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Coupled Quantum Dots Fabricated by Cleaved
Edge Overgrowth: From Artificial Atoms to
Molecules

Gert Schedelbeck, Werner Wegscheider,”
Max Bichler, Gerhard Abstreiter

Atomically precise quantum dots of mesoscopic size have been fabricated in the gallium
arsenide—aluminum gallium arsenide material system by cleaved edge overgrowth, with
a high degree of control over shape, composition, and position. The formation of bonding
and antibonding states between two such “artificial atoms” was studied as a function
of quantum dot separation by microscopic photoluminescence (PL) spectroscopy. The
coupling strength within these “artificial molecules” is characterized by a systematic
dependence of the separation of the bonding and antibonding levels, and of the PL
linewidth, on the “interatomic” distance. This model system opens new insights into the

physics of coupled quantum objects.

Over the last 5 years, quantum dots
(QDs)—boxes in which charge carriers are
quantum-confined in three dimensions—
have been realized in semiconductors (I-
11). Although these QDs are commonly
part of a single crystalline solid, their prop-
erties are in many ways analogous to those
of atoms (10); a “shell-like” energy staircase
for single-electron charging (11) and ex-
tremely narrow homogeneous linewidths in
optical spectra have been observed (6). The
growing interest in QD systems is not only
of a fundamental nature but is strongly driv-
en by applications such as semiconductor
laser devices, where discrete energy level
schemes should be advantageous in many
respects (12).

A diverse range of technologies, includ-
ing high-resolution electron beam lithogra-
phy and focused laser beam writing, have
been implemented to fabricate such “artifi-
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cial atoms” from layers prepared by molec-
ular beam epitaxy (MBE); such layers often
serve as starting material because quantum
confinement along the growth direction
can be readily achieved (I, 2). Unfortu-
nately, QDs confining excitons of high op-
tical quality whose emission is governed by
narrow “atom-like” lines must be prepared
differently. In the GaAs-AlGaAs material
system, their size must be in the 10-nm
range, the equivalent of the hydrogen-like
Bohr orbit for excitons. The latter represent
quantized excitations in a semiconductor in
the form of electrostatically bound electron
hole pairs.

To date, the realization of such QDs has
relied on monolayer thickness fluctuations of
thin quantum wells (QWs) (3-6) or on spon-
taneous island formation during strained layer
epitaxy (7-9). These structures have the ad-
vantage that they contain few crystal imper-
fections, which are inevitably accompanied by
a high number of nonradiative recombination
centers. However, as a consequence of the
inherent randomness in the formation process
of ensembles of such natural and self-orga-

tions. The depicted configurations in Fig. 3 overlap by
~70% or more with the many-body ground states
(the spin-polarized states overlap by more than 95%).

16. For a theoretical analyses of the N = 2 excitation
spectrum, see, for example, D. Pfannkuche, R. R.
Gerhardts, P. A Maksym, V. Gudmundsson,
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nized QDs, they differ in size and shape, and
their position is not under precise experimen-
tal control. Therefore, highly local spectro-
scopic techniques are essential to extract the
properties of individual objects. The long-
standing question of whether the analogy be-
tween QDs and artificial atoms can be taken
even further—that is, whether coupled QDs
act like coupled atoms in a molecule (13)—
must therefore be answered in a different kind
of experiment.

Here, we report on the fabrication of
individual and coupled QDs of high optical
quality whose size, shape, and position are
completely engineered by the fabrication
process. Starting from an artificial atom
characterized by a homogeneous linewidth
as narrow as 70 peV (full width at half
maximum, FWHM) in optical emission
spectra, the formation of an “artificial mol-
ecule” can be observed as the coupling
strength is gradually increased. As coupling
between two QDs is introduced, the sharp
resonance resulting from ground-state exci-
ton transitions of an isolated dot splits into
a pair of lines. The splitting as well as the
peak widths systematically increase with in-
creasing coupling strength.

This scenario of an exciton bound to two
quantum-mechanically coupled QDs can be
compared to the synthesis of a positively
charged hydrogen molecule H," from an
electron and two protons; such a system can
be described in the framework of elementary
quantum mechanics by the formation of
bonding and antibonding states. In contrast
to previous work on coupled Coulomb is-
lands, which were explained in terms of clas-
sical interdot capacitance coupling (2), the
excitonic states in our QDs are quantum-
mechanically coupled and can be thought of
as a coherent wave that is delocalized over
the two dots. Such widely adjustable, coher-
ently coupled QDs seem to be ideally suited
for fundamental studies in a regime that is
inaccessible to experiments on real atoms.

Our sample design is based on quantum
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confinement of excitons to two, one, and
zero dimensions, which is realized by two-
fold application of cleaved edge overgrowth
(CEQ), a method described in detail in
(14). The structure investigated here makes
explicit use of atomic control of both the
size and position of CEO QDs, which arise
from three MBE growth steps (Fig. 1). The
layer sequence of the first growth step con-
sists of three double QWs (QW, ,-QW 5,
QW - QW b, and QW -QW ;) followed
by a single QW (QW,s5) embedded in
Al,,Gay,As barrier material. All GaAs
QW layers are 7 nm wide and are over-
grown after cleavage along the two (110)
directions by another 7-nm-wide QW and
an Al,;Ga, ;As barrier. This leads to the
formation of three coupled, T-shaped QD
systems and one individual T-shaped QD,
which are connected by the single, T-
shaped quantum wire QWR,; (inset, Fig.
2). The barriers separating the two QDs,
which form coupled QD systems, are 15, 30,
and 60 nm wide, respectively. This spatial
distance between the QDs adjusts the cou-
pling strength of the zero-dimensional QD
levels. The center-to-center distance from
the individual QD to the first and the fol-
lowing coupled QD systems was chosen to
be 800 nm. In this way, spatial isolation of
the individual objects is possible without
the use of non-diffraction-limited probes,
as in near-field optical microscopy (4, 6).
This series of QDs was designed to monitor
subsequent phases in the formation of arti-
ficial molecules out of artificial atoms in a
single sample and was investigated by
means of conventional, diffraction-limited
microphotoluminescence (wPL) spectro-
scopy combining high spatial and spectral
resolution (15).

In the pPL spectrum from an individual
T-shaped QD, recorded from the (110) sur-
face resulting after the last growth step, not
only the QD but also the adjacent QWs and
QWRs are excited and can be spectrally
resolved (Fig. 2). Although most of the ex-
citons are photoexcited in the QWs and
QWRs, the observed PL response is domi-
nated by a single sharp line at an energy of
1565.9 meV, which we attribute to recom-
bination of zero-dimensional excitons in the
QD. Emission from excitons recombining in
the QWs is observed at energies of ~1590
meV (QW,5) and 1583 meV (QW,/QW,)
(16). The relatively strong response from the
QWRs at ~1571 meV results from efficient
collection of the emission from QWR 5,
along its length within the excitation vol-
ume. As a result of the high spatial resolu-
tion of our wWPL setup, the QWR emission
(and, to a lesser extent, the QW emission)
exhibits the sharp lines that are characteris-
tic for exciton localization at monolayer
fluctuations and are a subject of current re-
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search (17). The unambiguous assignment of
the peaks to the different low-dimensional
structures in our sample follows from a de-
tailed three-dimensional pPL mapping using
various geometries. The linewidth of the in-
dividual T-shaped QD of FWHM = 70 peV
is comparable to those observed in atomic
spectra, and thus directly reflects the dis-
creteness of the density of states resulting
from three-dimensional quantum confine-
ment. The ground-state wavefunction of ex-
citons confined to CEO QDs has been cal-
culated (18). An energy decrease of the QD
excitonic ground state with respect to the
corresponding QWR state of ~6 meV was

Fig. 1. Schematic illus-
tration of a T-shaped,
coupled QD structure.
First, GaAs quantum
wells (QW, ., QW, g) sep-
arated by Al,;Ga,,As
barriers are grown along
the [001] direction (blue
layers). The sample is
then cleaved two times
in situ, and the fresh,

Coupled QD

EREPORTS |

found for 7-nm-wide QWs, which is in good
agreement with our experimentally deter-
mined value of ~5 meV.

Figure 3 shows the spectral image of a
linescan along QWR,; on an enlarged en-
ergy scale together with a schematic drawing
of the sample geometry. At the right-hand
side, the single line originating from exci-
tons recombining within the individual QD
can be seen at an energy of 1565.9 meV.
Moving the excitation and detection win-
dow to the coupled QDs, a series of sharp
double peaks appears. The spatial positions
of the intensity maxima of all peaks exactly
coincide with the designed positions of our

[110]

3rd growth
direction

atomically smooth (110)
and (110) cleavage
planes are subsequently
overgrown with single
quantum wells (QW,, and
QW,) and Al,,Ga,,As
barriers (green and red
layers). At each intersec-

2nd cleave

QwR,7 ]

tion of two QWs, a T- [110] «¢
shaped quantum wire 2nd growth
direction

(QWR) forms (20-23),
which provides exciton
confinement in two di-

1st growth
direction

1st cleave [001]

mensions. This results in the formation of three distinct types of QWRs. The T-shaped contours

schematically represent lines of constant probability for excitons confined to QWR, ,,, QWR

1a @nd

QWR,,. Each intersection of three QWs (and consequently QWRs) constitutes a QD (24), thereby
confining excitons in all three dimensions. The ground-state energy of such T-shaped QDs is further
lowered with respect to the QWR because of additional confinement relaxation by the third QW.

Single QD

1 Fig. 2. Microphotoluminescence

(kPL) spectrum (E_,. = 1601 meV)
1 taken at the position of the individ-
ual QD from the (110) sample sur-

face resulting after the third growth

step. The cutaway schematic of the

05

PL intensity (arbitrary units)
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QW | sample along the plane of QW, (in-
set) shows the QW intersections at
which the three coupled QDs (QD
separation not to scale) and one in-
dividual QD form. The excitation
and detection range is indicated by
the superimposed circle.
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individual and coupled QD systems and are
therefore separated by 800 nm. This clear
correlation of the sharp lines with position
again confirms that they indeed originate
from excitonic recombination in the CEO
QDs. The energetic spread of the peaks in

d(nm) - 60 30 15

1567
=
[+
E
-
2
[
51566
1565
0 1 2
Z(um)

Fig. 3. Spectral image resulting from a high-resolution pwPL linescan (£,

the range of 1 to 2 meV can be well de-
scribed by monolayer thickness fluctuations
in the overgrown QWs. However, the wave-
function of the coupled QDs probes only a
very short part of the constituting QWs with
respect to the length scale of monolayer

d
i

JFVXe

= 15688 meV) along QWR,;,

exc

which connects all QDs (denoted as the z direction), taken from the (110) sample surface. The spatial
position of the coupled QDs and the single QD are given by the scale drawing of the QW intersections
along the top of the image. These positions coincide with the spatial positions of intensity maxima in the
spectraat 0.9, 1.7, 2.5, and 3.3 um, as indicated by the dashed lines and arrows. The spatial width of
the peaks is limited by the spatial resolution of the wPL setup. The separations (d) of the QDs forming
coupled systems are given at the corresponding QW intersections. The one-dimensional potential
profile for excitons in the coupled systems, the resulting bonding (¥g) and antibonding wavefunctions
(¥,), and the energetic splitting 2 X AE of such a two-level system are shown in the inset.

Fig. 4. (A) Selected pPL T T
spectra from the line-
scan of Fig. 3 of the sin-
gle QD and the coupled
CEO QDs (at the posi-
tions marked by the ar-
rows), plotted on a rela-
tive energy scale and
offset vertically against
each other for clarity. (B)
Energetic splitting 2 X
AE = E, - Eg between
the bonding and anti-
bonding levels. (C) Line-
widths of the two levels
as a function of the QD
distance. The solid lines
in (B) and (C) are a guide
for the eye; the colors of
the symbols correspond
to the colors used in (A)
for each d value.
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fluctuations and coupling between almost
identical objects can be studied.

The appearance of two energetically dis-
tinct peaks from coupled QDs (Fig. 3) is
clear evidence that their excitonic levels are
coupled. Such a coupling is possible despite
the QDs’ separation of 15 to 60 nm, because
the effective barrier height between the dots
represented by QWR,; is only ~5 meV.
The influence of coupling on the excitonic
levels, on the order of 100 peV, is small
relative to the binding energy of an exciton
confined to a CEO QD of more than 10
meV (18). Therefore, the exciton is consid-
ered as one particle whose internal structure
is not affected by coupling. In analogy to the
two coupled electronic levels of the H,*
molecule, the wavefunction ¥ of our system
of two coupled excitonic dot levels can be
approximated by the sum and difference of
the wavefunctions of individual dots. These
wavefunctions, ¥ and ¥,, correspond to
the bonding and antibonding states (Fig. 3).
From first-order perturbation theory, the en-
ergy levels of the coupled system can be
written as Ey , = E, = AE, where E, is the
energy level of an individual QD and AE is
a matrix element that describes the energet-
ic splitting 2 X AE caused by coupling.
Following this argument, we assign the two
energetically distinct PL lines of each cou-
pled QD to emission from the bonding and
antibonding energy levels, which are sepa-
rated by 2 X AE. Spectra from the QDs are
shown on a relative energy scale in Fig. 4A
to facilitate a more detailed discussion. The
systematic dependence of the energetic
splitting on the distance between the cou-
pled QDs (Fig. 4B) further confirms our
interpretation in terms of bonding and an-
tibonding states. The observed enhance-
ment of the energetic splitting with decreas-
ing distance between the coupled QDs di-
rectly reflects the increasing coupling
strength of the QD levels.

The optical emission from individual,
naturally formed QDs with discrete energy
levels is subject only to homogeneous line
broadening and is therefore characterized
by a Lorentzian line shape (6). In agree-
ment with this result, the spectra of our
QDs are well fitted with Lorentzians (black
lines in Fig. 4A). This implies that the PL
linewidths of the transitions corresponding
to the bonding and antibonding states are
lifetime-broadened. These linewidths in-
crease systematically with increasing cou-
pling strength (Fig. 4C). The broadening is
especially pronounced for emission from the
antibonding level. For the strongest coupled
QD, the PL linewidth for emission from the
antibonding level of 470 peV is slightly
larger than the energetic splitting of the
levels. On the other hand, the PL linewidth
corresponding to the bonding level of the
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most weakly coupled QDs is as low as the
spectral resolution of our spectrometer, 40
eV, a value comparable to the smallest
linewidth reported so far (6). The decrease
of the exciton lifetime for the antibonding
state with increasing level separation can be
described in a simple two-level picture in-
volving acoustical phonon scattering from
the upper state into the lower state (19).
This would lead to a cubic dependence of
this linewidth on the energy level separa-
tion, which is also observed experimentally.

CEQ has proven to be a versatile method
for the fabrication of zero-dimensional ob-
jects of well-defined size, shape, and posi-
tion. The excellent optical quality, mani-
fested in extremely narrow emission lines,
and the high degree of homogeneity acces-
sible with this method permit the precise
tailoring of the quantum-mechanical cou-
pling between these nanoscale structures. As
an extension to this work, we propose the
use of higher barriers, narrower QWs, and
the incorporation of indium into the wells.
All these measures should increase the bind-
ing energy of excitons to the QDs. The use
of strained InGaAs QWs, in particular, is
expected to enhance this binding energy
drastically because the strain can be almost
completely elastically relaxed at the inter-
sections. This might open a route to exper-
imental investigation of a variety of quan-
tum mechanics textbook examples previous-
ly inaccessible by other means, such as going
from artificial atoms to molecules to an ar-
tificial one-dimensional solid.
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Organically Modified Aluminosilicate
Mesostructures from Block Copolymer Phases

Markus Templin, Achim Franck, Alexander Du Chesne,
Heike Leist, Yuanming Zhang, Ralph Ulrich, Volker Schadler,
Ulrich Wiesner*

Organically modified aluminosilicate mesostructures were synthesized from two metal
alkoxides with the use of poly(isoprene-b-ethyleneoxide) block copolymers (Pl-b-PEO)
as the structure-directing molecules. By increasing the fraction of the inorganic pre-
cursors with respect to the polymer, morphologies expected from the phase diagrams
of diblock copolymers were obtained. The length scale of the microstructures and the
state of alignment were varied using concepts known from the study of block copoly-
mers. These results suggest that the use of higher molecular weight block copolymer
mesophases instead of conventional low-molecular weight surfactants may provide a
simple, easily controlled pathway for the preparation of various silica-type mesostruc-
tures that extends the accessible length scale of these structures by about an order of

magnitude.

Currently, a great deal of attention is being
paid to the synthesis of complex inorganic
materials with long-range order (I). Such
materials could find applications in cataly-
sis, membrane and separation technology,
and molecular engineering (2). A typical
approach is the use of organic structures
formed through self-assembly as structure-
directing agents. The final morphology is
then determined by the cooperative organi-
zation of inorganic and organic molecular
species into three-dimensionally structured
arrays, a concept also discussed in the con-
text of biomineralization (3). This strategy
has already been successfully used in the
preparation of inorganic mesoporous mate-
rials (4). Different pathways, where the
driving forces of the cooperative organiza-
tion are either ionic (5) or based on hydro-
gen bonds (6), have been described in vast-
ly different concentration regimes (7). Pore
sizes of 20 to 100 A are commonly obtained
in this way.

Here, we used block copolymers of high-
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er molecular weight to make the transition
from the small to the large mesoscopic re-
gime (up to several tens of nanometers) of
silica-type mesostructures. Bagshaw et al.
previously used block-type low—molecular
weight surfactants as templating agents to
produce mesoporous molecular sieves (6).
Higher molecular weight block copolymers
have been used to stabilize inorganic metal
or semiconductor nanoparticles (8). How-
ever, they all produce solid particles with
morphologies never very far from spherical
(9). An example of a different shape of
inorganic material in a random-coil organic
homopolymer is the synthesis of randomly
distributed inorganic nanowires (10). Most
recently, block copolymers have been used
to control the growth of anisotropic inot-
ganic crystals (11).

Block copolymer materials are similar to
low—molecular weight nonionic surfactant so-
lutions with respect to their general phase
behavior (12). The phase diagrams of these
materials have been elucidated by numerous
experimental and theoretical studies (13).
The combination of inorganic siliceous com-
ponents in a hybrid material with block co-
polymers is appealing for various reasons.
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