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La filosofia è scritta in questo grandissimo libro che continuamente ci sta aperto innanzi a
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Introduction

Gallium Arsenide and Silicon are the most widely used materials in modern device fabri-
cation for electronics. Nowadays about 95% of electronic devices are fabricated by silicon.
Silicon is the second most abundant element on Earth surfaceand it’s easy to collect, is
robust, allows the fabrication of large diameter wafer, hasa good thermal conductivity,
gives the possibility to integrate silicon dioxide as insulator and has a high mobility for
the holes. These properties made possible the development of the Complementary Metal-
Oxide-Semiconductor (CMOS) technology and allow the integration on a single chip of
billion components. This technology is the base for the fabrication of microprocessors,
micro-controllers, memories, image sensors and data converters.
On the other hand, for optoelectronic applications the presence of an indirect gap makes
silicon less effective than direct gap material for the fabrication of detector and especially
for the fabrication of light emitting and detecting devices. For this reason III/V compounds
like GaAs are widely used in optoelectronics. Also for the fabrication of solar cells and
for high mobility devices direct gap materials have better performances than silicon.
The possibility to integrate devices for applications in optoelectronics and photonics based
on III-V semiconductors, directly on Si substrates would allow the use of the highly refined
silicon infrastructure, based on CMOS technology, to be maintained and would offer the
option of integrating a few specialized III-V devices within a large number of Si devices.
In this work of thesis we will investigate the possibility tointegrate III-V quantum nanos-
tructures directly on Silicon substrate, to combine the advantages of both materials. The
growth of semiconductor materials inside a Molecular Beam Epitaxy machine is outlined
in the first chapter. The second chapter explain the Droplet Epitaxy technique for the fab-
rication of GaAs quantum nanostructures highly tunable in density, size and shape using a
low thermal budget compatible with CMOS technology. The third chapter is dedicated to
introduce the epitaxy of GaAs on Si substrate with the related issues. In the fourth chapter
the experimental setup used in this work of thesis for the sample growth and characteriza-
tion is described. The fifth and the sixth chapter describe the experiments performed and
the results obtained in GaAs growth on Si through a Ge layer (chapter 5) and as a local
artificial substrate (chapter 6).
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Chapter 1

Molecular Beam Epitaxy

The term epitaxy comes from the Greekǫπι, meaning “above”, andταξις, meaning “in
ordered manner”. Molecular Beam Epitaxy (MBE), is a technique for the growth of ex-
tremely high quality epitaxial thin layers on a substrate. MBE technique allows to control
to within a single atomic layer thickness and composition offilms. MBE is based on
beams of evaporated atoms directed to a single crystal substrate in an ultra-high vacuum
environment (generally considered to be vacuum levels below 10−9 torr). Under suitable
conditions of flux and substrate temperature, high-qualityepitaxial layers are grown in a
highly reproducible manner. In this chapter an overview of the nucleation and growth pro-
cesses occurring in thin film formation inside a Molecular Beam Epitaxy (MBE) chamber
will be outlined.

1.1 Some history

Before the development of molecular beam epitaxy, there were many attempts to grow
compound semiconductors in vacuum. For III-V compounds, Gunther [1] proposed the
use of a “three temperature” method where the substrate, Group III and Group V sources
had different temperatures to independently control theirvapour pressures. Later Davey
and Pankey [2] deposited epitaxial GaAs on single crystalline GaAs substrates but the re-
sulting films showed poor crystalline quality. In the late 1960s, as devices were getting
smaller, there was a great demand for a crystal growth technology that could prepare sin-
gle crystalline films as thin as 500-1000Å. The term molecular beam epitaxy was used
for the first time in 1970 [3] after several years of extensivestudies of atomic and molec-
ular beams interacting with solid surfaces [4, 5]. A great work for understanding surface
physics was carried out by Arthur, Cho, Foxon, Harvey and Joyce on measurements of
the adsorption lifetime, sticking coefficient and reactionorder, studying the interaction of
Ga and As beams on GaAs surfaces. As-stabilized and Ga-stabilized surface reconstruc-
tions were investigated by observing high energy electron diffraction (HEED). At that time
cells were quartz ampules heated by tungsten wire connectedto a variac and with a pinhole
aperture of less than 1 mm in diameter. Deposition rate with this configuration was limited
to less than 1 monolayer per minute. For this reason the effusion cells were changed to
large aperture graphite and alumina construction with heatshielding consisting of layers
of corrugated tantalum foil to reduce the heat loss and temperature cross talk with adja-
cent cells. All cells were surrounded with a liquid nitrogencooled shroud to reduce the
background pressure. The cell temperatures were also regulated by electronic feedback
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4 CHAPTER 1. MOLECULAR BEAM EPITAXY

Figure 1.1: a typical setup for a molecular beam epitaxy machine

systems to assure precise effusion fluxes. An arsenic cracker cell was first used in 1971
for the effusion of As to improve the control on As flux and to improve the photolumines-
cence efficiency [6]. High energy electron diffraction (HEED) became a routine real-time
monitoring tool for the initial cleaning and successive growth of epitaxial films. After
these improvements was possible to grow high-quality GaAs layers.

1.2 Modern MBE systems

Of the many available epitaxial growth techniques, MBE has emerged as the most flexible
tool for heteroepitaxial research on III-V and II-VI semiconductors. This is mainly due to
the ability to deposit thin layers and complex multilayeredstructures with precise control
and excellent uniformity. MBE is an ultra-high-vacuum (UHV) technique that involves
the impingement of atomic or molecular beams onto a heated single-crystal substrate. The
source beams originate from Knudsen evaporation cells or gas-source crackers. These
cells can be turned on and off abruptly by shutters and valves, providing atomic layer con-
trol. Because MBE takes place in a UHV environment, it is possible to employ a number
of in situ characterization tools based on electron or ion beams. These tools provide an
immediate feedback to the grower and an improved control over the growth process. As
shown in figure 1.1 an MBE reactor involves a number of cells with different source ma-
terials in front of a heated substrate holder. The source cells supply all atoms necessary
for the growth of a semiconductor layers. The simplest type of source cell is a thermal
evaporator (a Knudsen cell). A basic requirement for MBE growth is that the evaporated
atoms must have mean free paths greater than the distance between the source and the sub-
strate, which is typically 5-30 cm. This requirement placesan upper limit on the operating
pressure for an MBE reactor. If it is assumed that an evaporated particle at temperature T
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has a cross section with diameterσ in an environment with pressure P, the mean free path
may be estimated by the formula

l =
kT√

2πσ2P
(1.1)

Typical values of the cross section diameterσ are 2-5Å, so that the mean free path is
few meters at a pressure of10−5 torr. This pressure therefore represents an approximate
upper limit for the system pressure during growth, if the beam nature of the sources is to
be maintained.
In order to obtain high purity films the base pressure should be no more than10−9−10−10

torr. An indicative formula for the impinging rate of molecules hitting a surface of 1 cm2

in 1 second is
J =

p√
2πmkT

(1.2)

where p is the pressure, m the mass of the impinging moleculesand T the temperature.
To understand the importance of having a ultra-high vacuum level in the chamber we can
calculate that at room temperature a pressure of10−6 Torr results in an impinging rate of
1014 molecules per second per square centimeter. Considering that on a GaAs surface there
are about6× 1014 atoms cm−2, this means that in few seconds the surface will be covered
with atoms and molecules of unknown species. Achievement ofa vacuum level of10−9 −
10−10 torr requires the use of a stainless steel chamber with metalgaskets and the use of
oil-free pumping (like cryogenic, titanium sublimation, ion and turbomolecular pumps).
It is also required the presence of an introduction chamber to load the substrates and to
collect the samples after the growth to break the vacuum in the main growth chamber only
for maintenance. Any exposure of the chamber to air must be followed by a long bake-out
to remove adsorbed contaminants. In order to further reduceevaporation from internal
surface area, during growth the chamber walls should be cooled to cryogenic temperatures
by means of liquid nitrogen shrouds.

The most used source cells are thermal evaporators, called effusion or Knudsen cells.
One cell with high-purity elemental material for each element is needed. The effusion
cells are typically made of pyrolytic boron nitride (PBN) with tantalum heat shields. The
source temperatures are maintained precisely to control the flux of evaporating atoms. A
shutter for each cell is provided to turn each beam on and off due to the inability to rapidly
ramp up or down the cell temperature. Using the kinetic theory of gases it is possible to
calculate that the evaporation rate from a surface areaAeff is given by

dNeff

dt
=

AeffP
√

2πkTM/NA

(1.3)

where P is the vapour pressure for the source material of molecular weight M at temper-
ature T. Because the equilibrium vapour pressure varies exponentially with temperature
(see figure 1.2), the effusion cell temperature must be controlled accurately in order to
keep the error on effusion rate within a 1% tolerance. The fluxarriving at the substrate
surface can be calculated from the evaporation rate at the effusion cell with the cosine law

j =
cos θ

πd2

dNeff

dt
(1.4)

where d is the distance from the effusion cell to the substrate andθ is the angle between
the beam axis and the normal to the substrate. In fact a real effusion cell depletes with
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Figure 1.2: vapour pressures of the elements.
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Figure 1.3: balance of surface free energy for a island deposited on a substrate. From ref.
[7]

time, and this causes a fall-off of the impingement rate and achange in the beam profile
at the substrate. Usually the evaporation crucibles have a 1cm2 evaporation surface and
are located 5 to 30 cm from the substrate. Typical source pressures are10−3 to 10−2

torr, resulting in the delivery of1015 to 1016 molecules cm−2 s−1. This corresponds to a
growth rate of about one monolayer per second, assuming a unity sticking coefficient for
the impinging atoms.

1.3 Nucleation on surfaces

Vapour deposition of thin films is a simple case of crystal growth, since it involves the for-
mation of a dense, solid phase from a dilute, gaseous phase. The theoretical formulations
are quite simple: thermodynamic and statistical mechanical models can be formulated and
tested by experiment. But, in fact, real behaviour is typically more complicated than these
simple models.
In the most simplified view, is possible to describe three modes for the crystal growth
(layer by layer, island and layer plus island) of material A on a substrate B by using
surface tension. The model was originally proposed by Bauerin 1958. In this descrip-
tion the surface tensionγ can be interpreted as a force per unit length of boundary, so
that force equilibrium at a point where substrate and deposited material touch can be ex-
pressed asγS = γSF +γF cos φ whereγS is the surface free energy of the substrate-vacuum
interface,γF that of the film-vacuum interface andγSF that of surface-film interface (see
figure 1.3). Whenφ = 0 andγS ≥ γSF + γF the growth proceed layer-by-layer (Frank-
van der Merve, or FM), whenφ > 0 andγS < γSF + γF islands grow leaving part of the
substrate exposed (Volmer-Weber, or VW). If a lattice mismatch is present between the
substrate and the film it’s also possible to have an initial layer-by-layer growth followed
by island growth after few monolayers (Stranski-Krastanov, or SK) [7]. The above clas-
sification assumes that no interdiffusion or chemical reactions between the atoms of the
subtrate and of epilayer take place.

Getting deeper into details, it is necessary to consider theatomic processes responsi-
ble for nucleation and growth of thin films. The real fabrication of thin films usually
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Figure 1.4: typical atomistic processes during epitaxial growth

proceeds through different stages involving adsorption, surface diffusion, binding and re-
evaporation.To describe these phenomena different modelswere developed, stochastic or
deterministic, using atomistic or macroscopic variables.
For example, a more detailed description is given in molecular dynamic simulations, where
the forces applied to every single atom are considered. A simplification is introduced
considering the rates associated with microscopic events such as adatom diffusion and
re-evaporation. In the transition state theory [8] rates are expressed with the equation

τ−1 = ν0e
−∆E

kT (1.5)

where∆E is the activation energy barrier,ν0 is typically of the order of the atomic vi-
bration frequency (10−12 − 10−13 s−1) and T is the temperature. We can consider the
surface processes shown in figure 1.4. Atoms arrive from vapour at a rate R, creating
adatoms whose densityn1 is initially described byn1 = Rt. The re-evaporation rate of
the adatoms from the surface is described by the equationτ−1

a = νa(−Ea/kT ) where
νa is an atomic vibration order of 1-10 THz. A simple equation for the diffusion on the
surface isD = (νda

2/4)exp(−Ed/kT ) wherea is the distance on the surface between
sites (0.2-0.5 nm) andνd is typically somewhat less thanνa. The number of substrate
sites visited by an adatom in timeτa is Dτa/N0 whereN0 is the areal density of sur-
face sites (the same order asa−2). The mean path of adatoms from the arrival site before
evaporation isx =

√

(Dτa) so that it is possible to estimete the diffusion length with
x ≃ a(νd/νa)

1/2exp [(Ea − Ed)/2kT ]. BecauseEa is usually greater thanEd, at low
substrate temperature the diffusion length can be large, sothat during their migration the
adatoms will encounter other atoms. Depending on their binding energyEb and their den-
sity, these atoms will form small clusters that eventually will become stable if the size
will exceed a critical number of atoms i. The migrating adatoms can encounter special
sites, surface and interdiffusion processes may occur. These processes are more difficult
to model in detail, because they are highly specific to the system studied.
The processes considered in figure 1.4 can be visualized froman atomistic point of view
as follows: atoms arrive from the vapour on the surface, herethey may evaporate, or may
alternatively start the nucleation of small clusters. The nucleation of some stable clusters
opens another channel for the loss of adatoms, i.e. capture by stable clusters. When these
clusters cover a fraction Z of the substrate, the direct impingement of clusters from the
vapour became possible. These processes can be described bythe rate equations

dn1

dt
= R(1 − Z) − n1

τa

− n1

τn

− n1

τc

(1.6)
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wherenj is the density of clusters with j atoms (j=1 means adatoms),τa is the residence
time of an atom on the surface before re-evaporation,τn is the mean time before the adatom
nucleates a new cluster meeting another adatom andτc the mean time before being cap-
tured by a cluster. The equation can also by written asdn1/dt = Rτ(1 − Z) where
τ−1 = τ−1

a + τ−1
n + τ−1

c + ... in which every other competing mechanism add a new chan-
nel. The sticking of adatoms to stable clusters can be approximated byτ−1

c = σxDnx

wherenx is the density of clusters of any size, D is the diffusion coefficient already dis-
cussed andσx the capture rate of diffusing adatoms by clusters of any size. Steps and
point defects, which can act as traps for diffusing adatoms,must be considered to de-
scribe a real surface. It is possible to formulate the step capture problem and to describe
the competition between nucleation on the terraces and incorporation at steps by a term
τ−1
s = 12D/d2 where d is the step separation. The so called step-flow growthis thus

possible whenτs < τc which means that adatoms can nucleate only on the steps. In the
discussion we have assumed that clusters with size j>i are stable and that the initial nucle-
ation events on large terraces occurred at random positions. We have also to consider that
the film as deposited is often far from equilibrium. For example in the island growth mode
the equilibrium state is reached when all the deposited material is in one large island. The
driving force to approach this equilibrium is the reductionin surface energy. Thus, for
example, coalescence of two islands typically results in one island which re-organizes its
shape in attempt to minimize its surface energy.
Several real growth conditions are nicely approximated by the theory outlined. One exam-
ple is the layer by layer in homo-epitaxy of Si(100). On a surface which is tilted off-axis
by about2−4◦ step-flow growth is promoted, and suppress random nucleation on terraces
decreasing the possibility of incorporating defects. In the real Si(100) we have to consider
also the(2 × 1) surface reconstruction, which arises to reduce the densityof dangling
bonds on the surface, as we will see in chapter 3. This reconstruction reduces the symme-
try of the surface, results in diffusion and growth properties which are very anisotropic,
and alternate dimers directions across single height steps. On Si(100) surface steps can be
single or double height which results in different step energies. For this reason nucleation
and growth are intrinsically quite complicated. Only introducing some simplification we
can say that the dimer reconstruction has to be broken and reformed for the growth of each
layer.

1.4 Equilibrium crystal shape

According to the Wulff construction rule, the final crystal shape is determined through the
minimization of total surface free energy at a given volume [9]. Once the surface free
energy of each orientation of constituent material is known, then the equilibrium crystal
shape of a crystal can be built up by the Wulff construction. The distance of a partic-
ular facet having surface free energy per unit area ofγ from the center of symmetry is
proportional to r determined by

r(n) = min
m

[

γ(n)

m · n

]

(1.7)

wherem is a unit vector normal to the given orientation andn is a normalized vector
directing from the center of symmetry (Wulff point) to any point on a given facet surface.
With the constraint of a fixed volume of a crystal, this means that r of each facet formax[m·
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Figure 1.5: cross-sectional image of GaAs grown on Si substrate with the Wulff construc-
tion. From [13].

n] is proportional toγ. In other words in the Wulff’s theory the ratio of the surfaceenergy
of facets to the distance between the Wulff point and the facets is constant when a crystal
forms equilibrium crystal shape in order to minimize the total surface energy of the crystal.
The exact values of surface energies for different surface planes remain difficult to obtain
but in a first approximation is possible to say that the surface energy of a crystal plane with
Miller indices hkl is proportional to the number of danglingbonds produced in forming
that surface, butγ changes e.g. with growth conditions, deposited material, presence of
strain. Studies of equilibrium crystal shape were performed on different systems, such
as Ge on Si and GaAs (e.g. [10, 11, 12]). For the nucleation of Ge island on Si(001)
substrate the set of{111}, {113}, {105} and{15 3 23} facets were found to be stable.
For GaAs(001) the set of stable surface is{111} and{110}, but experimentally evidence
of {113}, {115}, {105} and{103} stable facets is reported [12]. Figure 1.5 shows a cross
section image of a GaAs island grown on Si substrate. The nanocrystal has a structure
consisting of{111} and{311} facet planes. The intersectional point O (Wulff point) was
determined by drawing perpendicular lines to the facets. The value ofγ for each facet is
proportional to the distance between the centre of symmetryO and the facet.

1.5 Reflection high energy electron diffraction

The use of reflection high energy electron diffraction inside the main chamber during the
deposition allows to monitor the growth process in real-time and to obtain important infor-
mations about the surface morphology of the sample. An electron gun generates a beam
of electrons (typically between 4-50 keV) which strikes thesample at a very small angle
relative to the sample surface (few degrees). Due to the dimension of the beam on the sam-
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ple, the RHEED informations are averaged over a macroscopicarea. Incident electrons are

Figure 1.6: a reflection high energy electron diffraction system.

diffracted by atoms at the surface of the sample and interfere constructively at specific an-
gles to form regular patterns on a fluorescent screen. To understand the essential features
of RHEED, kinematic theory is sufficient. The condition to obtain a Bragg spot is given by
the equationK‖ = k ′

‖ − k‖ wherek‖ is the component of the wave vector of the incident
electrons parallel to the surface,k ′

‖ is the component of the wave vector of the electrons
leaving to sample parallel to the surface andK ‖ is a vector of the 2D surface reciprocal
lattice. No similar condition for the component of the wave vector perpendicular to the
surface applies. In the 3D problem we have discrete reciprocal lattice points, while in the
2D problem a rod normal to the surface is attributed to every reciprocal lattice point (h,k)
as shown in figure 1.6. The wave vectork of the primary beam is positioned with its end at
the (0,0) reciprocal lattice point and a sphere is constructed around its starting point. The
condition for a constructive interference is fullfilled forevery point at which the sphere
crosses a rod. In fact electrons does not scatter only from the topmost lattice plane, but
also from few underlying planes, so that the condition on theperpendicular component
could not be completely neglected. For this reason some spots appears brighter.
An important application for RHEED during the deposition isthe monitoring of the layer-
by-layer growth. Neave et al. [14] observed that during the GaAs film growth by molecular
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beam epitaxy, there were oscillations in the intensity of the RHEED pattern. These oscilla-
tions in intensity occurred immediately after the initiation of growth of GaAs over a wide
range of substrate temperatures (500− 720◦C) and growth rates (Ga flux from1× 1013 to
1.5× 1015 atoms cm−2 s−1) for both doped and undoped material and independently from
the surface reconstruction. It was shown that the period of the oscillation corresponded
exactly to the monolayer growth rate on a (001) oriented substrate, where a monolayer is
defined as one complete layer of Ga plus one complete layer of As. The amplitude of the
oscillations was strongly damped, but it was not difficult toobserve at least ten complete
periods. It was thus obvious that the oscillations providedan absolute measurement of the
growth rate. The observed behaviour was explained describing the equilibrium surface as
quite smooth, and assuming the generation of random clusters during the growth. When
growth started most adatoms desorbed before being incorporated in growing clusters, but
as stable clusters nucleated and spread the growth rate increased, reaching a maximum
at some fraction of a complete layer. When the nucleation of the next layer started, the
growth rate decreased. This sequence was repeated, with gradual damping as growth be-
came distributed over several layers. The complete surfacetherefore became distributed
over many levels and the surface become rough. The changes observed in intensity of the
specular beam in the RHEED pattern was related with the changes in surface roughness.
The equilibrium surface was considered smooth, corresponding to high reflectivity. At the
beginning of the growth clusters were formed at random positions on the crystal surface,
leading to a decrease in the reflectivity. This can be predicted for purely optical reasons,
since the de Broglie wavelength of the electrons is∼ 0.12 Å, while the bilayer step height
is ∼ 2.8 Å, i.e. the wavelength is at least one order of magnitude lessthan the size of the
scatterer, so diffuse reflectivity results.
RHEED intensity oscillation can be used to finely calibrate the atomic fluxes from the

effusion cells. It is possible to calculate the growth rate of the epilayer and the number of
atoms sticking every second on the substrate.
The observation of RHEED pattern during the growth allows tomonitor the surface re-
construction on the surface, to check the introduction of defects in the lattice and the
presence of three-dimensional growth on the surface (see e.g. [15]). In figure 1.7 are
reported RHEED pattern took after the nucleation of different amount of GaAs on Si at
different substrate temperatures. For example, comparingpanel (a1) and (c1) is possible
to observe the different brightness of spotty and streaky pattern. The streaks are formed
by the 2-dimensional periodicity of the surface reconstruction, and is clearly seen only
on fairly flat surface. In flat surface conditions, the observation of the pattern along the
main crystallographic directions makes possible to collect information about the surface
reconstruction. The spots are due to electron transmissionand diffraction inside surface
roughness or 3-dimensional crystals on the surface. The streaks along[111] direction in
panel (b2) indicate the formation of facets along the{111} planes on surface of the GaAs
nanocrystals (e.g. [16, 13]). The extra spots positioned onone-third of neighboring points
in the[111] reciprocal directions in panel (c3) indicate that twin boundaries of{111} types
have been formed in the GaAs crystal. The presence of Debye-Scherrer rings in panel (a3)
is due to the presence of poly-crystalline GaAs on the surface [13].
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Figure 1.7: RHEED pattern for the growth of GaAs on Si with different conditions. From
[13]
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1.6 Self-assembled quantum dots

Self-assembled quantum nanostructures based on III-V semiconductors have provided vast
opportunities for physical research and technological applications in the last 25 years [17].
These structures limit the carrier motion in one or more directions in regions with dimen-
sion similar to the de Broglie wavelength

λ =
h

p
=

h
√

3meffkT
(1.8)

wheremeff is the effective mass of the carrier and T is the temperature.Three different
kind of nanostructures can be fabricated. In a quantum well the carrier is free to move
in a plane and confined in only one direction, in a quantum wirethe confinement is real-
ized in two directions, in a quantum dot the carrier is confined in the three directions. For
heterostructures based on GaAs, typical de Broglie wavelength is few hundreds of̊A. The
interest for these structures is mainly in the modification they introduce in the density of
electronic states. In particular, the energy level structure of quantum dots is discrete, as
in atoms. Quantum dots have provided vast opportunities forphysical research and tech-
nological applications, such as quantum cryptography, quantum computing, optics and
optoelectronics.
Several experiments for the fabrication of ultra thin layers for the study of size quantiza-
tion effects were performed during the 1950s. The simplest case of quantum well is a thin
layer between two layers of a different material. The first technique to be developed in
the early 1980s for the fabrication of quantum dots was basedon the removal by etching
of material from a quantum well using a mask (created for example with electron beam
lithography) to leave a pattern of islands. Another populartechnique was the growth of
islands using a patterned substrate. Only few years later the possibility to fabricate quan-
tum dots using self-ordering was explored. Self-ordering is the spontaneous formation of
periodically ordered domain structure with a periodicity much larger than the lattice pa-
rameter. An example of this behaviour is the heteroepitaxy of InAs/GaAs(001), in which
InAs layer remains planar up to a characteristic coverage (critical thickness) above which
three-dimensional islands form. Such growth mode, called Stranski-Krastanow, as we
have seen in the previous section, was used to fabricate a regular pattern of island on the
surface of a strained InAs/GaAs superlattice. The lattice mismatch in InAs/GaAs system
is 7.2%. Initially the deposited InAs compresses to fit the lattice parameter of GaAs and
layer by layer growth proceeds. However, with each additional layer, the strain energy ac-
cumulates until it becomes energetically favorable for islands to form, typically after 1.5
monolayers. A similar effect is obtained also for the growthof Ge on Si.
An example of application of InAs quantum dots is the fabrication of multistack low
threshold current and high characteristic temperature laser diodes, as reported by Akahane
et al. [18, 19].



Chapter 2

Droplet Epitaxy

A different technique for the fabrication of quantum nanostructrures by self assembly is
the droplet epitaxy. Droplet epitaxy was proposed in 1991 byKoguchi et al. [20, 21] and
is based on deposition at different times for the group III and group V elements. Group III
elements such as Ga and In create a regular pattern of liquid droplet on a substrate kept at
a temperature above the melting point of the selected element (e.g. 29.8 for Ga,156.6◦C
for In), group V elements such as As and Sb are incorporated inside group III element
droplets. With this method is possible to fabricate quantumdots with uniform size distri-
bution in both lattice-matched and lattice-mismatched systems.

2.1 Fabrication of nanostructures by Droplet Epitaxy

To understand the principles of Droplet Epitaxy technique is possible to recall few key
articles written in the last 20 years and reported in scientific literature.

2.1.1 Droplet epitaxy on inert substrate

The first article was written by Koguchi and Ishige [21] and showed the possibility to fab-
ricate GaAs microcrystals by droplet epitaxy on substratesprepared to provide an inert
surface during group III atom deposition and during group V atom incorporation. The in-
ertness of the surface was provided by filling almost dangling bonds dipping the substrate
in a (NH4)2Sx solution and terminating the GaAs surface with S atoms.
Droplet epitaxy was performed depositing 2.7 monolayers ofGa on two different GaAs(001)

substrates, the first prepared to have a S-terminated surface (inert) and the second with As-
terminated surface (reactive). During the deposition the substrates were kept at 200◦C in
ultra high vacuum environment (10−9-10−10 torr) to maintain the contamination as low
as possible. After this step a flux of As4 with a beam equivalent pressure of3 × 10−6

torr was supplied. During the growth the RHEED pattern was observed along[110] and
[110] directions. On the S-terminated substrate prepared for theGa deposition a(2 × 1)
surface reconstruction was observed. After liquid Ga deposition at 200◦C, RHEED pat-
tern showed simultaneously the(2 × 1) reconstruction and an halo pattern, caused by the
diffraction of the liquid Ga droplets deposited on the substrate surface. After the As ir-
radiation the(2 × 1) surface reconstruction disappeared and RHEED pattern changed to
spotty with clear strikes along the[111] azimuth observed along[110] direction. The spotty

15
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Figure 2.1: SEM images of surface morphology of the samples after Ga deposition (a)
and after As irradiation (b) on S-terminated surface in top view (left panels) and side view
(right panels).
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Figure 2.2: RHEED intensity changes during Ga deposition (upper panels) and As irradia-
tion (lower panels) for S-terminated surface (left panels)and As-terminated surface (right
panels).

pattern indicated the formation of 3D structures on the surface, the strikes the presence of
facets. On the As terminated substrate prepared for the Ga deposition ac(4 × 4) surface
reconstruction was observed. After the Ga deposition at 200◦C the surface reconstruc-
tion turned to(1 × 1) and an halo pattern appeared. After the As irradiation the halo
disappeared and a(1 × 3) surface structure appeared, but no spotty pattern was observed.
The surface morphologies were observed with scanning electron microscope (SEM) after
Ga deposition and after As irradiation on both samples (figure 2.1). On the S-terminated
surface hemispherical droplets with an average diameter of24 nm with a standard devia-
tion of about 15% were formed after the Ga deposition. The contact angle of the droplets
was nearly 90◦. The total amount of Ga in the droplets estimated from the hemispherical
shape and from the diameter fitted the total amount of supplied Ga. This indicated that
Ga atoms did not react with the surface. After As irradiationSEM images showed that
the droplets became microcrystals with a rectangular base and {111} facets. The mean
dimensions of the bases were 25 nm× 43 nm with a standard deviation of about 20%.
The height was about 15 nm and the(111) facets better defined than(111) facets. Also
on the As-terminated surface Ga droplets appeared, but the average diameter was smaller
and the density appeared higher. The total amount of Ga in thedroplets estimated from
the hemispherical shape and the diameter was about 1 equivalent GaAs layer. The remain-
ing amount of supplied Ga disappeared in the formation of a Gastabilized surface on the
substrate. SEM images took after subsequent As irradiationshowed a smooth surface and
no formation of microcrystals.
To understand these results is necessary to analyze the RHEED intensity during growth.

Figure 2.2 shows the intensity change of specular beam, haloand (004) transmission spot
during Ga deposition and As irradiation. During the Ga deposition on S-terminated sub-
strate (upper left panels) the specular beam intensity decreased, while halo intensity in-
creased suddenly when Ga flux was opened and then decreased. This behaviour was



18 CHAPTER 2. DROPLET EPITAXY

Figure 2.3: Schematic mechanism for the GaAs microcrystal growth on S-terminated sur-
face. Cross sectional view along〈110〉 (left panel) and〈110〉 directions.

caused by the absorption of the electron beam from the Ga droplets which increased in
size as deposition time increased. During the As irradiation on S-terminated surface the
intensity of the (004) transmission spot increased as the intensity of the halo disappeared
(figure 2.2 lower left panel). On the As-terminated substrate the intensity of the specular
beam was first reduced, then increased to a maximum value and finally decreased with
the appearance of the halo corresponding to an amount of Ga of1.75 equivalent GaAs
monolayers (figure 2.2 upper right panel). During the As irradiation the halo intensity de-
creased rapidly and few oscillations were observed in the specular intensity, similar to the
ones observed during GaAs growth by Deparis and Massies [22]and attributed to surface
reconstruction changes between As-stabilized and Ga-stabilized surfaces. This behaviour
indicates a layer by layer growth similar to mechanism of droplet formation and annihila-
tion at high temperature described by Osaka et al. [23].
The growth mechanism and the observed anisotropy on base size of GaAs microcrystal is
explained in figure 2.3. The microcrystals grow by adsorbingAs atoms in sites A, B or B’.
While sites B and B’ are nearly equivalent on(111) surface, site B is much more stable
than B’ on(111) surface. For this reason the base expansion of the microcrystal in the
[110] direction is easier than the one in the[110] direction, and As atoms in B’ sites on the
(111) surface easily dissolves.

2.1.2 The arsenization process

The second key article was written by Watanabe, Koguchi and Gotoh in 2000 [24]. This
article showed the role of the parameters selected during Asirradiation and the possibility
to grow high quality quantum dots by droplet epitaxy withoutusing sulfur. The use of
sulfur resulted in S atoms remaining incorporated in the quantum dots, deteriorating the
optical properties of the nanostructures. The first step of the growth procedure described
in the article consisted in the preparation of an high quality Al 0.3Ga0.7As barrier layer with
a flat surface grown by molecular beam epitaxy at a substrate temperature of 580◦C. The
creation of a barrier layer with higher gap material is necessary to obtain quantum con-
finement in the GaAs nanostructures. Droplet epitaxy was performed after reducing the
substrate temperature to 200◦C keeping the background pressure in the range of 10−9-
10−10 torr. A total amount of 3.7 Ga monolayers were supplied onc(4× 4) surface. Panel
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Figure 2.4: RHEED patterns (upper two rows) and SEM surface morphologies (lower
row) of the samples at each stage of the growth process described in [24]. In (1), upper
row shows the electron beam along〈110〉, lower row along〈110〉. (a) is took after the Ga
deposition at 200◦C. (b), (c), (d) and (e) are after subsequent As4 irradiation with4×10−7

torr at 200◦C, 4 × 10−5 torr at 200◦C, 4 × 10−5 torr at 150◦C and4 × 10−7 Torr at 150
◦C, respectively.

1a in figure 2.4 shows the halo in RHEED patterns along[110] and[110] directions after
Ga deposition. SEM images (panel 2a) showed hemispherical droplets with a density of
3.5 × 1010 cm−2 and a mean diameter of 10 nm. Arsenic irradiation was performed under
four different conditions of substrate temperature and As flux. On first sample after As4
irradiation with4×10−7 torr at 200◦C, (1×3) streaky pattern with nodes appeared (panel
1b). The surface observed with SEM was flattened by layer by layer growth (panel 2b).
On second sample As4 flux was increased to4 × 10−5 torr at a substrate temperature of
200◦C. A pattern composed by transmission spots and{111} facets appeared (panel 1c)
and surface showed crater-like GaAs microcrystals with a diameter larger than that of the
Ga droplets (panel 2c). The third sample was irradiated withan As4 flux of 4 × 10−5 torr
after decreasing substrate temperature to 150◦C. RHEED pattern showed weak spots and
{111} facets (panel 1d). On the surface, SEM images revealed pyramidal quantum dots
with a typical base size of11×16 nm and a height of 6 nm (panel 2d). The last sample was
irradiated with an As4 flux of 4 × 10−7 torr after decreasing substrate temperature to 150
◦C. RHEED pattern turned to nodular streak (panel 1e) and surface showed circular rough-
ness with a radius∼ 3 times the radius of the crater seen on second sample (panel 2e). The
growth mechanism can be qualitatively explained as follow.The As molecular beam irra-
diation after the Ga droplets formation give raise to two different growth processes. The
first is a two-dimensional growth, in which As atoms are adsorbed on the Ga-stabilized
surface and subsequently, Ga atom migrate from the dropletsto the As-stabilized surface.
The second is three-dimensional growth, in which As atoms are incorporated from the
vapour phase directly into the droplets. The high As flux irradiation promoted 3D growth,
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Figure 2.5: Atomic Force Microscope images of the Ga droplets after crystallization at
200◦ C with an As4 flux of 2 × 10−4 (left panel) or1 × 10−5 torr (right panel).

and reduced 2D growth due to Ga atom consumption. The low As flux promoted 2D layer
growth. High substrate temperature enhanced Ga migration from the droplets, low sub-
strate temperature is effective in suppressing Ga migration and 2D growth.
The possibility to obtain crater-like structures and theirformation mechanism were ex-
plored in more detail by Mano and Koguchi [25], supplying 3.75 monolayers of Ga at
200 ◦C on ac(4 × 4) reconstructed GaAs(100) surface and then irradiating an As4 flux
of 2 × 10−4 or 1 × 10−5 torr at 200◦C. Atomic force microscope (AFM) images showed
pyramidal quantum dots with base dimensions of 50× 35 nm and a height of 7.5 nm
for the high flux, well defined ring structures with an external mean diameter of 51 nm
along[011] (figure 2.5) and 45 nm along[011] for the low As flux. To better explain the
crystallization mechanisms of GaAs nanostructures from Gadroplets two processes are
considered. The first one is GaAs formation inside the droplets by As atom diffusion (pro-
cess A). As atoms stuck on the droplet surface diffuse into the droplets and when they
reach the interface between the droplets and the substrate,the As and Ga atoms change
into epitaxial GaAs with some probabilities. The second process is GaAs growth at the
edge of the droplets (process B). Since both Ga atoms from thedroplets and As atoms
from the flux are directly supplied to substrate surfaces, a very efficient crystallization is
expected in this area. The two processes are correlated to each other and the final shapes
of the nanostructures are determined by the balance of them.
It is evident that the growth of quantum nanostructures on AlGaAs or GaAs substrate must
consider not only the As diffusion in the droplet, but also the Ga migration induced by the
As-stabilized surface and the substrate temperature. Changing As flux and substrate tem-
perature is possible to set a length for the gallium diffusion that will result in a larger radius
for the GaAs nanocrystals.

2.1.3 Dots, rings and double rings

The third key article was written by Mano et al. [26] and showed the possibility to fabricate
GaAs concentric quantum double rings structures by dropletepitaxy. In this work 3.75
monolayers of Ga were deposited at 300◦C on AlGaAs surface to obtain droplets with a
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Figure 2.6: Cross section profiles along〈011〉 direction and Atomic Force Microscope
images of Ga droplets (a) GaAs single rings (b) and GaAs concentric double rings (c).

density of2×109 cm−2. Irradiating the substrate kept at 200◦C with an As4 flux of 8×10−6

is possible to fabricate ring-like nanostructures, with a flux of 2 × 10−6 double concentric
quantum ring structures were obtained (figure 2.6). Comparing the cross sectional profiles
of the droplets and of the single ring structures along the[011] direction, was observed
that the lateral size of the ring (red-dotted lines in figure 2.6) was almost identical to that
of the original Ga droplet. This suggested that a more effective crystallization occurs at
the droplet boundaries where the Ga atoms react with the incoming As atoms. A further
decrease in As flux intensity reduced the mean height of nanocrystals and gave raise to
another ring, forming a concentric double-ring structure.The inner ring diameter was
almost identical to that of the single ring seen previously;the outer ring was formed outside
the first ring. This fact indicated the migration of Ga atoms away from the droplet. In
the crystallization stage Ga atoms were mainly within the droplets and As atoms were
densely dispersed on the surface far from the droplet. This concentration gradient started
a migration of Ga from the droplet. The interpretation was supported by the fact that the
outer ring diameter increased with decreasing As flux intensity, whereas that of the inner
ring remained almost unchanged.

2.1.4 Shape control and role of surface reconstrution

To fully understand the formation of the outer ring outlinedin the previous section, is
necessary to refer to the last key paper, written by Somaschini et al. [27]. The article
proposes an interpretation for the formation mechanism of quantum nanostructures grown
by droplet epitaxy and presents the fabrication of multipleconcentric nanorings. On the
Al 0.3Ga0.7As barrier layer kept at 350◦C with ac(4×4)β surface reconstruction 10 mono-
layers of gallium were deposited. A first As4 irradiation was performed for 20 seconds at
a substrate temperature of 250◦C with a flux of8×10−7 torr. A second As4 irradiation on
the same sample was performed with the same flux for 20 min at a substrate temperature of
300◦C. To determine the growth dynamics of the resulting nanostructures, morphological
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Figure 2.7: AFM images of as-grown samples S1, S2, and S3 (left panels), etched samples
S1-E, S2-E, and S3-E (center panels), and corresponding line profiles taken along[011]
direction (right panels). From ref.[27].

characterizations via ex situ AFM measurements were performed just after Ga deposition
(S1), after the first arsenization (S2) and after the second arsenization (S3). Because after
step S1 and S2 a certain amount of unreacted Ga was present on the surface, pieces of
samples S1, S2 and S3 were selectively etched for pure metallic Ga and the etched sam-
ples were named S1-E, S2-E, and S3-E, respectively. In figure2.7, the AFM images and
the typical line profiles of the six samples are reported. After the 10 MLs Ga supply at 350
◦C (sample S1), nearly hemispherical Ga droplets were formedwith an average diameter
of around 80 nm, height around 35 nm, and a density of around8 × 108 cm−2. Only after
the etching treatment (sample S1-E) it was possible to identify the presence of a GaAs
ring structure under the original droplet coming from the crystallization at the droplet’s
edge. After the first arsenization step (sample S2) the formation of a complex structure
composed by a central dome with the same radius of the initialGa droplet, surrounded by
a shallow ring of about 140 nm diameter was observed. The etching procedure revealed
that the short time supply of As did not completely crystallize the Ga atoms in the droplet.
The AFM analysis of the etched sample (S2-E) clearly showed that the central dome was
made by metallic Ga. The exposed GaAs surface of sample S2-E showed the formation
of a double ring structure, whose inner ring was hidden inside the liquid Ga. The final
As supply (sample S3) completely crystallized the Ga atoms by forming the outermost
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third ring structure with a diameter of around 210 nm. At thispoint, a complete GaAs
triple concentric nanoring structures was obtained. Afteretching (sample S3-E), no evi-
dent change was found on the morphology of the surface, thus showing that no unreacted
Ga was present. It is clear that the internal and external rings did not shared the same ori-
gin. While the two external rings were formed during the two arsenization steps, the inner
ring was already formed after the Ga droplet deposition, when no intentional As flux was
supplied to the sample. This can be explained by observing that during and after the Ga
deposition As atoms coming from the substrate are dissolvedinto the liquid Ga. This gave
raise to a gradient in As concentration inside the droplets,resulting in a gradient of the sur-
face tension that caused an internal convection flux. This mechanism was responsible for
the transportation of the As atoms to the edge of the droplet,resulting in the formation of
the GaAs inner ring at the droplet’s edge. This mechanism wasconfirmed by the increase
of the inner ring height after one hour inside the growth chamber without any arsenization
step.
The formation of the two outer rings was explained in terms ofbalance between the Ga
migration from the droplet and As flux. To understand such mechanism, the role of sur-

Figure 2.8: Specular beam intensity change as a function of time (a) during the 20 s As
supply of8 × 10−7 Torr at 250◦ C and (b) during the As supply of the same intensity at
300◦ C. From [27].
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Figure 2.9: Schematic explanation for the formation of outer rings structures. Ga droplets
on the Ga-rich(4× 6) surface reconstruction (a). Ga atoms from the droplets can migrate
covering a mean displacement area of∼ Dτ on (2 × 4) surface reconstruction appeared
during As supply (b). Away from the droplet the surface turnsto the As-rich c(4×4). The
border of this area act as a pinning site for the migration of the Ga atoms (c). From [27].

face reconstruction is of the utmost importance. The RHEED pattern changed to a(4× 6)
surface reconstruction just after 1.7 MLs supply of Ga. During arsenization steps the
surface reconstruction changed from the Ga-rich(4 × 6) to As-stabilized(2 × 4) and fi-
nally to As-rich c(4 × 4) surface reconstruction. Figure 2.8 shows the intensity change of
specular-beams in RHEED, during the two arsenization steps. In both steps, the specular-
beam intensities increased first, showing the maximum aftertwo seconds of As irradiation,
when the formation of(2 × 4) surface reconstruction was observed, then decreased to the
minimum after further three seconds supply of the As flux, corresponding to the initiation
of the c(4 × 4) reconstruction. The final increase in intensities was related to the estab-
lishment of an ordered c(4 × 4) surface reconstruction. The mechanism proposed in [27]
for the growth is reported in figure 2.9. Just after the irradiation of the first 1.7 MLs of
Ga the surface reconstruction changed from c(4 × 4) to (4 × 6) and the Ga droplets were
formed with the 8.3 MLs of Ga supplied. On both As irradiationsteps, an As-stabilized
(2 × 4) surface reconstruction started to raise and some Ga atoms started to migrate from
the droplet forming a monolayer of GaAs on a circular area∼ Dτ , where D is the surface
diffusion coefficient of Ga atoms andτ the average time interval between arrival and ad-
sorption of As atoms at a specific site. In the meantime, on thesurface not affected by Ga
migration, As adsorption caused a reconstruction change toc(4×4). The formation of the
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Figure 2.10: Photoluminescence spectra of QDs with different size, 11nm× 16nm× 6
nm (a) and 17nm× 24nm× 10 nm (b). From [24].

external rings was explained by Ga atoms diffusing on(2 × 4) surface and crystallized by
the As excess at the boundary of the c(4 × 4) area.

2.2 Photoluminescence of quantum dots grown by droplet
epitaxy

The opportunity to fabricate thin layers or nanostructureswith a low band gap material in
a matrix of a material with high band gap using the molecular beam epitaxy, opens the
possibility to control the confinement potential of electrons and holes thus determining
the optical and electronic properties of the system [28, 17]. In the GaAs/AlGaAs system
(GaAs has a band gap at low temperature of about 1.52 eV, Al0.3Ga0.7As of about 1.97 eV)
the carriers are confined in the spatial region with lower energy gap by potential barrier
corresponding to the half of the band mismatch between the two materials. In a GaAs
quantum dot this confinement exists in all the three spatial directions, and the motion of a
carrier resembles the one of a particle in a box described by quantum mechanics.
An effective way to investigate the electronic properties of the quantum nanostructures and
the quality of the epitaxial layers is the photoluminescence. Photoluminescence (PL) is a
technique in which photons with energy greater than the energy gap of the barrier layer
are sent onto the sample surface. Depending on the absorption coefficient of the material,
part of the radiation is absorbed and electron-hole pairs are formed. After carrier diffu-
sion and intra-band thermal transitions, the pairs are recombined through radiative and
non-radiative inter-band recombination. Collecting the signal is possible to investigate the
electronic properties of the quantum nanostructures and the quality of the epitaxial layers
grown inside the sample. Depending on the size of the excitation spot on the sample, we
have macro-PL (several hundredµm2 and signal coming from a large number of nanos-
tructures) or micro-PL (signal coming from only one or few nanostructures).

An example of macro-PL measurements at low temperature (20 K) of GaAs quantum
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nanostructures inside an AlGaAs buffer layer is reported infigure 2.10. The spectral range
was delimited by the double peak at∼ 1.96 and∼ 1.94 eV, related to Al0.3Ga0.7As buffer
(bound exciton and donor-acceptor respectively [29]), andthe double peak at∼ 1.51 and
∼ 1.49 related to GaAs layer (again, bound exciton and donor-acceptor respectively [29]).
The full width half maxima of the bound exciton peaks are indicators for the quality of the
layers. Few meV means good layer quality. The peaks appearedat 1.76 eV (left panel in
figure 2.10) and 1.61 eV (right panel in figure 2.10) were due toradiative recombination
from the GaAs quantum dots. The different size of the dots on the two samples leaded to
a different emission energy. In first approximation this canbe understood from quantum
mechanics considering the carriers in a dot as particles in aspherically symmetric poten-
tial. The calculated eigenvalues for the energy levels are discrete and∝ r−2 where r is
the radius of the nanostructure. As expected the PL signal from smaller nanostructures
appeared at higher energy than the energy of bigger nanostructures. The full width half
maxima of the PL emissions was related to size dispersion of the dots and eventually to the
presence of emission from the excited states. Finally, the emission intensity from the dots
was poor if compared to the one from the barrier. This means that radiative recombination
from the nanostructures was not efficient.
To improve the emission from the GaAs quantum dots a post-growth annealing (PGA) was
introduced [30]. The results for a PGA of 60 minutes in As4 atmosphere with temperatures
between 520 and 760◦C was an enhancement in photoemission and a shift in the emission
peak toward higher energy. As explained in detail in [31, 32], the two effects arose from
the interdiffusion of group III atoms and the improvement inthe quality of barrier material.
The diffusion length of Al is thermally activated and proportional to annealing tempera-
ture. Sanguinetti et al. [31] took into account the effect ofinterdiffusion by considering
isotropic diffusion of Al and Ga atoms with a diffusion coefficient independent of the Al
concentration. Under this approximation the Al concentration X in the quantum dot varies
as [33]

X(~r) = [8πl(T )]−3/2

∫

X0(~r1)exp

[

(~r − ~r1)
2

4l2(T )

]

d~r1 (2.1)

whereX0(~r) is the initial Al fraction, l(T ) is the temperature-dependent interdiffusion
length at the GaAs/AlGaAs interfaces. Following this model, Al atoms diffused inside the
GaAs dots reducing their size and smoothing the Al composition of the interface as shown
in 2.11. The smaller size of the GaAs nanostructures leads tothe observed blue shift in the
emission wavelength.
The second effect is the recovery of the crystalline qualityof the quantum nanostructures
and of the barrier material. The low temperature set for the arsenization of the quantum
dots and the low temperature during the growth of part of the AlGaAs barrier, was expected
to introduce several defects in the crystal lattice. The annealing process was known to
enhances the quality of the interface between the dots and the barrier, removing defects
and thus improving the photoluminescence signal from the dots.

2.2.1 Calculation of electronic states in nanocrystals

To calculate the energy of the electronic levels in a quantumdot, quantum mechanics
and the effective mass approximation (EMA) are used. The approximation consists in
summarizing the real band structure inside the semiconductor into the effective mass and
the energy of the carrier. These values are took in the extreme points of the valence or
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Figure 2.11: calculated QD Al concentration profiles at different interdiffusion length: 0
nm (a), 1 nm (b) and 2 nm (c). From [31].

conduction band, where the bands have a parabolic shape. If we consider the Schrödinger
equation for a perfect crystal in a 1D system

Hperφn,k(x) = ǫn,kφn,k(x) (2.2)

the solutionsφn,k(x) are the Bloch functions. If a perturbationVp such as a dopant atom
or a quantum dot is added to the perfect crystal, the hamiltonian that describes the system
is modified as follow

[Hper + Vp] Ψ(x) = EΨ(x) (2.3)

The perturbation theory states that the solutions for the perturbed system can be built from
the unperturbed ones as follows

Ψ(x) =
∑

n

∫ π/a

−π/a

χn(k)φn,k(x)
dk

2π
(2.4)

The solution can be simplified by some assumptions. The first is that only the electrons
in the minimum of the conduction band and holes in the maximumof valence band have
a role in the building of the wave function associated to the system. The second that the
perturbationVp is varying slowly in space. With these assumptions the wave function
solution for the perturbed system can be written as the Blochfunction in the minimum of
the band multiplied by an envelope function that gives the correction for the perturbation

Ψ(x) = φn,0(x)χ(x) (2.5)

Using the envelope functions in the Schrödinger equation and the assumption about the
parabolic bands, we obtain the energy values

ǫn(k) = Ec −
h̄k2

2m0me

(2.6)
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The overall 3D Schrödinger equation for the perturbed system is then
[

− h̄k2

2m0me
∇2 + Vp(R)

]

χ(R) = Eχ(R) (2.7)

What we obtain is an equation similar to one that describes a free electron with a pertur-
bation potential. The only difference is that the effectivemass is considered.
One of the simplest solution for this system can be calculated if we consider a spherical
potential and a infinite height barrier between the materialinside and outside the dot. For
this system the eigenvalues are

En =
πh̄2

2meR2
n2 (2.8)

From this equation is clear that the energy levels are discrete and that the eigenvalues have
a larger values for smaller nanostructures.
In this work of thesis the calculations to obtain the energy for the levels were performed
using the Schrödinger equation and the effective mass approximation following the method
outlined in Marzin and Bastard [34]. The approach is to consider a nanostructure described
by a heightZc and a radius R with a cylindrical symmetry. The wavefunctions must vanish
on the surface of the nanostructure. The solutions for the one particle hamiltonian

He(h) = Ez
ce(h) + Er,θ

ce(h) + Ve(h)(z, r) (2.9)

where

Ez
ce(h) = − h̄2

2

(

∂

∂z

1

mz
e(h)(z, r)

∂

∂z

)

(2.10)

Er,θ
ce(h) = − h̄2
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1
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∂
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∂
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+

1

mr
e(h)(z, r)

1

r2

∂2

∂θ2

)

(2.11)

and the potentialVe(z, r) is built with the Heavyside function to fit the shape of the dot
radially and in height. The termsmz

e(h)(z, r) andmr
e(h)(z, r) are the electron (hole) effec-

tive mass for the motion along z or along its perpendicular plane. The solutions that fulfil
equation (2.9) and the boundary conditions can be decomposed on the basis formed by
products of Bessel functions of integer order n by sine functions of z

χn(r, z, θ) =
∑

i>0,j>0

An
i,jξ

n
i,j (2.12)

ξn
i,j(r, z, θ) = βn

i Jn(kn
i r)einθsin(Kjz) (2.13)

wherekn
i R is the i-th zero of the Bessel function of integer orderJn(x), Kj = 2jπ/Zc,

and whereβn
i is a normalization factor. Each value of n yields a family of solutions. The

matrix elements are given by
〈ξn

i,j | Ez
ce(h) | ξn

i,j〉 (2.14)

and
〈ξn

i,j | Er
ce(h) | ξn

i,j〉 (2.15)

The parameter used in the calculations are reported in table2.2.1.
Calculations performed with the outlined method for the GaAs quantum dots grown by

droplet epitaxy gives results in good agreement with experimental data. In ref. [31] the
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Band mismatch (eV) mGaAs
r,z mAlGaAs

r,z

Electrons -0.262 0.067m0 0.093m0

Holes -0.195 0.51m0 0.57m0

Table 2.1: Parameters

quantum dots were approximated by cone with values for the height and the base obtained
by scanning electron microscope images. Taking into account the change in the profile of
the dot induced by the annealing procedure, the calculated ground state transition for a dot
was 1.61 eV, with ground-to-excited states energy separation of 70 meV, in nice agreement
with the macro-PL results of 1.63 eV for the ground state emission and 70 meV ground-
to-excited state separation.
In ref. [35] Kuroda et al. performed the same calculations for single and quantum double

Figure 2.12: far-field emission spectra of the sample with quantum rings (a) and quantum
double rings (b) at 5 K with excitation density of 50 mW/cm2 (left column). Emission
spectra for quantum rings (c) and quantum double rings (d). The respective excitation
densities were, from bottom to top, 1, 10, and 30 W/cm2. Spectra are normalized to their
maxima and offset for clarity. From [35].

ring structures, presenting PL measurement for broad area and for single nanostructures.
Left column of figure 2.12 shows macro-PL spectra of quantum rings (a) and quantum
double rings (b). For spectrum (a) the broad emission band at1.544 eV was attributed
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Figure 2.13: series of optical transition energies in quantum rings obtained by the calcula-
tion. The micro-PL spectrum of quantum ring at 15 W/cm2 is shown in the inset (a). The
energies of optical transitions in quantum double ring withthe micro-PL spectrum at 10
W/cm2 is reported in inset (b). From [35].

to recombination of an electron and a hole confined in GaAs quantum rings. The line
broadening (28 meV) was caused by the size distribution of the rings. Several emission
components ranging from 1.7 eV to 1.95 eV were assigned to thepresence of impurities
and imperfections in the AlGaAs barrier. For spectrum (b) the emission band at 1.628 eV
was originated from recombination of the ensemble of quantum double rings. The full
width half maximum was 49 meV. The difference in PL energy of double rings compared
to that of rings was attributed to the smaller height of double rings. Smaller height induced
stronger confinement along the growth direction than in the lateral in-plane direction thus
enhancing the confinement energy and causing a blue shift in the PL spectrum. Micro-PL
measurements on single quantum ring structure are shown in inset (c). The emission line
appeared at 1.569 eV and was attributed to recombination of an electron and a hole, both
occupying the ground state of the ring. Increasing excitation intensity a new emission line,
indicated by an arrow in figure, emerged at 1.582 eV. Further increase in excitation density
caused saturation in the intensity of the original line along with a nonlinear increase in the
new line. The satellite line was attributed to electron-hole recombination from an excited
level of the ring. The presence of multiple carriers inside aring also modified the energy
levels by the Coulomb interaction among carriers so that forhigh excitation the ground-
state emission was shifted to lower energy. Incoherent collision process among carriers
caused also spectral broadening. Similarly to quantum rings, the micro-PL spectra of
quantum double rings consisted of a main peak and a satelliteone at the high energy side
of the main peak. The former was associated with recombination of carriers in the ground
state, the latter from the excited states. The satellite peak is present also at the lowest
excitation. At high excitation several additional lines are superimposed on the spectra and
were attributed to the presence of fine energy structures.
The calculation performed on transition energies for single-carrier levels of quantum rings
and quantum double rings are shown in figure 2.13 panel (a) and(b) respectively. Because
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the system has cylindrical symmetry, each level is specifiedby the principal quantum
number N and the azimuthal quantum number L corresponding tothe angular momentum.
Two levels with±L are degenerated at zero magnetic field. Calculations showed that
for quantum double rings the electron of N=1 is confined mainly in the outer ring, the
electron of N=2 is in the inner ring, and that of N=3 is situated in both rings. Dominant
contributions to the optical transition occur from the recombination of electrons and holes
characterized by the same quantum numbers. The optical transitions connecting electrons
and holes with different quantum numbers have oscillator strengths at least one order of
magnitude lower than that connecting electron and holes with the same quantum numbers.
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Chapter 3

Heteroepitaxy of GaAs on Silicon

3.1 Crystal structure and surface reconstruction of GaAs,
Si and Ge

Silicon and Germanium are group IV elements and are important semiconductor materials,
widely used in electronic device fabrication. They have a diamond lattice that is composed
of two interpenetrating face centred cubic (FCC) lattices,one displaced from the other by
1/4 of a lattice constant in each direction. Each site is tetrahedrally coordinated with four
other sites in the other sublattice. GaAs is a III-V semiconductor with a zinc-blende lattice,
similar to the diamond structure but with the two FCC sublattices of different atoms. On
semiconductor surfaces the position of the atoms and the surface atomic structure usually
does not agree with that of the bulk. In semiconductors the distortion of the bulk-like atom
configuration due to the existence of a surface, leads to the breakage of several tetrahedral
bonds. Several rearrangements of surface atoms are possible. A compression of the top-
most or of top few interlayer separations is called relaxation, the change in the periodicity
parallel to the surface is called reconstruction. Usually surface reconstruction saturate free
dangling bonds by forming new bonds, thus decreasing the surface free energy [7]. The
new arrangement for the few topmost layers could be usually described by a 2D Bravais
lattice.
For GaAs(001) it has been reported that a rich variety of reconstructions are formed de-
pending on surface stoichiometries. The surface reconstructions range from the most As-
rich c(4×4), through(2×4), (6×6), andc(8×2), to the most Ga-rich(4×6) phases. Here
the surface reconstructions observed during this work of thesis are described. The As-rich
(2 × 4) reconstruction usually is present during the MBE growth andfor this reason has
been extensively studied. Under different conditions of substrate temperature and As flux,
different phases (α, β, γ, α2, β2 andβ3) are known [36]. The structure model for the
β(2 × 4) reconstruction has three As dimers on the topmost layer (this means 6 As atoms
on 8 possible sites and so means an As coverage of 0.75 MLs, seefig. 3.2), theβ2(2 × 4)
and theα(2 × 4) two As dimers, theγ(2 × 4) four As dimers and theβ3(2 × 4) only one
As dimer.
Thec(4×4) reconstruction is usually observed under extremely As-rich MBE conditions,
when the As/Ga flux ratio is increased and/or when the substrate temperature is lowered.
As shown in right panel of figure 3.3, thec(4 × 4)α has on the topmost layer three Ga-As
dimers and 8 As atoms (the 8 As atoms on the boundary are sharedwith the neighboring
cell), and As coverage for this reconstruction is 1 ML. Thec(4 × 4)β (left panel of figure

33
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Figure 3.1: the crystal structure of diamond and zinc-blende

Figure 3.2: structure models for As-rich GaAs(001)-(2×4) surface reconstructions. From
ref. [36]
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Figure 3.3: three As dimer (α) and three Ga-As dimer (β) structure models for As-rich
GaAs(001)-c(4 × 4) surface reconstructions. Red (blue) circles denote As (Ga)atoms.
From ref. [36]

3.3) has 14 As atoms on the topmost layer so that As coverage is1.75 MLs.
Ga-rich surface reconstructions have been less extensively studied as compared with the
As-rich reconstructions. Atomic structures of these reconstructions are still far from being
completely understood. Ga-rich reconstructions are usually obtained by heating the As-
rich reconstructionsc(4 × 4) and(2 × 4) without As flux. The Ga-rich reconstruction we
well encounter in this thesis is the(4× 6). As shown in figure 3.4 this surface reconstruc-
tion has 2 Ga atoms on the topmost layer, so that the Ga coverage is 0.083 MLs.
For Si(100) both theoretical predictions (e.g. [37]) and direct observation (e.g. [38]) show
that the two dangling bonds on the surface from the diamond structure are saturated by
the formation of dimers, which consist of paired surface atoms. The formation of dimers
decreases the number of dangling bonds thus lowering the surface energy. The observed
reconstruction have a2 × 1 periodicity. A typical Si(100) or Ge(100) surface is not per-
fectly flat, but shows several monoatomic or biatomic steps.When a monoatomic step is
present, on the two terraces the dimer direction is tilted by90◦. In 1987 Chadi [39] calcu-
lated the stability of single and double step configuration for the Si(100) surface. Uhrberg
et al. [40] studied the passivation of dual domain2 × 1 Si surface with As flux. After
the deposition of 1 ML of As at400◦ C the surface again showed a two domains2 × 1
reconstruction. Energy minimization calculation showed that a stable reconstruction is
composed by As-As dimers on the surface of Si.

3.2 Heteroepitaxy of GaAs on Si

The first attempts to integrate GaAs on Si were performed in the early 1980s growing a
GaAs film directly on Si by MBE (e.g. [41, 42]). Only by the 1990s all the basic problems
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Figure 3.4: structure model for the GaAs(001)-(4 × 6) surface. From ref. [36]

involved in GaAs epitaxy on Si were identified and reviewed [43]. The first issue is related
to the formation of anti-phase domains, due to the growth of apolar semiconductor on a
non-polar substrate. Because there are no preferential nucleation site for Ga and As on Si,
if the growth of GaAs is started opening simultaneously bothbeam fluxes, different areas
of the Si substrate will be covered by As and Ga, thus resulting in the nucleation of GaAs
with two different orientation of the sublattice rotated of90◦ from one another. Also the
preparation of the substrate with an As or a Ga layer is not a sufficient condition to obtain
an anti-phase domain free sample. As reported in the previous section, it was theoretically
predicted and then confirmed by tunnelling microscopy [37, 38] that on the clean (001)
surface of silicon, monoatomic steps are presents. Si atomson the surface form dimers in
such a way that the dimers on one terrace are perpendicular tothose of the neighboring one
(upper left panel of figure 3.5). Passivating a Si surface with a monolayer of As leads to the
formation of As dimers with perpendicular direction on neighboring steps. This model was
first proposed in 1987 [39] and the structure of the surface ismaintained as the epitaxial
growth proceeds. If neighboring Si terraces consist of As dimers perpendicularly directed
to each other then the GaAs islands that form on the neighboring terraces will be mutually
rotated by90◦ around the vertical axis. As the islands grow and coalesce, the contacting
planes will results in atoms of the same species that give raise to crystal structure defects
known as anti-phase defects. The Ga-Ga and As-As bonds breaks the periodicity of the
lattice and act as centre of scattering for the carriers and center of non-radiative recombi-
nation. The problem was solved by using Si miscut substrates4−6◦ from the (001) plane.
Bringans et al. [44] found that under certain annealing conditions, two-atomic steps form
on the silicon (001) vicinal surface and on these terraces Si-Si dimers have an identical
orientation (fig. 3.5 upper right panel). For this reason, onthe As monolayer deposited
before GaAs starts to grow, arsenic dimers also have an identical orientation and GaAs
crystallites have the same orientation on either of these two Si surfaces.
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Figure 3.5: direction of dimers on Si(100) surface few degree miscut towards [011] with
single steps (a), double steps (b) and with double steps and As passivation (c). From ref.
[44]

Figure 3.6: anti phase boundary (bold dashed line) nucleated in GaAs by a single atomic-
layer step lying on the [001] Si surface. From ref. [45]
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Figure 3.7: the two types of dislocations in zincblende and diamond crystalline semicon-
ductors: type I with Burgers vector parallel to the interface (left panel) and Type II with
Burgers vector inclined at an angle to the interface (right panel). From ref. [48]

The second issue is the formation of dislocations in the GaAslayer grown on Si due to
the lattice mismatch between GaAs and Si. The lattice parameter of GaAs isa = 5.653
Å, for Si is a = 5.431 Å, so that the mismatch is about 4%. This mismatch causes strain
on the lattice of the epilayer and the energy associated withthe strain is proportional to
the thickness of the epilayer. If the thickness of the epilayer is small and below a critical
value, the mismatch is accommodated by elastic deformationof the lattice, i.e. the GaAs
lattice is compressed in the plane of growth and expanded in the plane perpendicular to the
plane of growth. When the epilayers become thick [46, 47], the associated strain energy
is larger than the misfit dislocation energy, then dislocations are generated to relieve strain
energy. Perfect edge dislocations (an extra half-plane of atoms is introduced or removed
mid way through the crystal) enable the release of strain energy while inclined disloca-
tions (tipically 60◦ in the case on GaAs on Si) thread to the surface and degrade thequality
of the epilayer creating non-radiative recombination centers and increasing the impurity
diffusion along the line of dislocation thread. Si can diffuse from the substrate though the
dislocations and causes auto doping in the epilayer [43]. Dislocations are often described
in terms of Burgers vectors. In a perfect crystal is always possible to choose a closed path
defined by a series of displacements of the Bravais lattice. In a crystal with a defect the
same path fails to return to its starting point. The Bravais lattice vector that joins the start-
ing point and the end point is the Burgers vector of the dislocation. The Burgers vector is
not dependent on the path chosen. The misfit accommodated by adislocation is the projec-
tion of its Burgers vector onto the substrate plane. The commonly occurring dislocations
in zincblende and diamond semiconductors can be classified in two different ways [48]:
those whose Burgers vector are parallel to the growth plane (type I dislocations) and others
(type II dislocations, see figure 3.7). Type I dislocations are pure edge type, type II dislo-
cations have their Burgers vector at an angle of 45◦ to the plane of the substrate and 60◦

to the dislocation line. Type II dislocations can easily move up through the GaAs epilayer
and reach the surface. Such a propagation of dislocations from the interface through the
epilayer is called threading. Threading dislocations cause impurity diffusion and degrada-
tion of optical and electrical properties of epilayers.
Another issue related to lattice mismatch is the nucleationmechanism of GaAs on Si.
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From the middle of the 1980s is well known that, in the initialstage of the deposition,
GaAs on Si does not form a layer but give raise to islands [49].In the previous chap-
ter was already outlined the simplified mechanism for the Volmer-Weber growth. In fact,
crystalline material coherently adsorbed on a substrate which has a different lattice pa-
rameter tries minimize the elastic energy accumulated creating misfit dislocations or with
a deformation of the surface called 2D-3D transition [50]. If the misfit is moderate this
deformation leads to alternating hills and valleys while for larger misfit the adsorbed film
splits into clusters. The energetic advantage is that at thetop and on the sides of the is-
lands the adsorbate lattice constant is closer to that of thefree adsorbate. The density and
the size of the island is controlled through adatom diffusion length by the initial substrate
temperature (see e.g. [49, 43]). This is important because the dislocations is most likely
to nucleate in the high-stress regions at the edges of big islands near the island-substrate
interface [51, 52]. The bigger is the island, the higher is the stress on the external edges
and the higher is probability to nucleate a huge number of dislocations. To minimize the
density of threading dislocation, GaAs is deposited on Si initially at low temperature to
obtain small islands, then annealed and only after these steps a normal temperature GaAs
growth (two-step growth) is performed. But also in this casewhen islands coalesce the
rough surface obtained becomes source for defects.
The last issue is the difference in the thermal expansion coefficients, 6.63 × 10−6K−1

for GaAs, and2.3 × 10−6K−1 for Si. This difference promotes the nucleation of a great
amount of dislocations and of thermal cracks in the GaAs film when the substrate is cooled
after the growth or when the sample is heated or cooled.
The formation of anti-phase domains can be easily preventedby using Si substrates with
surface few degree miscut from the singular plane (e.g. [53]). Bringans et al. [44] de-
scribed passivation with As of a Si(100) surface oriented atan angle of 4◦ from [100]
direction toward [011]. Such a surface consists of (100) terraces arranged in a stairway
fashion and the step height is usually one atomic layer so that each successive terrace will
have its Si-Si dimers direction rotated by 90◦ as shown in upper left panel of figure 3.5.
Annealing such substrate at 1030◦C for few minutes is possible to obtain a surface that
has predominantly step height of two atomic layers (upper right panel of figure 3.5). This
is due to the lower energy of a double step compared to the sum of the energy of two single
step in this configuration. Depending on the substrate temperature, As valve opening time
and As flux irradiated, it is possible to obtain a surface coverage mainly composed by As
dimers parallel or perpendicular to the steps, but in both cases the GaAs grown will have
the same orientation and will not give raise to anti-phase boundaries.
Lattice mismatch and difference in thermal expansion coefficient are more serious prob-
lems that can introduce dislocation density as high as109 − 1010 cm−2. The two-step
growth technique, the introduction of thermal cycling or annealing treatment decrease the
dislocation density but do not allow to reach a value useful for the fabrication of high
optical quality nanostructures.

3.3 Heteroepitaxy of GaAs on Si through a Ge layer

A different approach to solve the issues related to lattice mismatch and thermal expansion
coefficients is the fabrication of a buffer layer between Si and GaAs. In the 1980s several
studies were made with Ge buffer layer (e.g. [54]). Germanium has a lattice parameter of
5.66 Å, and a thermal expansion coefficient very close to the ones of GaAs. In the 1990s
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Fitzgerald and al. [55, 56] studied the growth of a graded GeSi buffer layer on Si subtrate.
Because Ge lattice parameter is similar to the one of GaAs, linearly increasing the content
of Ge from 0% up to 100% makes the lattice parameter of the buffer layer suitable for the
deposition of a GaAs epilayer. The threading dislocation density on such kind of samples
was reduced to2 × 106 cm−2. The preparation of a low threading dislocation density film
required slow increase of Ge content (no more than 10% per micron), leading to a large
material and time consumption, wafer bowing and layer cracking because of large epilayer
thickness. Deposition with high substrate temperature reduced growth time but led to very
high roughness on the final Ge surface (up to hundreds of nanometers [56]).

To better understand the possibility to integrate GaAs on Sithrough a Ge virtual sub-

Figure 3.8: left panel: 77 K PL spectrum of a 600 nm thick GaAs film on Ge (dotted
line). A fit to the experimental data is shown as well (dashed line). The solid lines show
the different components of the fit. Right panel: 77 K spectraof three GaAs films with
different thicknesses on Ge substrates (solid lines). The top solid curve is the spectrum of
a 140 nm thick film, the middle curve corresponds to a 300 nm thick film, and the bottom
curve corresponds to a 600 nm thick film. For every structure afit to the experimental data
is shown (dashed curves) as well as the individual gaussian contributions to the fit with
peak positions at 1.04 and 1.17 eV (dotted curves). From ref.[57]

strate, several experiments were performed to test the quality of a GaAs epilayer directly
grown on a Ge substrate. Brammertz at al. [57] studied the quality of GaAs films with
different thickness by low-temperature photoluminescence spectroscopy. Several points
should be remarked. First of all, also on Ge substrates an anti-phase domain free growth
is possible only on miscut substrates. The formation of anti-phase domains on non miscut
substrates was confirmed by Nomarski microscope images and improvement of photolu-
minescence signal of four orders of magnitude from GaAs grown on miscut substrate. For
anti-phase domain free samples, measurements showed a band-to-band structure at an en-
ergy of∼ 1.5 eV (similarly to GaAs grown on GaAs substrate) and a broad inner band
gap structure at an energy of∼ 1.1 eV. For undoped GaAs films with thickness smaller
than 200 nm, the band-to-band structure showed a broadeningwith values of full width
half maximum (FWHM) up to 56 meV, which corresponds to high doped layer (estimated
to 2 × 1018 cm−3). For thick GaAs layers the band to band structure is separated into two
narrow peak due to the split of light-holes and heavy-holes band. This behaviour is related
to the strain introduced in the GaAs film by the mismatch between Ge and GaAs lattice
parameter. The broad inner band gap structure is in general composed of two gaussian
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peaks centred around 1.04 and 1.17 eV and with FWHM of about 160 meV. Figure 3.8
shows these structures for three undoped GaAs films with thickness equal to 140, 300,
and 600 nm with a fit for every structure that show the individual Gaussian contributions
to the structure. The photoluminescence detected is explained with deep trapping states
formed when the GaAs is heavily doped at levels in excess of5× 1018 cm−3. At this high
doping level the GaAs reaches a compensation regime so that additional Ge atoms, instead
of replacing Ga atoms in the GaAs lattice as donors, start to occupy the position of the As
atoms as acceptors. This behaviour was observed in GaAs heavily doped with Si [58, 59].
When the compensation regime is reached, the doping densitystabilizes, because of the
mutual elimination of the effects of Si or Ge atoms replacingGa atoms (SiGa or GeGa)
and Si or Ge atoms occupying the As positions (SiAs or GeAs) in the GaAs lattice. Also if
the exact nature of the deep trapping states is not generallyaccepted, there is a prevailing
consensus that the lower energy peak is related to the SiGa – SiAs complex whereas the
higher energy peak is related to the SiGa – VGa complex, where VGa is a Ga-vacancy site.
The same mechanism is reported in [57] for Ge atoms to attribute the 1.04 and 1.17 eV
peaks.
Sieg et al. [60] grew GaAs on a Ge substrate and by using an initial low temperature
(350◦ C) deposition reduced the diffusion of Ge and thus the concentration of Ge in the
epilayer to less than2× 1015 cm−3. To maintain a high GaAs crystal quality at such a low
growth temperature, deposition by migration enhanced epitaxy was performed [61]. This
technique consists in alternate supplying of Ga and As and allows to grow high quality
GaAs films also at low temperature. Ting et al. [45] studied the formation of a single
domain GaAs film on pure Ge substrates or on SiGe virtual substrates. In particular they
investigated the role of the substrate pre-growth annealing on the formation of a single
domain film and the role of the temperature during the first As irradiation in the sub-lattice
orientation of GaAs film. The condition to obtain a single domain epilayer is an annealing
at T> 600◦ C. This behavior is explained with the energy required for the formation of
double steps on Ge. The subsequent substrate temperature set before As irradiation select
the orientation of As dimers on the surface (parallel or perpendicular to the steps) and then
the orientation of the GaAs sub-lattice.
In the 1990s Fitzgerald and al. [55, 56] studied the growth ofa graded GeSi buffer layer
on Si substrate. Because Ge lattice parameter is similar to the one of GaAs, linearly in-
creasing the content of Ge from 0% up to 100% makes the latticeparameter of the buffer
layer suitable for the deposition of a GaAs epilayer. As already reported, the threading
dislocation density on such kind of epilayer was reduced to2 × 106 cm−2 but at cost of
large material and time consumption, and very high roughness on the final Ge surface.
A different technique for growing graded buffer layers of GeSi on Si substrates is low-

energy plasma-enhanced chemical vapor deposition (LEPECVD) of Si, Ge, and GeSi
[62, 63]. The Chemical Vapor Deposition is a chemical process used to produce thin
films with high-purity. The substrate is exposed to one or more gaseous precursors which
react on the substrate surface to produce the desired epilayer. The Plasma enhancement is
an effective way to increase the growth rates for Si and Ge growth, generating highly reac-
tive neutral radicals and energetic ions which reach the substrate surface greatly enhancing
the adatom surface mobilities and the H-removal rate from the surface. In a LEPECVD
camera (figure 3.9) the discharge gas (Ar) is fed directly into the plasma source where a
Ta filament is heated by a current of typically 120 A. The vacuum is provided by a turbo-
molecular pump connected to the growth chamber by an orifice of ∼ 1 cm in diameter.
The plasma is sustained by applying a voltage of 20-30 V between the grounded chamber
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Figure 3.9: schematics for a Low-Energy Plasma-Enhanced Chemical Vapour Deposition
camera.

walls and the hot filament. A better control is achieved by a magnetic field, induced by a
combination of coils and permanent magnets, by means of which the glowing part of the
plasma can be deflected away from the substrate or fully concentrated onto the substrate.
The reactive gases, SiH4, GeH4 are fed into the chamber by means of a gas dispersal ring
placed 5 cm below the substrate. This technique allows the use of a high growth rate (up
to 10 nm/s) and low growth temperatures (about550◦ C). The density of threading dis-
location in Ge/Si films was lowered to1 × 105 cm−2 [64, 65] and the surface roughness
reduced to few nanometers [66].
By means of LEPECVD, is possible to deposit pure Ge directly on Si surface without any

intermediate SiGe layer. Isella et al. [67, 68] grew 2µm Ge layer on Si, and performing a
post-growth annealing has proved to reduce threading dislocation density [69] to2× 10−7

cm−2 also using few annealing cycles at low temperatures in orderto meet the thermal
budget requirements for back-end CMOS technology [70], howis possible to see in figure
3.10.
Colombo et al. [71, 72] studied the quality and the formationof thermal cracks on a GaAs
layer deposited on a Ge virtual substrate. The thickness of the GaAs epilayer (2.2µm) is
greater than critical thickness (0.24µm) so that the sample was considered fully relaxed at
the growth temperature. The low temperature photoluminescence measurements showed a
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Figure 3.10: threading dislocation density as a function offilm thickness for a series of Ge
layers deposited on Si at 500◦C and then annealed three times between 600 and 780◦C.
Full (open) circles refer to well-oriented (misoriented) layers.

split of the degenerate valence band and a shift toward lowerenergy of the energy gap due
to biaxial strain. The origin of the strain is attributed to the difference in thermal expansion
coefficient of GaAs/Ge with Si substrate during the cooling in the growth chamber. Also
at room temperature images of the GaAs epilayer obtained viaoptical microscope showed
a crack density of4 ± 1 mm−1. After several thermal cycles at low temperature the value
increased to12 ± 1 mm−1. Measurements ofµ-photoluminescence showed that the po-
sition of the main GaAs peak is changing with the distance to the crack. Only near the
intersection between two cracks the structure showed a fully relaxed GaAs peak position.
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Chapter 4

Experimental setup

4.1 The Gen II MBE system

In this work of thesis a Veeco Gen II MBE machine installed in LNESS laboratory in
Como was used. The equipment is composed by three chambers separated by gate valves.
The first is an introduction chamber which is possible to openinside a class 100 flow-box.
Here the substrates are mounted on special molybdenum blocks and loaded on a trolley.
A heater inside the flow-box allows to solder pieces of substrate on molybdenum blocks
using melted indium. A different molybdenum block model allows to mount directly a
3" wafer without using indium. From the introduction chamber is also possible to collect
the samples after the growth. The vacuum in this chamber is provided by a rotative pump
(primary vacuum) and a Leybold Turbovac 361 turbomolecularpump (ultra-high vacuum)
that allows to reach10−9 torr. The pressure inside the chamber is monitored by a Pirani
and a cold cathode gauge measurement system. To prevent the contamination of the others
chambers from the inserted molybdenum blocks and from the wall of the chamber exposed
to atmosphere every time the vacuum is broken, a baking system capable to reach 200◦C
is available to be used after every opening.
The second chamber is a buffer chamber where is possible to keep substrates ready for the
growth in an ultra high vacuum environment. A degas station is available to heat a single
substrate up to 600◦C for thermal treatments or to desorb impurities without introducing
contamination in the main growth chamber. The vacuum in thischamber is provided by
a Varian Triode VacIon ion pump that allows to reach10−10 torr. The pressure inside the
chamber is monitored with a UHV nude Bayard-Alpert gauge connected to a Granville-
Phillips 350 measurement system. It is also possible to monitor the composition of the
atmosphere of this chamber with a mass spectrometer. The trolley with the molyblocks
can be moved from introduction chamber to buffer chamber along a rail and it is possible
to mount the molyblocks on the degas station with a special transfer arms.
The third chamber is the main growth chamber. The vacuum in this chamber is provided

by three different pumps. A cold head connected with a Helix water cooled 8200 compres-
sor is able to reach 10 K and works as a cryogenic pump. A secondsystem is composed
by a titanium sublimation and Varian Triode VacIon ion pumps. The combination of these
pumps allows to reach10−10 Torr. The pressure inside the chamber is monitored with
two different UHV nude Bayard-Alpert gauge connected to a Granville-Phillips 350 mea-
surement system. The first is used to monitor the background pressure, the second can be
rotated in the growth position to measure the equivalent pressure of the atomic or molec-
ular beam incoming from the effusion cells. The beam equivalent pressure can be used to
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Figure 4.1: MBE Gen II in LNESS laboratory in Como.

calculate the number of atoms or molecules impinging on the substrate. The Gen II MBE
system is able to mount up to eight effusion cells arranged radially in front of the substrate
holder. Eurotherm 900 EPC controllers (one for each cell) are connected to effusion cell.
The controller read the temperature of each crucible with a thermocouple and regulates the
voltage and the current necessary to reach and stabilize thetemperature selected for the
crucible with a power supply. Three effusion cells (the onesfor elemental Al, In and Ga)
have two separate heating system and thermocouples to carefully control the temperature
of the source material in the crucible and of the mouth of the cell to avoid accumulation of
material at the mouth of the crucible and to improve the homogeneity of the beam. Other
two cells have single filament and are used to provide dopant (Si or Be) during the growth.
The last cell is a valved cracker cell for As. The valved cell allows to finely tune the As
flux by a needle valve. The Eurotherm 900 EPC temperature control system allows to
set a temperature for the bulk zone, which controls As pressure inside the cell, and the
cracking zone, that select the arrival on the substrate of As2 or As4 molecules. Each cell
is provided with a pneumatic shutter to stop or open suddenlythe flux. The temperature
of the substrate is controlled with a heating system and monitored by a thermocouple also
connected with a Eurotherm 900 EPC controller. A optical pyrometer mounted in front
of the growth position allow to finely control the substrate temperature. It is also possible
to set a rotation speed of the substrate to improve the homogeneity of the deposited film.
Inside the main chamber are present three cryo-shrouds which can be filled with liquid ni-
trogen to improve the vacuum and reduce the contamination ofthe growth films. The main
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chamber is also provided with a Staib reflection high energy electron diffraction (RHEED)
composed by a electron gun with a maximal voltage of 15 keV anda RHEED fluorescent
screen with a CCD camera to acquire the RHEED pattern changesin real time during the
growth.

The growth and the buffer chamber are bakeable up to 200◦C mounting special bake

Figure 4.2: functional block diagram of a Gen II MBE machine.

shields and it is possible to monitor the baking temperaturewith six different thermocou-
ples.
It is possible to monitor the pressure reading in growth and buffer chamber, to monitor
and set the effusion cells temperature, the shutter position, the substrate temperature and
rotation using a special EPI Molly software installed on a Sun SparkStation connected via
serial and GPIB connection to the Gen II machine. The schematics of our Gen II system
is reported in figure 4.2.
The source of errors during the growth procedures are mainlyrelated to substrate tem-
perature, opening time of the shutters and beam equivalent pressure of As. This is critic
especially during the droplet epitaxy procedure, because the density and size of the nanos-
tructures are related to substrate temperature and amount of deposited Ga, while As flux
determines the final shape of the nanostructure. Due to the double control system (ther-
mocouple and pyrometer) is possible to estimate the error onthe substrate temperature
in about±5◦C. The error on Ga amount deposited are related to the shutteroperations
and to the flux calibration. For the first we can estimate an error within 1 second, so that
the variation of Ga deposited during droplet epitaxy growthis around±0.07 ML. For the
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Figure 4.3: schematics of the optical system for the photoluminescence measurements.

calibrated fluxes, the value of the beam equivalent pressurefrom each cell is controlled
every day before the growth, so that the error can only arise from oscillation for long time
operation, and can be estimated in about 5%.

4.2 Photoluminescence measurements

The photoluminescence measurements reported in this work of thesis were collected in
Dipartimento di Scienza dei Materiali of Università di Milano Bicocca. The photolu-
minescence was excited with a neodymium doped yttrium aluminium garnet laser with
λexc = 532 nm (Eexc = 2.33 eV). The maximal power of the laser is 80 mW. The laser
beam was focused with an achromatic doublet with a focal length of 50 mm and strikes
on the sample surface with an angle of 45◦. The photoluminescence emitted isotropically
by the sample, was collected in the normal direction with respect to the sample surface in
order to minimize the laser reflected light. Four spherical mirrors focalised the photolumi-
nescence signal collected (about a fraction of8.8 × 10−4 was collected) to a microscope
and to the entrance slit of a monochromator. The microscope allowed to estimate the size
of the laser spot. Moving the achromatic doublet and using neutral density filter on excita-
tion side was possible to change the spot size and the excitation power density. The error
in the evaluation of the spot size (and so on the exciting power density) can be estimated in
about 10%. On emission side a high-pass filter with nominal cutoff wavelength of 665 nm
was present to remove the laser light diffused by the sample.The monochromator was a
Jarrel-Ash, model 82-025 with focal length 0.5 m, aperture f/8.6 with a diffraction grating
with 150 rules/mm, blaze (maximal efficiency) at 0.8µm and dispersion of 12.8 nm/mm.
The entrance slit was kept at 100µm during the measurements so that the theoretical band-
pass for our system is about 1.3 nm.
The signal obtained was focalised on a Andor CCD camera modeliDus 401. The camera
had a sensor with a matrix of1024 × 128 pixels, each pixel a dimension of26 × 26µm.
The sensor was cooled by a Peltier system to reduce the numberof thermally generated
carriers (thermal noise). The measurement range of the CCD camera was between 300
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and 1050 nm. The selected range for low temperature measurements was 1.36-2.09 eV.
The photoluminescence spectra were acquired in the temperature interval between 13 and
300 K. A cryogenic system Leybold RGD 210 based on Gifford-McMahon cycle was
used. To avoid thermal exchange with the external environment and reach low temper-
ature, a vacuum degree of few10−7 was provided inside the cryostat by a rotative and
a diffusive pump with a cold trap. A thermal screen was mounted around the sample to
prevent thermal irradiation. The pressure inside the cryostat was monitored with Pen-
ning gauge. The temperature of the sample was controlled with a SMC TBT model 220
thermo-regulator and monitored with a silicon diode excited with a10µA current.

4.3 Morphological characterization

Morphological characterization of the samples were performed by an Atomic Force Mi-
croscope (AFM), a Scanning Electron Microscope (SEM) and a Transmission Electron
Microscope (TEM).
The AFM used for the measurements is a Veeco Innova installedin LNESS laboratory
in Como. The microscope is used in tapping mode imaging. Tapping mode imaging is
performed by monitoring the oscillation amplitude and phase of an oscillating cantilever
probe. The probe to sample distance is set so that the probe tip lightly contacts (“taps”) the
sample surface during the cantilever oscillation. As the probe interacts with the surface
of a sample, the oscillation amplitude or phase relation to the exciting signal change in
response to the interaction. The interaction provides the basis for producing an image of
the sample. One advantage of tapping mode AFM is reduction offrictional forces which
exert torque on the cantilever. Unlike traditional contactmode which maintains a constant
cantilever deflection, the tapping mode feedback loop keepsthe cantilever oscillating at
a constant amplitude. The tip on the cantilever is oscillated at a frequency near or at the
cantilever resonance. A laser beam is reflected off a microfabricated cantilever, onto a mir-
ror, then onto a photodiode. As the cantilever vibrates, thelaser spot oscillates across the
photodiode and produces an AC voltage. The signal from the photodiode is rectified, then
lowpass filtered into a DC voltage measuring the RMS Amplitude. The RMS amplitude is
proportional to the amount of cantilever motion. The feedback system compares the RMS
amplitude to the setpoint voltage. The two voltages are keptequal by controlling the am-
plitude of cantilever movement. The sample surface is in close proximity to the cantilever
such that the tip touches the surface only at the lowest pointof its oscillation. The RMS
voltage is reduced to the setpoint voltage by the feedback loop moving the sample nearer
to the tip. The sample reduces the cantilever movement untilthe desired RMS voltage is
reached. The oscillation amplitude of the cantilever is held constant by the piezoelectric
moving the sample in Z as it is simultaneously translated in Xand Y. Engagement in tap-
ping mode requires that the setpoint voltage be smaller thanthe RMS voltage when the
probe to sample distance is large (far from engaged). The tipto sample spacing is reduced
until the RMS amplitude is at the setpoint. For large area scan tips with 10 nm resolution
were used, for high resolution scan 2 nm resolution tips weremounted.
To obtain the images of real surface of the samples is necessary to consider that the shape,
the finite size, and the imperfections of the tip are responsible for nonlinear interaction of
the tip with the sample, producing imperfection in the images [73]. Tip-induced distor-
tions are significant whenever the tip radius is comparable to the typical dimension of the
sample features to be observed. Overcoming this obstacle requires methods of estimating
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Figure 4.4: the scanning electron microscope installed in LNESS laboratory in Como.

the tip geometry and using the estimate to reconstruct the true specimen shape from its
measured image. To obtain the detail of the tip structure, blind estimation algorithm can
be used [74]. Blind tip estimation algorithm is an extensionof the fact that on some sur-
face data we can see images of certain parts of tip directly. The algorithm iterates over all
the surface data and at each point tries to refine each tip point according to steepest slope
in the direction between concrete tip point and tip apex. Theimage of the estimated tip
can be then used for the reconstruction of the real surface. In the AFM images acquired
in this work of thesis were corrected within the program Gwyddion, using the algorithm
reported in [74].
The SEM used for the measurements is a FEI XL 30 FEG installed in LNESS laboratory

in Como. Four main components combine to produce the images from the sample: an
electron gun, a demagnification unit, a scan unit and a detection unit. The electron gun,
which is the source emitter, produces electrons within a small spatial volume with a small
angular spread and a selectable energy. This beam enters thedemagnification unit, con-
sisting of several electromagnetic lenses, and exits to arrive at the specimen surface with
a much smaller diameter than that produced by the gun. Electrons striking the specimen
react with the atoms of the sample surface and produce three types of signals: X-rays,
electrons, and photons. The main detector system picks up the electrons, amplifies them
and converts them into electrical voltage. The scan generator signal, fed to the deflec-
tion system of the column, moves the beam in a raster pattern over the specimen area.
At approximately the same time the monitor for viewing the image is also scanned. The
electrical voltage changes as it rasters, which provides serial information of the specimen
surface. This signal, modulated by the one from the detection system, produces the image.
The images were acquired in planar view to estimate the density and the base size of the
nanostructures and with a small tilting angle (tipically< 10◦) to evaluate the shape and
the height of the nanostructures. The resolution of the instrument is 10 nm.
The TEM images were collected in Istituto dei Materiali per l’Elettronica ed il Magnetismo
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(IMEM) in Parma. To evaluate the relaxation of GaAs islands on Si substrate high resolu-
tion images were collected selecting a diffraction vector to observe the Moiré pattern (i.e.,
an interference pattern created when two grids are overlaidat an angle, or when they have
slightly different mesh sizes). TEM images were also acquired in Energy Filtering mode
(EF-TEM). When the electron beam of the TEM reaches the sample, atoms undergoes
elastic and inelastic scattering. Elastic scattering gives rise to diffraction pattern according
to the Bragg law. Diffraction patterns were acquired to evaluate the crystalline quality of
the samples. The inelastically scattered electrons transfered some of their kinetic energy.
Some atoms of the sample can be ionized with the emission of electrons from all the shells.
Thus, the interaction between electrons and the atoms of thesample produces changes in
electron energy and ionization of the sample. The energy lost by the incident electrons de-
pends on the shell structure of the atom hit. Spectroscopy ofthe energy lost by the primary
beam allows to identify the chemical nature of a sample. By setting a window on a specific
absorption edge on the spectrum it is possible to get maps of that energy edge, i.e. of the
chemical element that has caused that loss of energy. This technique is called Energy Fil-
tering TEM. About the second effect, the equilibrium state of the excited atoms is restored
by the usual process of electrons of the outer shells fallingdown to the inner shells with the
emission of high energy photons (in the x-ray spectral region) which are characteristic of
each atom and that can be used to identify the atoms of a sample. This technique is called
Energy Dispersive Spectroscopy (EDS). Even in this case onecan obtain elemental maps
in the TEM by appropriate windowing of the EDS spectrum. EDS-TEM and EF-TEM are
complementary techniques.
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Chapter 5

Growth of GaAs nanostructures on
Silicon via Germanium Virtual
substrate

The monolithic integration of GaAs nanostructures on Silicon substrates would allow to
fabricate III-V specialized devices directly integrated with the nowadays predominant
CMOS technology. As described is chapter 3, several trials were made to obtain this
result from the beginning of the 1980s. Three main issues were identified: the difference
in lattice parameter and in the thermal expansion coefficient between GaAs and Si, and
the growth of a polar semiconductor on a non-polar substrate. Only the solution for the
last issue is well known in scientific literature, and consists in the growth of GaAs on Si
miscut substrates.
In the last decade two effective techniques for the integration of GaAs on Si were explored
to override the two remaining issues. The first is the introduction of a virtual substrate,
i.e. the growth of a layer able to accommodate the lattice mismatch and the different ther-
mal expansion coefficient. The second is the fabrication of local substrate to minimize
the effect of lattice parameter and thermal expansion coefficient differences on a scale of
few hundred nanometers. For both research lines we will introduce the droplet epitaxy
technique. On virtual substrates to fabricate the optically active GaAs quantum nanostruc-
tures, directly on silicon substrate to fabricate tunable GaAs local substrates. As outlined
in chapter 2, droplet epitaxy is effective in creating GaAs quantum nanostructures with
tunable densities, dimensions, and shapes (e.g. [27]) and is able to maintain a low thermal
budget during the growth, being essentially performed at temperatures below 350◦C.
In this chapter the adoption of a Ge virtual substrate will beanalysed, in the next chapter
the local substrate solution will be explored.
As outlined in chapter 3.3, several experiments demonstrated the efficiency of Ge graded
layers to accommodate the lattice parameter and the different thermal expansion coeffi-
cient between Si and GaAs. In particular the fabrication of a2 µm fully relaxed Ge layer
on miscut Si substrates by LEPECVD technique proposed by Isella et al. [68] has proved
to minimize the three main issues related to GaAs growth on Si, and to solve other three
problems related to the fabrication of Ge graded buffer by CVD technique: the low growth
speed, the high value of rms for the surface roughness and thehigh thermal budget needed
to obtain a high quality Ge layer with low threading dislocation density.
A last issue to be considered for the integration of III-V devices directly on Si-based
CMOS technology, is the compatibility with the low thermal budget required to integrate
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the nanostructures growth with the CMOS technology. Two different strategies can be
adopted. The back-end integration, i.e. when the CMOS circuitry is already realized, or
the front-end integration, i.e. when the devices are patterned in the semiconductor but
not the metal interconnect layer is created. Keeping the structure at high temperature for
long time deteriorates the interconnect layer and reduces the transistor performances. The
adoption of thin Ge layer grown by LEPECVD as virtual substrate and of droplet epitaxy
technique for the fabrication of GaAs quantum nanostructures allowed us to obtain high
quality and high optical efficiency GaAs quantum nanostructures using a thermal budget
suitable for the integration with CMOS technology.

5.1 Substrates preparation

5.1.1 Ge Virtual Substrate

The Ge virtual substrates were grown on Si 3" wafer. To prevent anti-phase domain for-
mation in gallium arsenide epilayer, as explained in section 3.2, the orientation of the
wafer was (001) miscut6◦ toward[110] direction. The substrates underwent a RCA clean-
ing procedure in clean room environment to remove organic contaminants from the wafer
surface. Just before the growth the oxide layer on the Si surface was stripped by a 1:10
solution of hydroflouric acid and deionized water to obtain an hydrogen-terminated sur-
face. The wafer was then loaded in the growth chamber of a LEPECVD system were a
2µm Ge layer was deposited at 500◦C. Just after the growth the sample underwent to six
in situ ultra-high vacuum thermal annealing cycles between600 and 780◦C to reduce the
threading dislocation density to∼ 2 × 107 cm−2. In figure 5.1 the threading dislocation
density is reported as a function of film thickness for a series of Ge layers deposited on
Si at 500◦C and then annealed three times between 600 and 780◦C. Full circles refer to
well-oriented layers, the open circles to misoriented ones.

5.1.2 Growth of Anti-Phase Domain free GaAs

The substrate was then removed from the LEPECVD growth chamber, inserted in a molyb-
denum 3" adapter and then loaded inside the Gen II MBE system. After a degas at 300
◦C in buffer chamber, the substrate was loaded in the growth chamber. The substrate tem-
perature was increased up to 650◦C to desorb the oxide layer formed during the transfer
in atmosphere and to allow the transition from single to double steps on Ge surface. The
formation of double steps was verified by the RHEED pattern. In the RHEED pattern re-
ported in figure 5.2 the distance corresponding to2π/a is 41 pixels,2π/W is 8 pixels so
that the ratioa/W = 8/41. The step height d can bea/2 for double step ora/4 for single
step, the angleα is about 6◦ from the wafer specifications. From the relationd = W sin α,
and estimating an error of 1 pixel on each measurement, the resulting angle we obtain is
α = arcsin[(1/2)(a/W )] so thatα ∼ 5.6 ± 0.7◦ in good agreement with the wafer speci-
fication. If the surface presented single steps the result should have beenα ∼ 2.8 ± 0.4◦.

Substrate temperature was then reduced to 580◦C, As flux opened to obtain a beam
equivalent pressure of5 × 10−6 torr to passivate the Ge surface with As dimers. After
few seconds the Ga shutter was opened and GaAs deposition started. Figure 5.3 shows the
RHEED pattern along[110] and[110] directions of the Ge surface before passivation (left
column), few seconds after starting GaAs deposition and after the growth of about 50 nm
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Figure 5.1: threading dislocation density as a function of film thickness for a series of Ge
layers deposited on Si at 500◦C and then annealed three times between 600 and 780◦C.
Full (open) circles refer to well-oriented (misoriented) layers.

of GaAs (right column). The surface reconstruction at this point is clearly a(2 × 4), so
that we can assert that the growth is almost anti-phase domain free. The confirmation of
double step formation and the formation af a(2 × 4) surface reconstruction are of utter
importance, because they allow to ensure the quality of the GaAs epilayer in real time
during the growth.

5.2 Quantum dots formation

The formation of a GaAs buffer layer without anti-phase domains is only the first step to
obtain GaAs quantum nanostructures integrated on silicon substrate. The formation of a
anti-phase domain free GaAs buffer layer on the Ge virtual substrate gives the opportunity
to continue the growth exactly as on GaAs substrate with the difference of surface miscut
angle and presence of threading dislocations. The fabrication of GaAs quantum nanos-
tructures by droplet epitaxy following the same recipes described in chapter 2 (e.g. [24])
needed to be verified. Also referring to the discussion in chapter 3, several aspects needed
to be confirmed: the optical quality of the GaAs layer, the presence of Ge atoms inside the
GaAs layer, the possibility to nucleate Ga droplets and GaAsquantum nanostructures on
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Figure 5.2: schematics of vicinal surface with relevant dimensions (a). Reconstruction of
the reciprocal lattice of vicinal surface. The shaded regions represent a single terrace (b).
RHEED pattern of Ge buffer surface 6◦ miscut (c).

the top of the Al0.3Ga0.7As barrier layer also on modified conditions of miscut surface. A
set of three samples was prepared for this purpose. On the first Ge virtual substrate a GaAs
buffer layer of1µm was deposited with a rate of about0.65µm/h at a substrate tempera-
ture of 580◦C, then an Al0.3Ga0.7As barrier layer of 150 nm thickness was fabricated. The
substrate temperature was decreased to 200◦C and the As valve closed. Surface recon-
struction changed from(2×4) to c(4×4). After temperature stabilization, 3.75 monolayers
of Ga were deposited. Substrate temperature was reduced to 150 ◦C and then an As4 flux
with a beam equivalent pressure of5× 10−5 torr was irradiated for 5 minutes. The sample
(A1) was analysed with atomic force microscope, and showed (left panel of figure 5.4)
the formation of GaAs nanocrystals on the AlGaAs surface with a density of9.1 × 109

dots/cm2 with a mean base size of44 ± 6 nm and a mean height of9 ± 2 nm. The profile
along[110] direction is largely compatible with{113} family facets (right panel of figure
5.4) while along[110] direction slope is not so clear. The formation of clear surfaces along
[110] direction is favoured by the geometry of the GaAs lattice, asreported in [21] (see
figure 2.3), so that the As absorption sites on(111) surface are more stable than on(111)
surface. For this reason As atoms on the(111) surface easily dissolves and the surface is
less regular. It is also interesting to see that the size and density of GaAs quantum dots is
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Figure 5.3: RHEED pattern along[110] direction (upper row) and[110] direction (lower
row) of the Ge virtual substrate surface (left column), after opening As and Ga cell shutters
(central column) and after few minutes of GaAs growth (rightcolumn).

not constant across the surface of the sample, being smallerand with higher density in the
substrate valleys. Qualitatively, this behaviour can be explained with the interaction of the
gallium droplets with surface steps. In fact, surface stepsare preferential nucleation sites
for gallium droplets, as shown by Mano et al. [75] on GaAs(110) substrates.
The second sample (A2) was prepared for photoluminescence measurements exactly with
the same recipe of sample A1 but the quantum dots were coveredwith an Al0.3Ga0.7As
barrier layer grown partly (∼ 30 nm) by Migration Enhanced Epitaxy at 300◦C and partly
(∼ 120 nm) at 580◦C by MBE. Before removing the sample from the growth chamber,
a 30 minutes annealing at 700◦C was performed in As4 flux. Photoluminescence spectra
were measured at 14 K with different excitation power densities. The spectrum of A2
sample showed an intense emission peak at 1.78 eV and is reported in figure 5.5. The
photoluminescence band fell in an energy range which was compatible with the emission
from GaAs quantum dots grown by droplet epitaxy [31]. In order to attribute this line,
electronic structure calculations within the effective mass approximation were performed
following the method outlined in chapter 2. In these calculations, the potential for quan-
tum confinement was derived by imposing a cylindrical symmetry to a typical quantum dot
profile measured with AFM. The good agreement between the value of 1.78 eV obtained
in the PL measurements and the predicted ground state energyEGS = 1.75 eV (inside the
broadening due to the quantum dot size dispersion) allowed us to attribute such band to
the ensemble emission from quantum dots. The peak observed at 1.94 eV was attributed
to radiative recombination inside the AlGaAs barrier, the peaks at 1.49 and 1.45 eV to C
and Ge contaminants inside the GaAs layer.
To better understand the origin of the two shoulders around the main peak at 1.78 eV, a
third sample (A3) was prepared as a blank following the same recipe of sample A2, but
without the deposition of Ga droplets. In this way the samplehad exactly the same matrix
of the sample A2 but without the GaAs quantum dots. The comparison between samples
A2 and A3 showed different common features. The measurements of the two samples
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Figure 5.4: AFM image of GaAs quantum dots on sample A1 (left panel). The density is
9.1 × 109 dots/cm2 and the profile along[110] direction is mostly compatible with{113}
facets (dashed red line in right panel).

reported in figure 5.6 were took at the same temperature with similar condition of excita-
tion power density. The GaAs related peaks around 1.5 eV showed the same shape and
intensity. The Al0.3Ga0.7As related peak around 1.9 eV was more intense in the blank
sample A3 and was split between bound exciton and donor-acceptor lines. The small shift
observed was attributed to small compositional differencein Al content. At 1.86 and 1.69
eV satellite peaks were present in both spectra. The 1.78 eV band in sample A2, related to
GaAs quantum dots, is much stronger than any other band observed in the two samples and
is present only in the sample A2. Anyway the blank sample A3 showed radiative recom-
bination from states deep inside the Al0.3Ga0.7As band gap at 1.81 and 1.76 eV. Probably
these bands are present also in the A2 sample but overwhelmedby the signal from the
GaAs quantum nanostructures.
From the data presented emerges clearly the possibility to fabricate optically active GaAs
quantum nanostructures on silicon substrate through a Ge layer. The signal from the dots
is at least one order of magnitude stronger than the signals coming from other radiative
recombinations. But it is also clear that the region between1.7 and 1.9 eV is not a good
choice for the emission of the nanostructures, due to the presence of several radiative re-
combination levels inside the Al0.3Ga0.7As band gap. As already explained in section 3.3,
a strong contamination of Ge is expected, and this gives raise to radiative recombination
from the impurities in GaAs and AlGaAs layers. The comparison with scientific litera-
ture results [29, 76], reports an acceptor binding energy ofabout 25 meV and 80 meV
for carbon and germanium respectively in Al0.3Ga0.7As. For GaAs epilayers grown on Ge
substrate Brammertz et al. [57] attributed some deep level (∼ 300 meV below the gap)
to complex defects involving Ge impurities. High density ofGe atoms in GaAs (density
> 1018 atoms/cm2) creates the so called “compensation regime” in which part of the Ge
atoms, not only replace Ga atoms in the GaAs lattice as donors(GeGa), but also start to
occupy the position of the As atoms as acceptors (GeAs). The behaviour is similar to the
one known for Si in GaAs and in the scientific literature does exist a prevailing consen-
sus about the attribution of two strong PL peaks to the complex of two Ge atoms acting
as donor and acceptor and to the GeGa – VGa complex, where VGa is a Ga-vacancy site.
Considering these data, it is possible to attribute the right shoulder in spectra of samples
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Figure 5.5: In left panel PL measurements at low temperaturefor A2 sample. Excitation
power density is 1 W/cm2. In right panel intensity of the peak for different excitation
density.

Figure 5.6: PL measurements at low temperature for the A2 sample (black line) and blank
sample A3 (red line) grown on Ge virtual substrate. Linear (left panel) and logarithmic
(right panel) are reported. Excitation power density is 10 W/cm2.

A2 and A3 to C acceptor and the peak in spectrum of sample A2 to Ge acceptor. The
shoulder at about 1.7 eV can be attributed to deep states due to Ge complexes. We will
test these assumptions in the proceeding, with the spectra of other samples.

5.3 Reduction of Ge diffusion

Some experiments were performed to test the possibility to reduce the radiative recombi-
nation from defect states in the Al0.3Ga0.7As barrier. To obtain such a result, a stopping
layer to limit the diffusion of Ge atoms inside GaAs was deposited between the Ge sub-
strate and the GaAs buffer layer.
Scientific literature reports the possibility to create interfacial layers between Ge and GaAs
to reduce the diffusion of Ge atoms inside GaAs epilayer. In the experiment performed
by Chia et al. [77] the fabrication of different AlAs layer with thickness up to 30 nm,
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limited diffusion of Ge atoms in a GaAs/AlAs/Ge(100) system. The concentration of Ge
atoms was measured by secondary ion mass spectrometry measurements and the reduced
diffusion of Ge atoms explained with the higher Al-As bonding energy. The experiments
showed how the Ge contamination of GaAs layer was largely prevented by the AlAs layer.
In our system the experiment was performed introducing in the growth recipe a 30 nm
AlAs layer deposited at 580◦C just after the Ge surface passivation with As. After the ini-
tial AlAs layer the new sample (B1) was fabricated as a blank following the same recipe
used for sample A3 described in the previous section. The RHEED pattern showed a
(2 × 4) surface reconstruction after depositing few tens of nanometer of GaAs, thus con-
firming the absence of anti-phase domains. The PL measurement performed on the sample
B1 at low temperature showed instead no improvements. The emission spectrum was the
same observed for sample A3. The different behaviour between our experiment and the
one cited was explained with the presence of threading dislocations in our Ge virtual sub-
strate. The AlAs layer is effective to stop the Ge atoms migration inside the GaAs lattice
for the higher energy of Al-As bond compared to Ga-As bond. But AlAs layer cannot be
expected to effectively reducing diffusion of Ge atoms through the threading dislocations
or in decreasing the threading dislocation density. This also means that on Ge virtual sub-
strate the diffusion of Ge atoms inside the GaAs epilayer through threading dislocations is
a highly efficient mechanism and that AlAs stopping layer is not effective.
A different approach to improve the quality of the GaAs and AlGaAs layers is the in-
troduction of a thin interfacial GaAs layer grown at low substrate temperature to limit the
thermal diffusion of Ge atoms. The method was outlined by Sieg et al. [60, 78] for limiting
Ge atoms diffusion on Ge(001) miscut substrate to GaAs epilayer depositing initially 10
monolayers of GaAs by Migration Enhanced Epitaxy (MEE) at 350 ◦C. A successive study
by Tanoto et al. [79] indicated the best choice for substratetemperature to obtain a GaAs
flat surface at 250◦C during MEE. As explained by Horikoshi et al. [80] MEE procedure
is necessary to deposit a GaAs epilayer at low temperature toobtain high quality and low
roughness film. Due to low diffusivity of Ga atoms at substrate temperature< 350◦C, the
alternate deposition of Ga and As allows a better accommodation of the surface. In our
system the experiment was performed introducing in the growth recipe a initial layer of
10 monolayers grown at250◦C. At such a low temperature is necessary to select carefully
the amount of Ga and As deposited for each monolayer to prevent the formation of a non
stoichiometric compound. Anyway, also in this case the PL measurement performed on
this sample B2 at low temperature showed no improvements. Again the difference with
the result reported in scientific literature is due to the presence of threading dislocations.
The low temperature is expected to allow the creation of an almost Ge free GaAs layer
on the top of Ge wafer, but during the successive deposition at 580◦C, the suppression of
diffusion through threading dislocation is not efficient. Again, the mechanism is effective
for the growth on Ge wafer but is not useful on a Ge virtual substrate where the diffusion
is mainly due to threading dislocations.
To confirm the role of the threading dislocations in the Ge atoms diffusion, two experi-
ments were performed. In the first one (sample B3), the grown have took place on a Ge
virtual substrate and the AlGaAs layer was deposited at lower temperature (350◦C) to
slightly reduce the thermally activated Ge diffusion. For such a low temperature is nec-
essary to deposit a AlGaAs epilayer by MEE to obtain high quality and low roughness
film. To reduce the threading dislocation density, the second sample (B4) was fabricated
on a SiGe graded buffer deposited on Si(001) substrate miscut 6◦ toward[110]. The buffer
layer was grown in LEPECVD growth chamber at 500◦C increasing the Ge content with
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a rate of 7 %/µm so that the total thickness of the epilayer was∼ 14µm. The threading
dislocation on this substrate was4 × 106 cm−2 as reported by Marchionna et al. [65], so
about one order of magnitude below the value measured on the Ge virtual substrate. The
growth inside the Gen II machine followed exactly the recipealready described for sample
B3. The sample, just removed from the growth chamber, showeda milky surface. This
feature was not due to anti-phase domain formation (the RHEED pattern showed a clear
(2× 4) surface reconstruction during the GaAs epilayer deposition) but to the presence of
thermal cracks. This was confirmed by optical microscope. Images showed the presence

Figure 5.7: PL spectra of samples B3 (green line) and B4 (black line) at 14 K with excita-
tion power density of 6 W/cm2.

of thermal cracks with a density of14 ± 3 mm. Such defect are expected to be mainly
formed during the temperature reduction between 580 and 350◦C for the optical active
layer deposition and during the final temperature depletionfrom 350◦C to room temper-
ature. The PL measurements performed at 14 K with an excitation power density of 6
W/cm2 showed a reduced signal from the bands inside the AlGaAs gap (figure 5.7). Now
only two main peaks are observed, one at 1.9 eV, attributed toC neutral acceptors in the
AlGaAs barrier, and a peak at 1.83 eV, attributed to Ge neutral acceptor in the AlGaAs
barrier [29, 76]. The reduction of the peak at 1.83 between the sample B3 and B4 con-
firmed the relation between the threading dislocation density and the contamination of the
optically active region.
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5.4 Coupled Ring Disks and Low Thermal Budget growth

It appears clearly from the considerations of the previous section that is not possible to
fully prevent the interdiffusion of Ge atoms inside the GaAsand AlGaAs layers. For this
reason, the first step to observe a clear emission from the GaAs nanostructures is to se-
lect a different emission energy. The region between 1.55 and 1.7 eV is not affected by
the radiative recombination due to Ge and C related impurities, and can be reached fab-
ricating nanostructures with weaker quantum confinement. With droplet epitaxy is quite
simple to fabricate GaAs nanostructures fitted for this needing. For three different reasons,
a useful structure to be used for our purposes is the coupled ring disk [81]. The spectral
emission observed for these nanostructures fabricated on GaAs substrate is in the selected
region. The potential profile predicted for these nanostructures resembles the one of the
dot-in-a-well nanostructures (i.e. each quantum dot is fabricated on a quantum well) and
is expected to reduce the threshold when ring disks are embedded in laser diodes struc-
tures [82], and to improve the detection mechanism for infrared detectors [83]. Moreover,
coupled ring disk grown on GaAs substrate have been reportedto be efficient detectors in
the infrared region [84]. To approach our goal not only to fabricate GaAs nanostructures
integrated on Si, but also to maintain a low thermal budget for the integration with CMOS
technology, we have also to notice that coupled ring disk arefabricated keeping the sub-
strate temperature at 350◦C, so that is also possible to fabricate the whole optically active
region (AlGaAs barrier layers and quantum nanostructures)at the constant temperature
of 350 ◦C. This temperature is compatible with back-end CMOS technology, and is also
expected to slightly reduce the thermally activated diffusion of Ge in the optically active
layer.
Following these indications a new recipe was prepared and a second set of samples was
fabricated. The temperature of the 2µm pure Ge virtual substrate was increased up to 650
◦C to desorb the oxide layer and to allow the formation of double steps on Ge surface.
Substrate temperature was then decreased to 580◦C and a GaAs buffer layer of 1µm was
deposited. Temperature was reduced to 350◦C, observing the change in surface recon-
struction toc(4 × 4). A barrier layer of 80 nm was deposited by MEE and at the same
substrate temperature of 350◦C the As valve was closed to prepare a suitable environment
for the Ga droplet formation on the AlGaAs surface. Ten monolayers of Ga was deposited.
Analysing the intensity change of the RHEED pattern was possible to observe that the sur-
face reconstruction changed fromc(4 × 4) to (4 × 6) after 1 monolayer of Ga, so that
droplets were formed by 9 monolayers. The As4 flux of 8×10−6 torr was irradiated for 20
minutes keeping the same substrate temperature. The first sample (C1) was removed from
the growth chamber after this step and analysed by AFM. The produced nanostructures
were characterized by a regular, nanometers high, flat disk with a diameter of about three
hundreds of nanometers and a hole at the center of∼ 80 nm. The rim of the inner hole
is protruded over the disk surface by some nanometers. The density of the nanostructures
was6 × 108 cm−2. The formation mechanism of the coupled ring disk (CRD) nanostruc-
tures can be explained with the model outlined in section 2.4and was analysed in detail in
[81]. A second sample (C2) was prepared for photoluminescence measurements exactly
with the same recipe of sample C1 but was covered with a 80 nm Al0.3Ga0.7As barrier
layer deposited again by MEE keeping the substrate temperature at 350◦C. The whole
optically active region of the sample (barrier layers and GaAs nanostructures) was grown
at a constant temperature of 350◦C. A last sample (C3) was prepared as a blank following
the same recipe of sample C2, but without the deposition of Gadroplets. In this way the
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Figure 5.8: AFM image of the surface of sample C1 (upper panel). Profile of a single CRD
along[110] direction (lower panel). Red dashed lines indicates{113} planes.

sample had exactly the same matrix of the sample C2 but without the GaAs CRD. Sam-
ple C2 was removed from the growth chamber, cutted and some parts underwent a Rapid
Thermal Annealing (RTA) step. RTA procedure consisted in a rapid heating (200◦C/min)
in nitrogen atmosphere up to selected temperature of 500◦C (sample C2RTA500) or 600
◦C (C2RTA600). After 4 minutes the temperature was reduced toroom temperature with
the same rate. RTA procedure has proved to be as effective as in situ PGA [85], but, due
to the reduced annealing time, it allows to maintain a lower thermal budget.
PL spectra for samples C2 and C3 were measured at 14 K with different excitation power

densities (see figure 5.9). The two spectra showed sets of similar peaks around 1.9 and
1.5 eV, the former related to radiative transition in the AlGaAs barrier layer (1.89 and 1.83
eV), the latter to GaAs buffer layer (1.50,1.48 and 1.45 eV).PL spectrum of sample C2
also showed an intense peak at 1.53 eV with a satellite peak at1.56 eV. These radiative
transitions were not observed in the C3 sample (blank) and were so attributed to recombi-
nation inside CRDs. Comparison between PL spectra reportedin figure 5.9 and 5.6 shows
that reduced temperature for the growth of the optically active region decreased the PL
signal related to Ge atom contamination inside the AlGaAs barrier. The two main peaks
at 1.82-1.83 eV and 1.87-1.89 eV can be now attributed to neutral donor to neutral Ge ac-
ceptor and neutral donor to neutral carbon acceptor respectively [29, 76]. The deep bands
inside the AlGaAs gap disappeared, probably for the lower Gediffusion. The introduction
of different quantum nanostructures also allowed to selectan emission region not affected
by impurity-related recombinations.
PL spectra measured at 14 K with an excitation power density of 6 W/cm2 of samples
C2, C2RTA500 and C2RTA600 are reported in left panel of figure5.10. It is interesting
to observe that the GaAs related region is unchanged by the annealing procedure. The
GaAs layer was growth at high temperature, so that the annealing procedure was expected
not to introduce any important modification. The AlGaAs related region was subject to
different changes. The peak at 1.89 eV was not modified by the 500 ◦C annealing step
and decreased after the 600◦C annealing step. The peak at 1.83 eV was decreased by the
annealing step at 500◦C but greatly enhanced by the annealing step at 600◦C and at least
two satellite peaks appeared on the low energy tail. Also theCRD emission band was
modified by the annealing treatment: a blue-shift of the emission peak and an enhance-
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Figure 5.9: PL measurements at low temperature for the C3 sample (upper panel). PL
measurements at low temperature for the C2 sample not annealed (lower panel). Power
density was 60 (black line), 6 (red line) and 0.6 W/cm2 (green line).
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ment in the integrated intensity was observed (reported in detail in the right panel of figure
5.10). The behaviour outlined can be explained as follows. As already discussed in section
2.5, post growth thermal annealing step is known to improve the poor crystalline quality of
the as-grown structure. In fact, the low temperature kept during the growth of the quantum
nanostructures fabricated by droplet epitaxy and of the layers grown by MEE introduced a
variety of lattice defects, including type III and type V vacancies, interstitials, and defect
complexes. On the other hand, in addition to lattice recovery, the RTA treatment induced
also two types of interdiffusion. The first was the diffusionof group III species, promoted
by any of the lattice defects introduced during the growth and which changes the compo-
sitional profile of the nanostructures (see section 2.5 for more details). The second was
the diffusion of Ge atoms through the threading dislocations. Considering these effects, is
possible to explicate the spectra reported in figure 5.10. The AlGaAs barrier quality was
at the same time improved by the diffusion of group III atoms and contaminated by the
diffusion of Ge atoms. The AlGaAs barrier quality was surelyimproved for both the RTA
procedures, but the higher temperature used also introduced a strong diffusion of contami-
nants, resulting in the broad band around 1.8 eV. The CRD bandwas improved by the RTA
treatment as expected. The integrated intensity enhancement and the blue-shift observed
are phenomena well known for GaAs quantum nanostructures grown by droplet epitaxy
(e.g. [85]).
Following the method outlined in section 2.6 the theoretical emission energy of CRDs
(sample C2RTA600) was calculated in the effective mass approximation using as confine-
ment potential the profile of the nanostructures obtained byAFM measurements. The
theoretically calculated CRD ground electronic and hole states appeared to be confined
in the ring structure, which is formed at the edge of the innerCRD hole. The calculated
emission energy well fits the observed PL peak value (EGS = 1.56 eV). The CRD excited
state was attributed to the quantum well-like state extended along the disk (EEX = 1.59
eV). The low confinement energy (∼ 30 meV) is due to the relatively large, but still capa-
ble of quantum confinement, thickness of the disk. For the calculations the interdiffusion
of Al atoms at the CRD interface was taken into account.

The PL spectrum evolution with the temperature of sample C2RTA600 is reported in
panel (a) of figure 5.11. As predicted by the Varshni law, the energy gap of semicon-
ductor materials is reduced by increasing temperature, so that also the CRD emission red
shifted, as expected, with the increasing temperature. As the temperature was raised, the
ratio between the emission from the ground state and the emission from the excited state
was decreased. The CRD band was still clearly visible at roomtemperature where the
main contribution was due to the excited state emission. Theratio between the integrated
intensity of ground state and excited state, reported in panel (c) of figure 5.11, showed
an activation energy of∼ 45 meV, which corresponds to the energy difference between
ground and excited state emission. It was possible to attribute the relative increase of ex-
cited state emission to a change in equilibrium population of ground and excited states. As
the temperature increased, the population ratio of the two states evolved according to the
Fermi law. The predominance of disk emission respect to the ring one at RT was related
to the different density of states (much higher in the disk case) attributable to the differ-
ent dimensionality of the two CRD sub-systems (0D for the ring and 2D for disk). The
CRD band integrated intensity was reduced by a factor∼ 400 raising temperature from
14 to 293 K. The Arrhenius plot of PL integrated intensity, reported in panel (b) of figure
5.11, shows a clear temperature activated quenching, with ameasured activation energy
EQUE ∼ 100 meV. The low quenching energy, much smaller than any energy barrier in
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Figure 5.10: PL measurements at low temperature for the samples C2 (green line),
C2RTA500 (red line) and C2RTA600 (black line) with excitation power density of 6
W/cm2 (left panel). Integrated intensity for the CRD emission band versus the anneal-
ing temperature (right panel).
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Figure 5.11: (panel a) Normalized PL spectra of CRD band at different temperatures for
the sample C2RTA600 with excitation power density of 6 W/cm2. (Panel b) Arrhenius
plot of the integrated intensity of CRD band. (Panel c) Arrhenius plot of the intensity ratio
between the ground state emission peak and the excited state.
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the CRD system, and the relatively mild reduction in the signal between 14 K and RT,
suggested to be attributed to a non-radiative recombination due to defects directly accessi-
ble from CRD, or to the quenching active during the carrier diffusion and capture process
[85]. Is possible to observe that a high defectivity is expected at the interface between the
internal ring of the CRDs structures and the MEE growth barrier layer, due to the unusual
ring geometry, which prevents the correct diffusion of adatoms in the inner part of the ring.
Finally, to complete the characterization of the fabricated GaAs quantum nanostructures,
the ratioη between the number of photogenerated carriers in the GaAs/AlGaAs active
layer and the number of photons emitted by the CRDs was calculated. The value obtained
for the C2RTA600 sample was∼ 3 × 10−3 at T = 14 K and Pexc = 6 W/cm2. This value
calculated for GaAs CRDs grown by droplet epitaxy on Si substrate through a Ge virtual
substrate well compares with∼ 1 × 10−2 obtained for a standard quantum dot sample
(sample D680 of Ref. [32]) grown by droplet epitaxy on a GaAs substrate with a similar
nanostructure density (ρ = 1.2×109 cm−2). The yieldη drops to∼ 8×10−6 at room tem-
perature due to temperature activated non-radiative recombination channels. While at low
temperatureη was independent from the excitation power density, at room temperature a
clear dependenceη ∝ P a

exc with a ∼ 2 emerged. Such behavior has been attributed to the
saturation of non-radiative recombination channels in thebarrier as reported in [86].

5.5 Conclusions

In this chapter the fabrication of high quality GaAs quantumnanostructures on Si with low
thermal budget and through Germanium virtual substrate wasdescribed. The low thermal
budget introduced has a great technological relevance. Thefinal goal in the fabrication of
III-V quantum nanostructures on Si substrate is the integration of specialized III-V devices
within the existing complementary metal oxide semiconductor (CMOS) technology. In
this case, strict constraints on thermal budget for growth and processing of the epilayer are
imposed, especially in the case of back-end process, that is, after the CMOS circuitry has
been already realized. Fabrication of GaAs nanostructuresby droplet epitaxy is intrinsi-
cally a low thermal budget procedure, perfectly suited for the realization of growth recipes
compatible with back-end integration of III-V nanostructures on CMOS, being performed
at temperature of 200-350◦C. Also the temperature of 350◦C set for the fabrication of
the barrier layers by MEE is compliant with low thermal budget requirements. The rapid
termal annealing temperature used, 600◦C for short period (4 minutes), is reported to
be insignificant for the> 0.25µm CMOS technology back-end integration compatibility
[87]. High thermal budget growths were used only for the fabrication of GaAs and Ge
buffer layers. About the former, a low temperature deposition such as MEE or modulation
MBE techniques [88, 89] are suitable to reduce the thermal budget. About the latter, Ge
deposition here adopted is reported to be fully front-end integrable [68]. After this step,
integration of Ge virtual substrate into the CMOS process tofabricate selected areas with
the required lattice is possible. This makes the whole fabrication process compatible to
integration on> 0.25µm CMOS technology.



Chapter 6

Fabrication of GaAs local substrates on
Silicon

As described in the introduction of the previous chapter, a different approach to solve the
issues related to the integration of III-V quantum nanostructures on Si substrate is the
adoption of local artificial substrates. The concept of local artificial substrate lies in the
possibility of fabricating a suitable surface for a subsequent epitaxial growth not on the
whole surface of the sample, but locally, using as base some structures fabricated, for
example, by self-assembly or by a nano-patterning technique. This approach for the inte-
gration of GaAs on Si, decreasing the surface of contact between the two materials to few
hundred nanometers, reduces considerably the issues related to lattice mismatch and to
thermal coefficient difference. An example of this approachis reported in [90] where the
use of nano-patterning allowed to grow GaAs pillars on Si substrate, solving or reducing
the issues related to III-V growth on Si.
In this chapter we propose a self-assembling growth procedure based on droplet epitaxy
for the fabrication of GaAs islands on Si substrate to be usedas local artificial substrates.
The adoption of droplet epitaxy allows to self-assembly formation of islands without the
presence of a patterning and allows to perform a low thermal budget growth, maintaining
the compatibility with CMOS technology. The GaAs islands grown by droplet epitaxy
are good candidates to serve as bases for the nucleation of InAs quantum dots atop is-
lands. The nucleation of InAs quantum dots on GaAs island fabricated on patterned GaAs
substrate was explored by Wong et al. [91, 92], reporting thepossibility to preferentially
nucleate InAs quantum dots on specific GaAs island facets. This mechanism can be in-
troduced on GaAs island growth on Si substrates with preciseexposed facets to solve the
issues related to the integration of III-V quantum nanostructures on Si substrate.

6.1 Experimental procedure

The substrate used for the growths reported in this chapter were Si(001) 3" wafer. The
substrates underwent a RCA cleaning procedure in clean roomenvironment to remove
organic contaminants from the wafer surface. The first step consisted in dipping inside a
solution of deionized water, hydrogen peroxide and ammonium hydroxide (with volumes
5:1:1) at 80◦C for 10 minutes. The wafers were then rinsed in deionized water and dipped
inside a second solution of deionized water, hydrogen peroxide and hydrocloric acid (with
volumes 5:1:1) at 80◦C for 10 minutes. The wafers were again rinsed in deionized water

69
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and finally dried with dry nitrogen. Just before the growth the oxide layer on the Si sur-
face was stripped by a 1:10 solution of hydroflouric acid and deionized water to obtain an
hydrogen-terminated surface. The substrate were fixed on special molybdenum holders or
cutted in 6 pieces and soldered with pure indium on molybdenum adapter and then loaded
inside the Gen II MBE system.
Two different sets of experiments for the creation of GaAs islands on Si substrates by
droplet epitaxy were performed: in the first one the amount ofGa supplied was fixed at
3.0 monolayers and the substrate temperature changed, in the second set the substrate tem-
perature was fixed at 350◦C and the amount of supplied Ga changed.
The growth for the first set of samples was performed on piecesof Si substrate cut and
soldered with pure indium on molybdenum blocks. After a degas step at 300◦C in buffer
chamber, the substrates were loaded in the growth chamber. The substrate temperature was
increased up to 780◦C to desorb the hydrogen and expose the Si surface. The RHEED
pattern showed a mixed(2 × 1) and(1 × 2) surface reconstructions [93]. The substrate

Sample Ga deposition Ga amount As irradiation
temperature (◦C) (MLs) temperature (◦C)

A1 250 3.0 150
A2 300 3.0 150
A3 600 3.0 150

Table 6.1: parameters for the growth of the first set of samples

temperature was then decreased to Ga deposition value (see second column of table 6.1)
and an amount of 3.0 monolayers was deposited. Temperature was further decreased to
150◦C and an As4 flux with a beam equivalent pressure of4 × 10−5 torr irradiated for 30
minutes.
The growth for the second set of samples was performed on 3" wafers fixed on special
molybdenum holders. The procedure for the degassing and hydrogen desorption was the
same described for the first set of samples. After the hydrogen desorption, the substrate

Sample Ga deposition Ga amount As irradiation
temperature (◦C) (MLs) temperature (◦C)

B1 350 30.0 150
B2 350 4.0 150
B3 350 0.5 150

Table 6.2: parameters for the growth of the second set of samples

temperature was reduced to 350◦C and the amount of Ga reported in the third column of
table 6.1 was supplied. Temperature was further decreased to 150◦C and an As4 flux with
a beam equivalent pressure of5 × 10−5 torr irradiated for 5 minutes.
A last sample (C) was fabricated depositing 30 monolayers ofGa at 300◦C on a Si sub-
strate prepared with the same procedure of samples in set A and B. The sample was not
irradiated with As4 flux.
During the Ga deposition, the RHEED pattern turned to halo (left panel in figure 6.1),

indicating the Ga droplet formation on the surface. After the irradiation of the substrate
with As, the RHEED pattern (right panel in figure 6.1) of samples A1, A2 and B3 turned
to spotty, demonstrating the formation of GaAs nanocrystals. On samples A3, B2 and B1
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Figure 6.1: RHEED pattern after Ga deposition (left panel) and after As irradiation (right
panel) on sample A1.

Figure 6.2: AFM5µm×5µm scan on surfaces of set C samples (left panel) and profile of
a single droplet (right panel).

spotty pattern was not observed clearly.
Observation of RHEED intensity during Ga deposition did notevidenced oscillations or
other features resembling the formation of a Ga layer on Si surface.

6.2 Characterization of GaAs islands

After the growth, the samples were removed from the growth chamber and analysed by
atomic force microscope (AFM), scanning electron microscope (SEM) and transmission
electron microscope (TEM). Figure 6.2 shows a5µm ×5µm AFM scan on surface of
sample C. The image showed the formation of hemispherical droplets with a density of
8.6 × 108 cm−2 and a mean radius of85.1 ± 5.5. From AFM profiles (see right panel
of figure 6.2) a contact angle between the droplets and the Si surface of about 39◦ was
calculated. The angle did not changed depending on the crystallographic direction consid-
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ered and the size of the droplet. Also the samples of set A and Bwere characterized by
AFM measurements (figure 6.3). The values obtained from these images for the density
and for the mean size of the GaAs islands are reported in table6.2. Several important

Sample Density Mean radius Mean height
(islands/cm2) (nm) (nm)

A1 1.4 × 109 37.2 ± 2.5 24.6 ± 6.3
A2 8.8 × 108 52.0 ± 3.7 44.8 ± 7.5
A3 1.9 × 107 129.8 ± 10.5 126.7 ± 10.4
B1 3.8 × 108 109.4 ± 7.7 103.3 ± 12.7
B2 3.9 × 108 83.2 ± 4.8 71.6 ± 9.5
B3 3.8 × 108 35.1 ± 3.2 22.7 ± 4.2

Table 6.3: density and size of the GaAs island on Si substratefor the six samples.

results emerged from these data. The density of droplets andof GaAs nanostructures for
the two samples on which Ga deposition was performed at the same temperature of 300◦C
resulted to be the same (8.8×108 cm−2 on sample A2 and8.6×108 cm−2 on sample C). It
appeared clearly that each Ga droplet, after the As irradiation at 150◦C, was transformed
into a GaAs island. Moreover, the density of the GaAs nanostructures showed a clear
dependence on substrate temperature during Ga deposition.The higher was the substrate
temperature, the lower was the resulting density of the nanostructures. Arrhenius plot for
the density of nanostructures is reported in figure 6.4. The temperature dependence fol-
lowed a well defined temperature activated law of the formρ(T ) ∝ exp(Ea/kBT ). This
behaviour was expected, due to activated processes that control the Ga droplet formation
on the growth substrate. The activation energy calculated from figure 6.4 was Ea = 0.22
eV. The observed behaviour demonstrates that is possible tocontrol the density of the
nanostructures by setting the proper substrate temperature during the Ga deposition. It is
also possible to tune the size of GaAs nanostructures formedon the surface by selecting
the amount of Ga deposited and using simple geometrical considerations to estimate the
mean volume of Ga droplets and of GaAs nanostructures.
Figure 6.5 shows the distribution of size and density on the two sets of samples analysed.

The error bar reported for size were obtained from the full width at half maximum of the
base size histograms of the islands. The GaAs nanostructures base size histograms for
all the six samples showed a monomodal Poissonian distribution. The relative standard
deviation in size of the samples are all below 10%. In the large islands case (samples B1
and A3) the observed value of 7% nicely approaches the best result obtained by Stranski-
Krastanow growth of SiGe islands on a patterned substrates [94]. A slightly larger disper-
sion is observed for the height of the islands.

6.2.1 Quality of GaAs islands

TEM analysis were performed in collaboration with Dr. Cesare Frigeri of IMEM-CNR in
Parma on samples A1, A3 and B1 to estimate the crystalline quality of the GaAs island.
The images obtained at low magnification confirmed the density of GaAs nanostructures.
Figure 6.6 reports the electron diffraction pattern from a single GaAs island of sample A3.
The very weak intensity of one GaAs spot(400) and the slight asymmetry in the spots
intensity was due to slight misalignment with respect to theexact(001) zone axis. Inset
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Figure 6.3: AFM5µm×5µm scan on surfaces of set A samples (left column) and of set B
samples (right column).
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Figure 6.4: Arrhenius plot for the density of GaAs nanostructures on Si substrate.

shows the magnification of the(220) spot. The patterns of both Si and GaAs were present,
confirming the formation of GaAs crystal. The less intense spots around the main Si and
GaAs ones were due to double diffraction on the GaAs island and on Si substrate. Spots A
and B, e.g., of the inset were due to double diffraction from the220 and400 GaAs spots,
respectively.

TEM images acquired selecting a diffraction vector< 220 > on samples A1 and A3
are showed in figure 6.7. On both samples Moiré fringes were visible. The spacing be-
tween the fringes D was related to the distance between the lattice planes of Si and GaAs
by the relationD = dSi/(dGaAs − dSi) where dSi and dGaAs were the distances between
< 220 > planes of Si and GaAs respectively. The expected value for D was 4.80. For A1
we obtained 4.40, and 4.72 for sample A3. Considering the small number of fringes and
the non perfect parallelism, the results obtained are in agreement with the ones expected
for bulk material, demonstrating the fully relaxation of GaAs islands. The fringe indicated
by an arrow in left panel of figure 6.7 (sample A1) did not crossed the whole island and
was indicative of the presence of a dislocation, probably passing through the island in the
position of the fringe defect. The arrangement of Moiré fringes is more complex in right
panel of figure 6.7 (sample A3). Fringes are visible only in border areas of the island. This
should be related to large dimension of the GaAs islands on this sample.
By mean of Energy Dispersive Spectroscopy TEM was possible to obtain a compositional

map of chemical composition inside the islands. In panel (b)and (d) of figure 6.8 were
reported the compositional profiles along the direction indicated by the lines in panel (a)
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Figure 6.5: Distribution of size and density for the six different samples of GaAs islands
on Si substrate.

and (c). The data reported is related to the content of Ga and As inside two different GaAs
islands on samples A1. From the data obtained was possible toconclude that Ga and As
are in stoichiometric ratio for the first island, while for the second a spike in Ga composi-
tion is observed in the right part of the profile.
An explanation for this behaviour emerged from high resolution SEM images. Upper left

panel of figure 6.9 shows a high resolution image of a GaAs island on sample B1. On the
surface of the island is possible to observe several hemispherical protuberances. The com-
position of these features, observed on samples A3 and B1 (big GaAs islands), was made
clear by a selective wet etching for unreacted liquid Ga on the surface. This procedure
was performed in a clean-room environment by dipping the sample for 30 seconds in con-
centrated (37%) hydrochloric acid at room temperature and then by a subsequent rinse in
deionized water. At room temperature HCl is reported to remove metallic Ga from surface
[95] but not to attack GaAs [96, 97] and Si(001) surface [98].After the etching procedure
high resolution SEM changed to the one showed in lower left panel of figure 6.9. The
source of the gallium protuberances on the top of the islandscan be only liquid gallium
deposited on Si surface and not reacted with the As flux. The presence of some amount of
unreacted gallium on top of GaAs quantum nanostructures fabricated by droplet epitaxy is
reported in [27] and is related to a fabrication process thatuses low flux and short As sup-
ply time. In the sets of experiments here reported the problem could not lie in the amount
of supplied As, because there is no improvement between short and a long As supply (5
minutes for sample B1 but 30 minutes for sample A3).
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Figure 6.6: Electron diffraction pattern from a single GaAsisland on Silicon substrate.
Inset shows magnification of (220) spot.
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Figure 6.7: TEM images of single GaAs islands on samples A1 and A3 selecting a diffrac-
tion vector< 220 >.

Another feature observed on surface of sample B1, before theetching procedure, was the
presence of some material forming partial rings around someislands (right panel of figure
6.9). Partial rings structures appeared to be composed by small hemispheres of few tens
nanometer size. After the wet etching procedure, the partial rings were not significantly
modified, so that the composition of these structures was related to GaAs and not to liquid
Ga. The explanation for the formation of these rings can be inthe liquid Ga on the top of
the islands fallen during the island growth. Another explanation can be in the movement of
the liquid droplets on the substrate surface described by Tersoff et al. [99] and caused by
the formation of a surface with a different free energy afterthe movement of the droplet.

6.2.2 Faceting

Calculating the mean aspect ratio (i.e. the ratio between the height and the diameter)
for the islands fabricated on each sample using the values ofmean height and mean radius
reported in table 6.2, it is possible to observe a trend between the aspect ratio and the mean
size of the islands. Figure 6.10 reports the relation between height and aspect ratio of each
GaAs island in an area of 5µm × 5 µm on surface of samples B1 (black circles), B2 (red
circles) and B3 (green circles). The mean aspect ratio is increasing from 0.3 on sample B3
to 0.4 on sample B2 and to 0.5 on sample B1. A similar behaviourwas observed also on
samples of set A.
The modification in shape for the different growth conditions can be observed not only in
the aspect ratio but also in the exposed facets on the GaAs island surface. High resolution
planar SEM and AFM images showed that the GaAs islands fabricated on all the samples
were characterized by a round base, dictated by the startingdroplet geometry, and, after the
etching treatment, well defined surfaces. Figure 6.11 showsthe AFM profiles of typical
GaAs islands along the[110] and[110] directions. Profiles of larger islands on sample A3
(upper panel of figure 6.11) and B1 showed that typically the angle between the bottom
part of the island and the Si surface is about 54◦, while the upper part of the islands
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Figure 6.8: compositional profiles of two typical island on sample A1 along the direction
indicated in panel (a) and (c).
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Figure 6.9: SEM images of GaAs islands on sample B1 as grown (upper left panel) and
after selective etching for liquid Ga remove (lower left panel). AFM image of islands on
sample B1 cutted at 6.9 nm height to enhance surface features(right panel).

Figure 6.10: relation between height and aspect ratio of islands on sample B1 (black cir-
cles), B2 (red circles) and B3 (green circles).
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Figure 6.11: AFM profiles along[110] (left column) and[110] (right column) directions of
typical islands on samples A3 (upper panels), A2 (central panels) and B3 (lower panels).
Red lines fit the profiles with{111} planes, green lines with{113} planes.
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flattened, typically forming an angle of about 25◦ with the substrate. The angle of 54◦ is
compatible with the formation of a facet along the planes of family {111}, while the angle
of 26◦ was compatible with the formation of a facet along the planesof family {113}.
Profiles of middle sized islands (sample A2, reported in central panel of figure 6.11, and
sample B2) typically showed a similar behaviour, but here the part of the profile compatible
with {111} planes was reduced and enlarged the portion compatible with{113} planes.
Finally, profiles of smaller islands (sample B3, reported incentral panel of figure 6.11,
and sample A1) exposed larger part of profile compatible with{113} planes, while the
part of the profile related to{111} planes was reduced or suppressed. Slope compatible
with the formation of{101} and{115} was observed on some islands of samples A2 and
A1, respectively. Formation of{101}, {115}, {111} and{113} facets is not surprising,
because these facet families are known to be stable on GaAs surface [100, 12].
On high resolution AFM scans of single GaAs island for different samples, facet analysis

was performed. Results for samples B1, A2 and B3 are reportedin figure 6.12. Each
plot showed the distribution of anglesθ andφ related to the vectorn perpendicular to
the local plane tangent to each point of the high resolution AFM scan of a single GaAs
island. The angleθ was reported on the plot as distance from the centre and measured
the inclination of the vectorn with respect to the[001] direction (i.e.θ = 0 at the centre
of the plot means a local plane parallel to Si substrate). Theangleφ was reported on the
plot as the angle with the x axis and measured the angle between the projection of the
vectorn on the(001) plane and the[100] (upper plot) or[110] direction (lower and central
plots). The plots showed the formation of facets along{111} family plane on sample B1,
along{101} on sample A2 and{113} on sample B3. Two more features emerged from
the plots: lines crossing the origin and circles. Both behaviours indicated that the upper
part of the island resembled the hemispherical shape of the original droplet. For example,
the two lines crossing the origin in the upper plot (sample B1) showed that along[110] and
[110] directions the upper part of the island the slope is decreasing little by little down to
zero. The partial ring observed in central plot (sample A2) attested the good cylindrical
symmetry of the island.
High resolution AFM scans also showed some irregularities on the surface of the samples,
and the profiles reported in figure 6.11 showed an incomplete symmetry, especially in the
upper part of the islands. This behaviour con be attributed to the presence of threading
dislocations inside the GaAs islands, and to the to the rapidformation of the GaAs crystal
during the arsenization.

6.3 Conclusions

Droplet epitaxy is a suitable technique to provide local artificial substrates tunable in size
and density, to be used for the integration of III-V quantum nanostructures on Si substrate,
getting rid of the lattice mismatch between GaAs and Si and the formation of thermal
cracks.

The GaAs islands fabricated by droplet epitaxy on silicon substrate are quite similar
to those observed in Volmer-Weber GaAs island grown on Si forshape, aspect ratio and
faceting, as reported in left column of figure 6.13. Also starting from completely differ-
ent growth conditions, big islands on both images show an aspect ratio of 0.5 and expose
{111} and{113} family plane facets. The main advantages of GaAs island grown by
droplet epitaxy is the independent control of density and average size, made possible by
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Figure 6.12: facet analysis (left column) from AFM images ofsingle GaAs island (right
column) on sample B1 (upper row), A2 (central row) and B3 (lower row). For the plots
φ = 0 corresponds to the direction[100] (upper plot) or[110] direction (lower and central
plots). Circles show the position of most intense spots.
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Figure 6.13: in left column: upper panel, TEM image of GaAs island on silicon substrate
by Volmer-Weber growth (from [13]), lower panel, SEM image of GaAs island on B1
sample. In right columns: comparison between size dispersion for Ge islands on patterned
Si substrate (upper panels) and GaAs island on Si substrate for sample B1 (lower panel).

the two steps (Ga deposition and As irradiation), and the narrow size distribution, close to
the best results obtained in Stranski-Krastanow growth using patterning substrates. In cen-
tral and left columns of figure 6.13 are reported data about size dispersion for Ge island
growth on silicon substrate [94] (upper row) and GaAs islandon sample B1 growth by
droplet epitaxy (lower row). GaAs islands growth by dropletepitaxy show size dispersion
lower than 10% on all the sample described in this work. The result is important, because
such a low value was reported in scientific literature only for patterned substrates.
For the preparation of suitable surface on the local artificial substrates it was decisive the
removal of liquid Ga protuberances. Only after removing theunreacted material is possi-
ble to prepare islands suitable for a subsequent III-V quantum nanostructures nucleation.
Without this step nucleation would occur not only on an regular GaAs surface but partially
on liquid gallium. As shown, the 30 s HCl etching procedure has demonstrated to be effec-
tive in the preparation of well defined island surfaces. After this step islands show a well
defined profile and expose side facets belonging mainly to the{111} and{113} families.
These surfaces plays an important role for the subsequent fabrication of quantum nanos-
tructures on the top of artificial substrates. It is reported[91] a stronger affinity for the
nucleation of InAs small quantum dots on high index surface like {113} or {115} than on
{111}. This behaviour can be used for the preferential nucleationof InAs nanostructures
on the GaAs island for the integration of III-V nanostructures on silicon substrate.
The selected technique for the fabrication of the GaAs islands, the droplet epitaxy, is in-
trinsically low thermal budget. Except for the Ga deposition on sample A3, performed at
600 ◦C, the fabrication of GaAs islands on the other five samples followed the require-
ments for the integration with CMOS technology [87]. In fact, due to the high tunability
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of droplet epitaxy, a wide range of island densities and sizes are reachable without break-
ing the low thermal budget requirements, making droplet epitaxy perfectly suited for the
fabrication of local artificial substrates.
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