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A method is described which can be used to grow self-organized, nanoscopic InGaAs ring structures on GaAs substrate. Starting
from self-organized InAs dots, the crucial step for the ring formation is a short annealing phase after the dots have been covered
by a thin GaAs layer. Spectroscopic data are reviewed which show that the ring morphology can be preserved even after the
InGaAs islands have been covered by additional cladding layers for the realization of electronically or optically active devices.
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1. Introduction

The fascination that is associated with the investigation
of self-organized semiconductor nanoparticles is in part re-
lated to the fact that they can be considered as “artificial
atoms”.1–13) Unlike real atoms, however, semiconductor
nano-structures can be subjected to external forces which can
compete with the internal confinement. Controllable, external
fields can therefore completely rearrange the quantum config-
uration in such artificial atoms or even change their “atomic
number”, i.e. the number of confined carriers. Furthermore,
semiconductor nano-structures offer flexibility with respect
to the shape of the confining potential. They are therefore
ideal model systems, also for studying topological quantum
effects, like,e.g., the Aharonov-Bohm effect, which cannot
be observed in atomic or molecular structures because of the
prohibitively large fields required.

Here, we will review the possibility of fabricating nm-size
InGaAs rings in a self-organized fashion, using the Stranski-
Krastanov growth mode. These nanorings are coherently
strained, dislocation-free and thus well suited for investigat-
ing the electronic and optical properties of not simply con-
nected quantum systems in high magnetic fields.14–23)

2. Growth

The growth (by molecular-beam epitaxy) of the nano-rings
starts with depositing, on a GaAs (100) substrate, a GaAs
buffer of sufficient thickness to clean and smooth out the sur-
face. Next, the substrate temperature is lowered to 530◦C,
a temperature which can easily be reproduced by observ-
ing, under moderate As flux, the change in surface recon-
struction from(2 × 4) to c(4 × 4). Following the usual
Stranski-Krastanov growth procedure,3) 1.7 monolayers of
InAs are deposited. This is only little more than is neces-
sary to observe the transition from two-dimensional to three-
dimensional growth and results in a dilute (density≈1 ×
1010 cm−2), disordered array of quantum dots, 6 nm in height
and 20 nm in diameter (Fig. 1(a)).

In order to study their electronic and optical properties,
these dots are commonly overgrown by a thick GaAs cladding
layer. The only step necessary to induce the transformation
from dots to rings (Fig. 1(b)) is a short growth interruption
after a thin part (thicknessθ ca. 1–4 nm) of the cladding layer
has been deposited.26) In fact, for a direct comparison be-

Fig. 1. Atomic force micrographs of self-organized InGaAs nanostruc-
tures. (a) shows Stranski-Krastanov-grown InAs dots with a height of ap-
proximately 6 nm and a diameter of around 20 nm. In (b), dots similar to
the ones shown in (a) were covered withθ = 4 nm of GaAs and annealed
for ≈30 s. Ring-shaped islands are formed with a height of≈2 nm.

tween rings and dots, samples ofidenticallayer sequence can
be grown, one with and one without growth interruption.

The fact that giving the material extra time to rearrange has
such dramatic consequences on the island morphology is an
interesting finding in itself, since it indicates that the over-
growth of InAs with GaAsis not an equilibrium process.

A conclusive model of the ring formation has not yet been
developed. A possible scenario, however, is given in Fig. 2.
Here, we assume that the GaAs deposited after the dot forma-
tion only covers the sides of the dots, so that for thin GaAs
deposition, the InAs remains exposed at the top of the islands
(Fig. 2(a)). This is supported by the fact that ring forma-
tion no longer takes place when the thicknessθ of the GaAs
layer becomes comparable to the height of the dots (see also
Fig. 3). During the annealing period, indium, which at 530◦C
is much more mobile on the surface than gallium, will dif-
fuse outward and leave a void at the former location of the
InAs island (Fig. 2(b)). Just as a nanoscopic volcano erupt-
ing, the outdiffusing material, which is possibly alloyed with
the surrounding substrate to form less mobile InGaAs, creates
a nanoisland of ring shape (Fig. 2(c)).

It is worth noting that in their original paper,27) Stranski
and Krastanov discussed a liquid-on-liquid type model which
included neither strain nor diffusion. Similarly, the ring for-
mation in the InGaAs system might be closely related to the
physics ofdewetting. In dewetting experiments on completely
unrelated material combinations, ring-shaped voids of strik-
ing similarity have been observed.28)
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Fig. 2. Possible scenario for the self-organized ring formation: (a) InAs
dots are partly covered by a thin layer of GaAs. (b) during the annealing
time, In diffuses away from its original location and forms a volcano-like
structure on the surface (c).

3. Spectroscopy

Knowing that the coverage of InAs islands with GaAs can
so profoundly change their morphology, it is of great interest
to know how far the ring shape can be preserved when the
samples are further covered for the fabrication of optically29)

or electronically30) active devices.
The electronic topology inside InGaAs rings, embedded

in a GaAs/AlGaAs field-effect structure, was determined
by capacitance–voltage (C–V) and far-infrared (FIR) spec-
troscopy.31)

Figure 3 demonstrates the strong influence that the growth
interruption has on the single-electron charging spectrum of
InGaAs islands. Trace A shows the C–V spectrum of a ring
sample withθ = 1 nm. Two single-electron charging peaks
(arrows) can be identified just before the onset of a large
increase in capacitance, caused by the formation of a two-
dimensional electron gas in the field-effect transistor struc-
ture.10,13) For comparison, the well-investigated C–V charac-
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Fig. 3. Capacitance-voltage traces of self-organized InGaAs nanostruc-
tures (traces A, B: lower x-axis, trace C: upper axis). Each maximum
(arrows) corresponds to the additional loading of a single electron per
dot/ring. Compared to dots, in rings the loading of the first electron is
shifted to higher gate voltages (corresponding to higher energies). This is
caused by the reduced thickness of the rings (cf. Fig. 1). Theθ = 5 nm
sample, which otherwise was grown identical to theθ = 1 nm sample,
shows that when the GaAs cladding layer is sufficiently thick, no ring for-
mation takes place.

teristic of a typical dot sample is shown in C. Here, six single-
electron charging events can be identified, which are grouped
according to the quantum dot shell structure. For details on
intraband quantum dot spectroscopy, see refs. 10–13.

It can be seen in Fig. 3 that the C–V profile of a sample
with θ = 5 nm (trace B), that was otherwise grown identical
to theθ = 1 nm sample, exhibits no change in the electronic
properties compared to the dot sample (trace C). This indi-
cates that 5 nm of GaAs is sufficient to cover the InAs dots,
so that no outdiffusion and ring formation can occur (see the
discussion above).

Figure 3 only shows that the electronic states in theθ =
1 nm sample aredifferent from those in the unannealed
dots. Thering shape can be verified by investigating their
Aharonov-Bohm-type magnetic properties. One manifesta-
tion of the Aharonov-Bohm effect is the stepwise increase of
the ground-states’ angular momentum with increasing mag-
netic field as more and more flux quanta penetrate the in-
terior of the ring.15–17) This increase is intimately related
to the so-called persistent currents in meso- and nanoscopic
rings.14,18–22) As discussede.g. in ref. 32 these ground-state
transitions take place in not simply connected fermionic sys-
tems but not in (simply connected) dots.

The ground-state energy of the single electron state in the
ring sample can be determined by plotting the position of
the lowest charging peak (cf. Fig. 3) as a function of the
magnetic field. The result is shown in Fig. 4, (solid data
points). Also shown (solid lines) is a calculation31) of the
single-particle energy in a ring with a confining potential33)

U(r ) = 1
2m∗ω2

0(r − R0)
2, where 2R0 = 28 nm is the di-

ameter and̄hω0 = 12 meV the characteristic energy of the
quantum wire loop. Here, we have used an effective mass
m∗ = 0.07me, a value obtained from spectroscopic investiga-
tions of InAs quantum dots.12,13)

The comparison between the data and the calculations, to-
gether with the evaluation of independent data from FIR spec-
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Fig. 4. (a) magnetic-field-induced shift of the single electron charging

peak. At≈8 T, a change in slope can be identified in the magnetic field
dispersion. This corresponds to a change from a zero angular momentum
(� = 0) ground state to a ground state with� = −1. Solid lines display
the results of a single-particle calculation of the ground-state energy in a
potentialU (r ) = 1

2m∗ω2
0(r − R0)

2, with R0 = 14 nm and̄hω0 = 12 meV.
(b) magnetic-field-induced shift of the second charging peak. A possible
ground state transition at≈ 9 T is indicated by the arrow.

troscopy31) shows that at a magnetic fieldB of approximately
8 T, i.e., when roughly one flux quantum penetrates the inte-
rior of the ring, a ground state transition takes place (arrow)
from a zero angular momentum (� = 0) state to one with
� = −1.

The small electronic ring diameter of about 30 nm at first
seems surprising, considering the large outer diameter of the
islands in Fig. 1. Analysis of the island height profile, how-
ever, shows that, as in a real volcano, the highest elevation is
close to the inner hole, which is roughly 20 nm in diameter.
Since the electronic states are expected to be confined to the
parts where the InGaAs island is the thickest, the height pro-
file and the electronic determination of the ring diameter are
in satisfactory agreement.

Figure 4 also displays the magnetic-field-induced shift of
the 2-electron ground state (open symbols). Here, again, a
kink can be seen in the data (arrow), however, at a somewhat
larger magnetic fieldB ≈ 9 T. This is in agreement with re-
cent calculations by Emperadoret al.,34) which also predict a
ground state-transition atB ≈ 3 T. Even though some struc-
ture is present in the data at this field, the present experimental
results cannot unambiguously confirm this prediction.

In conclusion, we have presented structural and spectro-
scopic data which show that it is possible to fabricate ring-
shaped electronic structures, using the now well-established
Stranski-Krastanov growth procedure.
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