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Abstract

Recent experiments, which study the electronic structure of self-organized InAs nanostructures, are summarized. The

results from simultaneously performed far-infrared (FIR) and capacitance spectroscopy allow for a detailed investiga-

tion of both many-particle ground states and excitations in these three-dimensionally con®ned, few-electron systems.

Experimental data from quantum dots, coupled dots and ring-like structures are presented and evaluated with respect

to the contributions from quantization, electron±electron interaction and an external applied magnetic ®eld to the en-

ergy spectrum. Ó 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

The so-called Stranski±Krastanow (S-K)
growth mode has been known to exist in strained
semiconductor heteroepitaxy for decades [1]. How-
ever, only recently it has been realized that self-or-
ganized S-K-islands provide for almost ideal
systems to study the electrical and optical proper-
ties of dislocation-free, nm-size semiconductor
quantum dots [2±4]. These systems are of great in-
terest, not only for studying the basic properties of
man-made 'arti®cial atoms', but also because of
possible applications, ranging from novel comput-
ing schemes [5] to thresholdless solid state lasers
[6]. A deep knowledge of the internal electronic
structure in self-assembled quantum dots is there-
fore highly desirable.

Here, we study the many-particle electronic
states and excitations of InAs quantum dots, em-

bedded into a GaAs/AlGaAs heterostructure
which allows for a controlled tuning of the quan-
tum dot energy with respect to a reservoir. Using
capacitance and far-infrared spectroscopy, we
can simultaneously study both the many-particle
ground states as well as the excitations of the dots.
This way, we obtain an in-depth picture of the
contributions of con®nement, electron±electron in-
teraction and the in¯uence of an external applied
®eld to the energy structure of these few-electron
systems. Making use of improved growth technol-
ogies, we can apply the same spectroscopic tech-
niques to investigate the electronic structure of
more complex nanostructures, such as double dots
or ring-shaped islands.

2. Experimental ± dots

The samples are grown by solid-source
molecular beam epitaxy. Details of the growth
procedure can be found, e.g., in Refs. [2,7]. Inside
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a ®eld-e�ect-transistor structure between a highly
doped GaAs layer, serving as a back contact,
and a surface Schottky gate, the InAs dots are em-
bedded in nominally undoped GaAs (see Fig. 1).
Approximately 1.7 monolayers of InAs are depos-
ited at 530°C which results in islands of �20 nm
diameter and �6 nm height, with a density of
around 1010 cmÿ2. The distance between the dots
and the back contact is small enough to allow
for tunneling, so that in general, the dots are in
equilibrium with the back contact. Because of their
large distance from the Schottky gate and an in-
serted AlGaAs blocking barrier, no charge transfer
between the dots and the top gate is possible in the
range of voltages investigated. A schematic of the
resulting conduction band structure is sketched in
Fig. 1(b). The electric ®eld between the back con-
tact and the gate is given by the Schottky barrier

and the applied gate voltage Vg. By changingVg,
the energy of the dot with respect to the back con-
tact can be adjusted. Assuming that the charge in
the dot layer is negligible, the energy shift is direct-
ly proportional to the gate voltage [8]. The propor-
tionality factor is given by the `lever arm', i.e. the
ratio between the tunneling barrier thickness ttun

and total thickness ttot, DE � eVg á ttun/ttot (cf.
Fig. 1(b)). For appropriately chosen sample di-
mensions, the energy of the dots can be shifted
so that for moderately negative voltages (�)1
V), the dots are void of electrons and with increas-
ing bias can be charged with upto 8 electrons. The
exact voltages at which additional electrons can
tunnel into the dots can be monitored by superim-
posing upon Vg a small modulation voltage Vmod,
which will cause the electron to oscillate between
the back contact and the dot. This alternating cur-
rent is detected in the outside circuit as an addi-
tional capacitive signal.

Fig. 2 shows capacitance±voltage (CV) traces of
a sample with an area of �0.2 mm2 and a lever
arm of 1/7. From bottom to top the magnetic ®eld
is raised from B� 0 to 12 T in steps of 2 T. Around
Vg�)1.1 V two distinct maxima can be observed
with a position which is almost independent of
magnetic ®eld. Between Vg�)0.6 V and

Fig. 1. (a) Schematic of the measurement geometry and layer

sequence of the ®eld-e�ect transistor structure with the embed-

ded InAs quantum dots. (b) Sketch of the conduction band

edge of the device. For details, see text.

Fig. 2. Charging spectra of self-organized InAs quantum dots.

Individual charging peaks are resolved for both s- and p-shells

(see also inset). From bottom to top curve, the magnetic ®eld is

increased from 0 to 12 T in steps of 2 T, and the orbital Zeeman

splitting of the p-shell is clearly observed. Curves are o�set for

clarity.
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Vg�)0.1 V a broad shoulder appears which for
the present, very homogeneous sample, is seen to
consist of four, roughly equidistant peaks. These
observations are consistent with a simple picture
of the many-particle states in the investigated
quantum dots: For their oblate, nearly circular ge-
ometry, the lowest and second lowest single-parti-
cle states are expected to be doubly and fourfold
degenerate, respectively. For the many-particle
states, this degeneracy is lifted by electron±electron
interactions, so that groups of charging peaks
(`shells') appear [9]. This picture agrees with the
observed CV spectrum shown in Fig. 2. In analogy
with atomic physics, the two lowest states are com-
monly labelled `s-shell', the next four higher states
`p-shell'. When a magnetic ®eld is applied perpen-
dicularly to the plane of the dots, the angular mo-
mentum degeneracy of the p-shell is lifted and at
su�ciently high ®elds the two states with angular
momentum l�+1 shift to higher energies, whereas
the states with l�)1 decrease in energy (see
Fig. 2). At low ®elds, a close examination of the
p-states reveals the in¯uence of the exchange inter-
action [10,11]: According to Hund's rules, at B� 0
the ®rst two levels of the p-shell which become oc-
cupied have di�erent spatial quantum numbers.
The angular momentum of the second p-state
changes from l�+1 to l�)1 when the magnetic
energy becomes dominant over the exchange con-
tribution (around 1 T for the present samples).

Fig. 3 displays the normalized far-infrared
(FIR) transmission through a similar sample at a
gate voltage where approximately two electrons
occupy each dot. At B� 0, a single [12] resonance
is observed which splits into two as a magnetic
®eld is applied. This splitting is the dynamic ana-
logue of the orbital Zeeman spitting observed in
Fig. 2. In a single-particle picture it can be under-
stood as the two possible transitions between the
l� 0 s-states and the l��1 p-states, excited by
the left- and right-circularly polarized components
of the FIR radiation.

The magnetic-®eld dispersion of the two modes,
commonly labelled `x�-' and `xÿ-mode' can very
well be described using a parabolic con®ning po-
tential [13]. It is a peculiarity of the parabolic
potential that the excitation energies are indepen-
dent of electron±electron interactions [14]. Indeed,

in many man-made quantum-dots, this leads to the
fact that the observed resonance positions are in-
dependent of electron number [15,16], ranging
from the single electron limit to the quasi-classical
situation where dozens or even hundreds of elec-
trons occupy each dot. Also for the present dots,
no signi®cant change in energy can be observed
when the number of electrons per dot is doubled
from ne� 1 to ne� 2. This further supports the as-
sumption that, at least for low occupation, the
dots' con®ning potential is to good approximation
parabolic.

This situation changes drastically, however,
when ne is further increased and the p-shell be-
comes occupied. As seen in Fig. 4, up to three
x�-like modes appear for a partly occupied p-
shell. Interestingly, for even higher occupation,

Fig. 3. FIR spectra of self-organized dots (occupied with ne � 2

electrons each) for di�erent magnetic ®elds. The well-known,

two-mode spectrum of parabolically con®ned quantum dots is

observed. Curves are o�set for clarity.
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when the p-shell becomes fully occupied and the d-
shell starts ®lling up, the spectrum becomes less
featured and only a single x�-resonance remains
(Fig. 4(c)), however with a dispersion that di�ers
strongly from the parabolic model [3,13]. This
way, the strong non-parabolic contributions to
the con®ning potential of self-organized InAs
quantum dots make it possible to perform a spec-
trosopy of the quantum dot `table of elements' and
distinguish, e.g. `quantum dot helium' and `quan-
tum dot beryllium' by their respective spectroscop-
ic ®ngerprints.

3. Coupled dots

In the above experiments, the dots are fairly di-
lute, so that they can to good approximation be

treated as non-interacting. For the investigation
of coupled dots, a further self-organization mecha-
nism, found in S-K growth, is bene®cial. Studies of
multi-dot-layers have shown that strain-e�ects can
lead to a vertical alignment of the dots in the dif-
ferent layers [1,17]. It is thus possible to grow
two narrowly spaced layers of dots where the ver-
tical alignment leads to molecule-like coupled dou-
ble dots. So far, we have only investigated double
dots with relatively large spacers (10±20 nm), be-
cause no well-de®ned structures with thinner layers
could be fabricated (the reason for this might be
the morphological changes that can occur when
the dots are covered with thin layers of GaAs,
see below). Therefore, the main coupling mecha-
nism between the dots is Coulomb interaction
rather than quantum mechanical lifting of level de-
generacy [18]. There are, however, ®rst indications
of quantum coupling e�ects in our samples, which
reveal themselves in the charging dynamics: When
the levels in both dot layers are aligned, tunneling
into the second dot layer from the back contact is
orders of magnitude faster than when they are out
of resonance [19].

Fig. 5 shows a CV spectrum of a double-dot
sample with spacing d� 20 nm (thick solid line).
The lever arm for the ®rst dot layer is 1/7, identical
to the lever arm of a single-dot reference sample,

Fig. 4. FIR excitation spectra at B� 12 T for di�erent occupa-

tion numbers ne. For a partly occupied p-shell (ne� 4), a split-

ting of the x�-mode into three resonances is observed.

Fig. 5. CV spectrum of a double-dot-layer sample (thick solid

line) compared to that of a single-layer structure (thin solid

line). In the double-layer sample, two additional structures

are observed (arrows), which are attributed to the charging of

the second dot layer.
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whose CV trace is shown as a thin solid line for
comparison. Up to Vg�)0.2 V, the two traces
are almost identical, demonstrating the nice repro-
ducibility of the growth procedure. Around
Vg�+0.1 V, when in the single-dot sample the
gap between the p-states and the loading InAs wet-
ting layer [20] is observed, a clear peak appears in
the double-dot system. An additional, broader
structure is resolved around +0.3 V.

From our studies of single dots, we know that
the lever-arm conversion between gate voltage
and energy holds to good approximation for the
present, low-dot-density samples. Since the lever
arm of the second dot layer is only 1/3.9, we expect
the spectrum of the second dot layer to be shifted
and compressed with respect to that of the ®rst
layer. To illustrate this, an appropriately scaled
and shifted spectrum is displayed at the bottom
of the ®gure (thick dotted line). The clear shift
between the scaled spectrum and the observed
maxima from the second dot layer is attributed
to an additional Coulomb energy contribution
EC, as indicated in the ®gure. An in-depth, three-
dimensional treatment of the interaction between
the dot systems is not available at present. How-
ever, a ®rst evaluation of the interaction energy,
using a model of point charges, can reproduce
the measured EC with satisfactory accuracy [21].

By varying the spacer thickness and the number
of stacked dot layers, a large number of novel
structures, ranging from weakly coupled dots to
quasi-one-dimensional chains of strongly interact-
ing islands can be realized. Furthermore, the fact
that with increasing number of stacked layers the
lateral ordering increases [17], opens new routes
to creating two- or three-dimensional, ordered ar-
rays of coupled quantum structures.

4. Ring-like structures

Additional ¯exibility in the fabrication of self-
organized InAs islands comes from a controllable
change in island shape after the InAs has been cov-
ered with GaAs host material [22]. An example of
such a morphological change is shown in Fig. 6
(inset). The atomic force micrograph displays InAs
islands which have been covered with 4 nm of

GaAs, followed by an annealing step at the growth
temperature of 530°C. Strikingly, the shape of the
dots has completely changed and is now ring-like.
The inner diameter of the rings is approximately
30 nm, the outer diameter �80 nm, with a slight
elongation along the [1,)1,0] direction. It should
be pointed out that this change in morphology is
a result of the growth interruption only. On one
hand this is interesting from the materials point
of view, since it indicates that, at least for covered
dots, the shape of common dots (grown without
growth interruption) is not given by equilibrium
properties. On the other hand, it makes it possible
to grow samples with identical nominal layer se-
quence, with only the shape of the InAs islands al-
tered by the growth interruption.

Fig. 6 shows that also the electronic properties
inside the ®nal structure are strongly a�ected by
the growth interruption. The solid line displays
the CV spectrum of a `ring'-sample, compared to
that of a `dot'-sample with identical layer sequence
(dotted line). Instead of the typical s- and p-shell
characteristic of the `dot'-structure, only two max-
ima can be observed for the `ring'-sample. Their
absolute and relative strengths as well as their neg-
ligible magnetic-®eld dependence lead us to con-
clude that they represent the ®lling of the ®rst
and the second electron level. Their spacing corre-
sponds to 19 meV, almost identical to the s-split-

Fig. 6. Charging characteristic of self-organized `rings', com-

pared to the CV spectrum of conventional dots. The inset dis-

plays an atomic force micrograph of the uncovered ring

structures.
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ting of the `dot'-sample (22 meV). The far-infrared
response of the `rings', on the other hand, is dras-
tically di�erent from that of the dots (Fig. 7). Even
though a two-mode behavior, similar to that of
quantum dots, can be observed (solid lines), the
B� 0 resonance is reduced to 20 meV, less than
50% of the excitation energy of the dots. Even
more striking is the appearance of two additional
modes, x1 and x2, which extrapolate to very low
frequencies for vanishing magnetic ®eld. Phen-
omenologically, their magnetic-®eld dispersion
can be described by x1�xc/2 + D1 and
x2�xc + D2 (dotted lines in Fig. 7), with
D1 � D2 � 7 meV/�h. Here, xc� eB/m� is the cyclo-
tron frequency, taken from the Zeeman splitting
between the x�- and xÿ-modes of both the `dots'
and the `rings'.

Although the morphology of the rings shown is
Fig. 6 is unambiguous and has been con®rmed by
atomic force and scanning electron microscopy as
well as small-angle X-ray scattering [23], care
should be taken when assigning the observed reso-
nances to a true ring geometry. The annealed is-
lands shown in Fig. 6 have to be further covered
in order to complete the necessary layer structure
(cf. Fig. 1(a)), and the additional deposited materi-
al might result in a further shape change. A tho-
rough evaluation of the CV- and FIR-spectra is
therefore of great value in determining how far

the electronic structure inside the completed sam-
ples is indeed ring-like. Such an evaluation is pres-
ently underway.

First conclusions, however, can be drawn in
view of the experimental data. In general, Cou-
lomb contributions roughly scale as 1/L (L being
a characteristic length of the system), whereas
quantization scales as 1/L2. Since the latter is ex-
pected to dominate the excitation spectrum, the
observation of a much lower B� 0 resonance is
in agreement with the increased size of the `rings'
with respect to the dots. Applying the above scal-
ing argument, a Coulomb interaction energy of
only 13 meV is expected, much lower than the ob-
served value. Thus the electronic properties sug-
gest that not only a change in size but also in
shape of the InAs islands is induced by the anneal-
ing step, and that this morphological change is
preserved during further overgrowth.

In conclusion, the S-K growth procedure allows
for the fabrication of a number di�erent nm-size
structures, whose intricate electronic structure
can be investigated in great detail, using combined
FIR and CV spectroscopy. Even though the self-
organized nature of this fabrication technique
seems to imply a limited control over the morphol-
ogy of the resulting nanostructures, a number of
interesting quantum systems can be realized, rang-
ing from single and coupled dots to quantum
rings. These allow for experimental tests of a num-
ber of fundamental concepts and predictions con-
cerning coupling-, quantum-, and size-e�ects in
semiconductor nanostructures.
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