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ABSTRACT: In this work we report on the ability to form low density Ga(As)Sb quantum ring-shaped nanostructures (Q-rings)
on GaAs(001) substrates by the droplet epitaxy technique. The Q-rings are formed by crystallization of Ga droplets under antimony
flux. After being capped by a GaAs layer, these nanostructures show surface mounding features that are correlated with the buried
nanostructures, as demonstrated by TEM analysis, permitting an easy surface location of the optically active Q-rings.

Introduction

The formation of low density semiconductor nanostructures
is presently receiving much attention due to their possible
integration as single active elements in different quantum
optoelectronic devices.' > In this direction, the technology used
must fulfill some requirements in the control of size, shape, and
location of the used nanostructures.®* Different strategies have
been followed to overcome the inherent randomness of the
Stranski-Krastanow (SK) self-assembling process on the growth
of quantum structures with control of all these properties. One
common approach is the use of prepatterned substrates,’ ® which
has yielded good results on the growth selectivity and photo-
luminescence (PL) emission of single QD.>7 Another approach
based on the droplet epitaxy growth technique® has recently
emerged as an optimal strategy for obtaining different nano-
structures complexes.'®”'* In particular, the growth of ring-
like structures with optimal uniformity and rotational symmetry
have been obtained and well studied in the GaAs/AlGaAs
system.'®!" Nanostructures with a ring-like shape were origi-
nally obtained in the InAs/GaAs system by molecular beam
epitaxy (MBE)."> The formation'® and physical properties of
these Q-rings have been extensively studied in the past. Because
of their specific geometry, these nanostructures show unique
electronic properties that have permitted the observation of
quantum mechanics interference effects such as Aharonov-
Bohm-like oscillations.'” More recently, Q-ring formation by
self-assembling processes in the GaSb/GaAs system has also
been reported.'®

Related to surface location of buried nanostructures, some
results have been reported using stacked structures of QD' and,
more recently, by evaluating the morphology of the top surface
once a single layer of QD was capped.’

In this paper, we extend the droplet epitaxy technique to the
formation of low density Ga(As)Sb Q-rings by Ga droplet
crystallization under Sb flux. When these nanostructures are
capped by a GaAs layer, we observe surface mounds that are
univocally correlated with the buried nanostructures, permitting
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their useful direct surface location for further technological
processes. The photoluminescence of these nanostructures show
characteristic features of a type II band alignment. Also, these
type II Q-rings present a larger diameter than those described
in the literature for InAs self-assembled Q-rings,'® making them
good candidates for the observation of Aharonov-Bohm effects
at relatively low magnetic fields.

Experimental Procedures

The experimental procedure starts growing a 0.5 gm thick undoped
GaAs buffer layer at a growth rate rg = 0.5 monolayers per second
(ML/s), As, beam equivalent pressure (BEP) of 2 x 107% Torr and
substrate temperature 7s = 580 °C on GaAs (001) substrates by MBE.
The root-mean-square (rms) roughness of this surface is typically 0.24
nm. Ty is then decreased to 500 °C and the Ga shutter opened during
7 s, at an equivalent GaAs rate of 0.5 ML/s, for Ga droplet formation.
Droplet crystallization occurs during a 60 s Sb exposure at BEP (Sb)
of 3 x 1077 Torr and T, = 200 °C.

For PL characterization, another sample was grown with nanostruc-
tures capped by a 47 nm thick GaAs layer deposited at rg = 0.5 ML/s.
The initial 60 ML (17 nm) of GaAs were grown at 7y = 450 °C with
a BEP (As;,) of 2 x 107® Torr by atomic layer molecular beam epitaxy
technique (ALMBE).'® The cap layer is completed by MBE growth at
T, = 580 °C and As, BEP of 2 x 107 Torr. For morphological studies,
an additional layer of Q-rings was grown on this surface, using the
above-described conditions.

The surface morphology of the as grown samples was characterized
by atomic force microscopy (AFM) in tapping mode. PL measurements
at 7 = 28 K were made with a standard setup using a frequency-doubled
Nd:YAG laser (Aex. = 532nm) as excitation source, with a spot diameter
of approximately 200 zm.

Cross sectional specimens for transmission electron microscopy
(TEM) were produced by mechanical thinning and ion milling. Images
have been acquired at 120 kV with a JEOL 1200EX transmission
electron microscope, mainly using 002 dark field reflection, whose
intensity contrast is related to chemical changes.

Results and Discussion

Figure la shows the AFM topography of a sample with a
single uncapped layer of nanostructures. We observe ringlike
structures with a density p = 2 x 10%® cm™2; the average
dimensions, measured with respect to the flat surface, are 2.9
4 0.4 nm in contour height and 128 + 5 nm and 176 + 5 nm
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Figure 1. (a) 2 x 2 um? 3D AFM micrograph showing Ga(As)Sb
nanostructures grown by the droplet epitaxy technique. (b) Profiles along
the [110] and [110] directions of uncapped Q-rings. (c) 2 x 2 um?
AFM image of Ga(As)Sb nanostructures grown on a 47 nm thick GaAs
layer that caps the nanostructures shown on (a). (d) Profile along the
[110] direction of a Q-ring nucleated on top of a mound.

in outside diameter along the [110] and [110] directions,
respectively. At their center, a hole with an average depth of
1.0 & 0.3 nm is also observed (Figure 1b).

A side lobe with an average height of 5.9 £ 0.4 nm is always
formed at the edge of each ring as can be noticed in the AFM
profiles of Figure 1b. These side lobes systematically appear
along the [110] direction. A similar observation has been made
for InAs Q-rings, but in the later case, two symmetrical lobes
along the [110] direction are observed for each ring.!” These
morphological features are expected to strongly influence the
optical properties of the nanostructures as vertical confinement,
together with composition, are the key factors that determine
the emission wavelength.

The AFM topography in Figure lc shows Q-rings formed
on the 47 nm thick cap layer surface. We observe that Q-rings
are nucleated on top of elongated structures formed on an
otherwise flat GaAs surface (rms roughness of 0.4 nm). The
elongated structures (mounds) appear with exactly the same
density measured for the uncapped Q-rings. Their typical
dimensions are 900 nm along the [110] direction, 200 nm along
the [110] direction and 9 nm in height (Figure 1d). Similar
mounds have been reported for layers grown on top of both
strained and unstrained nanostructures.>2%2! As it is well-known,
these mounds result from the incomplete planarization of the
initial condition of the surface during further growth.?*** The
Q-rings formed on the mounds are 124 £ 11 nm in outside
diameter along [110], with holes 9.3 & 3.5 nm in depth referring
to the highest point of the ring.

As is clearly observed, the nanostructures nucleated on the
flat GaAs (001) surface (Figure 1a,b) present superior uniformity
in size and shape in comparison with those nucleated on top of
mounds (Figure 1c,d). The formation of GaAs rings using
droplet epitaxy at a high substrate temperature (7, = 500 °C)
has been explained on the basis of Ga droplets reacting
chemically with the GaAs substrate because of an imbalance
of As chemical potential.'? In our particular growth process,
under antimony atmosphere, the crystallization will be more
complex, involving not only As incorporation in the Ga droplets
from the GaAs matrix, but also incorporation of Sb and the
accompanying strain due to lattice mismatch. In the case of
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Figure 2. 002 dark field cross sectional TEM micrograph showing a
buried Ga(As)Sb Q-ring correlated with a superficial ring, obtained
close to the [110] zone axis. The inset in the figure shows the 3 nm
deep hole of the Q-ring at the surface, which corresponds with the one
measured with AFM.

nanostructures grown on top of the mounds, besides the above-
mentioned effects, the nonuniform surface stress profile due to
the buried nanostructures has to be taken into account. This
additional stress contribution may affect the kinetics of the
process, leading to dispersion in the Q-rings shape (Figure 1c).

The nucleation of a Q-ring on top of each mound, and the
mounds themselves, suggests the existence of a buried nano-
structure underneath. An univocal correspondence between the
surface mounds and the buried Q-rings would lead to a selective
formation of nanostructures on top of these, as the strain induced
by the capped nanostructures would create there a local energy
minima for Sb atoms incorporation.?*

Besides the results obtained by AFM (Figure 1c), our TEM
results illustrate this effect. Figure 2 depicts a 002 dark field
cross section image obtained close to [110] zone axis of a buried
Q-ring correlated with a ring on surface. This correlation is
systematically found for other Q-rings analyzed in the electron
transparent area of the TEM sample. A shift of 43 nm along
[110] is measured between both rings (buried and superficial).
The superficial valley at the surface (see inset of Figure 2)
corresponds with that measured by AFM. The dark contrast with
a trapezoidal shape observed in the nanostructure at the surface
would be related to the central opening of the original nanohole
formed during the strain-mediated crystallization under Sb. As
previous reported work®' indicates, these TEM results reflect
the complex droplet crystallization process, which in our case
also incorporates the effect of strain. A deeper study is needed
to fully understand the observed TEM images. However, it
seems rather clear that the hole of the superficial Q-ring is
located above one of the lobes of the buried one (probably the
higher lobe), indicating that below each mound there is one
Q-ring.

The photoluminescence (PL) signal of the buried nanostruc-
tures is shown in Figure 3a (blue line) together with that of a
reference sample (black line). The reference sample was grown
reproducing the same experimental conditions (Sb pressure,
substrate temperature, and growth interruptions) except for the
Ga deposition that was restricted to 1 ML to avoid formation
of droplets. At high energies, the emission from the substrate
and a peak at 1.45 eV possibly due to the emission from a
Ga(As)Sb wetting layer is observed in both samples.” A broad
PL band at 1.05 eV is observed only in the sample with
nanostructures. Owing the low density of nanostructures and
the type II band alignment between GaAs and GaSb, a low PL
intensity is expected. In terms of wavelength and PL width,
this emission is similar to that reported from GaSb quantum
dots in a GaAs matrix.’*?’ A full width at half-maximum



1218 Crystal Growth & Design, Vol. 9, No. 2, 2009

() T-2ek ;
Aexc=532nm | Eexc=2.33eV
P=500mW

Ga(As)Sb Q-rings

PL Intensity (arb. units)

09 10 11 12 13 14 15
Energy (eV)

(b) ' T=28K

exc=532nm / Eexc= 2.33eV

PL Intensity (arb.units)

1,00 1,05 1,10 1,15 1,20
Energy (eV)

Figure 3. Photoluminescence (PL) spectra from the Ga(As)Sb Q-ring-
like nanostructures sample (blue line) as compared to a reference sample
that does not contain nanostructures (black line). The nanostructures
show a broad PL emission centered at 1.05 eV. (b) Evolution with the
excitation power.

(fwhm) of 104 meV for this band at an excitation power of 500
mW is obtained by fitting the PL signal with a Gaussian line-
shape.

Figure 3b shows the PL emission of the nanostructures as a
function of the excitation power. The curved arrow drawn on
this figure is a guide to the eye to show the behavior of the
peak energy, obtained by a Gaussian fit, with increasing
excitation power. At the lower excitation powers used in this
experiment (< 400 mW), a 7 meV blue shift is observed. This
blue shift together with the measured cube root dependence of
the PL peak emission energy with the excitation laser intensity
(not shown) clearly points out the type II band alignment of
the nanostructures.**?> For excitation powers above 400 mW,
a red shift of the PL peak energy is observed, most likely due
to sample heating.

Conclusions

In conclusion, we have extended the droplet epitaxy technique
to the formation of low density type II Ga(As)Sb Q-rings on
GaAs (001) surfaces. Moreover, the capping process results in
the formation of surface mounds correlated with the buried
nanostructures, as demonstrated by TEM analysis, permitting a
very useful surface identification of the optically active Q-rings.
This result might be highly relevant for the fabrication of
quantum optics devices, since it will allow defining the exact
active nanostructure location with a simple and nondestructive
surface topography measurement.
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