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Self-Organized Formation of GaSb/GaAs Quantum Rings
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Ring-shaped GaSb/GaAs quantum dots, grown by molecular beam epitaxy, were studied using cross-
sectional scanning tunneling microscopy. These quantum rings have an outer shape of a truncated pyramid
with baselengths around 15 nm and heights of about 2 nm but are characterized by a clear central opening
extending over about 40% of the outer baselength. They form spontaneously during the growth and
subsequent continuous capping of GaSb/GaAs quantum dots due to the large strain and substantial As-
for-Sb exchange reactions leading to strong Sb segregation.
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The transition of self-assembled semiconductor quan-
tum dots (QDs) with a compact, conventional shape into
toroidal QD structures—so-called quantum rings (QRs)—
has attracted increasing interest during the past years [1],
especially because such QRs exhibit unique properties,
e.g., quantum-mechanical Aharonov-Bohm oscillations
[2]. In the In(Ga)As/GaAs and most other material sys-
tems, the ringlike structure is obtained after partially cap-
ping the initially compact QDs by a thin overlayer,
followed by a growth interruption (GI) for annealing.
However, the resulting structures typically are not actual
rings but are characterized by a craterlike shape with a
solid bottom and a slightly higher rim [3,4].

Here we present cross-sectional scanning tunneling mi-
croscopy (XSTM) results on GaSb QRs in GaAs, showing
a toroidal shape with a clear central opening filled with
GaAs. These QRs form during the growth and subsequent
fast overgrowth of GaSb QDs without additional GI steps
and for various amounts of deposited QD material.
GaSb/GaAs nanostructures are characterized by a stag-
gered type-II band alignment with a large hole confinement
[5], making this QD system very promising both for ap-
plications like charge storage devices [6] as well as for a
strong Aharonov-Bohm effect especially in QRs [7].

Up to now, mainly uncovered GaSb/GaAs QDs have
been structurally investigated in top-view geometry, typi-
cally showing a compact shape without a central opening
or depression [8,9]. While small QDs grown by metal-
organic chemical vapor deposition preserve this compact
shape upon capping [10], for large uncovered GaSb QDs
grown by molecular beam epitaxy (MBE), first indications
for a ringlike shape have been reported [11]. Here we
clearly demonstrate the ring structure of capped GaSb
QDs with atomic resolution and can furthermore relate
this shape transition to the high strain energy and strong
segregation effects upon overgrowth.

The investigated sample, grown by MBE using As, and
Sb, at a growth rate of 0.3 ML/s, consists of four GaSb
layers, 1.0, 2.0, 2.7, and 3.1 ML thick, separated by
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~100 nm thick GaAs spacer layers. Each GaSb layer
was preceded by a 15 s long GI with the last 5 s under
Sb pressure, representing the so-called Sb-soaking step
during which expectedly about one monolayer (ML) As
was replaced by Sb at the growth surface [9,12]. The
growth temperature was 490 °C for the GaSb layers and
the following 5-10 nm of GaAs and 550 ° C for the remain-
ing GaAs. Reflection high energy electron diffraction
showed a clear QD signal for all four GaSb layers during
growth.

For the XSTM measurements, different specimens of the
sample were cleaved in ultrahigh vacuum, resulting in
(110) or (110) surfaces, and analyzed using a homebuilt
STM with an RHK Technology SPM 1000 control elec-
tronics. Electrochemically etched tungsten tips were em-
ployed, cleaned in situ by electron bombardment. Sample
voltages between —1.8 and —2.6 V and tunneling currents
of 50-90 pA were used.

A typical XSTM overview image of a GaSb QD layer is
shown in Fig. 1(a). Because of the negative sample voltage,
the filled states belonging to the group-V atoms of the
atomic zigzag chains along [110] direction are imaged.
Even single Sb atoms can be detected, which appear

FIG. 1 (color online).

(a) Overview filled-state XSTM image
of GaSb QD layer 3, showing two QRs cleaved at different
positions, as sketched in (b).
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brighter than As atoms due to the electronic image contrast
[13,14]. Within the strongly intermixed and partly inter-
rupted wetting layer (WL), two QD structures of different
appearance dominate the image contrast due to their strain
relaxation, leading to a structural protrusion out of the
cleavage surface [10,15]. The paired feature at the left is
a clear cross section through a QR, as sketched in Fig. 1(b).
The rather trapezoidal feature at the right suggests a cross
section through a compact QD with a truncated pyramidal
shape but can even better be related to a ring structure
which is cleaved off center [Fig. 1(b)], as demonstrated in
the following.

Figure 2 shows close views of such GaSb nanostruc-
tures. The QRs in Figs. 2(a) and 2(b) exhibit a well-defined
ring body consisting of rather pure GaSb and a large central
opening filled with almost Sb-free GaAs. Even the QD in
Fig. 2(c) with its almost trapezoidal cross section already
shows indications for a ring shape: If a QR is cleaved close
to the edge, as sketched in Fig. 1(b), a weaker strain-
induced XSTM image contrast right in the center than at
its sides is expected, and a larger vertical extension near the
sides than at the center of the cross section can result, in
excellent agreement with Fig. 2(c).

In order to investigate the QR structure more quantita-
tively and to determine whether all QDs are ring-shaped,
XSTM images of 140 QDs in all four GaSb layers were
analyzed. 69 QDs appeared compact and 71 as paired
features. Also, the ratio r,,, between the apparent lateral
extension d,,, of the central opening and the outer base-
length b (see inset in Fig. 3) was determined from the
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FIG. 2 (color online). Close-view filled-state XSTM images of
GaSb QRs in layer 3, (a),(b) cleaved centrally and (c) close to the
edge.

XSTM images. This ratio is independent of the varying
total QD size. The experimental distribution of r,,,, which
is almost the same for all four GaSb layers, is displayed by
the orange bars in Fig. 3. It was then simulated assuming
that all QDs are ring-shaped with a square base and a
circular opening [16]. For this calculation, a Gaussian
distribution of the actual ratio r,.,, between the inner
QR diameter and its baselength was assumed with an
average value r( and a standard deviation o, and randomly
distributed cleavage positions were considered, resulting in
the distribution shown by the blue bars. The very good
agreement with the experimental histogram and the fact
that the experimental peak for r,,, = 0, representing the
QDs with a compact appearance in the XSTM images, does
not exceed the calculated value clearly demonstrate that all
QDs are actually ring-shaped. The even smaller experi-
mental peak at r,,, = 0 indicates that in those cases where
the largest part of the QR is cleaved away the remainder
has not always been detected in the XSTM images due to
its strongly decreased strain relaxation and a therewith
weak image contrast. From the best fit of the simulated
Gaussian distribution, the average inner diameter of the
QRs is obtained to 42% of the outer baselength and the
standard deviation to 13%.

The outer shape of the QRs is that of a truncated pyra-
mid, as can be seen in Fig. 2. Comparing the XSTM results
of the (110) and (110) cleavage surface, no asymmetry of
the QRs is found. From the fact that the centrally cleaved
QRs (appearing as a paired feature in the XSTM images)
and those cleaved near its edge (with a compact appear-
ance) have about the same average lateral extension, a
square base can be concluded for the truncated pyramid.
In addition, the measured values of the inclination angle
between the QR base and the outer side facets in the XSTM
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FIG. 3 (color online). Distribution of the ratio r,,, of apparent

inner ring diameter d,,; to outer baselength b, obtained from the

XSTM images (orange columns, left) and from a simulation

(blue columns, right) using the indicated parameters r, and o.

The shape of a cleaved QR is shown in the inset.
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TABLE I. QR sizes and densities in layers 1-4.
Deposited  Baselength Height Density
Layer GaSb [ML] [nm] [nm] [10" cm™2]
1 1.0 12741 1.6=*=03 43*+0.8
2 2.0 16349 20=*03 7.3+ 1.0
3 2.7 15443 21x04 8.1x13
4 3.1 15240 21=*03 9.3x20

images of about 50° indicate {111} side facets with a
nominal angle of 54.7°. The resulting shape is sketched
in the inset in Fig. 3.

Table I shows the QR sizes and densities, derived from
all 140 QRs. With an increasing amount of deposited GaSb
in layers 1-4, the density increases by a factor of 2, nearly
reaching 10'' cm~2. The average QR size, however, in-
creases only from layers 1-2 and remains constant there-
after with baselengths of in average 16 nm and heights of
about 2 nm.

Also, the chemical composition of the QRs was ana-
lyzed by evaluating the distance between neighboring
atomic chains in growth direction. By comparing this local
lattice constant with simulations of the strain relaxation
based on continuum mechanics on an atomic scale, the
local stoichiometry is obtained [10,15]. This is shown for a
typical QR in Fig. 4(a): Within the QR body, the GaSb
composition varies between about 70% and pure material,
while in the WL a maximum GaSb composition of only
about 20% is reached [17]. A significant undershoot of the
chain distances underneath the QR body demonstrates the
large strain, compressing also the surrounding GaAs. From
the absence of such an undershoot above the QR—in one
region, the chain distance even remains increased over
several atomic chains—a sharp interface between the
GaSb QR and the GaAs overlayer can be excluded, indi-
cating strong Sb segregation.

Indeed, many individual Sb atoms can be observed as
bright spots above the WL and the QRs in Fig. 2. By
counting such segregated atoms, the GaSb content of the
atomic chains above the WL was evaluated, resulting in a
clear exponential decay, as shown in Fig. 4(b). It was
demonstrated that an Sb floating layer is formed at the
growth front upon overgrowth [17]. One part of these
floating Sb atoms gets reincorporated with a constant
fraction of 16% per GaAs ML, leading to the observed
exponential segregation profile [17,18]. It was found, how-
ever, that the total amount of GaSb in every QR layer after
capping, including these segregated atoms, is limited to
about 2 ML due to strain [17]. Thus, the remaining part of
the Sb floating layer stays at the growth front without being
incorporated, acting as a surfactant [14,17].

The Sb atoms of the floating layer are provided by strong
As-for-Sb exchange reactions at the GaSb growth surface
when starting the GaAs overgrowth, i.e., when the group-V
species is switched from Sb to As. Very Sb-rich surface
reconstructions of the GaSb layer and a comparatively
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FIG. 4 (color online). Analysis of the chemical composition:
(a) Variation of the lattice constant in the growth direction for
different regions of the QR shown in the inset (solid blue and
orange curves) as well as of the WL (dotted green curve) and
calculated values for GaSb, As;_, quantum wells (dashed green
lines). (b) GaSb content of the atomic chains above the WL base
evaluated by atom counting, showing an exponential decay fitted
by the green curve. Note that the atomic chains in the XSTM
images represent only every second ML.

weak Ga-Sb bond [19] contribute to this substantial
group-V exchange process [17]. Even more, an Sb-covered
GaAs(001) surface has been found to partly relieve strain,
leading to a low surface energy [20], which favors the
occurrence of an Sb floating layer.

In the following, we discuss why the ring formation
during growth and subsequent fast overgrowth of QDs
occurs, in particular, for the GaSb/GaAs system, and
why this QR structure comes much closer to an ideal
ring shape than the craterlike InAs/GaAs structures
[3,4]. This can mainly be attributed to the strain energy
[21], which is significantly reduced when a compact QD is
transformed into a QR, since therewith especially the strain
at its center gets decreased. Furthermore, the strain within
the QDs increases drastically upon capping as they are
forced to fit completely into the GaAs atomic lattice.

At GaSb/GaAs nanostructures, the strain energy is par-
ticularly high: For model systems consisting of 1 ML thick
GaSb/GaAs or InAs/GaAs WLs, we applied atomistic
continuum mechanics [22] to calculate the strain energy,
using the material lattice constants and elastic moduli [23].
The resulting strain energy amounts to 1.87 eV for each
Ga-Sb atom pair in contrast to 1.40 eV for each In-As pair.
Although the lattice mismatch for GaSb/GaAs is only 8%
larger than for InAs/GaAs, the total strain energy is 34%
larger due to the different elastic moduli. Thus the driving
force for complete ring formation is much higher for
GaSb/GaAs than for InAs/GaAs. This difference in strain
energy is also reflected by the typical sizes of capped QDs,
amounting to about 15-20 nm for compact InAs/GaAs
QDs [15,24] and slightly above 20 nm for InAs/GaAs
ringlike structures [3] but only 12-17 nm for the
GaSb/GaAs QRs studied here.
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The GaSb/GaAs QR formation is further supported by
the strong segregation kinetics manifested by the extensive
As-for-Sb exchange process described above, favoring the
fast repulsion of Sb atoms from the highly strained QD
centers, where they are replaced by As.

For extremely large GaSb/GaAs QDs and appropriate
growth conditions, the strain energy can even get so high
that QRs are formed prior to any overgrowth step, as it is
reported in Ref. [11]. In most cases, however, uncapped
GaSb/GaAs QDs have a conventional, compact shape
[8,9,25]. For the capped QDs studied here, the same dis-
tribution of inner ring diameter to outer baselength was
observed for different amounts of deposited GaSb material,
even for only 1 ML GaSb growth following 5 s Sb soaking,
demonstrating that the ring formation is not limited to large
structures if the QDs are capped.

In conclusion, we revealed the formation process and the
atomic structure of MBE-grown GaSb/GaAs QRs using
XSTM. The QRs have an outer shape of a square-based
truncated pyramid with {111} side facets and a clear central
opening extending in average over 42% of the baselength.
They form spontaneously during QD growth and subse-
quent fast and continuous capping due to the high strain
energy and substantial As-for-Sb exchange reactions lead-
ing to strong Sb segregation.
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