectrally quite narrow PLE resonance at around
2.695 eV (FWHM = 1.7 meV) is found. This clearly demonstrates that a single
exciton tunnels from a strain-induced QD to the corresponding energetically more
favorable self-assembled QD [25, 54]. Out of the resonance the tunnel efficiency
drops down drastically, indicating that we indeed observe an (incoherent) tunneling
of a single zero-dimensional exciton between two correlated QDs. It should be
noted that the energy of the PLE resonance varies from dot pair to dot pair due
to size and/or composition variations of the individual QDs. The fact that both
the emission line width of the single self-assembled QD (about 1 meV) and the line
width of the PLE resonance is rather large may be due to the well-known effect of
spectral diffusion [62].

3.2. Correlated single dots with tunable energy spacing

From an application point of view, it would be of great interest to tune the
energy spacing between two adjacent quantum dots by an external field. This has
been done by Shtrichman et al. [26], who applied a vertical electric field on a single
pair of self-assembled quantum dots. However, fabricating stacks of self-assembled
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QDs with nominally identical ground state energy seems to be quite challenging
and indeed, Shtrichman et al. observed an energetic difference of about 100 meV
between the ground states of the two single QD forming the QD molecule. For
that reason, we chose a different approach for fabricating vertically correlated
QDs: Starting from a double QW where the thickness of both, the spacer and
the QW can be controlled quite accurately, we define pairs of correlated QDs by
electron beam lithography and selective intermixing.

sio,
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Q
- quantum lateral
f 0.8 dot barrier
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Fig. 8. Top: sketch of the principle idea of using selective interdiffusion to define buried

single quantum dots. The small arrows shall indicate the diffusion of Mg atoms from the

barrier to the quantum well region below the SiO» cap layer. Bottom: representative PL

spectrum of a single quantum dot defined with an SiO» aperture diameter of 180 nm.

In Fig. 8, the technique of selective intermixing for fabricating buried single
QDs is schematically shown. An epitaxially grown 5 nm thick CdTe quantum well
embedded between Cd;_,Mg,Te barriers (# = 0.4) is covered by a 100 nm thick
S105 layer which contains lithographically defined nanoapertures with diameters
down to 80 nm. A subsequent annealing step in an UHV chamber for 2 hours at
450°C causes an intermixing between the barrier and the well material, i.e. Mg
atoms diffuse into the QW region. This intermixing process is strongly enhanced
for areas covered by the SiOs as compared to uncapped sample areas (like the
regions of the nanoapertures) [68, 69]. This allows a nice approach to define single
QDs with adjustable size: As Si05 increases the intermixing and thus the effective
band gap of the quantum well layer, the capped areas act as lateral barriers after
the annealing, while the carriers will be confined in the uncapped regions, i.e.
the QDs. In fact, for the process parameters mentioned above, a lateral (exciton)
confinement potential of about 0.27 eV is realized. This is shown in Fig. 8, where
the normalized PL spectrum of a lithographically defined single QD fabricated by
using an aperture with a diameter of 180 nm 1s plotted. The PL spectrum consists
of the emission from the single dot at about 1.7135 eV, from the lateral barrier at
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~ 1.98 eV and from the vertical barrier at 2.25 eV. Let us note that due to the
error function like lateral potential, the extension of the ground state exciton wave
function is about 30 nm, i.e. significantly smaller than the aperture size. Indeed,
these QDs clearly demonstrate quasi 0D exciton properties, like e.g. line width
narrowing down to < 0.4 meV for an individual QD (see Fig. 8), the occurrence
of biexcitons, and the recombination from excited states [68].

This technique to define buried single QDs based on (Cd,Mg)Te heterostruc-
tures offers a variety of interesting opportunities. In particular, the effective g-factor
in CdTe-based quantum wells can be tuned over a wide range simply by adding Mn
atoms to the crystal matrix [50]. This is shown in Fig. 9, where the energy shift of
the ot polarized component of the PL signal for thin CdMnMgTe/CdMgTe quan-
tum wells is plotted for different Mn concentrations zpp, versus magnetic field. A
pronounced red shift of the PL signal due to the giant Zeeman effect is observed
with increasing field, strongly depending on the Mn concentration zypy,.
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Fig. 9. Energy shift of the ot polarized component of the PL spectrum of
CdMnMgTe/CdMgTe quantum wells with different Mn concentrations (an = 0.02 and
#mn = 0.13, respectively) in an external magnetic field. The well width was L. =1 nm
and the Mg concentration in the well symg = 0.05 and in the barrier tmg = 0.4, respec-
tively. The distinct change of the sensitivity of the band gap to the external magnetic
field is obviously related to a strong dependence of the effective g-factor on the Mn

concentration.

It is straightforward to apply our technique for single QD definition to
a double QW system: Processing a double QW will result in a single pair of
QDs with a well-defined spatial separation. Most interesting, choosing two QWs
with different effective g-factors, one should be able to define pairs of single QDs
with an energy spacing tunable by applying an external magnetic field. We used
CdMgTe/CdTe/CdMgTe/CdTe/CdMnTe double QWs grown by molecular beam
epitaxy on a CdZnTe substrate as a base material. The CdTe well width was
L, = 6 nm, the CdMgTe spacer thickness d = 9 nm and zyn = 2Mmg = 0.25. Let us
note that as the band gap energy CdMnTe and CdMgTe is comparable, we expect
that the ground state energies of both QWs do not deviate very much from each
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other. However, due to the spatial overlap of the exciton wave function with the
barriers and, in particular, due to a noticeable diffusion of Mn atoms in one (and
only one!) of the QWs during QD fabrication, we can expect that the effective
g-factors are strongly different for the two QDs forming the QD molecule.

Using essentially the same technology as described above, we have fabricated
single pairs of coupled QDs. For the fabrication of the QD pair, we use an aperture
with ¢ = 270 nm, which results in an extension of the ground state wave function
of about 45 nm, i.e. we are in the regime of center of mass quantization [68]. The
PL spectrum of a single QD pair consists of the PL signal from the vertical barrier,
the lateral barrier, and the PL signal resulting from the recombination of single
excitons confined in the QDs. In Fig. 10, the Zeeman shift of the ot polarized
component of the PL signal arising from the single QD pair is depicted versus
magnetic field. Most important, a strong difference in the Zeeman shift of the two
QDs is observed. While QD2 (embedded between one magnetic CdMnTe and one
nonmagnetic CdMgTe barrier) strongly shifts to the red with increasing magnetic
field, QD1 (embedded between two CdMgTe barriers) reveals only a weak energy
shift, as expected for nonmagnetic QDs. This apparently originates from strongly
different effective g-factors in the two QDs forming the molecule.
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Fig. 10. Energy shift of the ¢ polarized component of the PL spectrum of a single
lithographically defined quantum dot pair as a function of an external magnetic field
in the Faraday geometry. The two dots within the quantum dot pair apparently have
a strongly different effective g-factor, which allows to vary the energy spacing between

the quantum dot ground states by about 10 meV.

It should be noted that at zero magnetic field a strong, incoherent tunneling
from QD2 into QD1 prevents the observation of the PL signal from QD2. This
tunneling probability is reduced, if the energy spacing between the dot ground
states decreases and indeed the PL intensity ratio between QD2 and QD1 strongly
increases with magnetic field. In fact, we have fabricated a single QD molecule con-
taining vertically correlated QDs with well-defined spatial separation and strongly
different effective g-factors. By applying an external magnetic field in the Faraday
geometry, the relative energy spacing between the two QDs within the molecule
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can be varied by about 10 meV. Let us note that due to the large spacer thick-
ness of d = 9 nm no anticrossing between the dot states is expected. However,
as the spacer thickness d can be controlled very accurately, our approach seems
to be promising for fabricating single pairs of coherently coupled QDs, where the
coupling can be adjusted by applying an external magnetic field.

4. Summary

Spatially resolved photoluminescence spectroscopy is applied to investigate
both single quantum dots and single pairs of quantum dots. The spatial resolu-
tion is on one hand achieved lithographically by fabricating small mesas or small
apertures to select individual quantum dots from epitaxially grown dot ensembles
based on ZnSe compounds. On the other hand, we used electron beam lithogra-
phy and selective intermixing to define single quantum dots and pairs of single
quantum dots based on the CdTe system.

Several aspects which may be important for spin-based devices or quantum
information processing have been addressed: Surprisingly large spin relaxation
times at least in the nanosecond range of ground state excitons have been found in
self-assembled CdSe/ZnSe quantum dots. Interestingly, such large spin relaxation
times can only be observed, if one excites resonantly the exciton eigenstates, i.e. lin-
ear superpositions of .J, = +1 and .J, = —1 excitons. Adding magnetic ions to the
crystal matrix is demonstrated to result in the formation of quasi-zero-dimensional
exciton magnetic polarons. We have been able to show that due to the sp—d ex-
change interaction between the carrier spins and the spins of the Mn?7 ions, the
magnetization of a single magnetic semiconductor quantum dot can directly be
monitored on a nanometer scale via the characteristic PL signal of the quantum
dot.

In order to fabricate single pairs of correlated quantum dots, two approaches
have been introduced. First, we used the strain field of self-assembled CdSe/ZnSe
quantum dots to induce zero-dimensional states in an adjacent CdZnSe quan-
tum well. The formation of strain-induced quantum dots is evidenced by spatially
resolved photoluminescence spectroscopy and we have been able to observe (inco-
herent) single exciton tunneling between a single pair of quantum dots. Second,
the technique of selective intermixing is used to fabricate both single quantum dots
as well as single pairs of quantum dots based on CdTe. Most interesting, we have
been able to show that two coupled quantum dots with strongly different effective
g-factors can be prepared. This allows us to tune the energy spacing between the
dot ground state in a single quantum dot pair by an external magnetic field by
about 10 meV.
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