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Abstract: In this work, we discuss the evolution of self-assembled III-V-based
nanostructures. These nanostructures were prepared from Ga droplets during a
crystallization process using a droplet epitaxy technique. Different nanostructures such as
quantum dots, quantum rings, double quantum rings, and nano holes were formed from Ga
droplets on a (001)-oriented AlGaAs surface, but at different substrate temperatures and
various arsenic background pressures. We give a qualitative description of the elemental
processes for the formation of all of these nanostructures. Our description is based on the
size dependence of the key material properties (solubility, tension, etc.).
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1 Introduction

Low dimensional structures grown by molecular beam epitaxy (MBE)
revolutionized electronic devices, both in terms of their potential and their
efficiency. Nowadays, the growth of self-organized nanostructures is thoroughly
investigated for basic physics and device applications. It is very important to
understand their growth kinetics and to know their shape. The most widespread
technique is based on the lattice mismatched Stranski-Krastanov growth mode [1,
2]. An example is the MBE growth of InAs quantum dots (QDs) driven by strain
between the deposited InAs and the substrate. For a long time, this strain-induced
method was the only known process for zero dimensional structure production.

A droplet epitaxial technique based on Koguchi’s discoveries has evolved, giving
greater opportunities for the development of the self-organizing nanostructures [3,
4]. In this method, the lattice-mismatch loses its significance and it becomes
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possible to create QDs [5-9], quantum rings (QRs) [10-12], double quantum rings
(DQRs) [13, 14], as well as nano holes (NHs) [15-17] (see Fig. 1). The electronic
structure of these nano-objects depends very much on their shape. The droplet
epitaxial process roughly consists of the following steps: first, metal (e.g. Ga)
droplets are generated on the surface in the Volmer-Weber-like growth mode.
After that, crystallization of the droplets occurs together with their chemical
transformation, e.g. GaAs QDs under arsenic pressure. In order to control the
process it is necessary to understand the kinetics of the growth processes, but no
theoretical description is available yet of the underlying growth mechanism. In
this paper, we study the formation and properties of GaAs nanostructures grown
on AlGaAs (001) substrate as a function of the applied technology.

Figure 1
Overview of the III-V-based dropletepitaxially grown nanostructures such as quantum dots (QDs),
quantum rings (QRs), double quantum rings (DQRs) and nano holes (NHs)

2 Experimental Preliminaries

The growth experiments were made in a solid source MBE system. The evolution
of the growth front was monitored in the [110] direction with reflection high-
energy electron diffraction (RHEED). After the growth, the QDs were investigated
using atomic force microscopy (AFM) in tapping mode. Droplet epitaxial GaAs
QDs were formed on the AlGaAs (001) surface (with Al content of x = 0.3).

The main steps of the droplet epitaxial process of QDs were as follows: Following
the preparation of Al,Ga;.,As surface, the samples were cooled to 200 and 250 °C,
Ga was deposited first (the surface coverage ©@=3.75 mono layer (ML)) with the
flux of 0.15 and 0.025 ML/s without the arsenic flux, respectively (sample type a
and b). After a few seconds’ waiting time, an annealing step was performed at 350
°C under 6.7x10” mbar arsenic pressure. A detailed experimental description is
published elsewhere [18].
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In the case of sample type ¢ (droplet-epitaxial QRs), after the preparation of the
AlGaAs layer, the sample was cooled to 300 °C, and 6=3.75 ML Ga was deposited
with the flux of 0.75 ML/s without arsenic flux. After Ga deposition, 60 seconds’
annealing (300 °C), under 5.3x10° mbar arsenic pressure, was applied. A detailed
description of the growth parameter is published elsewhere [19].

A further five types of nanostructures (sample types d - h)were also prepared. The
technological parameters are given as follows: The solution process was
investigated in two variations (sample types d and e). NHs (sample type d) were
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]. Other types of NHs
(sample type e) were 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 crystallization process is investigated in three variations of samples (sample
types f - k). The first nanostructure is a very fast-crystallized QD (sample type f).
The crystallization of the Ga droplet occurs during the high arsenic supply
(3.3x10™* mbar) at 150 °C [8]. The elementary map of transmission electron
microscopy (TEM) shows that the QD had Ga inclusons [8]. The second type of
samples (type g) is crystalized at 2.7x10° mbar arsenic pressure at low
temperature (200 °C) [13]. In this way, we received DQR [13]. The last sample
(type h) is crystallized at about the same arsenic background (1.5x10° mbar) but
at a high temperature (500 °C) [17]. The middle of the structure is surrounded by
single ring-like bulge formations [17]. For the detailed technological parameters of
the above samples see the given references.

3 Discussion

3.1 Formation Kinetics of Quantum Dots

The formation of the QD structures was in-situ monitored by RHEED. Firstly, Ga
droplets were formed on an AlGaAs (001) surface. As the second step, the
droplets were transformed into QDs under an arsenic environment. In order to
investigate of droplet formation in one occasion, the preparation procedure of QDs
was interrupted before the crystallization step. This particular sample was
quenched and inspected by AFM immediately after the Ga droplets were formed.
This AFM image was compared to another sample, on which the Ga droplets,
formed under identical conditions, were reacted with As in the crystallization step.
The density and the size of QDs were found to be identical to te Ga droplets.
Because of the grazing incidence angle, the RHEED pattern is characteristic for
the nano structure (see Fig. 2/A). The Ga clusters formed on the surface are liquid
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aggregates; this status is proven by the RHEED picture as well as by the shape of
the clusters. The sharp RHEED streaks characteristic of the AlGaAs (001) surface
vanished after Ga deposition and the streaky RHEED picture becomes diffused
because of the electron beam crossing the liquid aggregate. The RHEED temporal
patterns of the QD formation are shown in middle part of Fig. 2/B-E. As
mentioned before, the Ga clusters before crystallization are investigated with AFM
working in tapping mode. The original shape of the droplets is conserved during
the AFM measurement due to the residual adsorbate on the droplet surface, which
exists also under 10" mbar [20-22]. The shape of these clusters follows the law of
the surface and interface energy minimization (see later) [23-29].

He ~ [ — o

(X

AlGaAs surface Ga droplet crystalization ripened QD

Figure 2
(A): The RHEED geometry on the surface. At N;=1.2H10" cm™ and N,=4.4H10® cm™, the average
height () of the droplet and the characteristic average distance (L) between these nanostructures are
H=7 nm, H,=32 nm and L,=90 nm, L,=477 nm, respectively. The RHEED pattern is characteristic to
the nano-structures, because the ,=4° and f5,=3.8° are larger than the incidence angle (about 2°) of the
electron beam; (B)-(E): The RHEED pattern and the corresponding sketched stage of the QD evolution

On the initial surface (Fig. 2/B), droplets with rounded shape are formed (Fig.
2/C). After this, a monocrystalline outer shell develops (due to the adsorbate
effect, mentioned before). This is verified by the dotted RHEED pattern (Fig.
2/D). Thirdly, the crystallization process occurs, showing signs of the
crystallographic planes inside the QD (Fig. 2/E). Here, the timing of the process of
the RHEED sequence and the duration of each RHEED stages are also relevant.
For many seconds, the dotted stage (Fig. 2/D) remains unchanged, but after that,
the chevron tails develop relatively quickly (Fig. 2/E). The developing planes
correspond to crystalline facets, verified by chevrons on the RHEED picture [18].
The evolution of the structure is sketched in the lower part of Fig. 2.
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Figure 3

AFM line scans of single QDs along [110] and [110] azimuth. (A) and (B) show typical line scans and
the sketched droplets with parameters (high /, sole diameter D, critical radius r.; the explanation see

later) of the sample type a and b, respectively

In our earlier studies, the grown QDs can be classified two groups by their size
and shape [18] (see Fig. 3). Here, we will show that shape of the QD depends on
the shape of the droplet. Moreover, the size and the shape of the initial droplet is
determined by the process of Ostwald ripening [30-36]. Furthermore, the shape of
the droplets is also determined by the surface tension in the liquid aggregate and
by the wetting properties at the interface.

The contact angle (the angle at which the tangent at a liquid/vapour interface
meets the solid surface, called the three-phase line (TPL)) is characteristic of the
surface. In practice, droplets (with mm size) are used for surface characterization
[37-39]. Surface tension is caused by the intermolecular forces on surface of the
liquid [40]. This tension is an effect within the surface layer of a liquid that causes
that layer to behave like an elastic sheet with a thickness of approximately 10 nm
[41]. Inside of this very thin sheet, the forces are independent of the length of the
sheet. (Therefore, the behaviour of these forces differ fundamentally from the
force in an elastic membrane.) At macroscopic scale, the interaction between
forces across the three interfaces are independent of the dimension of the droplet,
and therefore they can be used for surface characterization [38, 39].

These forces in the surface sheet are independent of the area and only depend on
the thickness, therefore, of the number of interacting molecules in the unit area.
(For example, in a free-standing membrane, the force is doubled; therefore, we
must double the thickness as well in the calculations.) In reality, the dimensions of
the droplet are much larger than the thickness of the surface sheet. If the
dimension of the droplet decreases to the nano range, and the size becomes
comparable with the dimension of the thickness of surface sheet (approx. 10 nm),
then the shape of the droplet (the contact angle) changes. The tension also depends
on the temperature. It decreases with increasing temperature [41], and it also
decreases with increasing ambient pressure [42]. The surface wettability (and also
the contact angle) depends very strongly on the properties of the substrate surface.
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Molten Ga dropletes were investigated on a pure GaAs substrate in a hydrogen
atmosphere [43]. At 852 °C, typical to liquid phase epitaxy, the contact angle is
28°. It was found that the temperature coefficient is 3.6°/100 °C [43]. At 250 and
200 °C the contact angles are thought to be around 50° and somewhat larger,
respectively. In our case, the droplets are in a vacuum (pressure conditions are
different); therefore, the contact angle can be expected to be somewhat different
from the calculated one. Furthermore, it was found that on the AlGaAs substrate,
the contact angle increases with the increased Al content [43]. Our substrate has
x=0.3 Al content: therefore, the estimated contact angle is few degrees larger than
50°. It is evident that larger QDs originate from larger droplets (and smaller ones
from smaller). The relation between density and size of QDs is governed by
Ostwald ripening [30-36].

We will show later that the facet angle of the QDs depends on the contact angle of
the initial droplet and, furthermore, that it is realistic to suppose that the larger
droplet — similarly to the macroscopic case — has a contact angle slightly larger
than 50°. It will be verified that the contact angle of the lower droplet is around
25°.

In our previous experiments, we found two distinct regimes for the QDs shapes
(see Fig. 3.). When the Ga flux is low (F=0.025 ML/s, 7=250 °C), the probability
of the nucleation is low. With decreasing adatoms (and increasing temperature),
the Ga atoms attach themselves to existing clusters rather than nucleate new ones.
Therefore in this case we have larger QDs (average height n,=32 nm, average base
width d;=110 nm) with lower density (n,=4.4x10® cm?), and with a facet angle of
about 55°. We observed in the experiment that the size and shape of the QDs did
not differ greatly from each other. According to the experiment, it is probable that
the contact angle is likely to be found at around 55° (somewhat larger than 50°).
For higher Ga flux (F=0.19 ML/s, 7=200 °C), the probability of nucleation is
high. We observed smaller droplets (4,=7 nm, d,=60 nm) with higher density
(n,=1.2x10" ecm™). We also found a fundamental difference in the shapes of the
QDs in two different growth regimes (sample types a and b, respectively). In the
latter case, the side angle of the QDs was found to be 25° (where the contact angle
of the droplets was also about 25°.) This proves that the quantity of the deposited
Ga atoms is in correlation with the volume of the droplet, according to the results
on the QD facets, shown previously [18].

Let us assume that the shape of the droplets is a segment of a sphere (see. Fig.
4/A), where R is radius of the sphere, D is a cord as shown in the figure, a is the
contact angle, H is the height of the droplet, V' is the volume of the droplet and 7 is
the density of the droplets. The radius of the curvature can be calculated from the
equation: R=D/2sino. or R=H/(1-cosa). For smaller droplets, the calculated radius
from both formulae is the same, R = 68 nm and the contact angle is 26°. For the
larger droplets, the radius — according to former calculations — is 71 nm with a
contact angle 57°. The droplet volume can be calculated either from the spherical
volume formula: V=mnh*(R-H/3) or from the dot density: V=(©-1)/n. The number of
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Ga atoms in the droplets can be estimated by using both formulae. The atomic
radius of Ga is 0.13 nm [44]. This corresponds closely to the half of the minimum
bond length. The calculated atoms in the droplet are in order of one million. The
atomic interaction in a large cluster (the atomic number > 10°) is similar to in bulk
material [45]. It is also known that the surface tension is caused by the attraction
between the short radius intermolecular forces. This tension is a surface effect
which behaves like a very thin (in order of the nm) elastic sheet [41].
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Figure 4
(A): schematic diagram of the droplet for the calculation of curvature; (B) and (C): Illustration of the
effect of the contact angle and the size: for large droplet, the size is large enough; for a small droplet,
the droplet size and the surface sheet dimensions are comparable. (D) and (E): Formation of truncated
pyramid-like QDs (see text)

Now we can estimate the contact angle. The surface tension depends on the
thickness of the surface sheet (see doubling effect). The contact angle dependence
on the surface sheet can be seen in Fig. 4/B. In our calculation, we used a
numerical value of 7,=10 nm [41]. For the big droplets, the volume is large enough
for the surface sheet to be similar to that of the macroscopic case. The contact
angle is over 50°, as shown earlier. This contact angle corresponds roughly to the
side angle of the large QDs. For a small droplet, however, the situation is quite
different. Here, the height of the droplet is comparable (even below) to the
thickness of the surface sheet and the surface tension is proportional to the
thickness of the sheet. The effective sheet thickness (74, calculated from the
volume of the sheet) is approx. 6 nm, where the effective or average thickness is
defined as the volume of the sphere segment normalized to the surface area of the
interface between the droplet and the substrate (see Fig. 4/C). From here, the
contact angle is around 30°. The contact angle corresponds roughly to the side
angle of the small QD. The follow up phase in the QD production is the
crystallization. The kinetics of the crystallization process is not yet known. We
know that when the dotted diffraction picture of the transmission RHEED
develops very quickly, it characterises the monocrystalline state. As we said
before, the monocrystalline shell develops on the droplet surface due to the
adsorbate effect [20]. The lateral formation of crystal surface is determined by the
orientation of the new external surface element of the crystal in a defined crystal
position of the melt surface adjacent to the TPL. The crystal surface coincides
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approximately to the tangent to the phase boundary at a point on the TPL [46].
That is, the crystal facet of the QD corresponds to approximately the contact angle
of the droplets. For a small droplet (a contact angle of less than 30°) the grown
side-facets are around 25° after crystallization, corresponding approx. to (113) or
(137) crystal planes (see Fig. 4/D). For a large droplet (a contact angle of more
than 50°) the grown side-facet is around 55° after crystallization, corresponding to
(111) crystal plane. The temporal evolution of the crystallization breaks up at one
point, because the Ga atoms are all used up from the droplet; therefore, the QDs
take up a truncated pyramid shape (see Fig. 4/E).

The TPL at the droplet edge initializes the crystallization. A number of
crystallization seeds form at the same time in a number of equivalent places. The
dotted RHEED picture indicates that all of the seeds are coherent oriented, so they
have a monocrystalline character. The crystallization may occur uniformly
distributed amongst these equivalent places. The liquid phase has short-range
order lines and the droplet sizes are falling in this range. The liquid phase in the
droplet can be described as a crystalline-like structure [45, 47]. We can conclude
that the coalescence of the simultaneously appearing nucleation centers grow into
a monocrystalline form and not into the usual polycrystalline form. When the
surface area minimization takes place (between the droplet state and QD state), the
crystal planes of the QDs must come near to the tangential planes of droplet [46].
If we assume a simultaneous crystallization process, than we come very close to
the already described shapes for the QDs. The crystalized QDs are truncated,
setting the sole width, the facet angle, the height and also the shape of the droplets.

The effect of the adsorbate and its segregation can strongly alter or even block the
crystal growth locally and can lead to the rounding of crystal shapes [21, 22]. This
effect explains the existence of the pure dotted RHEED picture during
crystallization. On the RHEED picture, chevron tails form relatively quickly in the
later stage of crystallization. This behaviour explains the phenomenon that the
growing crystal facets explode the outer adsorbing shell, and instead of round
crystal surface, in the result is a sharp crystal facet. The resulting nanocrystal
corresponds to the Wulf construction [23-29].

3.2 Formation Kinetics of Quantum Rings

The QR evolution was tracked in-situ manner with the RHEED technique. In the
initial stage, the perfect crystalline AlGaAs (001) surface causes sharp RHEED
streaks. After the deposition of Ga, this picture becomes diffuse, due to the
amorphous nature of the phase present on the surface. The annealing phase begins
after the offering of an arsenic component with the pressure of 4x10° Torr, while
the substrate temperature is 300 °C (sample type c). After the introduction of
arsenic, some time is needed for the formation of the characteristic sharp pattern,
representative of the crystalline structure (see Fig. 5/A). This shows that the liquid
state on the surface stays for longer time and the material transport processes in it
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propagate the formation of the QRs. This is different to the QD formations, where
the RHEED pattern characteristic of the crystalline phase coincides with the
opening of the arsenic cell [48]. The QR structures were ex-situ investigated with
AFM. The perspective AFM image and the top view with line scans are shown in
Figs. 5/B and C, respectively. The dimensions of the QRs were determined from
individual line scans. Two typical adjacent AFM line scans are shown in the right
side of Fig. 5/C. The density of the QRs was determined from the AFM pictures as
1.5x10° cm™. It is observable that the middle of the QRs is located deeper than the
original surface level. It can be shown from the AFM measurement that the shape
and size of the QRs are near uniform, but we can observe small deviations from
the average size and form. It has been observed frequently that the smaller
diameter QRs have deeper cavities in the centre and opposite; that is, the larger
diameter QRs have shallower cavities in the middle. (In the figures, the smaller
and larger objects are labelled with “S” and “L”, respectively.) Fig 5/C shows that
the QRs are a little elongated (see top view), the phenomenon of which is based on
the different binding properties in [110] and [110] directions. Here, the
phenomenon is neglected, because it does not influence our order of ideas, since
the larger QR is larger in both lateral directions, and the smaller one is the
opposite.

(A)

200nm
AL

Figure 5
(A): The RHEED pattern of the QR structures; (B) Perspective AFM picture of sample surface with
QRs; (C):Top view of the AFM image ith line scans (see text)

This interesting contradictory property of the QR aspect ratio can be explained as
follows. During the deposition of the Ga, droplets form on the AlGaAs surface. It
can be presumed that the larger droplets lead to the development of rings of larger
diameter, and the smaller droplets to smaller rings. The intersection of the crystal
surface with the droplet edge is the three-phase-line, which serves as initial place
of crystallization [49, 50]. The three-phase-line of larger diameter attaches to the
larger droplet and the one of smaller diameter attaches to the smaller droplet. It is
known from the liquid phase epitaxy that thermal etching takes place at the Ga
melt and AlGaAs surface [51]. This phenomenon was confirmed via analytical
transmission electron microscopy in the case of droplet epitaxy [52]. The Ga
melting can solve the arsenide molecules (e.g. GaAs). These arsenide molecules
originate partly from the thermal etching of the crystal surface and partly from the
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reaction of the external arsenic atoms. (When a Ga atom of the droplet meets an
arsenic atom from the environment, they form a GaAs molecule.) These molecules
causing thermal movement in the droplet can reach the three-phase-line, where the
crystallization takes place. During the process of this solidification, a material
transport takes place from the middle to the edge of the nanostructure. Thus, a
circular crystalline phase is formed at the droplet edge. During the solidification
process, the amount of Ga atoms in the droplets decreases, so the droplet size
decreases, as well. The proposed kinetics of the formation is sketched in Fig. 6.
During thermal etching, not only arsenic and gallium but also aluminium leaves
from the AlGaAs surface, and is built into the lattice matched crystalline pair,
which was shown earlier for QD [52]. We can suppose that the situation for QR is
similar.

Figure 6
(A)-(D): Different states of the evolution of the droplet-epitaxial QR (see text)

It is known that the melting point decreases with the reduction in the particle size
[53, 54]. Fig. 7/A shows the normalized melting curve for a metal vs. diameter of
the particle. The figure shows that if the size is less than 50 nm, then the melting
point depends very strongly on the size. In the nano range, the melting point is
determined more strongly by the size than by bulk properties. The experimental
melting curves for near spherical metal nano particles exhibit similarly shaped
curves. For our case, this curve is gives direction for qualitative consideration. It
means that the melting point in the larger and smaller Ga droplet can differ
strongly. Fig. 7/B shows the solubility curves for different particle sizes. The
figure shows that under the same temperature, the larger droplet has a lower
saturating concentration and the smaller droplet has a higher one [55]. This means
that the crystallization in the larger droplet will take place earlier that at a smaller
arsenide concentration. The smaller droplet will crystallize later only at higher
arsenide concentrations.

The temporal evaluation of the smaller and larger QR is shown in Fig. 7/C. In
other words, in the larger droplets, the probability of the formation of
crystallization seeds is higher; therefore, the crystallization takes place earlier, so
less time is spent on material transportation, causing the development of the hole

—14-



Acta Polytechnica Hungarica Vol. 8, No. 4, 2011

in the middle. In the smaller droplets this probability is smaller; crystallization
starts later, so more time is spent on deepening the middle of the ring. This process
is influenced by other factors as well. As the melting temperature of the
nanostructure drops with its diminishing size, a smaller droplet will stay longer in
liquid state at the same temperature; therefore, more time can be spent on the
central cavity formation. This diameter versus central depth relationship can only
be considered on statistical grounds. The likely reason is that the forming process
depends not only on the size of the droplets, but also on the arsenic molecules,
whose presence is independent of the size of the droplet. Homogeneity of the
distribution and the size of the nanostructures are quite uniform. We also
monitored some deviations from the rule.

A ——— . ®
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Figure 7
(A) The melting point dependence vs. particle diameter. If the size less than 50 nm then the

dependence is very strong. (B): The solubility for different droplet sizes; (C): Temporal evolution of
the QR for larg and for small droplet size

3.3 Formation Kinetics of Special Shaped Quantum Structures

Here we deal with the formation kinetics of particular shaped droplet epitaxially
grown nanostructures. As is widely known, the properties in the 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 kinds of nano-structures. Only then do they become
consistent.
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(A): Explanation of the temporal diferentiation and solution process in case of large amount of
deposited Ga (6.4 ML), (B) Explanation of this process at small Ga amount (3.2 ML) (see text)

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 ) on the GaAs and the Ga
surfaces. It is well known that with diminishing size the melting temperature drops
and saturation concentration increases. This describes our present Ga droplets well
(process i) (this is the dominant process in cases of a complete lack of or only
small quantities of arsenic). It is also well known that the crystallization starts at
the three-phase-line when the conditions became favourable. In our case, this
starts in the line of the rim of the droplet (process iii). 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 a larger quantity of
arsenic, these are the dominant processes).

Process (i) allows for the phenomenon called Ostwald ripening [30-36]. At the
same time, process (if) causes the differentiation between QD-s, QR-s and NH-s.
Due to this process, at the same temperature and during the same time, the hole
which originates under the smaller droplets is deeper than that which is under the
larger droplets (Fig. 8). (That is supposing the time duration is not so long asto run
out of the material from the smaller droplets.) These findings are proved by the
two experiments, where the deposited Ga quantity was 6.4 ML (Fig. 8/A) and 3.2
ML (Fig. 8/B), respectively. At a given temperature there is a critical droplet size
(CDS) under which the solution begins. After the Ga deposition, droplets form,
followed by the growth of the larger droplets at the expense of the smaller ones.
When the critical size is reached, the substrate solution by the droplet begins. We
start by investigating the case of Ga 6.4 ML [16]. During the experiment, the
formation of small NH-s and large QD-s can be observed (sample type d) [16]. We
can follow the process on Fig. 8/A, where a large quantity of Ga is deposited. The
sizes of the droplets formed are above the CDS. After the deposition, the
differentiation of the droplets begins. The smaller droplets reach critical size and
start solving the substrate. This state is frozen via opening the arsenic cell.
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Figure 9
(A): Explanation of the crystal seed formation at the droplet rim; (B): Explanation of the formation of
Ga inclusion inside of the QD; (C): upper and lower part show cross section of a DQR and NH,

respectively

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 type e) [15, 17]. The
explanation is given in Fig. 8/B. In this case, the quantity of the deposited Ga is
small. The formed droplets are under the CDS; 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, and therefore the surrounding ring will
freeze after the opening of the arsenic cell.

Due to the third process, the crystallization originates at the rim of the droplets. At
a lower temperature the excess arsenic is incorporated into the lattice. The
interstitial 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. The growth of these centres propagate in those directions (Fig. 9/A). 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 inclusions (sample type f) [8]. Their
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 accelerates because, assuming constant arsenic
absorbing surface, the concentric area diminishes with the reduced radius going
towards the centre (Fig. 9/B). The presence of the excess arsenic at a lower
temperature is the explanation for the formation of the DQRs. The migration and
the crystallization of the Ga would result in the creation of a larger ring (upper part
of Fig. 9/C, sample (type g)) [13]. Instead, in addition to the original ring we end

—17-



A. Nemcsics Formation Kinetics of the Self-organized Ill-V-based Nanostructures Grown by Droplet Epitaxy

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
a lower temperature. At a higher temperature DQRs cannot be created because the
arsenic is not incorporated into the lattice, which causes the stress in the lattice
(lower part of Fig. 9/C, sample (type /1)) [17].

Conclusions

Here, we described the formation of several droplet-epitaxial nano-objects. In the
first part, two separate regimes are investigated for the strain-free GaAs QD shape,
using Ga droplet epitaxy for the growth. On one hand, the accurate facet angles
are determined by the crystalline planes; on the other, the coarse angles of
inclination of the QDs are determined by the contact angles of the droplets. A
spherical approach was used for the describing shape of droplets. The volume and
the shape were controlled with the data from AFM. The resulting contact angle
was correlated with the surface tension dependence on sheet thickness (size
effect). The shape of the QDs depends on the droplet volume. Larger QDs have a
strongly truncated pyramid-like shape with side-facets 55°. Smaller QDs have a
slightly truncated pyramid-like form with side-facets 25°, verified by AFM results.
The correlation between the size and shape of the droplets and the QDs was also
investigated. We showed that the shape of the droplet in the nano range depends
on its size. We also showed that the nano structure during crystallization has a
monocrystalline character and a rounded outer surface due to the effect of
adsorbate. This is in an agreement with the dotted RHEED picture. The chevron
tails which form in the late stage of crystallization process can be explained by a
break in the adsorbate shell of the structure. The results correspond with the
Ostwald ripening and with the Wulf construction.

In the second part of this paper we attempt to explain the kinetics of the epitaxial
growth of QRs. What triggered the investigation was the realization of one
peculiar characteristic feature of QRs during experimentation. That is, often the
middle of the larger rings is shallower than that of the smaller ones. The arsenic
molecules arrive to the surface in random distribution and therefore the above
phenomena is superimposed on random noise. The cause of the phenomenon is the
dependence of the melting point and the saturation concentration on the size of the
nanostructure in this size range. We are confident that with this interpretation, we
approach the correct explanation of the kinetics of the droplet epitaxy.

In the last part, we explain the formation kinetics of a few special-shaped nano-
structures. One of them is the QD with Ga inclusion. The explanation is based on
the excess arsenic content in the grown crystal at low temperature. Temporal
differentiation was observed during the growth of NHs. We introduced the CDS to
explain this phenomenon.
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