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Abstract

Spontaneously grown gallium nitride (GaN) nanowires (NWs) by the use of
plasma assisted molecular beam epitaxy (PAMBE) are a subject of active
research due to their high crystalline quality and promising device applica-
tions. The properties of GaN NWs depend strongly on the initial surface
on which they are grown. In this work we investigate the effect of dif-
ferent initial surfaces on the morphological properties of GaN NWs, when
silicon Si (111) is used as a substrate. We employ several experimental
techniques in order to determine the morphological, structureal and opto-
electronic properties of GaN NWs, including reflection high energy elec-
tron diffraction (RHEED), field-emission scanning electron microscopy (FE-
SEM), X-ray diffraction (XRD), photoluminescence (PL) spectroscopy and
high-resolution transmission electron microscopy (HRTEM).

In a first series of experiments, we explore the effect of substrate tem-
perature (Tsub) on the nucleation, growth and properties of GaN NWs. The
experiments follow (a) a one-step GaN growth procedure, with constant Tsub

throughout GaN deposition, or (b) a two-step GaN growth procedure, using
a lower Tsub for the intial stage than the later one. We achieve control of
the NW diameter between ∼20−40 nm. A significant suppression of GaN
NW nucleation at high temperatures (∼790-800◦C) was observed for the one-
step growth process. We are able to surpass this constraint using a two-step
growth process. The GaN nucleation at the initial low Tsub stage allows for
main GaN NW growth at much higher Tsub during the second growth stage.

Through a second series of experiments, we investigate how the formation
of silicon nitride (SixNy) affects GaN NW growth. SixNy forms unintention-
ally when GaN is grown under N-rich conditions on a bare Si (111) surface.
A better control of SixNy formation can be achieved by intentional nitrida-
tion of the surface prior to GaN deposition. We perform the first systematic
comparison of GaN NW properties grown on unintentionally and intention-
ally nitridated Si (111) surfaces. The intentional nitridation resulted in a
uniform ∼1.5 nm amorphous SixNy interlayer at the GaN/Si interface, while
an irregular and non-uninform interface, with partial presence of amorphous
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SixNy, appeared for direct growth of GaN on Si. The homogeneity of the in-
terfacial structure enhanced the degree of crystallographic alignment of the
GaN NWs, concerning both tilt and twist. It also decreased the dispersion
of NW heights that is otherwise triggered by different nucleation times on
structurally different sites of the substrate. The average height of the GaN
NWs was similar for both cases but their average diameter was increased from
25 nm to 40 nm on the uniform amorphous SixNy interlayer, possibly an ef-
fect of weak epitaxial constraints. Reduced overall intensity and increased
defect-related emission at 3.417 eV characterized the 20 K photoluminescence
spectra for direct GaN growth on Si.

A third series of experiments explores for the first time the effects of ul-
trathin AlN prelayers, with nominal thicknesses between 0 and 1.5 nm, on
the spontaneous growth of GaN NWs on Si (111) substrates. The increase
of AlN thickness gradually limits nitridation of the substrate surface and
accelerates the nucleation of 3D GaN islands. The formation of amorphous
SixNy by Si nitridation is completely avoided for 1.5 nm of AlN that fully
covers the Si surface. The dependence of the height, diameter and density of
GaN NWs on the AlN thickness was also determined. Surprisingly, infinitely
small changes in the AlN prelayer nominal thickness (∼0.1 nm) can cause
significant differences in the GaN NW nucleation procedure, and the final
NW characteristics (i.e. differences in height of ∼300 nm). The 1.5 nm AlN
provided the optimum condition for GaN NW nucleation and growth; the
NWs exhibited a large homogeneous height with almost no parasitic GaN
formation between them. High resolution transmission electron microscopy
showed the full relaxation of misfit strain of AlN on Si (111) and of GaN
NWs on AlN. Analysis of in-situ RHEED monitoring of the AlN nucleation
revealed the immediate relaxation of the AlN prelayer (before GaN deposi-
tion). Formation of β-Si3N4 before AlN nucleation was also observed.

In a fourth series of experiments, we study the epitaxial relation of the
GaN NWs with the Si (111) crystal for off-axis substrates. We focus on the
(0001)GaN//(111)Si epitaxial relation for GaN NWs grown on Si (111) sub-
strates with different miscut angles, and for GaN NWs grown on nominally
identical Si (111) off-axis substrates but different interfacial structures. In-
terestingly, the GaN [0001]//Si[111] epitaxial relation is dominant, even in
the case where a thick ∼11.5 nm, amorphous SixNy is present at the interface.

Finally, a method to selectively grow straight, vertical GaN nanowires by
PAMBE at sites specified by a silicon oxide mask, which is thermally grown
on silicon (111) substrates and patterned by electron-beam lithography and
reactive-ion etching is also analyzed. The investigated method requires only
one single molecular PAMBE growth process, i.e., the SiO2 mask is formed on
silicon instead of on a previously grown GaN or AlN buffer layer. The study
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of various mask patterns, with the combination of numerical simulations, al-
lowed us to evaluate how the geometrical characteristics (window diameter
and spacing) of the mask affect the distribution of the nanowires, their mor-
phology, and alignment for given Ga adatom diffusion length. Capabilities
and limitations of this method of selective-area growth of nanowires have
been identified. A window diameter less than 50 nm and a window spacing
larger than 500 nm could provide selective nucleation of single nanowires in
nearly all mask windows.
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Introduction

1.1 GaN nanowires

Ever since GaN nanowires (NW) were spontaneously grown on sapphire and
silicon substrates by the pioneering work of the groups of Kishino [13] and
Calleja [9] respectively, they have been at the center of scientific research on
III-Nitride semiconductors. This is due to their improved crystalline struc-
ture compared to epitaxially grown GaN films, that allows for advances in
the already well-established technological achievements and applications of
the III-N semiconductors.

GaN NWs grown by the bottom-up, diffusion induced (DI) growth mech-
anism (further explained in Chapter 1) are immune to any lattice mismatch
with the substrate. Any misfit dislocations that could result from the re-
laxation of misfit strain, are limited at the interface between the NW GaN
crystal and the underlying substrate, at the base of the nanowire [11]. The
large surface-to-volume ratio facilitates the escape of any threading disloca-
tions out of the GaN crystal. All the above result in the growth of a fully
relaxed crystal, free of extended defects such as threading dislocations or
basal plane stacking faults.

The superior crystal quality of the NWs makes them appealing for op-
toelectronic devices like light emitting diodes (LEDs) [4] and lasers [1], and
also nanoscale transistors [3]. The NW large surface-to-volume ratio is favor-
able for applications in photovoltaics [8] and sensors [5]. Additionally to the
above, the fact that they can be realized on a variety of different surfaces,
like silicon [9], sapphire [13], diamond [10], graphene [7] and TiN [12] allows
them to be integrated in a variety of different platforms. A single GaN NW
was also recently integrated in an AFM tip, in order to improve imaging
resolution of the technique [2].

Apart from the significant achievements in device applications, the on-
going NW research also focuses in understanding the mechanisms occurring
during the spontaneous growth of GaN NWs. The significant progress made
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in understanding GaN NW formation, has led to the distinction of different
pathways of the process, depending on the initial surface used for GaN de-
position. When GaN NWs are grown spontaneously on a Si (111) substrate,
the formation of the NWs is most commonly studied on three different initial
surfaces: (i) on an amorphous SixNy layer, (ii) on a not-well defined, uninten-
tionally nitridated Si (111) surface and (iii) on a crystalline AlN layer. For
devices demanding a better control in the GaN NW location and arrange-
ment, a selective area growth method (SAG) has been successfully applied [6]
(and referneces therein). In this method, NW nucleation sites are specified
on a mask that is developed on GaN templates, GaN buffer layers or AlN
buffer layers.

1.2 Scope of this work

In this work we aim to address issues concerning both spontaneous growth
of GaN NWs as well as selective area growth. Initially, we study the effect of
substrate temperature on different steps of GaN NW growth. Then, we in-
vestigate in detail the three pathways of spontaneous GaN NW formation on
Si (111) substrates by focusing on a few well-defined but under-explored open
questions. First, we wish to understand and quantitatively characterize the
differences in NWs forming on an intentionally nitridated surface compared
to one that becomes unintentionally nitridated. For this purpose, we conduct
a comparative examination between the two cases. Second, we explore the
formation of NWs in the boundary between the regime of growth on crys-
talline AlN and that of amorphous SixNy. In order to achieve this, samples
with ultrathin AlN layers were compared. We also studied the GaN [0001]
// Si [111] epitaxial relation of GaN NWs when grown on off-axis Si (111)
substrates. A fourth goal of this research was to identify possible improve-
ments on the SAG method on Si (111) substrates, and identify significant
factors that affect the final GaN NW array morphology.

The outline of this dissertation is as follows. Chapter 2 presents the
properties of III-N semiconductors. Chapter 3 focuses on the experimental
methods used throughout this work. There, the basics of plasma-assisted
molecular beam epitaxy (PA-MBE) and the principles governing the epi-
taxial growth are presented. Additionally, the techniques that were used
in order to evaluate the grown samples, such as reflective high energy elec-
tron diffraction (RHEED), scanning electron microscopy (SEM), photolu-
minescence spectroscopy (PL), X-ray diffraction and transmission electron
microscopy (TEM) are briefly described.

In Chapter 1, we present the current understanding of the spontaneous
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growth of GaN NW formation, on Si (111) substrates. We begin by presenting
in more detail the three different pathways of initial surfaces when Si (111)
substrates are used. The chapter then describes the mechanisms that occur
during the GaN NW formation process. Through a series of experiments
with GaN NWs that were grown at identical conditions but different growth
durations, we also focus on the evolution of the GaN NWs.

The following chapter, Chapter 5, focuses on the role of the substrate
temperature in GaN NW growth and the effects on the final GaN NW char-
acteristics. This is done by a comparative examination of GaN NW samples
grown at different substrate temperatures. For a more thorough study of
the effects of temperature, a series of two-step grown samples was deemed
necessary in order to investigate the substrate temperature effects in the last
stage of GaN NW formation.

In the next chapter, Chapter 6, we investigate the role of a thin amorphous
SixNy at the interface between the GaN NW and the Si (111) substrate. The
unintentional Si nitridation, during the first stages of direct GaN NW growth,
on the bare Si surface, is compared to intentional Si nitridation prior to GaN
growth. The morphology, structure and optoelectronic properties of GaN
NWs is linked to characteristics of the interfacial layer, and to processes that
occur during the initial growth stages.

An investigation of ultrathin AlN prelayers, in the GaN NW formation
is presented in Chapter 7. This chapter investigates the boundary between
the regime of growth on amorphous SixNy and crystalline AlN. Significant
changes in the GaN NW formation process, and in the final NW charac-
teristics are identified between samples with minimal differences in the AlN
prelayer nominal thickness.

In chapter 8, we study the effects of GaN NWs growth on off-axis Si
(111) substrates. More specifically we focus on the [0001]GaN//[111]Si epi-
taxial relation for GaN NWs grown on Si (111) substrates with different
miscut angles, and for GaN NWs grown on nominally identical Si (111) off-
axis substrates but different interfacial structures. The GaN[0001]//Si[111]
epitaxial relation for GaN NWs grown on amorphous SixNy with different
thicknesses and on crystalline AlN is under investigation.

The following chapter (Chapter 9), deals with the selective area growth
(SAG) of GaN NWs on Si (111) substrates. A successful method for SAG
growth on a nano-patterned SiO2 mask on Si (111) substrate has been found,
that minimizes the steps required in order to achieve good growth selectivity.
The mask geometrical characteristics were also proven to play an important
role in the final GaN NW formation. Numerical simulations focused on the
kinetics occurring on the surface, during the initial growth stages, identi-
fied the significance of the mask’s geometrical characteristics, and revealed
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an interaction between the windows that affects the formation of GaN NW
arrays.

Finally, the conclusions of this work, together with some future prospects
are presented in the final chapter, Chapter 10.
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Properties of III-Nitride semi-
conductors

2.1 Band structure

III-Nitride semiconductor materials consist of elements from group III (Al,
Ga and In) and N from the V group of the Periodic Table of Elements.
They can form binary (AlN, GaN, InN), ternary (InXGa1−XN , AlXGa1−XN ,
InXAl1−XN) and quartenary (InXAlYGa1−X−YN) compounds. Their high
thermal conductivity, high breakdown fields (GaN, AlN), wide direct band
gap, chemical stability and resistance to chemical corrosion are only some
of the properties that have placed the III-Nitride family in the center of
technological research in the last 30 years [12, 13, 15].

Their direct band gap covers an energy region from deep ultraviolet (6.2
eV) to infrared (0.65 eV) which is a much wider range compared to III-
Arsenide and III-Phosphide semiconductors (Fig. 2.1). The value of the
band gaps for AlN, GaN and InN are 6.2 eV [2], 3.4 eV [2] and 0.65 eV
[14] respectively. Nitride alloys that combine different amounts of Al, In
and Ga, have band gaps among the above values. For alloys of the form
InxAlyGa1−x−yN , this band gap value can be approximated by

Eg(x, y) = xEInN
g + yEAlN

g + (1− x− y)EGaN
g − xbInN(1− x)− ybAlN(1− y)

(2.1)
where Eg(x, y) is the band gap value of the alloy, and bInN and bAlN are the
bowing parameters for In and Al compounds respectively [11, 20].

The tunability of the band gap in nitrides makes them ideal for optoelec-
tronic applications such as light emitting devices (LED), laser diodes (LD),
solar cells, ultraviolet and infrared detectors. Recently (2014) the physics
Nobel prize was awarded to Isamu Akasaki, Hiroshi Amano and Shuji Naka-
mura, acknowledging their work on III-Nitrides for efficient blue LEDs [1].

7
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Figure 2.1: The areas covered by III-Nitride (blue-shaded), III-Arsenide
(orange-shaded) and III-Phosphite (gray-shaded) groups in the Energy band
gap − α-Lattice constant plane.

2.2 Crystal structure

The crystal structure of the III-Nitride materials can be either wurtzite
(hexagonal) or zincblende (cubic). The wurtzite crystal structure is the
most thermodynamically stable [13]. The zincblende structure can result
from growing nitrides on cubic structures.

In both the wurtzite and zincblende structures, each group III atom is
linked with four N atoms with covalent bonds, and each N atom with four
group III atoms [9]. The wurtzite structure has a hexagonal closed pack
(hcp) arrangement, and the layer stacking in the [0001] direction follows an
AB AB AB sequence (Fig. 2.2.a). For the zincblende structure, the layer
stacking follows an ABC ABC ABC sequence, as shown in Fig. 2.2.b.

The hexagonal structure is described by the lattice parameters a, which
is the side length of the hexagon, and c, which is the height of the hexagonal
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Figure 2.2: (a) The wurtzite structure, showing the AB AB stacking. (b)
The zincblende structure, showing the ABC ABC stacking.

GaN AlN InN

c (Å) 5.185 [17] 4.982 [17] 5.699 [5]
a (Å) 3.189 [17] 3.112 [17] 3.535 [5]
b (Å) 0.376 [2] 0.380 [2] 0.377 [2]

Table 2.1: Showing the values of the wurtzite crystal lattice, c, a and b, for
GaN, AlN and InN

prism (Fig. 2.3.a.). The wurtzite structure can be described as two hexago-
nally close packed arrangements, one of the III-element and one of N atoms,
that are displaced by a vertical distance equal the length of the covalent
bond, b, between the group III and the N atoms in the [0001] direction. The
lattice constant values a, c and the III-N covalent bond length b for GaN,
AlN and InN can be found in Table 2.1 [2, 5, 17]. For ternary and quartenary
compounds, Vegards law is used for the calculation of the lattice constant [4].
According to this, the lattice constant a of a compound of InxAlyGa1−x−yN
is given by:

aalloy(x, y) = xaInN + yaAlN + (1− x− y)aGaN (2.2)

In Fig. 2.3.b some of the main planes of the wurtzite crystal structure
are noted. These planes are the c-plane, the m-plane, the a-plane and the
r-plane, indexed as {0001}, {11̄00}, {112̄0} and {11̄02} respectively [9].
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Figure 2.3: (a) The hexagonal structure of wurtzite, depicting the dimensions
a and c. (b) The c-plane, m-plane, a-plane and r-plane are depicted in the
hexagonal wurtzite cell. Blue spheres (larger) represent Ga atoms, and red
spheres (smaller) represent N atoms

2.3 Polarity - Polarization

The wurtzite structure has a non-inversion symmetry, that is present in the
c-axis. Due to this, there are different polar directions. The [0001] direction
conventionally is defined as the vector pointing from the III-atom (anion)
towards the N-atom (cation), the positive direction of the c-axis. The [0001̄]
direction is pointing from the N-atom towards the III-atom. III-polar struc-
tures are defined as the structures that are grown towards the [0001] direction,
while N-polar structures are defined as those that grow towards the [0001̄]
direction. Different polarities have different results in the growth of films and
in the properties of the crystal [8, 21]. For example, different polarity films
present different surface morphologies and favor or hinder the formation of
threading dislocations (Ga-polar films present a smoother surface compared
to the N-polar films [18, 19]. Additionally, polarity has consequences on the
incorporation rate of impurities [6], in the defect formation [3, 10, 16] and
in adatom mobility [22].

Due to the strong ionicity of the covalent bond, strong polarization fields
are manifested inside the crystal that affect its electrical and optical proper-
ties [2, 7]. The total polarization, P is a sum of spontaneous and piezoelectric
polarizations. The spontaneous polarization is a property of the III-nitrides,
and becomes possible due to the non-inversion symmetry in combination
with the strong ionicity of the covalent bond. Uneven distributions of the
valence electrons along the c-axis result in a spontaneous polarization field
with direction parallel to the [0001̄] direction. The piezoelectric polarization
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is a result of strain in the crystal, that causes the atoms of the III-Nitrides
to shift from their position in a relaxed wurtzite cell.
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Experimental Methods

This chapter presents the basics of the experimental methods, instruments
and experimental setups that were used in this work. Initially we describe the
molecular beam epitaxy (MBE) method for semiconductors’ growth, followed
by the experimental methods that were used for sample characterization, i.e.
electron microscopy techniques, atomic force microscopy (AFM), photolumi-
nescense (PL) and X-ray diffraction (XRD).

3.1 Molecular Beam Epitaxy

MBE uses accurate control of molecular or atomic beam flow, to deposit
crystalline material onto a crystalline substrate, whose temperature is pre-
cisely controlled. This can result in the growth of ultra-thin epitaxial layers,
or the growth of 3 dimensional (3D) structures. Deposition is performed in
a high vacuum (HV) environment (10−5 Torr or higher) with background
pressure in the ultra HV (UHV) range of 10−11 Torr, resulting in excellent
crystal quality. All the above capabilities, in combination with in-situ tools
used for sample characterization, have defined the MBEs’ leading role in the
production of high-quality semiconductor materials and devices.

3.1.1 Molecular Beam Epitaxy Vacuum Chambers

The system that was used is the MBE 32P RIBER. It is comprised of 4
vacuum chambers that are used for smooth operation. These chambers are:
the load chamber, the degas chamber, the transfer chamber and the growth
chamber. They are separated with gate valves, isolating one from the other,
and each vacuum chamber has its own vacuum pump system. This way,
simultaneous operations that use different vacuum chambers are possible,
i.e. while a sample is growing in the growth chamber, a substrate can be
degassed in the degas chamber, while other substrates, ready to be grown,

17
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or to be degassed, are in the transfer chamber.
Initially, an 8-position cassette with substrates is loaded in the load cham-

ber, which is the only chamber that comes in direct contact with the labora-
tory atmosphere. At this point it should be pointed out that the laboratory
atmosphere is a controlled clean room environment (class 1000). The loaded
substrates have been previously cleaned using a standard chemical process to
remove any organic and inorganic contaminants. Then the chamber, which
is equipped with a turbomolecular pump, is pumped down to 10−6 Torr. The
degas chamber is attached to the load chamber.

The degas chamber is equipped with a degas heater, for degassing sub-
strates in high vacuum conditions. This is a necessary procedure prior to
any deposition on the surface of the substrate. Degassing sublimates resid-
ual atoms from the substrate surface, that may have originated from chemical
cleaning, or from the clean room environment. Additionally to the cleanli-
ness of the surface, this procedure also protects the ultra high vacuum in the
growth chamber from the sublimated atoms. The degas vacuum chamber is
continuously pumped by a turbomolecular pumb. The pressure is measured
by an ion gauge, and can reach ultra high vacuum (UHV) values of 10−11

Torr.
The transfer chamber separates the degas chamber from the growth cham-

ber. The cassette with substrates is positioned in this chamber while proce-
dures that use other vacuum chambers are ongoing, i.e. degassing a substrate
or growing a sample. The chamber is pumped with an ion pump and a Ti-
sublimation pump, that preserves UHV. The pressure is measured by an
ion gauge. The presence of this chamber additionally helps in preserving
the UHV in the growth chamber, which is the next chamber attached. The
sublimated residuals that may pass from the degas chamber to the transfer
chamber, during transfer of substrates, will be pumped in the transfer cham-
ber before opening the gate valve between transfer and growth chamber,
preserving in this way the purity of the growth chamber.

The deposition on the surface occurs in the growth chamber. A schematic
of this chamber is shown in Fig. 3.1. It is equipped with: effusion cells, a ra-
dio frequency plasma source for the production of the reactive nitrogen beam,
and an electron gun and a fluorescent screen for reflection high energy elec-
tron diffraction (RHEED) observations. Additionally there is a quadrupole
mass spectrometer (QMS), for monitoring the different molecules that are
present in the chamber, and a manipulator that allows for heating up to
850oC, and continuous rotation of the sample during the deposition process.

This chamber, uses a combination of pump methods for achieving UHV.
A turbomolecular pump, supported by a smaller turbomolecular pump and a
diaphragm pump is used, capable of pumping up to 1800 L/s. Additionally,
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Figure 3.1: Schematic drawing of a plasma-assisted molecular beam epitaxy
growth chamber, used for growing III-nitride semiconductors.

the chamber is equipped with a Titanium sublimation pump, effective for
the more reactive components of the residual gas (O2 and CO), as well as
an ion pump capable of preserving vacuum up to 10−11 Torr. Furthermore,
the system uses liquid nitrogen (LN2) cryopanels, that are effective in the
pumping procedure through gas adsorption on the surface of the panels. The
LN2 cryopanels also provide heat extraction and thermal insulation between
the different heating elements of the chamber.

The UHV achieved in the growth chamber is well within the molecular
beam regime. This means that the mean free path of the molecules is larger
than the critical length of the system. This critical length is the distance
between the effusion cell and the substrate, and in most of the MBE growth
chambers is equal to 0.15-3 cm. The average mean free path, λ, is given by
[6, 7]:

λ =
kBT√
2πpD2

(3.1)

where kB, T, p and D denote Boltzmann’s constant, the growth chamber tem-
perature, the pressure and the diameter of molecules, respectively. The mean
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free path for Ga atoms, in typical growh conditions1 is 0.96 m, well within
the molecular beam regime. Additionally to the molecular beam regime of
operation, the UHV also minimizes the presence of impurities and allows for
samples of better crystal quality and high purity.

3.1.2 Radiofrequency Plasma source

The growth of III-Nitrides requires a source of nitrogen, that is used in com-
bination with the atoms from the III group. Due to the inert nature of N2,
different methods are used that result in energetic nitrogen species. These
methods include the microwave electron cyclotron plasma source and the
radio-frequency plasma source. The combination of a nitrogen plasma source
with the MBE is called Plasma-Assisted MBE (PAMBE), and is the method
that was used. For the production of plasma, an RF-plasma source was used.
N2 inert gas is introduced in a pyrolytic boron nitride (PBN) cavity. Then it
is inductively coupled through a water-cooled copper coil with RF energy at
13.56 MHz. This creates a plasma, and transforms the nitrogen mollecules
to excited molecules (N∗2), ionized molecules (N+

2 ), excited atoms (N∗) and
ionized atoms (N+). The plasma is contained in a PBN discharge tube that
is caped with a PBN exit plate that contains many tiny holes [8]. The final
composition of the active nitrogen beam depends on the input power and gas
flow, both of which have significant effects on the growth procedure [4].

3.1.3 Effusion cells

Effusion cells are used in MBE, for the precise control of molecular or atomic
beams. They are based on the works of Martin Knudsen [12, 13] and Lang-
muir [15] (for a coincise description of their work the reader is referred to
[9]). Although the term ”Knudsen cell” originally refered to a cell used to
measure the mass that evaporates [14], the term is widely used as a synonym
to an effusion cell.

Effusion cells are small crucibles that contain high purity material such as
Ga, Al, Si, and allow for accurate flow control through thermal evaporation
or sublimation. The crucibles are uniformly heated, and they are usually
made from high purity PBN or graphite. The cells can reach very high
temperatures (up to ∼1500 ◦C), providing a high flux. The temperature is
regulated by close-loop controllers, establishing a stable flux. These two flux
characteristics ensure high and stable growth rates [6].

1for p=10−4 Torr, T = 300 K, D = 2.7 Å
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The flux Φe coming out of a crucible, as calculated by the Knudsen [12,
13, 14] and Langmuir [15] theories, is given by:

Φ = Aep(T )(
Na

2πMkBT
)
1
2 (3.2)

where Ae is the opening surface of the crucible, p(T) is the equilibrium
pressure of the evaporant at a temperature T, Na is the Avogadro number, M
is the molecular weight of the evaporating species, kB is the the Boltzmann
constant, and T is the absolute temperature. For this equation to hold, the
liquid/solid and vapor phase must be in equilibrium. However, due to the
large opening of the effusion cell (in order to achieve higher fluxes [6]) this
condition does not hold.

The real flux is highly dependent on the geometrical factors of the cru-
cible, such as the shape of the crucible, the size of the opening and the height
to diameter ratio. Furthermore, the useful flux coming from an effusion cell is
the one that reaches the surface of the substrate. So, additional factors such
as the distance and the angle between the crucible and the substrate play
a crucial role. For the above reasons, the beam flux is determined from its
equivalent pressure measured by an ion gauge. The gauge is located behind
the heating sample stage (Fig. 3.1), and can rotate towards the cells, having
the same position as the substrate when growing. This results in measure-
ments of the beam’s equivalent pressure that correspond to the flux reaching
the surface of the samples.

3.1.4 Physical processes of MBE - Surface kinetics

Molecular beam epitaxy is governed by the kinetics of the atoms impinging
on the surface of the sample. The main processes that occur are illustrate
in Fig. 3.2 [7, 16]. Initially, impinging atoms can adsorb to the surface,
interacting with the surface atoms. Adsorption can occur either through
weak Van der Waals forces, a process also called physisorption, or by forming
stronger chemical bonds (i.e. covalent or ionic), also called chemisorption.
The adsorbed atoms can diffuse on the surface, until (i) they are incorporated
to the crystal, or (ii) they are desorbed back in the growth chamber vacuum.
Additionally to the above, decomposition of the atoms of the crystal also
occurs, where atoms from the crystal can also either desorb, or diffuse on the
surface, following the procedure described above [7, 16].

Incorporation of the atoms occurs through chemisorption at nucleation
sites, reducing the dangling bonds of the surface, and thus reducing the total
surface energy. These nucleation sites can be considered as imperfections
of the surface [3, 10]. The number of bonds that are formed between the
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Figure 3.2: Schematics of the basic processes that occur during molecular
beam epitaxy: (a) atoms impinging, (b) physisorption, (c) incorporation
(chemisorption), (d) desorption, (e) diffusion and (f) decomposition of the
crystal

chemisorbed atom and the nucleation site define the preference of atoms
nucleating at the specific sites [3, 10]. The main possible sites, as can be
seen in Fig. 3.3, beginning from the less favourable are:

1. on the surface of a sample,
2. on the edge of a step,
3. in a kink that is formed in a step,
4. in a vacancy on the edge of a step and
5. in a vacancy on the surface
Atoms being adsorbed on the surface of a crystal, can become nucleation

sites, resulting in nucleous that are formed on the surface (Fig. 3.3.1). If
the size of the nucleous is larger than a critical size, it can grow further and
create 2D islands, or 3D clusters [1, 3, 19]. Otherwise, if the size is smaller
than the critical size, it will dissolve.

All the above kinetics of the adatoms depend in every case on the growth
conditions. These conditions are the impinging flux, the temperature of
the substrate, the surface of the substrate and the lattice constant and the
impinging flux ratio in the case of two or more depositing elements.

Epitaxial growth of thin films can be classified into three different growth
modes (Fig. 3.4) [7, 18]

1. layer by layer or Frank van de Merwe growth mode (Fig. 3.4.a). The
atoms that diffuse on the surface are attracted to the substrate more
than among themselves, resulting in a 2D growth of the film.

2. island or Volmer Weber growth mode (Fig. 3.4.b). The atoms are
attracted strongly between them, and create 3D clusters. These 3D
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Figure 3.3: Showing the possible positions of adsorbed atoms to form chemical
bonds on the surface. Atoms can be chemisorbed: (a) on the surface of the
sample, (b) the edge of a step, (c) in the kink, (d) in a vacancy on the edge
of a step and (e) in a vacancy on the surface. In the case of (1) diffusion
can lead to further aggregation of atoms on the surface.

clusters later coalesce and form a film.

3. layer plus island or Stranski Krastanov growth mode (Fig. 3.4.c). In
this growth mode, the atoms initially grow in a 2D growth of a thin
layer, and later on top of the film they form 3D clusters. This can
occur when the first layers are strained.

Figure 3.4: Showing the three different growth modes:(a) Frank-van der
Merwe mode, layer by layer growth, (b) Volmer-Weber mode, island growth,
and (c) Stranski-Krastanov mode, layer plus island growth.

The distinction of the three growth modes is better understood over a
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discussion of the local surface and interface energies per unit area, in combi-
nation with accumulated strain in the growing layers [16]. The surface energy
per unit area, γ, is defined as the reversable work, dW, needed to increase
the surface of a material by dA:

γ =
dW

dA
(3.3)

In the case of epitaxy, one can define γsub and γdep as the surface energy
per unit area of the substrate, and of the deposited material respectively. In
a similar way, γint is defined as the interface energy per unit area between the
substrate and the material that is deposited. These quantities are related to
the binding energy, and to the number of bonds included in a surface dA.

The growth mode of the initial layers is defined from the relation among
these quantities. One can define the quantity ∆γ = γdep + γint − γsub. For
the case where ∆γ < 0, then γsub < γdep + γint, and the growth will proceed
in a layer by layer mode, at least for the first layers. In the case of a different
lattice constant among the substrate and the epitaxial material, then accu-
mulation of strain can lead to 3D growth mode (Stranski-Krastanov growth
mode). Otherwise, the growth will continue layer by layer (Frank van de
Merwe growth mode). For the case were ∆γ > 0, then γsub > γdep +γint, and
the growth will proceed with the formation of 3D clusters (Volmer-Weber
growth mode) [3, 16].

3.2 Characterization methods

3.2.1 RHEED: An in-situ surface characterization
technique

In MBE systems, in-situ characterization of the surface during growth is
possible through a number of techniques[6, 7]. These methods include Auger
electron spectroscopy, secondary ion mass spectroscopy, X-ray photoemis-
sion spectroscopy, ultra violet photoemission spectroscopy and reflection high
electron diffraction (RHEED) [11]. The latter was used in this work, and will
be described in the following section.

The RHEED setup is described in Fig. 3.5 [7, 11]. An electron gun
produces a high energy electron beam through a heated wolfram filament,
that is used as a cathode. Electrons are then accelerated towards the anode,
that has 15 kV higher potential. This results in electrons with a De-Broglie
wavelength of ∼1Å, thus allowing for a high distinctive ability. The electrons
form a beam, that is further collimated through a set of electromagnets.
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Eventually the electron beam with a spot size between 0.5-1 10−3m is directed
towards the surface of the sample. The incident angle of the directed beam
is about 1-2◦, and covers a surface of 0.45-0.9 cm 2 on the sample. The
diffracted beam is directed towards a phosphorus screen, where diffraction
patterns become visible (Fig. 3.5). The very small penetration length of the
electron beam, makes this technique sensitive to the first layers of the surface
[11].

Figure 3.5: RHEED setup diagram

For a better understanding of the information that RHEED patterns pro-
vide, some basic concepts are necessary. The reciprocal space of a smooth
surface, is made of parallel rods normal to the surface of the substrate. The
Ewald sphere has a radius equal to the wavelength of electrons of the incident
beam. The section of the reciprocal space of the crystal and the Ewald sphere
defines the necessary condition for constructive diffraction, and constitutes
the RHEED pattern that is visible in the phosphorus screen (Fig. 3.6). Both
the rods and the Ewald sphere have a finite thickness. The rods due to ther-
mal vibrations of the atoms, and crystal defects, and the Ewald sphere due
to energy dispersion of the electrons [11]. The radius of the Ewald sphere
is larger than the distance between the rods, so it intersects many parallel
rods, and due to the finite thickness, the intersection is a region along the
rods, and not a single spot. This results in a streaky pattern (Fig. 3.7.a).

In the case of 3D structures, the electron beam diffracts while it is trans-
mitted through them, and results in spotty patterns (Fig. 3.7.b). In the case
of a rough surface, or when 3D structures start to form, then the pattern is
both streaky and spotty (Fig. 3.7.c).

3.2.2 Electron Microscopy

Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is a technique widely used for observing
morphological characteristics of samples in the nano-scale by using a focused
electron beam. Production of electrons is usually done through thermionic
emission [2, 5]. The electrons are accelerated with energies up to 40 kV
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Figure 3.6: Schematic representation of the inverse space, and the Ewald’s
sphere. The section of the Ewald’s sphere with the rods of the surface atoms
is the RHEED pattern

and are focused through a combination of electromagnets. This results in
an electron wavelength of 5×10−2 Å, that in combination with the electron
optical system, allows for resolutions up to ∼10 Å or better.

As the name implies, the electron beam scans the sample that is loaded
in a vacuum chamber. The electrons collide with the sample, and produce
various particles such as backscattering electrons, secondary electrons, Auger
electrons, transmitted electrons and X-rays. The sample must be conductive,
in order to avoid electron charge effects. The final SEM micrograph results
from information of emitted particles (mainly the secondary electrons), in
combination with the position that these particles are produced, that is de-
fined by the location of the beam. Due to the very small spot size, a very wide
depth of field is achieved, that allows for a better understanding of the 3D
structure of the sample. The magnification of the sample can vary between
10-500000 times, making this tool valuable in microelectronics laboratories.

High resolution SEM systems employ electron beams produced through
field- effect (FE) emission. The SEM used in this work was the JEOL 7000F
FE-SEM microscope, and all the SEM observations on the grown samples
were carried out by Katerina Tsagaraki.

Transmission electron microscopy

Another microscopy technique that uses an electron beam is the Transmis-
sion electron microscopy (TEM) [2]. This method uses electrons that are
accelerated through a cathode with energies between 200-1000 keV, giving
them speeds near the speed of light, allowing for a significantly larger resolu-
tion than SEM. In this technique, the electron beam is transmitted through
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Figure 3.7: RHEED patterns that show (a) a streaky, (b) a spotty and (c)
a streaky with spotty pattern, that correspond to (a) a smooth surface, (b)
3D structures and (c) a rough surface or small 3D structures that started
nucleating.

an ultra-thin sample (of the order of 100 nm), and then focused in a back
focal plane, producing the diffracted pattern. This pattern represents the
reciprocal space of the crystal. Then, using appropriate lenses, the user can
switch from reciprocal space imaging to real space imaging. The characteri-
zation with TEM that wil be presented in this thesis, was performed in the
Aristotle university of Thessaloniki, in collaboration with Prof. Philomela
Komninou and Prof. Thomas Kehagias, and Dr. Triantafyllia Koukoula.

3.2.3 Photoluminescence Spectroscopy

Photoluminescence spectrospopy (PL) is a technique that uses optically-
induced electron excitation in order to get information for the electronic
structure of the sample. A laser beam is incident on the surface of the
sample, and excites electrons from their equilibrium states [2]. Electrons
return to their equilibrium state, either through a radiative, or through a
non-radiative process. In the radiative process, they emit light according
to the energy difference of their excited and their equilibrium state. This
emission spectrum is collected by a CCD sensor, and through the PL peaks
important information for the electronic structure of the semiconductor can
be deduced. PL measurements were performed at room temperature and at
20K, using a He-Cd laser (centered at 325 nm) for optical excitation. The
emission spectra were collected by an Actron Research Spectrum PRP 500i
spectometer. The experimental accomplishment of the PL measurements
was realized by Maria Androulidaki.
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3.2.4 Atomic force microscopy

The atomic force microscopy (AFM) is a technique used for surface char-
acterization of samples, through a thin probe attached to an atomic scale
cantilever that scans the surface [2]. The position of the probe is managed
through a feedback loop controller that takes as input the reflection of a laser
beam that is directed on a mirror on top of the probe (Fig. 3.8). The sam-
ple drive allows for x-y-z movement through piezoelectric crystals (scanner).
While the probe is scanning the surface, the deflection of the cantilever is
measured through the laser beam reflection and is maintained constant by
moving the scanner. The distance the scanner moves vertically at each (x,y)
data point is recorded, and through proper software, the surface morphology
is reconstructed.

Figure 3.8: Schematics of the atomic force microscopy setup. The probe scans
the surface of the sample, while its position is monitored by the reflection of
a laser beam.

An AFM can operate in three different modes: (1) the non-contact mode,
that means the probe does not come in contact with the surface of the sample,
but is slightly higher, (2) the taping mode, that means the probe oscillates
and touches the surface at the lowest point of the oscilation, and (3) the
contact mode, that means that the probe is in continuous contact with the
surface. The AFM experiments on the samples grown were carried out by
Katerina Tsagaraki and Dr. Jann Kruse.

3.2.5 X-ray diffraction

X-ray diffraction is a non-destructive method that is used for structural char-
acterization and assessment for the crystal quality of samples [2, 17]. X-rays
are produced through high energy electron collision with a metal, and then
directed towards the sample. In the Bede D1 triple axis diffractometer that
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was used, the source emitted a wavelength of λ =1.54056 Å(Cu Ka1), that
is comparable with the dimensions of crystal lattices (i.e. cGaN=5.185 Å).
The X-ray beam is passing through channel-cut crystal monochromators and
definition slits and radiates to the sample, that is placed in a sample holder.
Then, constructive interference occurs in specific incident angles according
to Bragg’s condition:

nλ = 2dsin(θ) (3.4)

where n is a positive integer, λ is the wavelength of the X-ray, d is the plane
spacing, and θ is the incident angle between the X-ray and the plane (Fig.
3.9).

Figure 3.9: Representation of the Bragg’s condition.

The sample holder can rotate in the x, y and z dimensions, controlling
the angles of χ, ω and φ respectively. The detector can rotate around the
sample in the dispersion plane, measuring the intensity of the diffracted beam
at different 2θ angles (Fig. 3.10). Controlling the rotation of the sample
around all 3 axes, in combination with the rotation of the detector, allows
for a variety of different scan modes, the basic of which are [17] :

ω − 2θ: the sample and the detector are rotated by ω and 2 θ, in a ratio
of 1:2.

2θ: only the detector is rotated, tracing the diffracted beam in different
2θ angles.

ω-scan: rotation around the ω (y)-axis which is normal to the dispersion
plane of the sample, changing the ω angle, without changing the position of
the detector.

χ: rotation of the sample around the χ (x) axis, which is in the plane of
the surface.

φ: rotation of the sample around the z-axis which is the normal to the
surface, changing the φ angle.



30

Figure 3.10: A schematic, showing the incident and reflected beams on the
sample. The allowable rotations of the sample define the ω, φ and χ angles,
and the position of the detector defines the 2θ angle.

XRD is widely used for the determination of lattice parameters (that
provide information on composition and strain). It is also used to assess
the misorientation of films (that gives information for defect types and den-
sities) [17] and the thickness of different layers. In the case of nanowires
(NWs), XRD measurements can provide valuable information on the align-
ment, the twist coherency, the growth direction and the epitaxial relation of
the NWs with the substrate.

The ω − 2θ scan is used to compare the alignment of the NWs. Com-
parison of the full width half maximum (FWHM) around planes that give
constructive diffraction allows for an estimation of the alignment of each sam-
ple. In the case of well aligned NWs (Fig. 3.11.a), the FWHM is expected
to be smaller than in the case of less aligned NWs (Fig. 3.11.b).

For the twist coherency of NWs with a wurtzite crystal, we take advantage
of the six-fold symmetry around the [0001] direction that planes not parallel
to the sample surface have, and search for 6 peaks in a 360◦ φ scan of specific
planes (for the GaN crystal, the (11.4) planes were used). For NWs that
have a high twist coherency, we expect sharp peaks, with smaller FWHM
than those having a lower one.
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Figure 3.11: Schematic representation of Bragg reflection on well aligned (a)
and less aligned (b) NWs. The Bragg diffracted X-ray beam has less intensity
for a specific ω − 2θ scan in the case of misaligned NWs.
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Stages of spontaneous GaN NW
growth

In this chapter we present existing knowledge on the nucleation and growth
of GaN NWs on Si substrates. We begin by exploring three different cases of
initial surfaces, when Si (111) substrates are used for GaN NW growth. We
then describe the process of NW growth, that includes the nucleation and
elongation stages.

4.1 The initial surface

When active N and Ga adatoms reach the Si (111) substrates, an amorphous
SixNy layer unavoidably forms, simultaneously with the GaN crystal. This
process results in a not-well defined interface between GaN and the nitridated
Si surface, that also affects the grown NWs [4, 5, 14, 17]. Two common pro-
cedures are used in order to have a better defined interface between the GaN
NWs and the Si (111) substrate. These are exposure of the initial surface
to active N, and deposition of a thin AlN layer. More details concerning the
interface, and the effects on the GaN NWs in each of the above cases, will
be presented in chapters 6 and 7 respectively.

In this section, we focus on the three different initial surfaces for GaN NW
growth mentioned above (bare Si (111), amorphous SixNy and AlN layer) and
comment on the RHEED patterns observed throughout our experiments.

First the pattern in the case of a bare Si (111) surface for an electron beam
incident along the< 01̄1 > Si azimuth is shown in Fig. 1.1.a. The streaks that
are visible are representative of the 7×7 Si reconstruction, that occurs on a
clean Si (111) surface. This pattern is usually observed at high temperatures,
between 600-860◦C [20, 25, 27]. When the Si (111) wafer cleaning procedure
described in appendix A was followed, the 7×7 pattern appeared systemat-
ically between 740-760◦C (manipulator’s thermocouple temperature) during
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Figure 4.1: (a) RHEED pattern for electron beam incident along the < 01̄1 >

Si. A x7 Si (111) surface reconstruction is visible, that corresponds to the
7×7 Si (111) surface reconstruction. (b) Pixel intensity averaged over the
height of the image in (a) within the gray dashed border, as a function of
the x-distance in (a). The distance between the streaks visible is 1/7 of the
distance between the two main Si (111) streaks.

the Si substrate heating. The axes of the characteristic surface cell of the
7×7 reconstruction are 7 times larger than the bulk Si (111) surface basic
cell [26] in both the <01̄1> and < 2̄11 > directions.

This is verified by the distances between the visible streaks: compared to
the distance between the 0th and 1st order reflection of the bulk the x 1 Si
(111) streaks, d, the distance between two successive streaks in the x7 pattern
is d / 7. This is better illustrated in Fig. 1.1.b. The distance between two
neighbouring Si surface atoms, towards the <01̄1> and < 2̄11 > directions
is 3.84 Å and 6.65 Å length (Si-Si bond length is 2.35 Å), while for the case
of the 7×7 reconstruction, the dimensions of the characteristic surface basic
cell are 26.88 Å and 46.55 Å, respectively.

Second, we show the observed RHEED for the amorphous SixNy layer in
Fig. 1.2. As expected from an amorphous surface, the observed RHEED is
diffuse and featureless. The RHEED pattern of the third type of surface,
that of an AlN crystalline film, is shown in Fig. 1.3. The electron beam was
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incident along the < 101̄0 > AlN direction. A detailed study observing the
modification of the Si (111) 7×7 reconstruction to the bulk 1×1 periodicity
of the AlN (0001) surface will be presented in chapter 7.

Figure 4.2: The diffuse RHEED that is visible after the nitridation of the Si
(111) surface, and the formation of an amorphous SixNy.

Figure 4.3: The x1 RHEED diffraction pattern for an incident electron beam
along the <101̄0> AlN direction. This is characteristic of the 1x1 AlN sur-
face.

4.2 GaN nanowire nucleation

The nucleation stage of the NWs begins when active N and Ga atoms reach
the initial surface. Initially, there is a period where most of the deposited
Ga atoms are desorbed back into the vacuum [5, 15]. During this period,
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almost no GaN nucleation events occur. When a 7×7 Si (111) reconstructed
surface is used as an initial surface (Fig. 1.1), the RHEED pattern initially
changes from the 7×7 RHEED pattern to diffuse light, corresponding to the
amorphous SixNy formation. On the other hand, when active N and Ga
atoms are deposited on an amorphous SixNy surface (Fig. 1.2) and on a thin
AlN layer (Fig. 1.3), no change is observed on the initial RHEED pattern
during the first minutes.

The appearance of GaN transmission spots in the RHEED pattern sig-
nals the beginning of 3D GaN island nucleation [6, 19, 22]. Fig. 1.4 shows
the RHEED pattern in the case of GaN nucleating on top of a 1.5 nm of
crystalline AlN. We can clearly distinguish the AlN streaks, on top of which
the transmission spots appear.

Figure 4.4: The x1 RHEED diffraction pattern, for an electron beam incident
along the < 101̄0 > AlN direction, of the 1x1 AlN surface, with the faint
appearance of 3D GaN island spots.

The time needed for the majority1 of the GaN NWs to nucleate is re-
ferred to as the incubation time [11]. The incubation time, τinc, depends on
temperature according to the Arrhenius law τinc ∝ exp(−∆Einc/kBT )[13],
where ∆Einc is the activation energy.

As the deposition of N and Ga atoms continues, some GaN nuclei that
survive grow larger in size, until they grow to a stable size, forming a GaN
island. Then the islands follow a series of shape transformations, that depend
on the epitaxial constraints that are enforced from the substrate [8, 9]. The
final shape is a 3D hexagonal-prism column, which is the shape of the NW.

1GaN NWs can be nucleated throuhgout the growth procedure, in different regions of
free surface of the substrate.
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Figure 4.5: Plan-view HRTEM image of a GaN NW base. The hexagonal (red
dottedshape) morphology of the GaN NW, with 10-10 side facets (m-planes)
is evident.

The main axis of the formed NWs is parallel to the [0001] direction (c-axis),
as confirmed by XRD measurements we performed (Fig. 1.6). The six side
facets are {11̄00} surfaces (m-planes), as verified by HRTEM measurements
(Fig. 1.5), and as AFM, SEM and HRTEM studies have shown [1, 7].

It should be noted at this point, that due to the statistical nature of
the processes occurring during MBE growth, nucleation events can occur
throughout the growth process. The above description concerns the majority
of the NW nucleation events, that occur in the initial stages of the growth.

4.3 Evolution of the formed GaN NWs

Once the NWs have formed, they grow larger as time progresses, with a
larger axial growth rate compared to the radial one. As the GaN NWs grow
higher, the electron beam of the RHEED is blocked from reaching the bottom
surface. As a result, in the case where an AlN prelayer on Si is used, the AlN
streaks gradually disappear, and the GaN diffraction spots become brighter
and smaller (Fig. 1.7).

The NW growth rate along the [0001] axis is larger than that of a GaN
(0001) film grown in the Ga-limited (N-rich) growth regime with the same
Ga-flux, but smaller than the thickness of a GaN film that would be grown,
respectively, in the N-limited (Ga-rich) growth regime. These characteris-
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Figure 4.6: Theta-2theta XRD measurements, showing that the ori-
entation relationship between the GaN NWs and the Si substrate is
(0002)GaN//(111)Si

tics reveal that the NW elongation process is governed by diffusion-induced
process[12, 21, 24], during which Ga adatoms diffuse from the substrate sur-
face and the side facets of the NW towards the top (0001) surface of the NW.
Due to a faster nucleation at the top c-plane compared to the side m-planes,
the top surface acts as a sink for the Ga adatoms [24], as illustrated in Fig.
1.8.

The preferred nucleation on the top c-plane could be a result of the smaller
nucleation barrier for GaN nucleation on the c-plane compared to that of m-
plane facets [7]. An additional process that could aid in the preferential axial
growth, was proposed by Lymperakis et al [23]. Using density functional
theory calculations, they found that the non-polar m-plane is unstable when
interacting with atomic nitrogen. Atomic nitrogen could be present in the
nitrogen RF plasma beam and would result in a lower GaN nucleation rate
on the m-plane than on the polar c-plane.

Additionally to the above, the geometrical factors of the PA-MBE also
contribute to the higher axial growth rate compared to the radial one, as
shown in the work of Foxon et al [16]. When considering the inclination of
the Ga beam and of the nitrogen plasma source compared to the NW axial
direction, they calculated a much higher arrival rate at the top surface of
the NW compared to the side facets (factor of 5 difference). In our MBE
system, the Ga source has a ∼20◦ angle compared to the direction normal
to the surface, and could result to a growth rate ratio (axial growth / radial
growth) of ∼8, if all the incident atoms were incorporated in the solid without
any surface diffusion.
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Figure 4.7: The characteristic spotty RHEED diffraction pattern observed
for an electron beam incident along the < 101̄0 > GaN direction, when GaN
NWs are fully formed and grown as described in the text.

The growth of the NWs is governed by the diffusion process of Ga
adatoms. Thus, the number of Ga adatoms reaching the top surface is limited
by the diffusion length. In the case of NWs with heights much larger than
the Ga diffusion length on the side-facets, the contribution of Ga adatoms
from the substrate surface should be almost zero [7]. The diffusion length on
the side-facet has been estimated to be less than 100 nm [6, 12, 18, 23].

4.4 Evolution of NWs in our MBE system

In order to identify the characteristics of the evolution of GaN NWs in our
MBE system, we performed a time-series analysis. We prepared samples
with different durations of GaN growth on Si (111) substrates. Preparation
of the Si (111) wafers is described in Appendix A. A 1.5 nm thick AlN film
was then deposited on the initial Si surface, followed by 20 min of exposure
to active nitrogen. Then, GaN NWs were grown for 20 min, 40 min, 60 min,
180 min and 330 min, with identical growth conditions (Fluxes of Ga and N
equivalent to FGa = 84.6 nm/h , FN = 430 nm/h, TGr = 760◦C).

Fig. 1.9 shows cross-section, tilted and top-view SEM images of these
samples, in the top, middle and bottom rows of Fig. 1.9 respectively. As the
growth duration increases (from left to right) the height, h, of the NWs also
increases, as observed from the cross-section images. Similarly, an increase
in the diameter, d, is also observed from the tilted view SEM images. From
the side-by-side comparison of the top view SEM images, in Fig. 1.9, we can
see a steep increase of the NW density for a duration up to 40 min, followed
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Figure 4.8: Diffusion of adatoms on the surface and on the site facets of
a NW. Diffusion drives the adatoms towards the top facet of the NW, the
c-plane facet, that acts as a sink.

by a decrease for longer growths. We quantify these trends in the following
analysis.

Fig. 1.10 shows the experimentally determined average NW height as a
function of time. Additionally, we compare this height to its expected values
if it was limited by the incident flux of Ga (red triangles) or by the incident
N-flux (blue squares). The actual height of the NWs in all the growth times
studied, is larger than the Ga-limited NW height, and smaller that the N-
limited NW height.

The increase of the average height with time appears to be linear, sug-
gesting that GaN NWs grow almost with a constant growth rate. This was
calculated to be 255 nm/min. For the calculation of the average growth rate,
the sample with NWs shorter than 150 nm was not included in order to avoid
significant contribution of Ga adatoms diffusing from the substrate-surface
in the growth rate (adatom diffusion length along m-planes is calculated to
be less than 100 nm). The growth rate of 255 nm/h is larger than Ga-limited
growth rate (84.6 nm/h) and smaller than N-limited one (430 nm/h). It sug-
gest a significant diffusion of Ga adatoms (4 times the directly incident flux
on the (0001) plane)from the lateral m-sided to the top c-plane surface
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Figure 4.9: Cross-section (top row), tilted (middle row) and top view (third
row) SEM micrographs of NW samples grown for 20 min, 40 min, 60 min,
180 min and 330 min, in identical growth conditions (FGa = 84.6 nm/h , FN

= 430 nm/h, TGr = 760◦C). The scale bar is 200 nm for all micrographs.

Fig. 1.11, shows the average diameter (d) of the NWs as a function of
the growth time. A linear trend provides a good fit to the data, within the
range of explored values. The calculated diametric growth rate was found to
be 7.46 nm/h, less than 3% of the axial growth rate. This is in agreement
with the expectations discussed in section 1.3, and comparable with the 10.2
nm/h found in the work of Furtmayr et al [17]. It should be noted that
throughout the literature, the diametric growth rate is also referred to as
radial growth rate. However, for comparison between nucleation rates of the
m-plane and c-plane, one should compare the radial growth rate (∆r/tgr =
∆d/(2tgr)) with the axial one (∆h/tgr), and not the diametric growth rate.
As we can see from our results, GaN nucleation at the m-plane of the NWs
occurs with a rate less than 1.5 % of that at the c-plane.
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Figure 4.10: Average height, h, of the GaN nanowires (black circles), grown
for different time duration (20, 40, 60, 180 and 330 min), in identical growth
conditions (FGa = 84.6 nm/h , FN = 430 nm/h, TGr = 760◦C). The expected
NW height if it was Ga-limited and N-limited are also shown by red triangles
and blue squares, respectively.

The NW density as a function of time is shown in fig. 1.12. The number
density reaches up to 22.5 x 109 cm−2, for tGr = 40 min. Then it follows
an exponential-like reduction down to 6.5 x 109 cm−2, for tGr = 330 min. A
similar behaviour of a maximum in the number density in the first growth
minutes has been also observed by Calarco et al [3]. This has been attributed
to the coalescence of the NWs that form closely to each other, as the NWs
grow larger in size with time [3, 12]. Additionally, at longer growth dura-
tions, coalescence of NWs also occurs due to another factor. NWs that have
acquired substantial height may coalesce due either to elecric forces from
electric builded-up charges, that can be caused either by an electron beam
(during RHEED observations, or when evaluating the sample in the SEM mi-
croscope) [2] or due to the nitrogen plasma [28], or due to a negligible tilt of
the NW due to defects and morphological irregularities at the interface [10].
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Figure 4.11: Average diameter of GaN nanowires, grown for different du-
rations (tGr = 20, 40, 60, 180 and 330 min) in identical growth conditions
(FGa = 84.6 nm/h , FN = 430 nm/h, TGr = 760◦C). The line is a linear fit
to the data, giving an average diametric growth rate of 7.46 nm/h.

4.5 Conclusions

Throughout this chapter, we present the basics of the GaN NW growth on
Si (111) substrates. The NWs form through a two step stage, the nucleation
and elongation stage. During the two step process, an incubation stage
precedes any formation of a stable GaN nuclei. The nuclei will evolve into
a NW through a series of shape transformations, that depends on the initial
surface, and then through a diffusion induced process the GaN NW height
and diameter will increase. We showed the linearity of the height and radius
with time, for GaN NWs grown in our MBE system.
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Figure 4.12: Density of GaN nanowires, grown for different time duration
(20, 40, 60, 180 and 330 min), for identical growth conditions as described
in the text. During the first minutes there is a steep increase, that is followed
by an exponetial-like decrease.
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The role of substrate tem-
perature in spontaneous GaN
nanowire growth

As we have seen in the previous chapter, the kinetic processes occurring on
the initial substrate surface, and on the side facets of a formed NW are cru-
cial for the NW nucleation and in the elongations process. These processes
are defined by the minority atoms (Ga adatoms) that are present. The be-
haviour of the adatoms (i.e., density and diffusion length) strongly depends
on the temperature of the surface on which the adatoms are diffused through-
out the NW nucleation and elongation stages. The temperature should be
low enough to minimize Ga adatom desorption, and high enough to enable
adatom diffusion during the NW nucleation and elongation stages.

The complicated effect of substrate temperature on the Ga adatom kinet-
ics is reflected on the final GaN NW characteristics. The NW density, height
and diameter strongly depend on the temperature used [2, 10]. Although
this has been extensively studied for the case of GaN NWs grown on bare
Si (111) substrates [2, 5, 10], the case of GaN NWs grown with the use of a
thin AlN prelayer on top of the Si substrates is not well documented. In this
chapter we aim to address this, and find which characteristics, and in which
range, are affected.

In order to study the substrate temperature effects on the nucleation
stage, we grew a series of samples at different temperatures. The substrate
temperature for every sample was kept constant throughout the growth.
Since this affected mainly the nucleation stage, as we will see in detail in
the following, the effects on the elongation stage could not be clearly iden-
tified. For that reason, two more series of samples were grown, following
a two-step growth process (two different substrate temperatures during the
growth). The substrate temperatures and growth times for all samples are
shown in Table 5.1.
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Table 5.1: A short description of the samples used to study the effects of the
substrate temperature. All the samples included in the table were grown on
bare Si (111) wafers, with the use of 1.5 nm AlN prelayer. The Ga and N
fluxes corresponded to GaN equivalent growth rates of 84.6 nm/h and 430
nm/h.

Growth Tsub (◦C) Growth duration (min) Sample Name
One Step Gr. 760 180 OS760 1

One Step Gr. 780 180 OS780
One Step Gr. 790 180 OS790
One Step Gr. 800 180 OS800
One Step Gr. 730 20 OS730

IGS T (◦C) FGS T (◦C) IGS duration (min) FGS duration (min) Sample No
Two Step Gr. 730 750 20 160 TS750-160
Two Step Gr. 730 760 20 160 TS760-160
Two Step Gr. 730 770 20 160 TS770-160
Two Step Gr. 730 780 20 160 TS790-160
Two Step Gr. 730 790 20 160 TS790-160
Two Step Gr. 730 800 20 160 TS800-160
Two Step Gr. 730 780 3 177 TS730-3
Two Step Gr. 730 780 6 174 TS730-6

5.1 One-step growth

Samples were grown at four different substrate temperatures (kept constant
throughout the process), namely Tsub = 760 ◦C, 780 ◦C, 790 ◦C and 800 ◦C.
Fig. 5.1 shows cross-section (first row), tilted-view (middle row) and top-view
(bottom row) SEM micrographs of these samples. By inspecting the figure,
two main trends are apparent. First, the NW number density decreases
significantly with substrate temperature. This is particularly prominent at
the highest Tsub of 800 ◦C studied. In the SEM images taken for this sample,
only three NWs are present. Second, the height of the NWs decreases with
increasing Tsub.

We study these trends quantitatively in Fig. 5.2. In the plot of Fig.
5.2(a), we see that the average NW height changes from ∼ 850 nm for GaN
NWs grown at Tsub = 760 ◦C, down to 95 nm for Tsub = 800 ◦C. Additionally
to the average NW height, a significant decrease is also observed in the
minimum and maximum height values that were recorded.

The plot of Fig. 5.2(b) shows how the NW density changes with substrate
temperature. For the lowest temperatures of 760 ◦C and 780 ◦C, the density
does not change significantly (1x109 cm−2 and 1.2x109 cm−2 respectively).
However, for the higher temperatures of 790 ◦C and 800◦C the density is
drastically reduced by more than two orders of magnitude (down to ∼1x107
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Figure 5.1: One-step growth NW samples. Cross-section (top row), tilted
(midle row) and top view (third row) SEM micrographs of samples grown at
760 ◦C (a, b and c), 780 ◦C (d, e and f), 790 ◦C (g, h and i) and 800 ◦C
(j, k and l). The Ga- and N- fluxes used were 84.6 nm/h and 430 nm/h
respectively, and the total GaN deposition time was 3 h.

cm−2). This reduction reflects the exponential dependence of the island nu-
cleation rate on the inverse substrate temperature. While at Tsub = 800 ◦C,
the GaN island nucleation is almost eliminated (fig. 5.1), the presence of
even a few NWs that were visible in the SEM micrographs (Fig. 5.1(j), (k)
and (l)) suggests that once the initial GaN NW forms, the elongation of the
NW proceeds, even at Tsub = 800◦C. The reduction of NW density at high
temperatures was also observed by Consonni et al [5]. In section 5.2 we will
show that a two-step growth process with a low-T initial growth stage, can
restore the density for higher values of substrate temperature.

Interestingly, for substrate temperatures higher than 780◦C, the measured
average diameter increases with increasing temperature. This is shown in
Fig. 5.3.a. This increase that was also observed in other studies [10] could
be related to an increase in the stable nucleus size at higher temperatures
[8].
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Figure 5.2: Graphs showing the relation of (a) height and (b) density as a
function of temperature. The measurements were made for samples with GaN
NWs grown at different Tsub (760◦C, 780◦C, 790◦C and 800◦C), from SEM
micrographs. For the case of Tsub = 760◦C, two samples were grown and
illustrated in the graphs.

During the growth of the samples, RHEED observations allowed us to
estimate the incubation time τ of the GaN NWs (i.e. duration until the
first Ga spots started appearing). Fig. 5.3.b shows how τ changes as a
function of temperature. Two additional samples grown at lower substrate
temperatures (730◦C and 745 ◦C) are included, to increase the temperature
range. These samples were grown for the first 20 min in the same growth
conditions as the rest that are used in this series, but later their temperature
was changed, as part of the two-step series that will be analysed in the
following. The observed incubation time, τ , increases exponentially with the
growth temperature (Fig.5.3), according to the Arrhenius law.

The nucleation energy was calculated from a linear fit to the ln(τ) = f
(1/kT) relation (inset in Fig. 5.3.b) and was found to be 7.5±0.5 eV. This
value is for GaN nucleating on AlN, with Ga and N growth rates equal to
84.6 nm/h and 430 nm/h. In the case of GaN nucleating on a SixNy layer,
the nucleation energy found throughout the literature varies from 4.9 eV to
10.2 eV in different works [6, 11]. The wide range of the nucleation energy
values recorded, could be due to the different conditions used for NW growth,
and the different methodologies used for evaluating the incubation time.

As highlighted in the beginning of this section, the substrate temperature
is only one condition that affects the Ga adatom kinetics. Another important
factor, that should be taken into account (especially when comparing MBE
growth results) that defines the Ga adatom density is the flux for Ga and N
atoms used and their ratio III/V flux ratio). To this end, when comparing
with the work [2], that used similar fluxes with the ones used in our exper-
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iments (FGa=93.6 nm/h, FN = 360 nm/h), we find a similar change in the
density reduction with increasing the substrate temperature.

The above findings contribute to improving our physical understanding
for the role of substrate temperature in the NW formation, for the case that
a thin AlN prelayer is used. As the substrate temperature increases, the
nucleation of the NWs is suppressed, due to the increase in the incubation
time, as described by the Arrhenius law. The increased incubation period at
high substrate temperatures corresponds to less time for the NW elongation,
during the total 180 min of growth. This results in shorter NWs, compared
to the lower-Tsub samples. The correlation of the incubation time with the
final dimensions and morphological characteristics of NWs, does not allow
us to securely isolate the effect of temperature on the NW elongation stage.
In order to achieve this, we followed a two-step growth process, as described
in the following section.

Figure 5.3: Graphs showing (a) the average (red circles) and minimym (black
squares) diameter as a function of temperature and (b) the time needed for
the appearance of the first GaN 3D spots in the RHEED pattern, τ , as a
function of temperature. Samples with GaN NWs grown at 760◦C, 780◦C,
790◦C and ◦C for a duration of 3h, under identical growth conditions (see
text) were used. Additionally for (b), RHEED observations for samples grown
using the same Ga and N fluxes, at temperatures of 730◦C and 745◦C for the
first 20 min were used. The inset in (b) shows the linear fit performed for
the calculation of the Einc of GaN on the crystalline AlN prelayer used.

5.2 Two-step growth

Having established the role of the substrate temperature on the nucleation of
GaN NWs on a thin AlN prelayer on Si (111), we now turn our attention to
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the substrate temperature effect on the NW elongation. Using the findings
from section 5.1, we chose a low-Tsub initial growth stage (IGS) in order to
achieve a fast NW nucleation. The second and final growth stage (FGS) of
GaN NWs was at a higher substrate temperature, in order to suppress further
nucleation of the NWs [2, 12], and isolate the nucleation from elogation
process. Although this would ensure a faster nucleation, it was initially
unclear how the duration of the initial growth stage would affect the final
result. For this reason, an initial series of samples was focused on the effects
of the IGS time duration (tIGS). After finding the optimal tIGS, a second
series of samples was grown focussing on the role of the temperature during
the FGS, i.e., of the elongation stage of the NWs. A short description of the
samples used, that includes the substrate temperature, time duration and
sample name can be found in Table 5.1. The N and Ga fluxes, and the total
GaN deposition time were identical to the samples grown for the study of
substrate temperature effects in the one-step growth process.

The samples had the same TIGS and tIGS, but different TFGS.

5.2.1 The role of the duration of the low substrate tem-
perature step

Three samples, with an identical TIGS of 730◦C and different tIGS (3, 6 and
20 min, respectively) were grown. The TFGS was constant for all samples,
and equal to 780◦C. The total deposition time for active N and Ga atoms was
3 h for all three samples. These samples were compared with the one-step
growth, at 780◦C. In Fig. 5.4, the cross-section (5.4.a, b, c and d), tilted
(5.4.e, f, g and h) and top view (5.4.i, j, k and l) SEM micrographs of these
samples are shown.

All the samples that included a first step of GaN grown at 730◦C exhibited
a rough parasitic layer at the base of the NWs. This layer is formed due to the
increased density of Ga adatoms on the surface at this substrate temperature,
owing to the lower Ga desorption rate [1, 10]. In order to have a better
understanding of this layer’s morphology, a sample was grown for 20 min at
730◦C. SEM micrographs of this sample (Fig. 5.5) reveal that some NWs
nucleated within the parasitic layer.

Figure 5.6.a shows the average and maximum values of the height of GaN
NWs, compared to the tIGS used in the various two-step grown samples. The
average NW height of all the samples, with a low-Tsub initial growth stage
is ∼35 % larger than that of the one-step growth (with tIGS = 0). This
is attributed to the faster nucleation at 730◦C, as concluded from RHEED
observations (Fig. 5.3.b). The average GaN NW height for the two-step
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Figure 5.4: SEM micrographs of cross-section (top row), top (middle row)
and tilted view (bottom row) for samples with tIGS = 0 (a, e, i), tIGS = 3
min (b, f and j), tIGS = 6 min (c, g, k) and tIGS = 20 min (d, h, l).

samples does not vary significantly for the different tIGS values studied. The
same behaviour is also observed for the maximum GaN NW height values
measured in the various samples.

In contrast to the average height of the GaN NWs, a significant difference
is observed in the height distribution of NWs, as shown in Fig. 5.6.b. All
the samples with a two-step process have a narrower distribution than that
of the one-step process (tIGS= 0 min). In the case of tIGS = 3 min and
6 min, the height distribution contains some outliers i.e., a few short NWs
away from the main distribution. As the nucleation of GaN NWs continues
throughout the NW growth process [2], we attribute the existence of these
extremely short NWs in a delayed nucleation, that occurred during the later
stages of the FGS. However, such outliers are closer to the main distribution
for the case of the sample with tIGS = 20 min suggesting that the delayed
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Figure 5.5: SEM micrographs of the sample growh at Tsub = 730 ◦C, for a
total growth duration of 20 min, with N and Ga fluxes equal to 430 nm / h
and 84.6 nm / h; (a) top and (b) tilted view.

NW nucleation is minimal in this case.

GaN NW density measurements are also in agreement with the suppressed
nucleation during the FGS. The NW number density measured for the single
step grown sample at 730◦C for 20 min, has a larger density (12 x 109cm−2)
than that for samples with tIGS = 3 and 6 min (7.5 x 109cm−2 and 9 x 109cm−2

respectively). The larger density suppresses the formation of new NWs due
to the increased diffusion of Ga adatoms to the already formed NWs [9]. In
accordance with this, the NW number density increases with tIGS, as shown
in Fig. 5.7. We conclude that the majority of the nucleation events for the
sample with tIGS = 20 min occur during the lower temperature IGS, and
negligible nucleation occurs during the 160 min duration of the FGS.

In the initial work of Carnevale et al [2] which proposed a two-step GaN
NW growth process, the IGS is referred to as the nucleation stage. We
prefer to distinguish the NW nucleation stage from the IGS, because in some
occasions both the NW nucleation stage and part of the NW elongation
stage [3] occur during the IGS, while nucleation of isolated NWs can also
occur during the FGS.

The relation of the GaN NW diameter on the duration of the initial
growth stage (tIGS) is shown in Fig. 5.8. An increased diameter is observed
for the sample with tIGS = 20 min. We attribute this to the longer elongation
stage taking place at 730◦C, for NWs that nucleated in the first minutes
of the IGS. This would result in NWs with larger diameters, according to
the larger radial growth that has been found for NWs that grow at lower
temperatures [2, 5].

Our results show a correlation of the duration of the low temperature
IGS, with the morphological characteristics of the NWs. While the height of
the NWs does not show any dependence on the tIGS, the height distribution
revealed a suppression of the nucleation of NWs throughout the FGS when
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Figure 5.6: (a) Average and maximum heights of the GaN NWs grown with
different time durations of the IGS stage (tIGS = 0, 3 min, 6 min and 20
min) and with TIGS = 730◦C and TFGS = 780◦C. (b) the height distributions
for samples grown with different duration of the initial growth stage.

a larger tIGS was used. The NW diameter and density are correlated with
the duration of the IGS. For the growth conditions used in our MBE setup,
control over the range of 26 - 40 nm for the diameter and 7,5 - 13 x 109 cm−2

for the density can be achieved, by varying the tIGS between 3 and 20 min.
Our findings can be compared with the work of Zettler et al [12]. Although

their growth conditions (FGa = 330 nm/h, FN = 660 nm/h) were different
form our experiments, they performed a similar study on the duration of the
IGS, for GaN NWs grown on nitridated Si (111). Their samples were grown
with TIGS = 815◦C and TFGS = 845◦C, for a total duration of 270 min.
Interestingly, although they use a higher Ga growth rate by ∼ 400% , they
had control over a similar range of NW density with the work presented in
this chapter (namely, ∼ 8.5 - 12 x109cm−2 for tIGS between 50 and 80 min,
respectively). When comparing the NW heights, they also found negligible
effect of the tIGS, since the measured NWs for all the two-step samples were
in the range of 1.6-1.7 µm.

A key difference between the results of the two works is the presence of
the initial GaN parasitic layer in our samples. The use of an initial AlN layer,
in combination with the low Tsub chosen during the IGS, enhances the 3D
islands nucleation of GaN, resulting in the formation of GaN NWs together
with the GaN parasitic layer, for all three samples grown. In contrast, in
the work of Zettler et al [12], the initial growth durations chosen were such
that the NW nucleation stage would be close to the end (for tIGS = 80 min),
an intermediate stage (for tIGS = 65 min), and at the early stages for the
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Figure 5.7: The density of GaN nanowires in samples with different duration
of the initial growth stage, at TIGS = 730◦C, and the same total growth time
(3h) and growth conditions (FGa = 84.6 nm / h, FN = 430 nm / h, TFGS =
780◦C). The values of the sample grown directly at 780◦C for 3h (tIGS = 0
min) are also depicted, for comparison with the one step growth. The line is
guide for the eyes.

shorter IGS duration (for tIGS = 50 min). Their choice resulted in separately
grown NWs, without the presence of any GaN layer in between them.

5.2.2 The role of substrate temperature during the
elongation stage

After finding the optimal initial growth conditions during the IGS, that in-
dicate that the nucleation of new NWs is minimal during the FGS, we turn
our attention to the role of the TFGS at the second growth step (TFGS) on
the NW morphology. We prepared samples with an identical IGS (TIGS =
730◦C, and tIGS = 20 min) and different TFGS for the rest of the 160 min of
GaN growth. The chosen substrate temperatures for the FGS were 750◦C,
760◦C, 770◦C, 780◦C, 790◦C and 800◦C.

Figure 5.9 shows SEM micrographs of the cross-section, top-view and
side-view of the samples. From the cross-section micrographs we see that the
average NW height is much lower for the higher substrate temperatures of
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Figure 5.8: Diameter of the GaN NWs, for samples with different initial-
growth durations studied (tIGS), at TIGS = 730 ◦, and the same total growth
time (3h) and growth conditions (FGa = 84.6 nm / h, FN = 430 nm / h,
TFGS = 780◦C).

790◦C and 800◦C. This is better shown in the plot of Fig. 5.10, where the
average NW height compared to the TFGS is shown. The average NW height
increases up to ∼ 20 % for TFGS changing from 750 ◦C to 770◦C, were the
maximum value for the average height is observed (860 nm). As the TFGS

further increases, the height decreases down to ∼ 60 % of the maximum
value, in the case of the sample with TFGS = 800◦C.

The maximum height observed at TFGS = 770◦C reveals a change in the
GaN nucleation rate at the NW top surface and possible decomposition of
GaN at Tsub > 770 ◦C. The change of NW height (and thus of the growth
rate) may be attributed mainly to the number of adatoms that reach the top
NW surface, assuming a low decomposition rate at this temperature. The
increased nucleation rate for temperatures up to 770◦C, should correspond
to an increased amount of Ga adatoms reaching the top NW surface, while
a decreasing nucleation rate for the higher temperatures should result from
less Ga adatoms reaching the top surface. The above effect is governed by
the adatom diffusion length on the NW side facets, which is limited by Ga
incorporation (chemisorption) and desorption. Our results suggest that the
diffusion length of Ga adatoms on the m-plane side facets increases for sub-
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Figure 5.9: SEM images of the cross-section (top row), tilted (middle row)
and top (bottom row) view for samples grown with identical growth conditions
(TIGS = 730 ◦, tIGS = 20 min, FGa = 84.6 nm / h, FN = 430 nm / h), but
with different TFGS, equal to 750◦C, 760◦C, 770◦C, 780◦C, 790◦C and 800◦C.

strate temperatures up to 770◦C, while further increase of the temperature
results in the reduction of the diffusion length and/or the increased desorp-
tion from the top c-plane surface of the NW. A similar behaviour has been
reported in the work of Consonni et al [4], but the crucial temperature that
the maximum growth rate was observed was 790◦C. The results are in very
good agreement, considering the inaccurancies in the determinaton of sub-
strate temperature in different MBE systems. However, this Tsub difference
may also be related to a different balance of the surface kinetic processes
during growth due to the higher Ga-flux (FGa=162 nm/h), and N-flux in
that work [4]. Both, the higher Ga-flux and N-flux would compensate for the
increased Ga adsorption during temperature increasing [7].

A comparison of the average heights of GaN NWs in the two-step growth
process versus to the one-step growth process can be seen in the graph shown
in Fig. 5.10. At higher substrate temperatures, the height of the NWs is sig-
nificantly larger when a low-Tsub (730◦C) IGS precedes the final high-Tsub

NW growth (FGS). For the higher Tsub studied, 800◦, the sample with the
low-Tsub initial growth stage exhibited NWs with height 237 % larger com-
pared to the NWs of the sample grown directly, at 800◦C (one-step growth).

The density of GaN NWs grown by a two-step growth process does not
show any trend with the Tsub of the final growth stage (TFGS), as shown
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Figure 5.10: The height of GaN NWs grown on 1.5 nm AlN/Si (111) by one-
step and two-step growth processes, at different substrate temperatures. In the
case of the two-step process the value of TFGS used for 160 min GaN NW
growth is used in the plot. The first step of 20 min growth, was accomplished
at 730◦C. The Ga and N fluxes used were identical for all the samples (84.6
nm / h and 430 nm / h.

in Fig. 5.11. The values measured for all the two-step grown samples are
between 9 and 15 x 10 9 cm−2. A clear observation for the samples grown
at the highest temperatures of 790◦ and 800◦ is that the density of the NWs
grown by the two-step growth process is significantly higher than the one-step
growth process, as shown in Fig. 5.11. In the case of the Tsub = 800◦C, the
NW density difference is more than two orders of magnitude (from 9.7x107 to
15x109 cm−2). This is expected due to the increased Ga desorption at these
temperatures, leading to an intense suppression of NW nucleation from the
beginning of the growth in the single-step growth process.

A trend for the reduction of the average NW diameter with increasing
TFGS was observed, as shown in Fig. 5.12. A total reduction of 33% is
observed for TFGS increasing from 750◦C to 800◦C. This is again attributed
to the reduced radial growth at higher substrate temperatures [2, 5], that
was also observed in the experiments described in the previous section 5.2.1.
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Figure 5.11: The density of GaN NWs grown by a one-step or two-step growth
process at different substrate temperatures. In the case of two-step process,
initial GaN growth was carried out at 730◦C for 20 min. The total growth
time for all GaN NW samples was 3h..

5.3 Conclusions

Throughout this chapter we studied the role of temperature on the nucleation
and on the elongation stages of GaN NWs. The nucleation of GaN NWs is
suppressed as the substrate temperature increases, due to the increased Ga
desorption. A nucleation energy of 7.5±0.5 eV was calculated from RHEED
measurements of the GaN NW incubation time. A two step growth process
with an initial low TIGS and a higher TFGS allowed the nucleation of GaN
NWs at the initial growth stage, and their elongation at a high TFGS that
would not be feasible with a one-step growth process. Varying the duration
of the initial growth stage, allowed for control over the range of 26 - 40 nm
for the diameter and 7.5 - 13 times 109 cm−2 for the density. A maximum
height was observed for TFGS = 770 ◦C, in a series of samples with identical
initial growth stages, and attributed to a significant reduction in the diffusion
length of the Ga adatoms on the NW side facets (m-planes) and the increased
desorption on the top c-plane surface for Tsub > 760◦C.
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Figure 5.12: The GaN NW average diameter, measured from SEM micro-
graphs of samples grown with a two-step growth process, at different substrate
temperatures during the final growth stage. The initial substrate temperature,
TIGS was 730◦C, and the initial growth duration was 20 min. The Ga and N
fluxes used were identical for all the samples (84.6 nm / h and 430 nm / h).
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Spontaneous growth of GaN
nanowires on Si (111) surfaces:
intentional and unintentional Si
nitridation

6.1 Introduction

One of the factors that determine the nucleation of GaN Nws, and thus their
properties is the initial surface on which Ga and active N and Ga atoms
are deposited [3, 6, 11, 19, 24]. In the case of the Si (111) substrates, when
active N and Ga atoms are deposited on the substrate at high temperatures
(∼760◦C), a thin amorphous interfacial layer (IL) of SixNy has been reported
to form between GaN and the Si surface [3, 5, 10, 11, 13, 19, 23]. The process
of nitridation of the Si substrate happens when active nitrogen species reach
the Si surface, and can be either intentional or unintentional. In the first case,
a nitridation treatment precedes GaN deposition [24], while in the latter case
it occurs when active N and Ga atoms reach the Si surface simultaneously
[6].

In this chapter, both cases will be presented, and a systematic compar-
ison of spontaneous GaN NW growth on intentionally and unintentionally
nitridated Si (111) substrates will be presented. A study of the morphology,
structure and optoelectronic properties of the GaN NWs in the two different
cases will lead to the correlation of the NW properties with the nanostructure
of the GaN/Si interface. In particular, the results reveal how the treatment
of the Si surface affects the height distribution, average diameter, angular
tilt and twist dispersion, and photoluminescence spectra of the grown NWs.
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6.2 Experimental details

Two samples, A and B were grown on on-axis Si (111) substrates. In case
of sample A, GaN was deposited directly on a bare Si (111) surface. In case
of sample B, the Si (111) surface had been exposed to active nitrogen for 20
minutes prior to the GaN deposition. The substrate temperature during all
the steps in both samples was 760◦C. The power of the RF source was 300W
and the flow rate was 1.6 standard cubic centimeter per minute (sccm). The
GaN NW growth lasted for 180 min with N/Ga flux ratio equal to 5. The Ga
flux corresponded to an equivalent GaN growth rate of 85 nm/h. Reflected
High Energy Electron Diffraction (RHEED) was used for in-situ monitoring
during Si surface preparation and GaN growth. The Si (111) substrates were
chemically and thermally cleaned as described in section A. Additionally,
two Si substrates were removed from the MBE system, one after Si oxide
desorption and the other after the exposure of the clean Si surface to the
nitrogen beam at 760◦C for 20 min, and they were investigated by Atomic
Force Microscopy (AFM).

6.3 Experimental results

RHEED showed the 7x7 reconstruction on the thermally cleaned Si (111)
surface for both samples, prior to exposure to active nitrogen (N) and Ga
fluxes. Depending on the arrangement of the shutters in the growth cham-
ber, there are reports of exposure of the substrate surface to active nitrogen
leakage although the shutters are closed, beginning from the time that RF
N-plasma is ignited [6, 14, 15, 16, 20]. This leakage is usually confirmed by
modification of the 7x7 RHEED pattern. In the used MBE system, which is
equipped with a main shutter for the control of active nitrogen exposure, and
for the employed nitrogen flux, the 7x7 pattern on the RHEED screen was
clearly visible even after the ignition of the N plasma, indicating no active
nitrogen incidence on the Si surface. However the Si surface transformed to
amorphous material after its 20 min exposure to the nitrogen beam at 760◦C.

AFM observations on the Si (111) substrate, which was removed from the
MBE system after oxide desorption, revealed a smooth Si (111) surface con-
sisting of monolayer height steps and terraces with typical width of ∼150 nm,
as it would be expected for a misorientation of the Si substrate surface of 0.1◦

from the exact (111) plane. The morphology of the nitridated Si surface was
characterized by a high density of small islands and a much fainted contrast
of the Si (111) surface steps. This morphology exhibited no similarities with
the large islands with crystallographic shapes that were observed by high
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Figure 6.1: FE-SEM micrographs for observation at (a, b) 30 tilt view, (c, d)
top view and (e, f) cross-section view showing the GaN nanowires of sample
A (a,c,e) and sample B (b,d,f). Sample A of direct GaN growth on Si (111)
exhibits increased misalignment of nanowires compared to sample B of GaN
growth on intentionally nitridated Si (111) substrate.

temperature nitridation in ref. [24]. The rms surface roughness extracted
from 1x1 µm2 AFM scans was 0.21 nm.

FE-SEM observations showed that intentional Si nitridation improved the
alignment and height homogeneity and increased the diameter of the NWs.
No parasitic grained structures of GaN between the NWs were observed in
any of the two samples. Figures 6.1.a and 6.1.b are cross-section FE-SEM
images of samples A and B, respectively. A better alignment of the GaN
NWs is evident for sample B (Fig. 6.1.b), consisting of GaN NWs grown
on the intentionally nitridated Si. On the contrary, several inclined (tilted)
nanowires are visible in Fig. 6.1.a, for sample A with direct GaN growth
on Si. Analysis of the height of the NWs, from the cross-section FE-SEM
images, revealed almost the same average height for the two samples (440 nm
for sample A and 430 nm for sample B), but a significantly broader height
distribution in the case of sample A, as shown in the plot of Fig. 6.2. The
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Figure 6.2: Height distribution of the two samples, as measured by FE-SEM
images. Sample A (B) height distribution is denoted with black color (grey
color). The curves serve as a guide for the eye.

Figure 6.3: XRD rocking curves around the (0002) GaN reflection for sam-
ples A and B.

calculated standard deviation for the NW heights was 107 nm for sample A
and 68 nm for sample B. The diameters of the NWs were determined from
30 tilt view FE-SEM images and the calculated average NW diameter was
25 nm for sample A and 40 nm for sample B.

The XRD measurements confirmed that the GaN NWs grow along the
[0001] axis and they were in agreement with the FE-SEM observations for
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Figure 6.4: φ-scan of the (11.4) GaN planes, revealing the twist coherency,
with the six-fold symmetry.

Figure 6.5: Cross-sectional HRTEM image of sample A, along the [1̄10]Si
zone axis, illustrating an inclined GaN NW nucleated directly on the Si sur-
face. In the inset, the corresponding FFT diffractogram from the interfacial
area shows the orientation relationship between the GaN NW and the Si sub-
strate. Red circles denote the [11̄00]-type reflections of wurtzite GaN.

the crystallographic alignment of the GaN NW crystals. Figure 6.3 shows
the XRD -scans around the (0002) reflection of the two samples. The Full
Width at Half Maximum (FWHM) of the (0002) GaN peak of sample B was
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Figure 6.6: HRTEM image of sample B, viewed along the [112̄0]GaN//[1̄10]Si
zone axes, showing a slightly inclined GaN NW grown on the thin amorphous
SixNy layer of the Si surface. Wurtzite GaN crystalline remnants (arrows)
are depicted on either side of the NW.

Figure 6.7: FE-SEM image of sample B, after the KOH etching, showing the
characteristic etched top part of N-polar GaN NWs.

3.4◦ while that of sample A was 5.6◦. It is clear that intentional nitridation
of the Si surface (sample B) resulted in a reduced tilt angle dispersion of the
GaN NWs, in comparison to direct GaN on Si growth (sample A).

The angular twist dispersion of the NW crystals was evaluated by XRD
φ-scans for the asymmetric (11.4) reflections of GaN, and the results are
shown in Fig. 6.4. Six-fold symmetry for the (11.4) planes is apparent
in both samples. However, the NWs of sample B (nitridated Si) exhibited
significantly stronger peak intensities and smaller FWHM values compared
to sample A (direct growth), indicating that a larger percentage of GaN
NWs was grown with a dominant epitaxial relation with respect to the Si
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crystal. The peak intensities were 2.86 counts per second (cps) for sample B
compared to 0.45 cps for sample A, whilst the FWHM values were 6.2◦ and
8.1◦, respectively.

An inclined GaN NW nucleated on bare 111 Si surface (sample A) is
shown in the cross-sectional HRTEM image of Fig. 6.5, along the [1̄10]Si
projection direction. The NW is tilted 19o with respect to the [11̄1]Si growth
direction. Roughening of the Si 111 surface comprising steps, pits and mounts
is observed at the nucleation site of the NW, and can be attributed to the un-
avoidable interaction of the active N species with the Si surface atoms, prior
to NWs growth. Simultaneously, this interaction leads to unintentional nitri-
dation of the Si surface and the formation of a thin amorphous SixNy layer,
as seen on either side and partially under the inclined NW. In the HRTEM
image of Fig. 6.5, only the (11̄00) planes of the GaN wurtzite structure are
resolved, whereas in the corresponding fast Fourier transform (FFT) diffrac-
togram at the GaN/Si interface (inset) the 0002 spatial frequencies are absent
under the specific diffracting conditions. This means that the orientation of
the NW is far from the expected [112̄0] zone axis, and the [0001]GaN axis is
not only tilted, but also twisted about the [11̄1]Si growth direction. Hence,
no epitaxial relationship can be established for the inclined NWs. Moreover,
a high density of tilted NWs also nucleated on the amorphous SixNy layer,
with NW tilting attributed to its roughness, resulting as a consequence of
the uncontrollable growth. On the other hand, Si surface nitridation, prior
to NWs growth, substantially improved the axial alignment of NWs, due
to the formation of a homogenous 1.52 ± 0.11 nm thick SixNy layer at the
GaN/Si interface, which may also have accommodated any initial Si surface
roughness, as shown in the HRTEM image of Fig. 6.6, recorded from sample
B.

GaN crystalline remnants up to 2 nm thick are depicted on either side of
the NW atop the SixNy layer. The inset presents a magnified image of these
nanocrystals, showing the ababab stacking of the wurtzite structure, which
might have functioned as potential NW nuclei at the onset of NWs growth
[6, 7]. Furthermore, the (0001)GaN//(11̄1)Si, [112̄0]GaN//[11̄0]Si epitaxial re-
lationship between the GaN and Si crystal lattices was obtained by selected
area electron diffraction (SAED) patterns and HRTEM imaging. Among nu-
merous NWs, occasional small tilts and twists of the [0001] GaN NWs growth
axis relative to the [11̄1]Si growth direction were observed, as a consequence
of local thickness fluctuations of the SixNy amorphous interfacial layer.

KOH polarity tests revealed that the majority of the GaN NWs were
grown with N-face polarity in both samples, with the possible exemption
of a few NWs in sample A. The KOH etching reduced the height of the
nanowires and revealed a change of the flat top surface of the NWs to a
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sharpened edge, as shown in the FE-SEM image of Fig. 6.7 for sample B,
which is characteristic for N-face GaN NWs [15]. In the case of sample A,
the observation of a few short NWs with flat tops, after the KOH etching,
may indicate that few short Ga-face NWs had also been grown. In the case
of sample B, where there was clear etching for all the observed NWs, the
averaged height of the NWs was 270 nm, revealing an etching rate of 5.3
nm/min in the 4M KOH aquatic solution (with a pH of 14.6, and total
submerged time 30 min, at room temperature).

Figure 6.8: Photoluminescence spectra taken (a) at room temperature and (b)
at 20K.The inset is the PL spectrum at 20K in the band edge region, showing
the different contribution of the defect-emission peak at 3.417 eV in the two
samples.

PL studies at room temperature (RT) and at 20 K are presented in Figs.
6.8.a and 6.8.b, respectively. The integrated PL intensity of sample A is
7 times less at 20K and 4 times less at RT than that of sample B, which
may indicate a better overall crystalline quality in sample B. The inset of
Fig. 6.8.b shows the 20 K PL spectra in logarithmic scale to identify the
various emission peaks. The 20 K PL spectra of both samples are dominated
by the donor bound exciton (D0X) emission at 3.470 eV that corresponds
to relaxed GaN crystals. The FWHM of this peak was measured at 2.3
meV for sample A and at 2.9 meV for sample B, values consistent with a
good crystalline quality of the GaN NWs for both samples. Another strong
emission in the 20K PL spectra is located near 3.45eV. Although commonly
observed in GaN NW structures, its origins are still unclear [17, 22]. It
has been correlated with the two-electron satellite of the D0X emission [8],
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Figure 6.9: Cross-sectional HRTEM image of sample A illustrating three ad-
jacent NWs along the [112̄0]GaN//[1̄10]Si zone axes. Roughening of the Si
(111) surface and formation of a thin amorphous SixNy layer are due to un-
intentional nitridation. The central NW grown on a 1.3 nm thick amorphous
SixNy has a larger diameter, due to the absence of crystalline constrains with
Si, compared to the other two thin NWs that are partially or fully in con-
tact with the Si substrate, as shown in the insets depicting the corresponding
GaN/Si interfaces.

surface Ga-vacancies [12] and Ga interstitials [4]. A relatively weak peak is
also observed for both samples at 3.417 eV. Peaks in the range of 3.41-3.42
eV were found to originate either from NW regions close to the interface with
the Si substrate [4, 12], or from excitons bound to I1 basal stacking faults
[8, 18]. The identified peak appears very clearly in the PL spectra of sample
A (inset of Fig. 6.8.b), while it is visible only as a shoulder in sample B.
The increased intensity of this defect-emission in sample A indicates a lower
crystalline quality compared to sample B, in agreement with the integrated
PL intensity result.

6.4 Discussion of results

A significant difference in the GaN/Si interfacial structure of the two samples
was observed. An irregular and inhomogeneous interface was formed in the
case of sample A, corresponding to direct growth of GaN on bare Si (111)
surface. This is attributed to the inhomogeneous exposure of the Si surface
to N atoms, as it is covered by three-dimensional GaN islands that nucleate
simultaneously with the nitridation of the Si surface [5, 6, 23] and mask
the corresponding Si areas from the incident N beam. The Si nitridation is
favoured by the extreme N-rich growth conditions (N/Ga flux ratio equal to
5) and the strong Si-N bonds of 4.5 eV [20, 23] and will involve significant
migration of Si atoms [3, 10, 19, 21]. The result is a rough Si surface with
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mounts, steps and pits, which is partly covered by an amorphous SixNy layer
with non-uniform thickness. These large variations at the substrate surface
result in non-uniform nucleation and growth of GaN NWs, broadening the
distribution of heights and increasing the misalignment of the NWs [3, 5, 11].

The intentional nitridation of the Si (111) substrate, in the case of sample
B, resulted to a smooth surface covered homogenously by a 1.52 ± 0.11 nm
thick amorphous SixNy layer. The homogenous nitridation of the Si surface
may also smooth out any initial roughness present on the thermally cleaned
Si (111) surface. In this case, GaN NWs nucleate and grow on a flat and
uniform substrate surface, resulting in a narrowed distribution of heights
and an improved alignment of the NWs, in agreement with the presented
FE-SEM and XRD results of Figs. 6.1, 6.2, and 6.3.

An interesting result is that the GaN NWs exhibited a dominant epitax-
ial relationship with respect to the Si crystal lattice, when a homogeneous
amorphous SixNy layer covered the entire interface (sample B), compared to
sample A, where parts of the GaN/Si interface were crystalline. The six-fold
symmetry observed in the XRD φ-scans for the (11.4) planes, of Fig. 6.4,
would not be visible without a specific alignment of the GaN and Si lattices.
The comparison of intensities and FWHM values in Fig. 6.4, suggests a su-
perior alignment of NWs, concerning twist angle variations, in the case of
sample B. Common SAED patterns of the GaN and Si crystals, revealed the
established epitaxial relationship of (0001)GaN//(111)Si, [1120]GaN//[110]Si.
The epitaxial growth of GaN NWs on an intermediate amorphous SixNy layer
has been correlated to a very small thickness of the SixNy layer during GaN
nucleation, or the presence of crystalline structure in SixNy [2, 24].

Another finding in this work is the dependence of GaN NW diameter
on the presence of crystalline or amorphous interface with the Si substrate.
According to FE-SEM, the average NW diameter was 25 nm for sample
A and 40 nm for sample B. The narrower average diameter in sample A is
attributed to the partially crystalline GaN/Si interfaces that impose strain in
the NWs, while the strain is negligible for NW growth on amorphous SixNy.
This has been described as the effect of epitaxial constraints on the growth
[6] and is also supported by the HRTEM image of Fig. 6.9, which illustrates
three adjacent GaN NWs in sample A, grown on either amorphous SixNy or
crystalline Si. A much smaller diameter appears for the two NWs having a
structural interface with Si, while the thicker one in the middle is grown on
amorphous SixNy.

The absence of SixNy at the interface is related to the nucleation of epi-
taxial wurtzite GaN islands directly on the Si (111) substrate surface, with
the epitaxial relationship (0001)GaN//(111)Si. This is different from the
work of Borysiuk et al [1] where epitaxial zincblende (001) GaN islands were
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nucleated on (001) Si. In that case, wurtzite GaN nanowires evolved from
the inclined (111)Ga facets of the cubic GaN (001) islands, and the nanowire
c-axis was parallel to the Si [111] direction and the cubic GaN [111] direction.

The incubation time, growth, and size of a stable GaN nucleus is an
interplay and compromise between bulk GaN energies, free surface and in-
terface energies, strain energy imposed by epitaxial constraints as well as the
impinging fluxes, adatom densities and binding energies of the Ga and N
species, i.e. the chemical potentials of the latter. Although in the present
work we have little information regarding the actual shape and size of the
initial GaN nuclei, the presence of the amorphous SixNy layer indicates that
no epitaxial constraints are imposed during NWs growth on these layers.
Thus, the strain energy contributions to the free energy of the initial nuclei
are negligible. The epitaxial constraints and defective crystalline interfaces
in sample A constitute an energetic driving force for smaller interfacial areas
and hence smaller NW diameters in sample A. This is not contradictory with
the report of Fernandez-Garrido et al [9] of a self-regulated mechanism for
the dependence of GaN NW diameter on the used Ga flux (for constant N
flux). In their paper [9], GaN growth was continued with different Ga fluxes
on pre-existing identical GaN NWs of height 1.5 µm and diameter 86 nm.
In the present work, the GaN NWs have average height of 430-440nm for
both samples whilst the diameter is 25 nm and 40 nm for samples A and B,
respectively. These NWs are at a much earlier stage of growth compared to
those of Fernandez-Garrido et al [9] and have been nucleated on different
structure Si surfaces. It is thus reasonable to conclude that the observed
difference of the GaN NW diameter, between 25 and 40 nm, is indicative of
the effects of interfacial structure and strain on the nucleation and growth of
GaN NWs.

The KOH polarity tests indicate that GaN NWs nucleating on an amor-
phous SixNy layer have N-face polarity. However, NWs grown directly on
bare Si may contain few Ga-face NWs, in agreement with a previous report
[36]. This indicates that certain site(s) of the irregular substrate surface, on
which GaN NWs nucleated on sample A, may favour the Ga-face polarity.
Thus a controllable way to grow N-face NWs is by intentional nitridation
pre-treatment of the Si (111) substrate.

Finally, the better PL properties of sample B could not be attributed to
any observed differences in the presence of extended defects (not observed)
in the NWs. However, the overall characterization results reveal a correla-
tion of the inferior PL properties (lower integrated intensity, more evident
defect emission at 3.417 eV) of sample A with the irregular structure at
the GaN/Si interface, which should result to a higher content of electrically
active defects in the overgrown NWs. The peak at 3.417eV that is clearly
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evident in the 20K PL spectrum of sample A (Fig. 6.8) can originate both
from NW regions close to the GaN/Si interface [4, 12] and from the top part
of the NWs [8, 18]. In the latter case, emission in the region of 3.42 eV
has been attributed to excitons bound to I1 type basal stacking faults that
result from the coalescence of different NWs. The irregular structure at the
GaN/Si interface increases the misalignment of the GaN NWs and thus will
increase their coalescence probability.

6.5 Conclusions

A systematic study of GaN NWs grown either directly on a bare Si (111)
substrate or after Si (111) nitridation, has been presented. HRTEM and PL
experiments confirmed the high crystalline quality of all NWs. Comparison
between the two growth cases allowed for a clear identification of the cause of
differences in the alignment and dimensions of the NWs. Silicon nitridation
at 760◦C for 20 min creates a smooth and homogenous SixNy substrate sur-
face for uniform GaN NW nucleation. On the contrary, direct GaN growth
on Si results in a rough and inhomogeneous substrate surface, due to the
unintentional nitridation, providing either amorphous or crystalline nucle-
ation sites for the GaN NWs. The presence of the amorphous SixNy allows
GaN NW nucleation and growth with negligible strain energy from epitaxial
constraints, resulting in larger NW diameters compared to growth on bare
Si (111). Furthermore, the relatively flat and uniform SixNy surface permit-
ted an improved alignment of the NWs and a narrower distribution of their
heights. The GaN NWs exhibited a dominant epitaxial relationship relative
to the Si lattice, which may indicate the presence of ordered regions, at the
atomic scale, in the SixNy layer that can influence GaN nucleation. The N-
face polarity was detected for GaN NWs nucleating on an amorphous SixNy

layer. Finally, the irregular structure at the GaN/Si interface resulted in a
higher content of electrically active defects in the overgrown NWs.

Overall, the presented results contribute to a better understanding of the
effects of Si nitridation on the spontaneous growth and properties of GaN
NWs. They also suggest that a Si (111) nitridation pre-treatment improves
the regularity of the spontaneous growth and the properties of the GaN NWs.
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Effects of ultrathin AlN prelayer
on GaN nanowires

7.1 Indroduction

A typical observation in PAMBE growth of GaN NWs on Si (111) substrates
concerns the presence of amorphous SixNy interlayer at the GaN NW/Si
interface, resulting from unintentional nitridation of the Si surface [5, 11,
14, 17, 20]. The intentional Si (111) nitridation before GaN deposition has
been found to improve the alignment of the GaN NWs and to narrow the
distribution of their heights, as a result of improved homogeneity of the SixNy

interfacial layer [11]. Alternatively, the initial growth of an AlN prelayer on
Si (111) has been used to avoid nitridation of the Si surface and formation of
amorphous SixNy, thus creating a crystalline interface [5, 24, 27]. The AlN
prelayer accelerates the nucleation of GaN NWs and improves their alignment
[5, 24, 27]. However, this interfacial AlN layer is also a barrier for carrier
transport through the interface in NW devices and it is thus necessary to
minimize its thickness.

A good physical understanding of the GaN NWs nucleation with the
assistance of AlN prelayers on Si, and the optimization of the growth and
properties of GaN NWs, requires a systematic comparison of NW growth
processes with different amounts of deposited AlN. Although PAMBE enables
control of deposition thickness at the scale of an atomic layer, there has
been no investigation of the effects of AlN prelayer thicknesses less than
1.8 nm [16, 29] concerning GaN NW growth. This chapter paper provides
missing quantitative information for the dependence of the morphological
and structural characteristics of GaN NWs on the amount of deposited AlN,
for nominal deposition thickness in the range from 0 to 1.5 nm. In addition,
the used MBE system setup allows the simultaneous incidence of N and Al
atoms on the surface, avoiding the common practice of depositing an Al
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prelayer [6, 16, 17, 22] on the Si surface.
The growth and properties of the GaN NWs have been analyzed by Re-

flection high energy electron diffraction (RHEED), field-emission scanning
electron microscopy (FE-SEM), X-ray diffraction (XRD) and high-resolution
transmission electron microscopy (HRTEM). It is shown that even deposit-
ing a fraction of an AlN monolayer could enhance GaN NW nucleation and
crystallographic alignment, although amorphous SixNy is still formed at the
GaN/Si interface. An AlN prelayer of 1.5 nm nominal thickness, prevents Si
surface nitridation and improves the homogeneity of the nucleation of GaN
NWs, with negligible parasitic GaN formation between them. The misfit
strain of AlN on Si (111) is immediately relaxed, whilst formation of β-Si3N4

is evident for a short time before AlN nucleation.

7.2 Experimental Details

In some PAMBE growth chambers, nitridation of the Si (111) substrate sur-
face is evident, by modification of the 7×7 Si (111) reconstruction, as soon as
the RF source nitrogen plasma is turned on [16, 17, 29]. The deposition of Al
prior to the ignition of the nitrogen plasma is commonly used [6, 16, 17, 22]
for protecting the Si (111) surface from nitridation, which however may also
result to formation of the Al-Si γ phase [23]. Our PAMBE growth chamber
is equipped with a main shutter that limits the unintentional exposure of
the Si substrate to active nitrogen species, and thus allows the simultaneous
exposure of the surface to group-III and N atoms.

Several GaN NW samples were grown and the first growth step comprised
deposition of an AlN prelayer on the atomically clean Si (111) surface, with
AlN nominal thickness of 0.22 ± 0.04 nm or 0.38 ± 0.06 nm, or 0.54 ± 0.07
nm or 1.5 ± 0.20 nm. The substrate temperature was ∼760 ◦C, the N/Al flux
ratio was 1.6 and the AlN growth rate was 195 nm/h. The AlN/Si structures
were then annealed under nitrogen flux for 20 min to reach a stable structure
and avoid potential structural modification under the excessive nitrogen flux
impinging on the surface during the subsequent N-rich growth of GaN NWs.
Then GaN NWs were grown for 3h, under N-rich conditions with N/Ga flux
ratio equal to 5, and a Ga flux equivalent to GaN growth rate of 84.6 nm/h.
In order to confirm the reproducibility of results for AlN prelayer thickness of
0.38 and 0.54nm, two GaN NW samples where grown for each AlN thickness,
both giving identical morphological results of the GaN NWs. For the case of
1.5nm AlN, three samples were grown that also gave identical morphological
results.

A reference sample (0 nm AlN) was grown by omitting the first growth
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step of AlN prelayer deposition. In this case, the 3h GaN NWs growth fol-
lowed the 20 min annealing under nitrogen flux (nitridation) of the atomically
clean Si (111) surface.

All the GaN NW samples were grown using substrate rotation to optimize
their uniformity, so that cross-correlation of results by different analytical
techniques is meaningful. An additional experiment of AlN growth on Si
(111), aimed to provide further insight into the physical process of AlN nu-
cleation, was carried out without substrate rotation, for continuous recording
by a charge-coupled device (CCD) camera of the RHEED pattern evolution
along the < 101̄0 >AlN / < 2̄11 >Si azimuth.

7.3 Experimental Results

7.3.1 RHEED observations for different samples

The 20 min nitridation of the clean Si (111) surface, which exhibited a
7×7 reconsrtuction, resulted to an amorphous SixNy layer, evident by a dif-
fused RHEED pattern without the appearance of any spots or streaks. This
RHEED observation remained constant up to 15 min of GaN deposition on
the nitridated Si (111) surface, indicating a 15 min delay for GaN nucleation.
A typical pattern of spots elongated along arcs [7, 13] appeared after the 15th
minute, suggesting the nucleation of three-dimensional (3D) GaN islands on
the amorphous SixNy/Si surface with a substantial misorientation of their
crystals. The RHEED pattern was changing with rotation according to the
azimuth of incidence of the RHEED electron beam (< 2̄11 > or < 01̄1 >,
i.e. every 30◦) suggesting a twist coherency of the nucleated GaN crystals.
This was confirmed by XRD analysis of the finally grown GaN NWs that has
been presented in chapter 6 [11], and is also in agreement with the work of
Wierzbicka et al [28].

For all the samples that had an AlN prelayer deposited on Si, at the
end of the 20 min annealing of AlN under active nitrogen flux a typical 1×1
RHEED pattern, corresponding to the AlN (0001) surface was observed. This
indicates the epitaxial growth of AlN on the Si surface, but the RHEED pat-
tern could result either by an AlN layer that fully covers the substrate, or
a coexistence of crystalline AlN islands with amorphous SixNy regions at
the surface. After GaN deposition, spotty RHEED patterns started appear-
ing with a time delay depending on the AlN prelayer thickness. The spots
for 0.22, 0.38, 0.54 and 1.5 nm thicknesses started appearing at 12.5±1.5,
12.5±2.5, 4±1 min and less than 1 min respectively.

A comparison of the RHEED patterns along the < 112̄0 > AlN azimuth,
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after 5 min of GaN deposition is provided in Fig. 7.1 for the GaN NW samples
grown on substrates with different AlN prelayer thickness (0.22 nm, 0.38 nm,
0.54 nm and 1.5 nm). In the case of samples with AlN prelayer nominal
thickness of 0.22 nm and 0.38 nm, there were no GaN RHEED spots visible
after 5 min, suggesting that there has been no nucleation of 3D GaN islands
within that time (Figs. 7.1(a), (b)). For these samples (0.22 nm and 0.38nm
AlN prelayer thickness), GaN RHEED spots elongated along arcs started
appearing at a time (12.5 min) close to that observed for GaN deposition on
the nitridated Si surface (without any AlN prelayer). However, at the end
of the 3h GaN NW growth, the RHEED pattern consisted of circular spots,
without any elongation along arcs.

The RHEED pattern at the 5th minute of GaN deposition on the sample
with AlN nominal prelayer thickness of 0.54 nm is shown in Fig. 7.1.c. It
consists of both, streaks and spots, suggesting the substantial nucleation of
GaN islands before their shape transformation to NWs [7, 18]. For the case
of 1.5 nm AlN prelayer, no streaks are visible in the RHEED pattern taken
after 5 min of GaN deposition (Fig 7.1.d) suggesting that the growth had
proceeded to the final stage of formation and growth of GaN NWs.

7.3.2 NWs morphology and structure

FE-SEM revealed the strong dependence of the morphological characteristics
of the GaN NWs on the AlN prelayer thickness, for the range of ultrathin
AlN thicknesses studied in this paper. A major increase in NW height was
observed with increasing the AlN prelayer thickness from 0 to 0.28nm, then
to 0.38nm and then to 0.54nm, as shown in the cross-sectional FE-SEM
micrographs of Fig. 7.2. In the case of 0.54 nm of AlN prelayer, there was a
lot of parasitic GaN growth in the intermediate regions between the formed
GaN NWs, as can be seen in Fig. 7.2.d. On the contrary, in the case of
GaN NW growth on 1.5 nm AlN, the parasitic GaN growth was significantly
reduced and there was a better height homogeneity (Fig. 7.2.e).

For quantification of the morphological characteristics of the GaN NWs
that were grown for 3h, their height, diameter and density were measured
from FE-SEM micrographs of a cross-section and the top surface of each
sample at vertical view and 30◦ tilted view. The determined values have
been plotted versus AlN prelayer thickness in Figs. 3(a)-(c). The average
GaN NW height (Fig. 7.3.a) increased from 430 nm, for GaN deposition on
the nitridated Si surface (Fig. 7.2.(a)) to 850 nm for GaN deposition on 0.54
nm AlN prelayer (Fig. 7.2.d. For the case of 1.5 nm AlN prelayer (Fig. 7.2.e),
the average GaN NW height was the same as for the case of 0.54 nm, AlN
(Fig. 7.2.d) suggesting a saturation of the GaN NW height for the growth
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Figure 7.1: RHEED patterns for electron beam incidence along the <
112̄0 >GaN azimuth after 5 minutes of GaN deposition, for samples with
AlN prelayer thickness of (a) 0.2, (b) 0.4, (c) 0.5 and (d) 1.5nm.

conditions used.

The average NW diameter (Fig. 7.3.b) decreased from ∼40 nm to ∼25
nm with increasing the AlN prelayer thickness from 0 to 0.54 nm respectively.
Interestingly, in the case of samples with 1.5 nm AlN, the GaN NW diameter
increased to 35 nm. The GaN NW density (Fig. 7.3.c) decreased from
∼2×1010 cm−2, in the case of no AlN prelayer, to ∼6x109 cm−2 for 0.54 nm
AlN prelayer. Again, the GaN NW density of samples with 1.5 nm AlN
prelayer thickness did not follow the decreasing trend of the samples with
thinner AlN prelayers, but was increased to 1x1010 cm−2.

The crystallographic alignment of the GaN NWs, estimated from XRD
measurements, also exhibited a monotonic dependence on AlN prelayer thick-
ness for samples with AlN thickness up to 0.54 nm. Figure 7.3.d shows the
full width at half maximum (FWHM) of XRD ω-scans around the (0002)
reflection. The XRD FWHM decreases from 3.4◦, in the case of GaN NWs
grown without any AlN prelayer, to 0.96◦ in the case of the two GaN NW
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Figure 7.2: Cross-sectional FE-SEM micrographs of GaN NWs grown on: (a)
nitridated Si (111) surface or after depositing on Si (111) an AlN prelayer
with nominal thickness (b) 0.22nm, (c) 0.38nm, (d) 0.54nm and (e) 1.5nm.

samples with 0.54 nm of AlN. One of the two samples with 0.4 nm of AlN
prelayer thickness, had an XRD FWHM value of 3.35◦, that does not fol-
low the decreasing trend, but this is attributed to damage of the surface of
the specific sample that could affected the XRD measurements. The XRD
FWHM of the samples with 1.5 nm AlN prelayer exhibited a slight increase
compared to the 0.54 nm AlN, being of 1.3◦. This XRD FWHM increase
might be due to secondary effects in GaN NW growth such as NW coales-
cence occurring for high NWs [2, 4, 9], or some mechanical instability against
bending that is present during the measurement. In the case of 0.54 nm AlN
prelayer,which resulted to the same height of GaN NWs, similar GaN NW
coalescence may have been limited by the GaN parasitic growth around the
NWs that sometimes covers the NWs up to a height of ∼ 300 nm, and thus
stabilizing their orientation against bending.

HRTEM imaging of the sample with 0.38 nm of AlN prelayer showed the
presence of amorphous interfaces between the GaN NWs and the Si substrate
(Fig. 7.4. In Fig. 7.4, a HRTEM image of the amorphous GaN NWs/Si in-
terface is depicted, along the [11−20]GaN//[110]Si projection direction, while
no AlN layer could be identified by HRTEM. We attribute the amorphous
material in the nitridation of the Si (111) surface, forming SixNy, although
we cannot exclude the presence of Al atoms, in the amorphous region.

Besides wurtzite GaN NWs, sparse crystalline island-like regions of non-
polar m-plane GaN were also identified (Fig. 7.5. These GaN crystals either
exhibit an amorphous interface with the Si substrate (Fig. 7.5), or in some
cases they are in direct contact with it (Fig. 7.6).

In the case of the sample with 1.5 nm of AlN prelayer thickness, a clear
crystalline AlN interface between the GaN NWs and the substrate was iden-
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Figure 7.3: (a) Height, (b) diameter, (c) density and (d) (0002) GaN ω−scan
FWHM of GaN NWs grown spontaneously on Si (111) with different AlN
prelayer thickness.

tified by HRTEM, with no trace of amorphous SixNy (Fig. 7.7). The AlN
crystalline layer is continuous but exhibits a considerable surface roughness
and resembles a dot-like structure, as shown in the HRTEM image of Fig.
7.7, in agreement with Landre et al [21]. The corresponding geometrical
phase analysis (GPA) map of the out-of-plane lattice strain components re-
vealed that both the GaN NW and the AlN prelayer were nearly strain-free
(Fig. 7.8). From Fig. 7.8.8(b), we can deduce that the AlN influenced inter-
facial area is ∼ 2.5nm, considerably larger that the nominal AlN thickness.
Moreover, small interfacial GaN pyramidal domains forming inversion do-
main boundaries with the NWs, were also observed growing among them,
indicating different polarities between NWs and pyramidal domains. KOH
etching tests performed on all the samples revealed that the grown NWs were
N-polar suggesting that the pyramidal domains are Ga-polar.

7.3.3 RHEED observations during the first stages of
AlN deposition

For a better understanding of the AlN growth on Si (111) surface, it was
deemed necessary to make a growth experiment with no substrate rotation,
to allow continuous recording of the RHEED pattern while Al and N atoms
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Figure 7.4: (a) HRTEM image of a GaN NW with 0.38 nm AlN prelayer
showing the GaN/Si interface, projected along [112̄0]GaN//[110]Si zone axes
(z.a.). he amorphous interfacial layer is clearly visible.

Figure 7.5: HRTEM image of the sample with 0.38 nm AlN prelayer, pro-
jected along [112̄0]GaN//[110]Si z.a., illustrating a non polar m-plane GaN
crystal sharing an amorphous interface with the Si substrate. Basal plane
SFs are also visible in GaN.

were deposited on the surface. The RHEED pattern was recorded along the
[2̄11]Si/ [101̄0]AlN azimuth. A 7×7 RHEED pattern was visible prior any
deposition on the Si surface (Fig. 7.9(a)). As soon as the main shutter
was opened, the 7×7 pattern disappeared and a 8×8 pattern (Fig. 7.9(b))
appeared for a few seconds that is attributed to β-Si3N4 (0001) [1, 17]. After
the disappearance of the 8×8 pattern, the 1×1 pattern of the Si (111) surface
started to faint away, while a 1×1 pattern with larger spacings of the streaks,
corresponding to the AlN (0001) surface started appearing and prevailed (Fig.
7.9(c)).

The average intensities for the RHEED patterns discussed above (Figs.
7.9(a), (b) and (c)) are depicted in Figs. 7.9(d), (e) and (f), respectively.
The intensities were calculated along a selected horizontal rectangular region,
marked by gray dashed lines. For the 7×7 reconstruction all the reconstruc-
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Figure 7.6: a) HRTEM image showing another crystal of m-plane GaN in the
sample with 0.38 nm AlN prelayer, where the thin bright contrasted interfacial
layer is in focus. It is clear that this area is crystalline, corresponding to the c-
planes of GaN. b) Bragg image taken by Fourier filtering of (a), indicating the
flat Si surface. c) Fourier filtered image from (a) showing the amplitude of the
111-Si frequency. d) Fourier filtered image from (a) showing the amplitude
of the c-GaN frequency.

tion streaks but the 5th one are clearly distinguishable (Fig. 7.9(d)), while
for the 8×8 reconstruction, only the 3rd and 5th reconstruction streaks are
visible (Fig. 7.9(e)). The lattice constant of AlN aAlN(0001) was estimated
by the measured distance of the (01)-order AlN bulk line from the (00) one
(a01AlN) in Fig. 7.9(c), and the corresponding distance (a01Si) for the Si (111)
surface in Fig. 7.9(b), using the equation :

aAlN(0001) =
a01Si
a01AlN

× aSi(111) (7.1)

where aSi(111) was assumed to have the strain free value of 0.384 nm. This re-
sulted to aAlN(0001) = 0.308 ± 0.003 nm, which translates to a compressive
strain value of εa = −0.0103 (aAlN(0001)nominal = 0.3112 nm). These results
indicate that AlN is practically fully relaxed on the Si substrate from the
first stages of its growth.

For monitoring the evolution of the 7×7 Si and the 8×8 β-Si3N4 recon-
structions with time, the intensity of the 4th and 3rd reconstruction streaks,
respectively, was extracted from a selected area of the RHEED patterns cen-
tered at each streak (vertical black lines in Figs. 7.9(a), (b) respectively).
The 3rd streak of the 8×8 reconstruction was chosen due to its higher bright-
ness than the other visible streak of the 8×8 reconstruction (Fig. 7.9(b)).
It should be pointed out that the 3rd streak may also correspond to the
8/3×8/3 reconstruction [1], suggesting the coexistence of both the 8×8 and
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Figure 7.7: HRTEM image of the GaN NWs sample with 1.5nm AlN
prelayer thickness showing GaN NWs/AlN/Si interface, projected along
[112̄0]GaN//[110]Si z.a.. No amorphous interfacial layer at the GaN/AlN/Si
interface can be detected. The AlN layer presents a dot-like albeit continuous
form, where a GaN NW nucleates directly on top of it.

the 8/3×8/3 reconstructions.

The proximity of the two chosen streaks of the 7×7 and 8×8 reconstruc-
tion in the RHEED pattern results to interference of their intensities. In
order to monitor the intensity changes of each streak separately, a back-
ground region was defined for each streak (vertical rectangles with black
dotted lines in Figs. 7.9(a), (b)). The mean intensity in the background re-
gion was subtracted from that of the black line. The results of this analysis
have been plotted in Fig. 7.10(a)) and show the immediate disappearance of
the 7×7 reconstruction (gray line) and the simultaneous appearance of the
8×8 reconstruction (black line) as soon as the main shutter opens and allows
the incidence of the N and Al beams on the 7×7 Si (111) surface. The 8×8
reconstruction is observed for almost 2 sec and then disappears.

For tracking the evolution of RHEED from the exposed Si and AlN surface
areas on the substrate, the intensity along a thin rectangular region on top
of the (01) bulk line of Si (vertical rectangle with black dashed lines in Figs.
7.9(a),(b)) and AlN (vertical rectangle with black dashed line in Fig. 7.9(c))
was recorded, and the results have been plotted in Fig. 7.10(b). The gray
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Figure 7.8: (a) HRTEM image of a part of the previous GaN/AlN/Si inter-
face. (b) Corresponding GPA map of the lattice strain component along the
growth direction. (c) Corresponding line profile of the lattice strain of the
(0002) GaN and AlN planes. The average calculated strain is -21.2(±0.6)%
for AlN and -18.6(±0.3)% for GaN, implying an almost strain-free configu-
ration.

curve shows the evolution of the intensity of the AlN RHEED streak. It
starts appearing at t=5.5 sec, which corresponds to 0.3 nm AlN nominal
deposition thickness, and reaches full intensity at t=12.2 sec, corresponding
to 0.66 nm AlN, while the Si streak (black curve in Fig. 10(b)) gradually
faints out, and disappears at the same time. It should be pointed out that
the GaN NW samples with 0.38 and 0.54 nm AlN (marked with triangles in
Fig. 7.10(b)) coincide in the region of high inclination of the AlN intensity,
suggesting that the coverage of the surface with AlN rapidly changes in this
region and causes the large morphological differences of GaN NWs, as they
were observed.
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7.4 Discussion

The overall results showed that increasing the nominal thickness of deposited
AlN from 0 to 0.22, 0.38 and 0.54 nm, accelerates the nucleation of GaN
on the Si (111) surface, and results to significant differences in the density,
morphology and height of the grown GaN NWs (Figs. 7.2 7.3). The RHEED
observations indicate the increasing presence of crystalline AlN (0001) on the
Si substrate surface when the nominal deposition thickness exceeds ∼0.3 nm
(Fig. 7.10(b)). However, HRTEM identified the presence of amorphous GaN
NWs/Si interfaces in the investigated sample with 0.38 nm AlN prelayer (Fig.
7.4). The apparent discrepancy between RHEED and HRTEM observations
can be resolved if AlN is in the form of distributed microscopic crystalline
regions. An amount of deposited AlN equal to 0.38 nm (∼1.5 ML), is not
sufficient to cover the major part of the Si surface due to the 3D growth
mechanism of AlN on Si (111). As a result, the surface cannot be protected
from the nitridation process and the formation of amorphous SixNy. Such a
process could explain the absence of AlN in HRTEM observations.

The increase of crystalline AlN coverage on the Si substrate, could pro-
vide sites for heterogeneous GaN nucleation, in the overall amorphized Si
surface. This would result in a faster 3D GaN nucleation, that was observed
from RHEED. A similar amount of ultrathin AlN, that was not identified by
HRTEM, was also used in our previous work [19]. The enhanced nucleation
due to such a layer, was adequate to improve the selectivity of the GaN NW
arrays by enhancing nucleation within the open windows, but not on the
SiO2 mask used. On the contrary, the use of 1.5 nm of AlN, resulted in a
decoupling of the interaction between the mask-window surface, and NWs
grew both, in the windows, and on the mask [19].

The shorter duration of the NWs nucleation stage, for increased AlN
deposition, implies a longer duration of their elongation stage during the
3h total duration of GaN deposition. Previous works that focused on the
changes of GaN NW characteristics with time, found an increase in the NW
diameter and height as the NW elongation time increased [4, 10]. According
to this, one would expect both the height and diameter of the GaN NWs in
our samples to increase with increasing AlN thickness, since it increases the
NW elongation time. Although our results concerning the average NW height
are in agreement with this (Fig. 7.3), the average NW diameter exhibits the
opposite behavior (Fig. 7.3(b)), i.e., it decreases for samples with longer
elongation periods. This is because the increase of the NW diameter with
time holds true under the assumption that the radial growth during the NW
elongation stage is the only factor affecting the NW diameter (i.e., identical
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NW nucleation conditions and initial surfaces). However, this is not the case
for the samples studied in this work. Another factor that plays a key role
in the final NW diameter is the size of the GaN nuclei prior to the final
GaN nuclei/NWs transformation (nuclei critical size) [8]. The reduction of
the GaN NW average diameter observed (56 % reduced diameter from 0 nm
to 0.54 nm of AlN), suggests that, for the samples studied, the GaN nuclei
critical size was decreased by increasing the amount of initially deposited
AlN. The increase in NW diameter due to the longer elongation stage, was
not enough to compensate for the effects of the reduced critical NW nuclei
size.

A finding in our previous work [11] was that when GaN NWs nucleate
on a partially crystalline Si interface, they result to smaller diameter NWs
compared to nucleation on a fully amorphous SixNy layer that does not imply
any misfit strain in the overgrown GaN crystal [11]. This is also in agreement
with the observed decrease of the GaN NW diameter, with increasing AlN
prelayer thickness from 0, to 0.22, 0.38 and 0.54 nm, as shown in Fig. 7.3(b).
It is noted that according to the RHEED study, deposition of 0.54 nm AlN
has not covered the entire Si (111) surface yet (Fig. 7.10(b)).

The initial GaN NW diameter is also correlated with the average NW
height. Debnath et al [9] showed that in the case of spontaneously grown GaN
NWs, thinner NWs have a larger axial growth rate for a diffusion induced
(DI) growth process. According to this, the smaller initial NW diameter for
samples with increased AlN, would result in a larger axial growth rate, thus
leading to the higher NWs observed. It should be noted that during the
elongation stage, GaN NWs grow through a DI process [25], during which
Ga adatoms diffuse towards and impinge on the top surface of the NW. As
such, the final height of the NWs, depends on kinetic and geometric factors,
such as shadowing effects [10, 26].

The increase of crystalline AlN coverage on the Si substrate facilitates
GaN nucleation, and this could be expected to result in a higher density of
GaN NWs. However, the measured NW densities exhibit the opposite behav-
ior (Fig. 7.3(c)), the density of GaN NWs decreases with increasing the AlN
prelayer thickness. This may be related to coalescence effects and the fact
that not all the nucleated GaN islands evolve into GaN NWs, but they also
evolve in a parasitic, faceted rough GaN layer. This is indeed in agreement
with the HRTEM observations (in the case of the sample with 0.38 nm AlN
prelayer) that identified pyramidal domains and with the SEM observations
(for the sample with 0.54 nm AlN, Fig. 2(d)), that showed increased para-
sitic GaN growth. From these we can conclude that an increased number of
GaN islands did not evolve into NWs, with increasing the AlN thickness up
to 0.54 nm of AlN.
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The identification of inversion domain boundaries between GaN NWs and
pyramidal domains from HRTEM, in combination with the N-polarity of the
GaN NWs (resulting from KOH etching tests) suggests that the parasitic
GaN layer is Ga-polar. Such Ga-polar faceted layers have been observed to
grow between NWs ([30] and references therein). This would suggest that
a mechanism related to the polarity of the AlN crystallites could also be
present, affecting the density of the (N-polar) GaN NWs. The presence of
both, Al- and N- polar AlN crystallites would be present in the samples stud-
ied, as AlN growth on Si (111) substrates has been found to contain domains
with both, N- and Al- polarities [3]. Al-polar AlN crystallites would result
in Ga-polar nuclei, that would not evolve into NWs [12]. However, a definite
conclusion cannot be drawn regarding the effect of polarity, as numerous phe-
nomena have been associated with the AlN polarity. For example, we have
found that in PAMBE of AlN on nonpolar substrates with diamond crystal
structure, increasing the AlN thickness switches its polarity from Al-face to
N-face [15].

The consistent deviation of the results for 1.5 nm AlN prelayer from the
clear trend observed for AlN thickness in the range 0-0.54 nm (Fig. 7.3)
indicates a substantial difference in the GaN nucleation and NW formation
processes, due to the crystalline AlN interfacial layer that completely covers
the Si (111) surface (Figs. 7.7, 7.8). On the contrary, GaN nucleation oc-
curs on an amorphous SixNy layer with embedded AlN nuclei when a thinner
AlN prelayer (0.22-0.54 nm) is used. The crystalline AlN interfacial layer is
expected to provide more homogeneous GaN nucleation, following a shape
transformation and a final relaxation process resulting in GaN NWs forma-
tion, as it has been described by Consonni et al [8].

Finally, an 8×8 RHEED reconstruction was immediately formed (Fig.
7.9(b)), when Si surface was exposed simultaneously to the N and Al beams.
This was attributed to the presence of crystalline β-Si3N4, and disappeared
after the first 2 seconds (Fig. 7.10(a)). Interestingly, Hestroffer et al [17]
also found evidence of such a reconstruction forming momentarily, even in
the case when an Al was first used to cover the Si (111) surface.

7.5 Conclusions

This work builds on the existing knowledge concerning the use of AlN prelayer
for the spontaneous nucleation and growth of GaN NWs on Si (111) and
reveals quantitative insights about the effects of increasing the amount of
deposited AlN, with nominal thickness between 0 and 1.5 nm. Significant
differences in the nucleation, density and morphological characteristics of
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GaN NWs are observed, even for AlN nominal thickness in the range of 0
- 0.5 nm that is not sufficient for full coverage of the Si (111) substrate by
a crystalline AlN layer. The deposition of 0.2 − 0.5 nm AlN accelerates
the 3D GaN nucleation on Si (111) by providing crystalline AlN nuclei as
heterogeneous nucleation sites in the overall amorphized Si surface. This
results in an increased height of GaN NWs, significant improvement of their
crystallographic alignment and height homogeneity, and a decrease in the
NW diameter and density. A full coverage of the Si substrate by crystalline
AlN is achieved for 1.5 nm AlN deposition, which suppresses the formation of
an amorphous SixNy interlayer and improves the homogeneity of GaN NW
nucleation.
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Figure 7.9: RHEED patterns for electron beam incidence along the < 101̄0 >
AlN/ < 2̄11 > Si azimuth showing (a) the 7×7 Si (111) reconstruction,
taken 0.4 sec before opening the main shutter, (b) the 8×8 β-Si3N4 (0001)
reconstruction, taken 1.2 sec after the opening of the main shutter, and (c)
the AlN pattern, taken 11.3 sec after the main shutter opening, as they were
recorded for the case of AlN deposition. The averaged pixel intensity along
the horizontal X-axis, for the rectangular regions depicted in gray dashed line
in (a), (b) and (c), are shown in (d), (e) and (f), respectively. The position
of the (01)-order RHEED bulk line of Si (111) (d, e) and AlN (0001) (f) are
indicated by black arrows, with the X-axis representing the X-pixel distance
along the chosen rectangle. The dotted rectangles in (a) and (b) define the
background regions, for the 7×7 and 8×8 streak intensity, as defined by the
enclosed solid line.
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Figure 7.10: Analysis of RHEED observations during the growth of AlN on
Si (111) substrate that initially exhibits the 7×7 surface reconstruction: (a)
Time evolution of the reconstructions 7×7 Si (111) (gray curve) and 8×8 β-
Si3N4 (black curve) , and (b) Variation of the intensity of the RHEED (01)
bulk lines of Si (111) (black curve) and AlN (0002) (gray curve) versus the
deposited AlN thickness.
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GaN NW growth on off-axis Si
(111) wafers

In this chapter we study the effects of GaN NWs growth on off-axis Si (111)
substrates. More specifically we focus on the (0001)GaN//(111)Si epitaxial
relation for GaN NWs grown on Si (111) substrates with different miscut
angles, and for GaN NWs grown on nominally identical Si (111) off-axis
substrates (with miscut angle of 3.7◦) but different interfacial structures.

8.1 Effects of the Si (111) miscut angle on

GaN NWs growth

In this section, we focus on the effects of the miscut of Si (111) wafers on
the spontaneous growth of GaN NWs. For this reason we used an identical
growth process in Si (111) substrates with different miscut angles towards
the [2-1-1]Si direction (i.e., nominally 0◦, 1◦, 3◦ and 5◦).

Table 8.1: Results of the XRD measurements for samples with GaN NWs
grown on off-axis Si (111) substrates with different miscut angles, showing
the nominal and measured tilt angle (in respect to the substrate surface) of
the Si (111) planes (αSi), the measured tilt angle of the GaN (0001) planes
(αGaN), the relative angle between GaN (0001) and Si (111) tilt direction on
the substrate surface (∆β) and the GaN (0001) tilt angle projected on the
plane derived by the Si [111] direction and the surface normal (γ).

Sample No Nominal αSi (◦) Measured αSi (◦) Measured αGaN (◦) ∆β(◦) γ
Mis0 0 0.24 0.65 19.05 0.62
Mis1 1 0.82 0.45 1.09 0.45
Mis3 3 2.97 1.43 3.01 1.43
Mis5 5 4.42 1.52 18.47 1.44
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Figure 8.1: Illustration showing the relative direction of the normal on the
substrate surface (Z-axis) and the Si [111] (blue line) and GaN [0001] (red
line) crustal directions. The drawing also shows the Si [111] tilt angle, αSi,
the GaN [0001] tilt angle, αGaN , the angle between the GaN [0001] tilt di-
rection and the Si [111] tilt direction, ∆β, and the projected GaN [0001] tilt
angle towards the Si [111] tilt direction, γ. The apparent angles are larger
compared to the real values, for illustrative reasons

The Si (111) wafers described in this subsection, were initially cleaned
with Piranha (H2SO4:H2O2 4:1), and after careful rinsing in deionized water
(DI), the Si substrates were dipped into HF solution (HF:H2O2 1:10) for 30
sec. After rinsing again in DI, the Si substrates were immediately loaded
into the load chamber of the MBE system, in order to avoid oxidization of
the surface. After an initial outgas of the substrate at 800◦C, we deposited a
thin nucleation layer consisting of AlN and GaN (i.e., 0.35 nm and 0.8 nm) at
765◦C and 685◦C, respectively. This was followed by 20 min of nitridation at
760◦C. Finally, GaN was deposited at 760◦C under nitrogen rich conditions
for a duration of 3h. This procedure was used in our early GaN NWs growth
experiments, and although the interfacial structure of the specific samples
was not studied by HRTEM, from a similar sample study (i.e., HRTEM
study of a sample with 0.38 nm AlN prelayer on Si, presented in Chapter 7)
we expect the formation of an amorphous SixNy interfacial layer. However,
as the Si miscut angle plays a significant role in the GaN/AlN nucleation
process, the structure and morphology of the interfacial region in each sample
could be different.

In order to identify the relation of the Si [111] and GaN [0001] directions,
ω-scans centered at the Si (111) and GaN (0002) planes were performed
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for different φ angles. After the appropriate fitting [1] we found the tilt
angle and tilt direction for the Si [111] and GaN [0001] crystal directions
in comparison to the normal direction (z-axis) on the surface of the off-
axis Si (111) substrates. Figure 8.1 illustrates the tilt angles of the Si [111]
(αSi), and GaN [0001] (αGaN) crystal directions, and the misorientation angle
∆β between the corresponding tilt directions on the plane of the substrate
surface. The apparent angles in Fig. 8.1 are larger compared to the real
values, for illustrative reasons. We also calculated the projection of αGaN

on the plane defined by the Si [111] direction and the surface normal, γ, as
can be seen in Fig. 8.1. This calculation was performed because the tilting
direction of the GaN (0002) planes was not identical with the tilting direction
of the Si (111) planes (i.e., ∆β 6= 0). However, due to the small value of ∆β
(<20◦), αGaN was almost identical to γ for all the samples. The results of
the above measurements can be seen in Table 8.1.

Fig. 8.2.a, shows how the difference ∆β in the tilt direction of the Si
(111) and GaN (0001) planes changes, compared to the off-axis Si (111)
wafer miscut angle αSi. On Si substrates with miscut angles of 0.82◦ and
2.97◦ the tilt direction of GaN (0001) planes is almost identical with that of
the Si (111) planes (∆β =1.09◦ and 3.01◦ respectively). For Si substrates
with miscut angles of 0.24◦ and 4.42◦, although the measured ∆β is larger
compared to the aforementioned ones (19.05◦ and -18.47◦ respectively), they
still show a preferential alignment of the GaN (0001)tilting with the Si (111)
tilting. Fig. 8.2.b, shows αGaN and γ compared to αSi. As we can see
both αGaN and γ increase with the Si miscut angle (MIS3 and MIS5). We
interpret these results as indicating that the (0002)GaN//(111)Si epitaxial
relation between the GaN NWs and the Si substrate appears to be dominant
even on off-axis Si (111) substrates.

Interestingly, as can be seen in Fig. 8.3, the morphological characteristics
of GaN NWs also change with increasing the miscut angle of the Si wafers.
Figs. 8.4.a, b and c show the measured diameter, height and density of the
GaN NWs with the measured miscut angle of the off-axis Si (111) wafers.
The most notable change observed is the reduction of the NW diameter with
increasing Si miscut angle (Fig. 8.4.a). We also observe a trend for reduced
NW height with increasing Si (111) miscut angle (i.e., 200 nm reduction for
4.4◦ miscut angle compared to 0.25◦ miscut), as well as an increase of 30%
in the NW density (from 1.3×1010cm−2 to 1.7×1010cm−2). These differences
in the NW morphological characteristics reflect changes in the NW growth
procedure. The smaller NW diameter, and smaller height suggest a delay
in the NW nucleation (i.e., larger incubation time) for samples with larger
miscut angles.
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Figure 8.2: Results of the XRD measurements for GaN NWs grown on
Si (111) substrates with increasing miscut angles (0.24◦, 0.82◦, 2.97◦ and
4.42◦). Graph (a) shows (a) the relative angle of the Si (111) and GaN
(0001) directions(∆β) and graph (b) shows the tilt angle of GaN (0001)
planes (αGaN) and its projection on the Si [111] / substrate surface normal
plane (γ)

8.2 Effects of the interfacial structure on

GaN NW growth on off-axis Si (111)

wafers

In this section, we studied the role of different interfacial structures between
the GaN NWs and the Si (111) off-axis substrates (with 3.7◦ nominal miscut
angle towards the [21̄1̄] direction). For this reason, samples with different
growth procedures where grown.

For samples MisNitr1 and MisNitr2, the initial substrate surface was in-
tentionally exposed to active nitrogen for 20 min, at 760◦C and 750◦C, re-
spectively. Then active nitrogen species and Ga atoms were deposited at
nitrogen rich conditions (N:Ga = 5:1), but at different fluxes (i.e. the Ga-
limited nominal GaN growth rates were 84.6 nm/h for MisNitr1 and 78.7
nm/h for MisNitr2 ). The difference of the fluxes was due to a large time-
difference between the growth of the two samples, that resulted to some
changes of the source. Nevertheless, the differences are not significant in or-
der to affect the interfacial structure, or the epitaxial relation. According to
Chapter 6, this growth procedure is expected to form an amorphous SixNy
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Figure 8.3: Cross-section (top row), tilted (middle row) and top view (third
row) SEM micrographs of GaN NWs grown on Si (111) substrates with in-
creasing miscut angles: 0.24◦ (a, e, i), 0.82◦ (b, f, j), 2.97◦ (c, g, k) and
4.42◦ (d, h, l).

interfacial layer between the GaN NWs and the Si (111) substrate.
The comparison of GaN NWs grown on on-axis and off-axis Si (111)

substrates after intentional nitridation of the substrate surface could help to
clarify the growth of GaN on nitridated Si. This investigation was aimed
to identify whether the [0001] axis of the GaN NWs wil be aligned with the
substrate surface normal or the Si [111] crystal direction. This would confirm
or not the epitaxial growth of GaN NWs through the SixNy interfacial layer.

Sample MisNitSiN was identical with sample MisNitr2, with the difference
that after the intentional exposure of the Si substrate to active nitrogen,
an additional layer of 10 nm of SiN (nominally) was deposited, prior any
GaN deposition. In-situ SixNy deposition was accomplished with a special
Si sublimation source. In the case of sample MisAlN, 1.5 nm of AlN was
deposited on the initial Si surface, followed by exposure to active nitrogen
for 20 min, followed by GaN growth under conditions identical with sample
MisNitr1.

According to the above growth procedures, the three different interfacial
structures studied were a thin (∼1.5 nm) amorphous SixNy layer (samples
MisNitr1 and MisNitr2), a thicker (∼11.5 nm) amorphous SixNy layer (sam-
ple MisNitSin) and a crystalline AlN interlayer.

We performed XRD measurements (as described in the previous section)
in order to determine accurately the Si (111) miscut angle (αSi), the GaN
[0001] tilt angle (αGaN), and the difference between the Si (111) and GaN
(0001) tilt directions (∆β). Additionally, we measured the full width half
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Figure 8.4: Results of SEM image measurements for GaN NWs grown on Si
(111) substrates with different miscut angles, showing (a) the diameter, (b)
the NW height and (c) the density of the GaN NWs

maximum (FWHM) of the GaN (0002) rocking curves. The results of these
measurements together with the calculated GaN (0001) tilt direction pro-
jected towards the Si(111) miscut direction (γ) are shown in Table 8.2. Sim-
ilarly with the previous section, due to the small ∆β, γ is almost identical
with αGaN .

In Fig. 8.5, we see αSi and αGaN angles for the samples studied, and their
difference (|αGaN − αSi|), according to the expected interfacial structures.
The sample with the thicker amorphous SixNy interfacial layer (∼ 11.5 nm)
exhibited a larger difference between the two tilt angles compared to that
of the samples with the thin, 1.5 nm SixNy layer (i.e., 1.14◦ compared to
∼0.5◦). Additionally, the measured value of the FWHM of (0002)GaN RC
and angle ∆β were also larger for the sample with the thicker amorphous
layer (Fig. 8.6). These results suggest that with increasing the thickness
of the amorphous SixNy, the epitaxial relation between GaN NWs and the
Si (111) substrate (that is present for samples with thin amorphous SixNy

interfacial layer, according to our findings in Chapter 6) is weakened.

It should be noted that the measured ∆β for the two GaN NW sam-
ples grown on nitridated Si (that forms a thin amorphous interfacial layer),
samples MisNitr1 and MisNitr2, was significantly different(16.79 ◦ and 4.75◦
respectively). However, both ∆β values were very small, suggesting that the
tilt of the GaN (0001) NW plane is approximately aligned with the tilt of the
off-axis Si substrate. Even more, the FWHM of (0002)GaN RC was identical
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Table 8.2: Results of XRD measurements for samples with GaN NWs grown
on off-axis Si (111) substrates with nominal 3.7◦ miscut angle towards the
Si [2-1-1]direction. We can see the results of the tilt angle (in respect to the
substrate surface) of the Si (111) plane (αSi), the measured tilt angle of the
GaN (0001) planes (αGaN), the relative angle between GaN (0001) and Si
(111) tilt direction on the substrate surface (∆β), the FWHM of the GaN
(0002) RC, and GaN (0001) tilt angle projected on the plane derived by the
Si [111] direction and the surface normal (γ).

Sample Name Interfacial structure αSi αGaN ∆β (0002)GaN FWHM γ
MisNitr1 1.5 nm amorphous SixNy 3.96 3.42 -16.79 4.9 3.41
MisNitr2 1.5 nm amorphous SixNy 3.7 4.17 -4.75 4.9 3.69

MisNitSiN 11.5 nm amorphous SixNy 3.6 2.44 -22.23 8.31 2.438
MisAlN 1.5 nm crystalline AlN 3.71 1.14 -2.11 0.9 1.14

for both of these samples (4.9◦).
Surprisingly, the difference between Si (111) and GaN (0001) tilt angles

is larger for the sample of the GaN NWs grown after the deposition of an
AlN prelayer on Si. As we showed in Chapter 7, the presence of a crystalline
AlN interfacial layer enhances the epitaxial relation between the substrate
and the grown GaN NWs. Accordingly one would expect a smaller difference
between the two tilt angles.

Differences between the tilt angles of off-oriented substrates and epilayers
have been observed by Nagai for InGaAs layers grown on miscut GaAs sur-
faces [2] and attributed to a misfit strain relaxation mechanism. According
to Nagai’s model (Fig. 8.7), the difference between the tilt angles of the
substrate and of the epitaxial layer (∆α) depend on the miscut angle (step
length), the step height of the substrate (hSi) and the lattice constant of the
epitaxial layer, as shown in the equations 8.1-8.3.

tan(∆α) =
cAlN/2− hSi

L
(8.1)

tan(αSi) =
hSi
L

(8.2)

tan(∆α) =
cAlN/2− hSi

hSi
× tan(αSi) (8.3)

As a consequence from equation 8.1 ∆α is negative when cAlN/2 < hSi.
When GaN is grown on AlN (0002), it follows the same growth direction
(i.e. (0002)GaN//(0002)AlN) and any tilt observed for the GaN crystal is
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Figure 8.5: The miscut angle (αSi) and the GaN (0002) tilt angle (αGaN)
can be seen for GaN NWs grown on miscut Si (111) wafers, with different
interfacial layers. The difference between the two angles for each sample is
marked.

induced by the AlN/Si interfacial structure [3]. The measured difference
between the two tilt angles (αGaN − αSi) was -2.56 ◦, compared to -0.740◦

calculated from the Nagai model (cAlN/2 = 2.491Å, hSi = 3.135Å). The sign
of ∆α is in agreement with Nagai’s strain relaxation concept. However, the
situation is more complex at the highly lattice mismatched AlN/Si interface
that contains a high density of misfit dislocations. It is anticipated that the
presence of steps favors a particular Burgers vector component vertical to
the interface which result to the observed tilting.

8.3 Conclusions

Overall, our findings from this chapter suggest that the (0001)GaN//(111)Si
epitaxial relation is dominant in the GaN NW growth on off-axis Si (111)
substrates for all the samples studied. The results reveal that the the miscut
angle of the Si (111) substrates affects the GaN NWs nucleation and elon-
gation processes and thus their morphological characteristics. We found a
weaker (0001)GaN//(111)Si epitaxial relation for the thicker amorphous SixNy

interfacial layers. The epitaxial relation of GaN NWs with the Si (111) crys-
tal even in the case of the intentionally deposited 10 nm SixNy interfacial
layer, suggest that local regions of the SixNy layer should have preserved
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Figure 8.6: The FWHM of the (0002)GaN RC and the difference in the tilt
directions between Si (111) and GaN (0002) (∆β) can be seen for NWs grown
on nominally 3.7◦ off-axis Si (111) substrates, with different interfacial struc-
tures.

Figure 8.7: Schematic of the Nagai model, explaining the tilt between the
substrate (Si (111), with black lines) and the epitaxial layer (AlN (0002),
with orange line). The substrate surface is shown with a gray, dotted line.

their crystalline structure. Finally, the significant tilt angle observed be-
tween GaN [0001] and Si [111] for the case of GaN NWs grown on an AlN
crystalline prelayer, cannot be explained by Nagai’s model. The tilting of the
AlN (0001) layer relative to the Si (111) crystal is attributed to the structure
of the misfit dislocation network at the AlN/Si interface, which is induced
by the presence of substrate steps.
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Selective-area growth of GaN
NWs on bare Si (111) substrates

We analyze a method to selectively grow straight, vertical gallium nitride
nanowires by plasma-assisted molecular beam epitaxy (MBE) at sites speci-
fied by a silicon oxide mask, which is thermally grown on silicon (111) sub-
strates and patterned by electron-beam lithography and reactive-ion etching.
The investigated method requires only one single MBE growth process, i.e.,
the SiO2 mask is formed on silicon instead of on a previously grown GaN
or AlN buffer layer. We present a systematic study involving various mask
patterns, characterization by scanning electron microscopy, transmission elec-
tron microscopy, and photoluminescence spectroscopy, as well as numerical
simulations, to evaluate how the dimensions (window diameter and spacing)
of the mask affect the distribution of the nanowires, their morphology, and
alignment, as well as their photonic properties. Capabilities and limitations
for this method of selective-area growth of nanowires have been identified.
A window diameter less than 50 nm and a window spacing larger than 500
nm can provide single nanowire nucleation in nearly all mask windows. Nu-
merical simulations help in the understanding of the kinetics of Ga adatoms
occurring on the surface, and identify the importance of the geometrical
characteristics of the mask in achieving good selectivity. The results are con-
sistent with a Ga diffusion length on the silicon dioxide surface in the order
of approximately 1 µm.

9.1 Introduction

As we have mentioned in the previous chapters, spontaneous growth of GaN
NWs by PA-MBE results in high quality GaN crystals that can be grown
on a variety of different substrates with high lattice-mismatch. The defect
free nature of the NW crystal makes NWs ideal for applications in optoelec-
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tronic devices. However, other appications, such as vertical transistors [5]
and on-chip optical interconnections [4] require a better control of the NW
positioning and arrangement than the one obtained from the spontaneously
grown method. This is commonly achieved through the selective-area growth
method (SAG). During this procedure, the nucleation sites are specified on
a nitridated titanium mask, that is deposited either on GaN templates [12]
or on GaN buffer layers [1]. Alternatively, silicon oxide [16, 18] or silicon
nitride [3] masks on AlN layers have also been used. The window openings
in these masks are most commonly defined by electron-beam lithography, or
alternatively with focused ion-beam [19], photolithography [3]and colloidal
lithography [2].

A critical step towards the success of the SAG method, is the prepa-
ration of the masked samples on which GaN will finally be deposited. This
preparation is a multi-step process, which complicates the production of such
samples. Any technique that reduces the steps required for the mask prepa-
ration, and thus simplifies the procedure, could greatly facilitate the appli-
cation of the SAG method. In this work we apply such a technique and
demonstrate its potential for success. We use a thermally prepared SiO2

mask on Si (111) substrates, without any pre-deposition prior to the mask
preparation (in contrast to what is commonly used) [13, 14]. This requires
only one growth process in the MBE growth chamber, avoiding the presence
of the buffer layer. Previous such attempts [6] failed to achieve selectivity,
and had not resulted in well separated NWs. We enhance this technique by
depositing an ultrathin AlN layer on top of the SiO2 mask, prior to GaN
growth and show that this leads to improved results.

Additionally, we perform systematic parameter study of the mask geo-
metrical characteristics i.e. the diameter of the windows (Dw) and distances
between them (S). We complement this with numerical calculations in order
to investigate the effect of surface diffusion of gallium adatoms on the sub-
strate and the geometric characteristics of the pattern mask on the nucleation
of GaN inside the mask windows.

9.2 Experimental details

A 20 nm thick SiO2 layer was thermally grown on the Si (111) surface and
subsequently nanostructured by electron-beam lithography and reactive-ion
etching with an Ar/CHF3 mixture, by collaborating researchers (P. Dimi-
trakis, V. Ioannou-Sougleridis, A. Olziersky and P. Normand) of the Institute
of Nanoscience and Nanotechnology, National Center of Scientific Research
(NCSR) ”Demokritos”. The polymethyl methacrylate (PMMA) electron-
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resist was removed by oxygen-plasma ashing before another layer of photo-
resist is applied to the substrates. After a photo-lithography step, a 2×2
cm2 central region of the substrate, that carries the nanopatterns, is pro-
tected by a remaining photoresist, while the surrounding region undergoes
an HF treatment exposing the Si (111) bare surface. This exposed area will
serve as reference for RHEED observations. The remaining photoresist is re-
moved by a second oxygen ashing followed by wet etching in Piranha solution
(H2SO4:H2O2, 1:1) and other organic residuals. The final nano-pattern areas
are shown in Fig. 9.1. Both hexagonal or square arrays of circular windows,
with nominal Dw ranging from 20 nm to 200 nm and S between 50 nm and
10 µm were prepared.

Figure 9.1: SEM images showing the processed patterns in 20 nm-thick ther-
mally grown SiO2 masks on Si (111) substrates with (a) hexagonal and (b)
square lattices of circular windows (window diameter: Dw = 20 nm, window
period/spacing: S = 125 nm). Inset of (b): Tilted cross-sectional view of the
square lattice. The scale bar is 200 nm for all micrographs.

Prior to loading the substrates to the MBE system, they were dipped in
a 1% HF solution for 20 sec, in order to remove the residual native oxide
formed in the windows and the unmasked Si (111) surface of part of the
wafer (used for spontaneous GaN NW growth). The substrate preparation
treatment inside the MBE system was similar to the case of bare Si (111)
substrates. The substrates were heated prior to any deposition at 800 ◦C, and
there was a clear indication of the 7×7 pattern on the bare Si (111) surface
that surrounded the central SiO2 masked area. Although the HF etching
process is expected to affect the final openings of the windows, inspection of
empty windows in grown patterns revealed that the final openings were not
significantly affected by this process (Fig. 9.2).

Different amounts of AlN prelayer were initially deposited on the pat-
terned Si (111) wafers and annealed under active nitrogen, in order to study
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Figure 9.2: Top-view SEM images of some of the windows in the SiO2 masks
with window diameter D and spacing S, which have stayed partially empty
during the growth of the nanowires. (a) Dw = 20 nm, S = 125 nm; (b) Dw

= 40 nm, S = 125 nm; and (c) D w = 80 nm, S = 250 nm.

its role on the nucleation and growth of the GaN NWs. GaN was deposited
for a total growth time of 3h, at a constant substrate temperature of 760◦C.
The Ga:N incident flux ratio was kept constant at approximately 1:5, using
fluxes of ∼80 nm / h and ∼430 nm / h of equivalent GaN growth rate under
Ga and N limited growth rate conditions, respectively.

The results of the growth were evaluated through electronic microscopy
techniques (SEM and TEM), and PL measurements. Simulations of the dif-
fusion of Ga-adatoms were performed by the collaborating researcher Liverios
Lymperakis of the Max Planck Institute für Eisenforschung in Düsseldorf, in
order to gather insight into the atomistic processes during the incubation
phase of the GaN NWs. In these simulations, the adatom density at each
site of the substrate surface is determined by the equilibrium between arrival,
evaporation, and diffusion rates. They qualitatively describe the spatial dis-
tribution of the adatom chemical potential and densities on the surfaces of
the mask and its windows. Hence, they provide valuable insight on the nu-
cleation probabilities as a function of mask geometry, i.e., window spacing
and diameters and adatom diffusion lengths.

9.3 Results and discussion

The successful epitaxial growth of GaN NW patterns is a result of the right
combination of the MBE growth conditions (i.e. substrate temperature and
active N and Ga fluxes) and appropriate mask characteristics (i.e. mask
material, window diameter and window distances). Additionally, the ini-
tial deposition of a small amount of AlN is also crucial, as revealed by our
experiments.
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9.3.1 Role of AlN prelayer

Figure 9.3: SEM tilted view images showing the same region of patterned
mask (S = 250 nm and DW = 60 nm) for 3 different GaN NW samples,
grown on identically grown conditions but with different amounts of AlN de-
position. (a) No AlN was deposited, (b) 0.4 nm of AlN was deposited, (c)
1.5 nm of AlN was deposited. The scale in all three images is shown in (c).

We studied the effects of 0 nm, 0.4 nm and 1.5 nm of nominal AlN prelayer
thicknesses. Fig. 9.3 shows the growth results, for the three different cases
that were studied, for mask windows with DW = 60 nm and S = 250 nm.
In the case that no AlN prelayer was deposited, and the patterned substrate
was exposed for 20 min to active nitrogen, SEM images (Fig. 9.3.a) revealed
partial nucleation of GaN NWs in the window holes. This suggests that
GaN NW nucleation on the nitridated (SixNy formation) surface within the
windows is preferred compared to the surface of the SiO2 mask. This may
reflect a smaller incubation time for GaN nucleation on SixNy compared to
SiO2, although it could be also related to the thinner SixNy layer (∼ 1.5 nm)
expected to form from nitridation of the Si (111) surface [9], compared to the
thicker (∼ 20 nm) thermally prepared SiO2. Additionally, there could also
be crystalline domains inside the amorphous SixNy, something that would
also reduce the incubation time for GaN nucleation, compared to nucleation
on the amorphous SiO2 mask.

When a nominal thickness of 1.5 nm AlN was initially deposited on the
patterned substrate (Fig. 9.3.c), GaN NWs were nucleated both inside the
windows and on the surface of the SiO2 mask. This indicates that the amount
of deposited AlN prelayer was enough to enhance the nucleation both on
the window surface, but also on the SiO2 mask, which would otherwise be
suppressed. The enhanced nucleation of GaN NWs after initial deposition
of 1.5 nm AlN, can be attributed to the stronger bonding of the Ga, N
adatoms on the AlN surface in comparison to the Si (111) and the amorphous
SiO2 surfaces. It can also be attributed to the smaller interfacial energy of
GaN/AlN compared to GaN/Si or GaN/SiO2, or to the epitaxial constraints
between GaN and AlN and hence to the stronger driving force for the shape
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transition from spherically capped precursors to truncated pyramids [7].
In the intermediate case of 0.4 nm of nominal AlN thickness (Fig. 9.3.b),

GaN NWs were grown inside the majority of the windows for several window
spacings and diameters, while there was no growth observed on the mask.
Although the presence of two monolayers of AlN at the GaN/Si interface
has not been identified in the HRTEM investigations presented in the next
section, the influence of the 0.4 nm AlN deposition for a better growth selec-
tivity is evident. Following the findings of Chapter 7, concerning the effects
of ultrathin AlN prelayers, this could be attributed to the presence of sparce
AlN crystalline regions.

9.3.2 Effects of the mask geometrical characteristics

Figure 9.4: SEM images of tilted view of GaN NWs, on mask regions with
Dw = 40 nm and different window spacings. (a) S = 125 nm, (b) S = 250
nm, (c) S = 500 nm and (d) S = 1000 nm.

After identifying that deposition of 0.4 nm AlN resulted in the best growth
selectivity compared to 0 nm and 1.5 nm AlN, for mask windows with S =
250 nm and Dw = 60 nm, we now turn our attention on the effects of the
geometrical characteristics of the mask. We performed a parameter study of
masks having Dw of 20 nm, 40 nm, 60 nm, 80 nm, 100 nm and 200 nm and
S of 125 nm, 250 nm, 500 nm, 1000 nm and 10 µm.

We first consider the effect of different spacings, S, shown in Fig. 9.4.
The figure shows the grown GaN NWs in regions with windows having S 125
nm, 250 nm, 500 nm and 1000 nm, and identical diameter DW = 40 nm. For
the smallest S studied (125 nm), the growth experiment resulted in many
empty windows i.e., windows not occupied by any NW (Fig. 9.4.a). In the
other extreme, for S = 1000 nm, most of the windows are filled with NWs.

To quantify this trend, we define the filling factor (FF) as the ratio of
the number of filled windows with a single, straight GaN NW over the total
number of windows, expressed as a percentage. Fig. 9.5.a. shows the FF for
different Dw and S. There are two apparent trends. First, the FF decreases
as a function of Dw, for window-spacings of 250 nm (blue triangle pointing
towards the right), 500 nm (green triangle pointing down) and 1000 nm (red
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Figure 9.5: Plots illustrating (a) the FF and (b) the average NW number
per window, for window spacings of 250 nm (blue triangle pointing towards
the right), 500 nm (green triangle pointing down) and 1000 nm (red triangle
pointing up), as a function of the window diameter (x-axis).

triangle pointing up). Second, for a given Dw, FF is higher for larger S. For
S = 1000 nm, the measured FF reaches upto 90%. However, this is not the
case for arbitrarily large S. In the case of S = 10 µm, we observed extensive
GaN nucleation around the vicinity of each window as shown in Fig. 9.6.

Another interesting observation, is that the number of GaN NWs grown
per window increases with the window diameter (Fig. 9.7). For the largest
window diameter studied (200 nm) we measured up to 6 NWs per window,
while the average NW number per window was ∼ 4. The increasing number
of NWs per window compared to the window diameter can be clearly seen
in Fig. 9.5.b. This also reflects in the reduction of the FF (for single GaN
NW per window), observed with increasing window diameter, as shown in
Fig. 9.5.a.

We now wish to evaluate the effects of the mask spacing on the morpho-
logical characteristics of the NWs. To do this we selected NWs that grew
straight, vertically and separately inside the windows of the SiO2 mask. We
present the mean NW height and diameter for windows with Dw = 40 nm
and different spacings (S = 125 nm, 250 nm, 500 nm and 1000 nm) in Fig.
9.8. It turns out that these NWs can have a diameter of 100 nm and more,
which is larger compared to the diameter of the mask windows. The NW
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Figure 9.6: SEM images for a sample with a square pattern, with S = 10
µm spacing and Dw = 25 nm. (a) Top view of the sample, with a small
magnification (scale bar is 10 µm), and (b) SEM micrograph of a tilted-view
GaN NW at a larger magnification (scale bar is 100 nm), focusing in the
central grown window and in the NWs grown around the window.

Figure 9.7: SEM images of the tilted view GaN NWs, on regions with S =
1000 nm, and different window diameters. (a) Dw = 40 nm (b)Dw = 60 nm
(c)Dw = 80 nm (d) Dw = 100 nm and (e) Dw = 200 nm .

diameter is also larger than the diameter of the multiple NWs observed in
the largest window openings. It is also substantially larger than the diameter
of about 20 – 80 nm of the nanowires grown outside the patterned area.

Under the used growth conditions, the diameters of the single-grown NWs
inside the windows increased with the spacing of the windows. Additionally,
the NW height is also found to increase with S. Similarly with the sponta-
neously grown GaN NWs, the height of all the NWs measured was larger
than the equivalent Ga-limited GaN film thickness (240 nm) which is a sign
of the diffusion induced mechanism described in Chapter 1.

A self regulating mechanism has been described for the growth of InN
[8] and GaN nanostructures [10]. According to this mechanism, the NW
diameter increases when Ga adatoms that reach the top surface of the NW
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Figure 9.8: Average height (black circles) and diameter (gray squares) of
NWs for different window spacing S, taking into account only nanowires that
grew straight and separated inside windows of Dw = 40 nm diameter. The
dotted lines are linear fits to the data.

exceed the amount of directly incident active N[10]. However, the height of
the NWs is only a fraction of the equivalent N-limited GaN film thickness
(1290 nm).

TEM studies revealed the growth of multiple, coalesced GaN NWs inside
each window, in the case of Dw = 80 nm, as shown in figure Fig. 9.9.a. Lateral
growth of the NWs over the SiO2 mask is also observed. SAED patterns (inset
in Fig. 9.9.a) reveal the good epitaxial relationship between the GaN NWs
and the Si substrate. The perfect alignment of the coalesced GaN NWs can
be seen in the HRTEM image of Fig. 9.9.b. The identification of limited
stacking faults in the grown NWs, shows their superior quality compared to
spontaneously grown GaN NWs. We can also identify crystalline Si regions,
that are in direct contact with the NW. However, there was no identification
of AlN at the interface. This was attributed either to the amorphization of
ultrathin AlN during the nitridation, or due to sparse crystalline AlN regions,
that allow for nitridation of the Si surface.

Photoluminescnece (PL) measurements performed on the samples,
showed a dominant emission peak around 3.47 eV, as shown in Fig. 9.10.
The full width at half maximum (FWHM) of the PL spectrum of GaN NWs
grown in the SiO2 windows was larger compared to that of the spontaneously
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grown NWs, that nucleated outside the pattern region. The FWHM of emis-
sion from GaN nanowires, grown in the windows with spacing S = 500 nm
and diameter DW = 80 nm, was about 6 meV, while the emission from
nanowires in windows with S = 1000 nm and DW = 40 nm exhibited FWHM
of about 14 meV. These values are significantly broader compared to the ∼
2 meV FWHM of PL from nanowires which grew self-arranged outside the
patterned (mask) area. These nanowires, grown on the surrounding bare Si
(111) surface, show a series of sharper and partially overlapping peaks in
the same spectral region. The strongest peak appears at a photon energy of
EDX0 = 3.4705 eV, which is attributed to the donor bound exciton (DX0).

The inset in Fig. 9.10 shows the PL spectra taken at room temperature.
No further emission peaks have been observed in the entire visible spectrum
up to λ=645 nm, which indicates the excellent quality of the GaN crystals.
At room temperature, the PL peaks are broader and appear shifted towards
the red at 3.41 eV due to the temperature dependent change of the band-gap
[15]. Emmision at 3.45 eV is observed only for the thin nanowires (20–80
nm) grown on bare Si, while for the thicker nanowires, grown in the pattern
area with window spacing of 500 nm or more, this PL peak is less visible.
The 3.45 eV emission has been commonly observed in spontaneously grown
GaN nanowires and its origin is still unclear [17]. Our results suggest that
it is favored by increasing the GaN surface area per nanowire volume. The
increased FWHM for the GaN nanowires grown inside the windows of the
mask, as compared to those grown outside the mask, may be related to
strain inhomogeneities along the diameter of the nanowires, since they are
also partially overgrowing the SiO2 mask as seen in the HRTEM images in
Fig. 6. The dispersion of nanowire diameters could also result in different
amount of strain in different nanowires and thus contribute to the increase
of the FWHM. It may also indicate incorporation of different amounts of
impurities from the mask surface.

Polarity tests were performed on different regions, with different geomet-
rical characteristics. For GaN NWs grown in regions with S = 1000 nm
and Dw= 200 nm, KOH etching revealed clear, pencil-like etched tips (Fig.
9.11.a), suggesting that they were N-polar [11]. However, the results of the
KOH tests were not clear on other regions. For regions with S = 500 nm and
D W= 80 nm (Fig. 9.11.b) some NWs exhibited a clear pencil-like etched
tip, but some others had a rough morphology of the top surface of the NW.
Such a rough morphology could be the result of broken GaN NWs, or of the
coalesced N-polar GaN NWs, that were etched separately.

For a better understanding of the GaN NW nucleation procedure on the
patterned substrates, numerical calculations performed by L. Lymperakis
determined the nucleation probability on the SiO2 mask and on the windows
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surface during the incubation period. These calculations aimed in providing
a qualitative description to the processes governing the selectivity of the
patterned samples.

The affinity A of the nucleation process can be written as A = ∆µ∞−E,
where ∆µ∞ = µGa + µN − µGaN is the bulk supersaturation and µGa, µN ,
and µGaN are the chemical potentials of Ga species, N species, and bulk
GaN, respectively. E is always positive and incorporates the contributions
to the free energy of the nucleus from the free surface, the nucleus-substrate
interface, as well as the strain energy. The chemical potential of the adatoms
depends on the temperature and the adatom density and can be written as
µ = µ0+kBT ln(c/c0) where µ0 and c0 are the chemical potential and adatom
density of a reference state, respectively, kB is the Boltzmann constant, and T
is the growth temperature. Nucleation of GaN on the surface is only possible
if the change in the Gibbs free energy of the system is negative, and in turn
the affinity of the nucleation becomes positive. For certain supersaturation
values ∆µ∞, there is a critical size of nucleus, above which the affinity A is
positive and effective as driving force for nucleation.

The model calculates the Ga-adatom density (the minority species), tak-
ing into account the equilibrium between arrival, evaporation and diffusion
rates of the adatoms on the mask and hole surface. The final density is
calculated through the numerical solution of the following steady-state dif-
fusion equation [20] in a periodic array of mask windows having a hexagonal
periodicity (Fig. 9.12):

∇D(∇c)− c/τdes + φ = 0 (9.1)

where D is the diffusion constant, c is the Ga adatom density, φ is the
impinging Ga flux, and τdes is the desorption-limited lifetime of an adatom.
In the periodic array, GaN NWs are assumed to exist at the corners of the
array, and are considered acting as sinks for the Ga adatoms. This causes a
preferred diffusion towards the grown GaN NWs, thus suppressing the dif-
fusion towards other precursors. The calculated distribution of the chemical
potential of Ga adatoms (and thus of the Ga adatom density) can be seen in
Fig. 9.12. The adatom density is reduced in the surrounding regions of the
occupied windows, resulting in a decreased nucleation probability.

The extent of the affected region would depend on the diffusion length of
the Ga-adatoms on the mask. For the neighbouring empty holes, the density
of the adatoms (and thus the nucleation probability) would depend on the
distance from the already grown GaN NWs. The nucleation probability
would be reduced when an empty window is in the depleted region around
the grown GaN NW. On the contrary, the nucleation probability would be
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independent when the hole is at a large distance from the grown GaN NW.
In Fig. 9.13, we can see how the adatom density, and chemical potential

for the surface of the window changes in the window surface, as a function
of its diameter. The increased adatom density (and thus chemical potential)
observed at the larger diameter holes, would result in an increased nucleation
probability per area. This would result in multiple nucleation events per hole,
leading to GaN NWs grown at the larger holes, as was observed.

The interaction between the windows, as a function of their distance, is
quantified in Fig. 9.14. There we see the Ga adatom chemical potential
and the adatom density as a function of the windows spacing, for three
different diffusion lengths (400, 500 and 800 nm) and two different window
diameters (60 nm and 80 nm). For spacing distances larger than two times
the diffusion length, the interaction among the windows is suppressed, and
the selectivity is independent of the density of the windows on the mask. On
the contrary, when the spacing distance is smaller than the diffusion length,
the interaction between the NWs is significant: the presence of a grown
NW, reduces significantly the Ga adatom density, and thus the nucleation
probability in neighbouring empty windows. The fact that the observed 90
% FF is observed for S = 1000 nm, suggests that the diffusion length of Ga
adatoms on the mask at Tsub = 760◦C is comparable to this value.

9.4 Conclusions

In this chapter, we have analyzed a method of growth of GaN NWs on
patterned Si (111) substrates, without the use of any buffer layer. A good
selectivity is achieved when a small amount of AlN is initially deposited
on top of the patterned substrate, that does not alter the suppression of
nucleation events on the mask, but enhances significantly nucleation events
in the open mask windows. The absence of a buffer layer grown on Si before
the patterning allows for a simplification in the substrate preparation steps,
as no additional deposition step of any buffer layer is required.

In the presented work, we determined the role of the geometrical char-
acteristics of the mask (i.e. window diameter and window distance) in con-
trolling the growth and properties of the nanowires, such as selectivity, mor-
phology and alignment. Windows with a smaller diameter than 50 nm, and
distance above 500 nm resulted in a large percent of mask windows filled with
straight vertical NWs. Larger diameter windows resulted in multiple NWs
within each window. For a window distance smaller than 1000 nm, the filling
factor was reduced, depending on the distance. The numerical calculations
revealed an interaction between neighbouring mask windows. A nucleation
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event in one window reduces the probability for nucleation in neighbouring
holes that are within a Ga-diffusion-length distance. Combining this key re-
sult with our experimental findings, suggests a Ga-adatom diffusion length
in the order of 1 µm, in the growth conditions used. Therefore mask geome-
tries that provide spacing approximately in the same order of the Ga-adatom
diffusion length allow for a better filling factor of the mask windows.

These results help to pave the way to establish a nanowire SAG technology
for the production of innovative nanoelectronic, photonic, and sensor devices
based on the monolithic integration of III-nitride compound semiconductors
on silicon.
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Figure 9.9: (a) TEM image depicting two nanowires in a single window
(Dw=80 nm, S=500 nm), where the right one comprises two coalesced in-
dividual nanowires. The corresponding selected area electron diffraction
(SAED) pattern (inset) reveals the epitaxial relationship between the Si and
GaN lattices. Three-index reflections refer to Si, while four-index reflections
belong to the wurtzite structure of GaN. (b) HRTEM image of the interfa-
cial area indicated by the white rectangle in (a), along the [11-20] GaN/[110]
Si projection direction, showing the nucleation site and the perfect lattice
alignment of the coalesced nanowires. The rough Si surface of the window is
covered by a thin amorphous layer of about 2 nm. Nevertheless, the epitaxial
relation of GaN with Si remains unaffected.
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Figure 9.10: Photoluminescence in semi-logarithmic scale taken at 20K of
nanowires grown self-arranged (upper, solid line) as well as inside windows
with diameter Dw and spacing S of Dw=80 nm, S=500 nm (middle, dotted
line) or Dw=40 nm, S=1000 nm (lower, dashed line). The inset shows the
same measurements at room temperature. Emission happens only in the ul-
traviolet, no peaks appear throughout the entire measured visible spectrum.
(The graphs have been separated by one decade for visibility: solid line ×100,
dotted line ×10, and dashed line ×1.)

Figure 9.11: Cross-sectional tilted view of KOH etched GaN NWs grown on
regions with (a) S=1000 nm and Dw=200 nm and (b) S=500 nm and Dw=80
nm
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Figure 9.12: Contour plot indicating the chemical potential calculation of Ga
adatoms. The open and filled hexagons indicate the position of the empty
and filled with NW windows in the mask, respectively. The distances are in
units of diffusion length. Periodic boundary conditions are applied in both
directions.
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Figure 9.13: Change of the chemical potential ∆µ and adatom density c in
the window at the center of the supercell as function of distance from the
center, for different window diameters. c0 is the maximum adatom density
calculated at the center of the widest window. The distance from the center
of the window is in units of window diameter.
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Figure 9.14: Change of the chemical potential ∆µ and adatom density c in
the window at the center of the supercell as function of the window spacing for
various diffusion lengths of 400 nm (black circles), 500 nm (red circles) and
800 nm (blue circles), as well as window diameters of 60 nm (empty circles)
and 80 nm (filled circles). c0 is the maximum adatom density calculated for
the maximum window spacing. The window spacing is in units of diffusion
lengths.
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Summary and future prospects

10.1 Conclusions

The work presented in this dissertation deals with GaN nanowire growth on
Si (111) substrates by plasma assisted molecular beam epitaxy. The ongoing
research focuses on two methods of GaN NW growth, either the spontaneous
self-organized growth, or the selective area growth. This work aimed in
expanding the current understanding of GaN NWs formation on Si (111)
substrates and the role of the initial surface on which NWs are formed, both
in the case of spontaneous self-organized growth and of selective area growth.

The effect of substrate temperature on the growth of GaN NWs by a
one-step or a two-step growth procedure was identified (chapter 5). In the
one-step case, we found that the Arrhenius-like increase of the incubation
time observed is described by an incubation energy of Einc= 7.5 ± 0.5 eV,
for GaN nucleation on a crystalline layer of AlN. At the highest substrate
temperatures studied, the NW formation is suppressed due to the increased
Ga desorption rate. On the contrary, when a low temperature initial growth
phase precedes a higher temperature growth phase, a high density of NWs
can be achieved due to enhanced GaN nucleation of the low substrate tem-
perature. The two-step growth procedure also ensures that the majority of
the NW nucleation events occur during the initial growth stage, thus isolat-
ing the NW elongation stage in the second stage. The different substrate
temperatures studied in the second stage, revealed a maximum height of the
NWs grown at 770◦C. This was correlated with a decrease in the Ga adatom
diffusion length on the side facets of the GaN NWs, for substrate temper-
atures larger than 770◦C, due to increased desorption. A decreased NW
radial growth was also found with increasing the substrate temperature. For
the maximum temperature studied (800◦C) the NW height for the two-step
growth method was increased by 237 % (from 95 nm to 320 nm) and the NW
density by two orders of magnitude (from 9.7×107 cm−3 to 1.5×1010 cm−3)
compared to the one-step growth method.
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A comparison of the GaN NW formation on intentionally and uninten-
tionally nitridated Si (111) surfaces, allowed for a clear identification of the
cause of differences in the alignment and dimensions of the NWs. It should
be pointed out that in our experimental PAMBE setup, GaN nucleation and
unintentional Si (111) nitridation started simultaneously, as opposed to the
commonly reported unintentional nitridation process of the Si (111) surface,
before commencing the GaN deposition, that cannot be avoided in other
PAMBE growth chambers. This was verified by the clear observation of
the 7×7 RHEED pattern until the GaN growth initiation. The results in
this case revealed GaN/Si interface regions where GaN nucleated directly on
crystalline Si (111) and other regions with GaN nucleation on amorphous
SixNy. When GaN NWs nucleate on the intentionally nitridated Si (111)
surface, a flat 1.5 nm of amorphous SixNy layer was identified by HRTEM.
Due to its uniformity, the grown NWs had a more homogeneous height, a
better axial alignment and a larger diameter compared to NWs grown on the
unintentionally nitridated Si (111) substrate.

Concerning the effects of an AlN prelayer on Si (111) substrates, we in-
vestigated for the first time the effects of ultrathin AlN layers on the GaN
NW nucleation and growth process. Our study provided quantitative in-
sights about the effects of increasing amount of deposited AlN, with nominal
thickness between 0 and 1.5 nm. Significant differences in the nucleation,
density and morphological characteristics of GaN NWs were observed, even
for AlN nominal thickness in the range of 0.2 - 0.5 nm that is not sufficient
for full coverage of the Si (111) substrate by a crystalline AlN layer. The
deposition of 0.2 - 0.5 nm AlN accelerates the nucleation of 3D GaN islands
on Si (111) by providing crystalline AlN nuclei as heterogeneous nucleation
sites in the overall amorphized Si surface (SixNy formation). This results
in an increased height of GaN NWs, significant improvement of their crys-
tallographic alignment and height homogeneity, and a decrease in the NW
diameter and density. A full coverage of the Si substrate by crystalline AlN
is achieved for 1.5 nm AlN deposition, which suppresses the formation of an
amorphous SixNy interfacial layer and improves the homogeneity of GaN NW
nucleation. The formation of crystalline β−Si3N4 for a short period prior the
AlN formation was also identified.

When growing GaN NWs on off-axis Si (111) substrates, we found that
the (0001)GaN//(111)Si epitaxial relation is dominant. The results reveal that
the miscut angle of the Si (111) substrates affects the GaN NWs nucleation
and elongation processes and thus their morphological characteristics. We
found a weaker (0001)GaN//(111)Si epitaxial relation for the thicker amor-
phous SixNy interfacial layers. The epitaxial relation of GaN NWs with the
Si (111) crystal even in the case of the intentionally deposited 10 nm SixNy
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interfacial layer, suggest that local regions of the SixNy layer should have pre-
served their crystalline structure. Finally, the significant tilt angle observed
between GaN [0001] and Si [111] for the case of GaN NWs grown on an AlN
crystalline prelayer, cannot be explained by Nagai’s model. The tilting of the
AlN (0001) layer relative to the Si (111) crystal is attributed to the structure
of the misfit dislocation network at the AlN/Si interface, which is induced
by the presence of substrate steps.

In the case of selective area growth (SAG) of GaN NWs, this work aimed
in investigating the limits of growth on a SiO2 mask that is prepared directly
on Si (111) substrates, without the use of any III-nitride prelayer growth.
We showed that a proper amount of AlN can be deposited on the patterned
substrates to increase the selectivity of the GaN growth process i.e., enhance
nucleation events that occur in the selected Si nucleation sites (mask window
openings), but not on the SiO2 mask surface. The investigation of the mask’s
geometrical characteristics showed that in order to have GaN NWs grown in
the majority of the windows, the distance between them (for the growth
conditions used) should be larger than 500 nm, and the windows should
not be wider than 50 nm. Numerical calculations that were performed, in
combination with the observed NW array characteristics, revealed that Ga
adatoms’ diffusion towards mask windows that have GaN NWs grown inside,
suppresses further GaN nucleation events in neighbouring windows, which are
in a distance comparable to the Ga adatom diffusion length.

10.2 Relevant Future work

Over the last two decades since the initial realization of spontaneously grown
GaN NWs [1, 2], works that focused on GaN NW growth on crystalline AlN
and amorphous SixNy have advanced our understanding of the nucleation
mechanism and the diffusion induced elongation process. As our under-
standing of the GaN NW formation continues to expand, more details are
revealed, that highlight the complexity of the processes occurring during the
nucleation and the elongation stages of the GaN NWs. In the following, we
mention some of the remaining open questions that could be the subject of
further studies.

One of the assumptions that we make, when studying the structure of
samples grown by MBE, is that the crystalline structure (from bottom to
top) occurs during the deposition of the layers. While this may be true for
the majority of the structures studied, when AlN was grown on Si (111) by
MOCVD, an amorphous interface was identified forming at the AlN (0001)
/ Si (111) interface at high temperatures due to Si outdiffusion[3]. Similarly
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with this, the final amorphous SixNy that is widely observed between the
GaN (0001) / Si (111) interface, may also result from a solid-state interac-
tion by interdiffusion of Si and N atoms at the interface. Observation of such
a solid-state reaction would be valuable for identifying high-temperature de-
vice degradation. If such a process takes place, mechanisms for limiting Si
outdiffusion could be studied in order to improve GaN device performance
and increase their active lifetime.

An issue that still puzzles scientists working on GaN NW growth, is the
origin of the epitaxial relation of GaN NWs with the Si (111) crystal, in
the case that GaN NWs nucleate and grow on an amorphous SixNy layer.
Although there are studies that suggest polycrystallinity of the amorphous
SixNy [4], there is still no direct evidence to support such claims. A study
where GaN NWs would grow on different thicknesses of amorphous SixNy

on Si (111) substrates, and also on miscut Si (111) surfaces with increasing
tilt angle, could identify the limits where the epitaxial relationship is lost.
Such a study should include HRTEM analysis of the SixNy layer with a low
electron beam energy so that any possible alteration of crystallinity of the
SixNy layer due to interaction with the electron beam would be avoided [5].
The presence of crystalline β-Si3N4 islands during the initial NW nucleation
stages, that become amorphous through a solid-state reaction during the
later NW growth stages should also be confirmed or disregarded.

Throughout this work, another factor besides fluxes and substrate tem-
perature that could be used in order to fine-tune the GaN NW nucleation has
been identified, namely the use of ultrathin AlN prelayers of different thick-
nesses. Variations of the AlN nominal thickness as low as ∼0.1 nm, exhibited
significant differences in the GaN NW nucleation behaviour, as described in
Chapter 7. Furthermore in Chapter 9 the deposition of ∼0.4 nm of AlN on
patterned SiO2 / Si (111) substrates lead to enhancement of the GaN nucle-
ation inside the mask’s windows but not on the SiO2 mask surface, leading
to improved selectivity of the patterned growth. The next step to this study
would be the investigation of ultrathin AlN prelayer thicknesses in the region
between 0.5-1.5 nm. Additionally this study would include the effect of differ-
ent AlN prelayer thicknesses on SiO2 masked samples. Such a study, would
give a complete picture of the role of the AlN thickness on spontaneously
grown GaN NWs, as well as on the selectively grown GaN NWs. It could
also allow to comprehensively optimize the GaN/Si interfacial structure for
minimizing the conduction barrier (resistance) at the interface between Si
substrate and GaN NWs, in vertical conduction GaN NW devices.
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Si (111) wafer preparation

In the main work presented, GaN NWs are grown on 3” Si (111) wafers. Prior
any deposition on the wafers, a specific chemical and thermal preparation was
followed.

A.1 Chemical treatment

The Si (111) surface is oxidized very easily in the atmosphere, and a SiOx

layer is expected to cover the substrate surface as well as various con-
taminants. Initially, the Si (111) wafers were immersed in a solution of
H2SO4:H2O2 (piranha), with a ratio 4:1, for 10 min. This step aims in clean-
ing any organic residue, that could be present on the substrates. This chem-
ical solution also oxidizes slightly the Si surface [1]. After careful rinsing in
de-ionized (DI) water, the substrate was then submerged in an HF:H2O, 1:10
solution, for 90s. The HF solution used, etches the SiOx layer, revealing the
clean Si (111) surface. After rinsing again in DI water, a third solution is
used, in order to form a volatile SiOx on the Si (111) surface. The solution
consists of HCl:H2O2:H2O (1:1:6), and the wafer is submerged for 10 min.
After a final DI rinsing, the wafers were dried under N2, and then immedi-
ately loaded in the load chamber of the MBE system. According to older
studies [2], this final treatment results in a volatile SiOx, that protects the Si
surface from contamination and inside the MBE growth chamber can be des-
orbed in a controllable way through appropriate heating treatment, ensuring
the cleanliness of the Si (111) surface.

A.2 Thermal treatment

When the substrate is loaded in the MBE chamber, an initial heat treatment
up to 650◦C is performed in the degas chamber. This treatment aims in
removing any adsorbed gases on the Si surface. It is specially effective in
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removing any H2O from the substrate, and it is necessary in order to keep
the growth chamber as clean as possible.

After the desorption of adsorbed gases, a final heating treatment is per-
formed in the main growth chamber t desorb the SiOx layer,producing an
atomically clean Si (111) surface. During this step, the substrate is heated
up to 800◦C, for 20 min and a characteristic 7×7 RHEED pattern appears
at 740-760◦C. This reconstruction has characteristic RHEED patterns, with
6 streaks visible between the 0th and 1st reflection of the Si (111), for inci-
dent electron beam directions towards < 01̄1 > and < 2̄11 > (Fig. A.1). It
denotes the characteristic Si (111) 7×7 surface reconstruction revealing the
cleanliness of the Si surface [3].

Figure A.1: The characteristic ×7 pattern for electron beam incidence along
the (a) < 01̄1 > and (b) < 2̄11 > Si azimuth, denoting the characteristic
7×7 Si (111) surface reconstruction.

The above described procedure, up to the characteristic 7x7 RHEED
reconstruction observation, was followed in all cases when a Si (111) substrate
was used, unless otherwise stated.
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3. Spontaneous growth of III-V semiconductor nanopillars by molecular
beam epitaxy for nanoelectronic, photonic and sensor applications, (oral),
A. Georgakilas, A, Adikimenakis, S. Eftychis, J. E. Kruse, K. Tsagkaraki,
M. Androulidaki, E. Iliopoulos, Z. Hatzopoulos, P. Tzanetakis, Ph. Komni-
nou, T. Koukoula, Th. Kehagias, G. P. Dimitrakopoulos, J. Kioseoglou, A.
Lotsari, Th. Karakosas, G. Konstantinidis, G. Doundoulakis, K. Zekentes,
P. Dimitrakis, V. Ioannou Sougleridis, A. Olziersky, P. Normand, 4th Inter-
national Conference from Nanoparticles and Nanomaterials to Nanodevices
and Nanosystems (IC4N), 2013, Corfu, Greece

4. Role of AlN Nucleation Layers in the Spontaneous Growth of GaN
[0001] Nanopillars on Si(111) Substrates, (oral), J. E. Kruse, S. Eftychis,
K. Tsagkaraki, M. Androulidaki, A, Adikimenakis, T. Koukoula, Th. Ke-
hagias, Ph. Komninou, A. Georgakilas, 4th International Conference from
Nanoparticles and Nanomaterials to Nanodevices and Nanosystems (IC4N),
2013, Corfu, Greece

5. The effect of substrate temperature on the nucleation and on the
growth of GaN nanopillars on Si(111) substrates, (poster), S. Eftychis, J. E.
Kruse, K. Tsagkaraki, M. Androulidaki, A, Adikimenakis, G. Doundoulakis,
A. Georgakilas, International Workshop on Nitride Semiconductors 2014,
Wroclav, Poland

6. Selective growth of GaN nanopillars on patterned Si(111) substrates,
(poster), J.E. Kruse, S. Eftychis, G. Doundoulakis, K. Tsagkaraki, M. An-
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droulidaki,A. Olziersky, P. Normad, A. Georgakilas,International Workshop
on Nitride Semiconductors 2014, Wroclav, Poland

7. Effects of AlN and SiXNY interlayers on the nucleation and growth of
GaN nanopillars on Si(111) substrates by PAMBE, (poster), S. Eftychis, J.
E. Kruse, K. Tsagkaraki, M. Androulidaki, T. Koukoula, Th. Kehagias, Ph.
Komninou, A. Georgakilas, International Workshop on Nitride Semiconduc-
tors 2014, Wroclav, Poland

8. Superior quality GaN NWs grown on AlN treated Si (111) substrates
(poster) T. Kehagias, T. Koukoula, J. Kioseoglou, S. Eftychis, J. Kruse, A.
Georgakilas, P. Komninou, International Workshop on Nitride Semiconduc-
tors 2014, Wroclav, Poland

9. GaN/AlN Core/ Shell Nanowires: Structural and Electronic Properties
(poster) T. Pavloudis, J. Kioseoglou, T. Koukoula, T. Kehagias, S. Eftychis,
J. Kruse, A. Georgakilas, P. R. Briddon, M. J. Rayson, T. Karakostas, and P.
Komninou , International Workshop on Nitride Semiconductors 2014, Wro-
clav, Poland

10. Effects of AlN interfacial layers on spontaneous growth of GaN
nanowires by plasma assisted molecular beam epitaxy, (poster), S. Eftychis,
J. E. Kruse, K. Tsagkaraki, M. Androulidaki, T. Koukoula, Th. Kehagias,
Ph. Komninou, A. Georgakilas, 8th Nanowire Growth Workshop Nanowires
2014, August 25-29, 2014 Eindhoven, Germany

11. Structural Analysis and Modelling of GaN/AlN Core/Shell Nanowires
(poster) T. Koukoula, Th. Kehagias, J. Kioseoglou, S. Eftychis, J. Kruse,
A. Georgakilas, Th. Karakostas, Ph. Komninou, International Conference
on Extended Defects in Semiconductors (EDS2014), Gttingen, Germany, 14-
19 September 2014

12. Surface Pre-treatment of (111) Si Substrates for GaN Nanowires
Growth (poster) T. Koukoula, Th. Kehagias, J. Kioseoglou, S. Eftychis,
J. Kruse, A. Georgakilas, Th. Karakostas, Ph. Komninou, International
Conference on Extended Defects in Semiconductors (EDS2014), Gttingen,
Germany, 14-19 September 2014

13. Temperature effects on GaN nanowire growth by PAMBE, (poster),
S. Eftychis, J. E. Kruse, K. Tsagkaraki, M. Androulidaki, A. Adikimenakis,
G. Doundoulakis, A. Georgakilas, 18th International Conference on Molecu-
lar Beam Epitaxy, September 7-12, 2014, Flagstaff, Arizona

14. Role of AlN Interfacial Layers on the spontaneous Growth of GaN
Nanowires on Si(111) substrates, (poster), S. Eftychis, J. E. Kruse, K.
Tsagkaraki, M. Androulidaki, T. Koukoula, Th. Kehagias, Ph. Komninou,
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A. Georgakilas, 18th International Conference on Molecular Beam Epitaxy,
September 7-12, 2014, Flagstaff, Arizona

15. Selective Growth of GaN Nanowires on SiO2-masked Si(111) Sub-
strates(poster), J. E. Kruse, S. Eftychis, G. Doundoulakis, K. Tsagkaraki,
M. Androulidaki, P. Dimitrakis, A. Olziersky, P. Normad, A. Georgakilas,
18th International Conference on Molecular Beam Epitaxy, September 7-12,
2014, Flagstaff, Arizona

16. Comparison of Intentional and UnintentionalSi (111) Nitridation
Effects on the Interface and Properties of Spontaneously Grown GaN
Nanowires, (poster), S. Eftychis, J. E. Kruse, K. Tsagkaraki, M. Androul-
idaki, T. Koukoula, Th. Kehagias, Ph. Komninou, E. Iliopoulos, Z. Hat-
zopoulos, A. Georgakilas, 11thInternational Conference on Nitride Semicon-
ductors (ICNS-11), August 30th-September 4th, 2015, Beijing, China

17. Effectivity of SiO2-Mask Patterns for Selective-Area Growth of GaN
Nanowires on Si(111) Substrates, (poster), J. E. Kruse, S. Eftychis, L.
Lymperakis, A. Adikimenakis, G. Doundoulakis, K. Tsagkaraki, M. An-
droulidaki, E. Iliopoulos, P. Tzanetakis, A. Olziersky, P. Dimitrakis, V.
Ioannou-Sougleridis, P. Normad, T. Koukoula, Th. Kehagias, Ph. Komni-
nou, A. Georgakilas, 11thInternational Conference on Nitride Semiconduc-
tors (ICNS-11), August 30th-September 4th, 2015, Beijing, China

18. Electrical characterization of individual gallium nitride nanopillars
synthesized by plasma assisted molecular beam epitaxy, G. Doundoulakis
, A. Stavrinidis, S. Eftychis, J. Kruse ,M. Androulidaki, K. Tsagaraki, M.
Kayambaki, G. Konstantinidis, P. Normand, K. Zekentes and A. Georgakilas,
11thInternational Conference on Nitride Semiconductors (ICNS-11), August
30th-September 4th, 2015, Beijing, China

19. Interfacial Structure of Self-Assembled GaN NWs Grown on Si (111)
and R-Plane Sapphire Substrates (poster), Ph. Komninou, T. Koukoula, T.
Kehagias, A. Lotsari, G.P. Dimitrakopulos, J. Kioseoglou, Th. Karakostas,
S. Eftychis, A. Adikimenakis, J. Kruse, A. Georgakilas, 11thInternational
Conference on Nitride Semiconductors (ICNS-11), August 30th-September
4th, 2015, Beijing, China

20. SiO2-mask patterns for selective-area growth of GaN nanowires
on Si(111) substrates, (oral), J. Kruse, S. Eftychis, A. Adikimenakis, G.
Doundoulakis, K. Tsagaraki, M. Androulidaki, A. Olziersky, P. Dimitrakis,V.
I.-Sougleridis, P. Normand, T. Koukoula, T. Kehagias,Ph. Komninou and A.
Georgakilas, European Materials Research Society 2015 fall meeting (EMRS
2015), September15 -18 Warsaw, Poland
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21. Understanding the effects of AlN and SiN layers on the Nucleation
and Growth of GaN Nanowires by Plasma Assisted Molecular Beam Epitaxy,
(oral), S. Eftychis, J. Kruse, A. Adikimenakis, K. Tsagaraki, M. Androul-
idaki, T. Koukoula, Th. Kehagias, Ph. Komninou and A. Georgakilas,
Euromat 2017, 17-22 September, Thessaloniki, Greece

22. Evaluation and understanding of size effects on the conductivity of
spontaneously grown GaN nanowires, (oral) G. Doundoulakis, A. Stavrini-
dis, S. Eftychis, M. Androulidaki, K. Tsagaraki, M. Kayambaki, G. Kon-
stantinidis, A. Georgakilas, Euromat 2017, 17-22 September, Thessaloniki,
Greece

B.4 Panhellenic conferences

1. Nucleation and growth of GaN nanowires by plasma-assisted molecular
beam epitaxy”, (oral), S. Eftychis, J. E. Kruse, K. Tsagkaraki, M. An-
droulidaki,T. Koukoula, Th. Kehagias, Ph. Komninou, A. Georgakilas, 30th
Panhellenic Conference on Solid-State Physics and Materials Science, Her-
aklion, Greece, 21-24 September 2014

2. The role of Intentional and Unintentional Nitridation of Si (111) in
the Growth of GaN Nanowire by Plasma Assisted Molecular Beam Epi-
taxy, (poster), S. Eftychis, J. E. Kruse, K. Tsagkaraki, M. Androulidaki,
T. Koukoula, Th. Kehagias, Ph. Komninou, E. Iliopoulos, Z. Hatzopou-
los, A. Georgakilas, 31st Panhellenic Conference on Solid-State Physics and
Materials Science, Thessaloniki, 20-23 September 2015

3. Nanoscale properties of GaN nanowires grown on Si substrates with an
AlN interfacial layer, (poster), T. Koukoula, Th. Kehagias, J. Kioseoglou,
S. Eftychis, J. Kruse, A. Georgakilas, Ph. Komninou, 30th Panhellenic
Conference on Solid-State Physics and Materials Science, Heraklion, Greece,
21-24 September 2014

4. Interfacial phenomena in GaN core-AlN/GaN shell nanowires (poster)
T. Koukoula, Th. Kehagias, Th. Pavloudis, J. Kioseoglou, S. Eftychis, J.
Kruse, A. Georgakilas, Ph. Komninou, 30th Panhellenic Conference on Solid-
State Physics and Materials Science, Heraklion, Greece, 21-24 September
2014

5. Catalyst-free growth of GaN NWs on Si (111) and r-planesapphire
(poster), T. Koukoula, T. Kehagias, A. Lotsari, G.P. Dimitrakopulos, J.
Kioseoglou, Th. Karakostas, S. Eftychis, A. Adikimenakis, J. Kruse, A.
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Georgakilas, Ph. Komninou, XXXI Panhellenic Conference on Solid-State
Physics and Materials Science Thessaloniki, Greece, 20-23 September 2015




