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Abstract: In this work, the evolution of the self-organized III-V based quantum-
structures are discussed. These quantum-structures were prepared by droplet epitaxial 
technique. The droplet-epitaxy is a an alternative way for quantum-structure 
production. Where these structures are formed from Ga droplets during a 
crystalization process. In all cases, the substrate material was AlGaAs. The different 
nanostructures such as quantum dot, quantum ring, double quantum ring, or nano 
hole form similarly from an initial Ga droplet but under different substrate 
temperature and various arsenic pressure. Started from few atomic courses, we give 
here a qualitative description of the key processes for all of the forementioned 
nanostructures. 
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1 Introduction 

The low-dimensional structures, grown by molecular beam epitaxy (MBE), has 
revolutioned the electronic devices both in their potentials and efficiency. 
Nowadays, the growth of self-assembled nanostructures has been intensively 
investigated for basic physics and device applications. 

These applications can be demonstrated for instance by solar cells (Fig. 1). The 
efficiency of commercial solar cells ranges between 5 and 15%. A simple pn-
junction GaAs solar cell - which material is very suitable for solar energy 
conversion - has an efficiency of less than 30%. We can fabricate an almost 
continuously varying band gap solar cell with the help of quantum mechanical 
effect (this is called band gap tailoring in the literature). Our aim is to prepare 
quantum wells (QWs) with various widths (2D). The efficiency of a multi 
quantum well GaAs-based solar cell can exceed 40%. By embedding quantum 
dots (QDs) in the solar cell material (0D), we produce a so-called intermediate 
band inside of the band gap. With the help of suitably chosen intermediate band, 
solar cells can achieves efficiency over 60% [1,2]. Metal induced nanowires (1D) 
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can also be grown by MBE, where the structure efficiency can improve by many 
orders of magnitude. The solar cells are typical samples for the application of low-
dimensional structures [2]. These nano-structures can revolutionize electronics 
and computing technology (quantum computing) as well. 

Here, we deal with growth kinetics and properties of the low-dimensional 
nanostructures. The technology used for the growth determines the size, shape and 
the elementary distribution of the developing structures. These physical 
parameters are very important in both theoretical and practical point of view. This 
work is dealing with III-V-based low-dimensional structures (especially with QDs 
and quantum rings (QRs)), grown by MBE (Fig. 2). MBE is a top technology, 
where different structures can be grown under controlled conditions and in-situ 
observation. 

 
Fig. 1. Enhancement of solar cell efficiency with the help of different low-dimensional structures. 

(2D): Solar cells with super lattices are the so-called multi-quantum-well solar cells; (1D): left part: 
solar cells with coaxial nanowires; right part: dye sensitized electrochemical solar cell with bulk 

junction; (0D): solar cells with quantum dots are the so-called intermediate-band solar cells 

It is very important to understand their growth kinetics and to know their shape. 
For a long time, for zero dimensional system production, the strain-induced 
method, based on the lattice mismatch, was the only known process. Based on 
Koguchi’s discoveries, a droplet epitaxial technique evolved, giving greater 
opportunities for the development of the self-organising nanostructures [3,4]. In 
this method, the lattice-mismatch lost its significance and with the new procedure, 
it is possible to create quantum dots (QDs) [5-9], quantum rings (QRs) [10-12] 
(Fig. 2), double quantum ring (DQRs) [13, 14] as well as nano holes (NH) [15-
17]. The electronic structure of these nanoobjects depend very much on their 
shape. Roughly, the droplet epitaxial process is the following: first, metal (e.g. Ga) 
droplets are generated on the surface in the Volmer-Weber-like growth mode. 
After, the crystallization of the droplets and their transformation into e.g. GaAs 
QDs under arsenic pressure. In order to control the process it is necessary to 
understand the kinetics of the growth process. Here, no theoretical description is 
available yet of the underlying growth mechanism. Here, we are dealing with the 
III-V based (e.g. GaAs) structures. The forms of the GaAs nanostructures, grown 
on AlGaAs (001) substrate, is strongly dependent on the applied technology. 
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2 Technological Preliminaries 

Here, the technological parameters of five different nanostructures are given. 
Later, the formation kinetics of these nanostructure are qualitatively discussed. 
The solution process investigated at two cases. The NHs (sample i) was generated 
at 570 °C in AlGaAs surface applying 6.4 ML Ga [16]. In this case, The AFM 
measurement shows NHs and very large clusters [16]. The next nanostructure 
(sample ii) was prepared similarly, but the Ga coverage was different (3.2 ML) 
[15,16]. Here, the AFM picture shows deep NHs surrounded by ring like bulge 
formations and shallow NHs,  with plane rims (without any bulge) [15,16]. The 
crystalization process is investigated at further three samples. The first structure is 
QD (sample iii).  The crystalization of the Ga droplet occurs during the high 
arsenic supply (2.5×10-4 Torr) at 150 °C [8]. The elementar map of TEM shows, 
that the QD had Ga inclusons [8]. The next sample (iv) is crystalized at 2×10-6 
Torr arsenic pressure at low temperature (200 °C) [13]. We received DQR [13]. 
The last sample (v) is crystalized at about the same arsenic background (1.1×10-6 
Torr) but at high temperature (500 °C) [17]. The middle of the structure is 
surrounded by single ring like bulge formations [17]. 

3 Discussion 

We attempt to give a consistent explanation for the growth of the nanostructures, a 
mentioned earlier. As widely known, the properties in  nano region differ from the 
bulk properties. Generally, the nano-properties are unknown and only the 
tendency of the change is established, relative to the bulk properties. Usually the 
starting and the end states are known. The explanation of the final process comes 
from the coherent explanations of the component processes. These process 
explanations are coherent and consistent only, when they describe the growth of a 
large number of different kind of nano-structures. It becomes only then consistent. 

After the deposition of Ga, part of the deposited Ga will combine with the surface 
arsenic atoms and the rest will form droplets.  In order to form droplets at this 
temperature, the Ga atoms must migrate (process 1) on the GaAs and the Ga 
surfaces. It is well known, that with diminishing size the melting temperature is 
dropping and saturation concentration increases. This describes our present Ga 
droplets well (process 2) (this is the dominant process in cases of complete lack or 
in the presence small quantities of  arsenic). It is also well known that, the 
crystallization starts at three-phase-line (Fig. 3/A), when the conditions became 
favourable. In our case, this starts in line of the rim of the droplet ( process 3). It is 
noted, that the excess arsenic incorporates into the GaAs epitaxy when the 
temperature is low (about 300 °C or lower), creating stress in the lattice. (In 
presence of larger quantity of arsenic, these are the dominant processes). 
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Fig. 2. For nanostructure production, droplet epitaxy is a novel alternative to the strain-induced 

method;  left side: atomic force microscopy (AFM) image of QDs; right side:AFM  image of QRs; 
middle:sketched  cross sections of these nanostructures 

Process 1 makes possible the phenomenon called Ostwald ripening. At the same 
time process 2 causes the differetiation between QDs, QRs and NHs. Due to this 
process at the same temperature and during the same time the hole originated 
under the smaller droplets is deeper then under the larger droplets (Fig 3./B.). 
(That is supposing the time duration is not too long to run out of the material from 
the smaller droplets.) These findings are justified by the two experiments, where 
the deposited Ga quantity was 6.4 ML (lower part of Fig. 3./B) and 3.2 ML  
(upper part of Fig. 3./B), respectively. At a given temperature there is a critical 
droplet size under which the solution begins. After the Ga deposition, droplets 
form, followed by the growth of the larger droplets in the expense of the smaller 
ones. When the critical size is reached, the substrate solution by the droplet 
begins. We start with investigating the case of Ga 6.4 ML [16]. During the 
experiment, the formation of small NHs and large QDs can be observed (sample i) 
[16]. We can follow the process on Fig. 3/B, where large quantity of Ga deposited 
[18]. The sizes of the droplets formed, are above the critical size. After the 
deposition starts the differentiation of the droplets. The smaller droplets reach the 
critical size and start solving the substrate. This state is frozen by the opening the 
arsenic cell. 

The second case is when the deposited Ga is 3.2 ML [15,16]. Here, we can 
observe shallow NHs, with plane rims (without any bulge), and deep NHs 
surrounded by ring like bulge formations (sample ii) [15,16]. The explanation is 
given in Fig. 3/B [18]. In this case, the quantity of the deposited Ga is small. The 
formed droplets are under the critical size, therefore the solution starts under the 
droplets. Under the small droplets the solution is faster, but the material is used up 
in a short time. The reduction in material is due first to the solution and second to 
the material’s migration towards the larger droplets. After a short time at the 
smaller droplets the solution stops, whilst it carries on further under the larger 
ones. The larger droplets will not be spent, therefore the surrounding ring will 
froze after opening the arsenic cell. 
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Fig. 3. (A) Explanation of the process 2, (crystal seed formation at the droplet rim) (see text); (B) upper 

part: Explanation of the temporal diferentiation and solution process in case of lage amount of 
deposited Ga (6.4 ML) [16] (see text); lower part: Explanation this process at small Ga amount (3.2 

ML) [15,16] (see text); where CDS means critical droplet size; (C) Explanation of the formation of Ga 
inclusion inside of the QD (Tsub = 150 °C, pAs = 2.5×10-4 Torr) [8] (sse text); (D) upper part: cross 

section of a DQR (Tsub = 200 °C, pAs = 2.6×10-6 Torr) [11]; lower part cross section of a NH (Tsub = 500 
°C, pAs = 1.1×10-6 Torr) [17]; where TPL means three-phase-line 

Due to the 3rd process the crystallization originates at the rim of the droplets. At 
lower temperature the excess arsenic incorporates into the lattice. The inerststitial 
arsenic migrates towards the inside of the structure, reducing the lattice stress. A 
new interface is created in the inner and upper regions of the crystal centres [18]. 
The growth of these centres are propagating in those directions (Fig. 3./C). The 
arsenic is fed from the outer surface of the structure. It was observed, that when 
the arsenic quantity was large the QD had Ga inclusons (sample iii) [8]. Its origin 
is explained above. The growth in height is similar to that of the basic circle; so 
the speed of growth in height is a linear function. The speed of growth towards the 
inner regions is accelerating, because assuming constant arsenic absorbing 
surface, the concentric area is diminishing with the reduced radius going towards 
the centre. The presence of the excess arsenic at lower temperature, is the 
explanation for the formation of the DQRs [18]. The migration and the 
crystallization of the Ga would result in the creation of a larger ring (upper part of 
Fig. 3./D, sample (iv)) [13]. Instead, in excess to the original ring we end up with 
a second ring and this limiting effect on the size of the area is the result of the 
elimination of the lattice stress. The creation of DQRs can only be observed at 
lower temperature. At higher temperature DQRs cannot be created because arsenic 
is not incorporated in the lattice, which causes the stress in the lattice (lower part 
of Fig.3./D, sample (v)) [17]. Electronic structures of droplet epitaxial QDs and 
QRs were published elsewhere [19]. 

Conclusions 

The droplet epitaxial method allows us to prepare not only QDs but QRs and other 
special shaped nanostructures. The development of the MBE droplet epitaxial 
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technology, which will probably revolutionise the technology of semiconductor 
devices. 
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