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Chapter 1

1. INTRODUCTION

Over the past 40 years, the family of III-N semiconductors consisting of the binary compounds
InN, GaN, AIN, and their alloys, has emerged as one of the most important classes of
semiconductor materials. They have bandgaps that span a very large spectral range, from InN (0.7
eV) near infrared (~1900 nm) to GaN (3.4 eV), and to AIN (6.2 eV) deep ultraviolet (UV) (~200
nm'. InN and AIN can be alloyed with GaN which allows tuning of the band gaps (from 0.7 to 6.2
eV) and emission wavelengths (see Figure 1.1).

All these materials are direct band gap semiconductors which makes them attractive for light
emission applications. Short wavelength light emitters are required for full color display, laser
printers, high density information storage, and under water communication. Moreover, the
development of non-classical III-N light sources that produce streams of photons with controllable
quantum correlations, in particular single-photon emitters (SPEs) are the fundamental resource for
many scalable quantum information technologies®*. Light to hydrogen conversion via water
splitting is of immense interest as a clean, storable, and renewable energy source. InN/InGaN
quantum dots (QDs) have a great potential to be used efficiently for this application®. III-N

semiconductors are particularly suitable for applications in these areas.
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Figure 1.1: Lattice parameter and band gap of common semiconductors

GaN is the most common compound from this group. Over the past two decades, tremendous
progress has been made in GaN-based optoelectronic devices, including light-emitting diodes
(LEDs) and lasers operating in the blue and near-UV spectral range. Isamu Akasaki, Hiroshi
Amano and Shuji Nakamura won the 2014 Nobel prize in Physics for the invention of efficient
blue LEDs which has enabled bright and energy-saving white light sources.® By combining GaN
LEDs with phosphors it is possible to fabricate high-efficiency white light emitters which are
predicted to play a crucial role in future high-efficiency home and commercial lighting systems.
Group III-nitrides have also found applications in other electronic devices. For example, advanced
GaN/AlGaN high-power microwave transistors are now commercially available.’

However, the use of Ill-nitrides to realize high efficiency LEDs and lasers operating in the deep
UV, deep visible, and near-IR spectral range, has remained very limited. Two main issues in
realization of III-N full potential can be addressed: 1- The difficulty in obtaining high-In-
composition InxGaixN crystals, and 2- The existence of huge densities of defects in III-N

semiconductors. The prophecy of this thesis is to remedy these issues.



1.1 The difficulty in obtaining high-In-composition InyGa;xN crystals

InGaN has unique properties like: high near band edge absorption, high carrier mobility, surface
electron accumulation, and superior radiation resistance ®. Its wide tunability of the band gap
which spans from 0.7 to 3.4 eV (depending on the In amount in the composition) puts InGaN in
high demand for many industrial applications. This large energy range covers almost the whole
solar spectrum thus making InGaN the optimal material for many applications such as: light
sources, light detectors, solar cells, photo electrochemical water splitting and electrochemical
biosensors® 12,

So far, the fundamental properties of GaN are relatively well established, and many excellent
review papers can be found in the literature'*"'°. In contrast, the study of In(Ga)N is still in the
early stage. This is mainly because of its difficulty in obtaining InxGaixN crystals with high In
amount, as a result of low dissociation temperature of InN and high equilibrium vapor pressure of
nitrogen. Different binding energies of In-N and Ga-N are reflected in the different decomposition
temperatures (630°C for InN and 850°C for GaN)'®. So in case of InGaN growth at high
temperatures, a significant reduction of In incorporation in the epilayer occurs not only due to the
re-evaporation of adsorbed surface adatoms but also due to the thermal decomposition of In-N
binds.

Attempts to increase the In amount in the crystal by raising the In flux, results in In droplet
formation on the surface which further causes compositional gradient in the growth direction.!”
Since the size and the density of the droplets increase during growth, the average In content shows

a vertical gradient in the film. Shimizu et al. '®

realized in short growth times there is only a few
or no In droplet generation (even in high In pressure). So they suggested the growth of a thin GaN
layer when the In droplets are not generated or still small, can prevent the formation of In droplets
and consequently increase the In amount in final composition. They succeed to increase the indium
mole fraction to 29% which was much higher than 12% achieved by single layer grown under the
same conditions.

As another successful approach, low growth temperatures have been used to avoid InN
decomposition and In desorption, thus allowing the growth of high-In-composition InGaN layers

) 19-22

by plasma-assisted molecular beam epitaxy (PA-MBE as well as metal organic vapor phase



epitaxy (MOVPE).? Aseev et al.” has shown the ability of tuning the emission wavelength up to
near infrared by increasing the Indium percentage in InGaN thin-films. Benefiting from high-In-
composition InGaN layers grown in low-temperature regime, Alvi et al. applied InN/InGaN QDs

10.24 and ion-

for electrochemical sensing applications such as biosensors for clinical diagnosis
selective electrodes'!, and in different applications like generating hydrogen by water splitting™2°.
However, in InGaN low-temperature growth, the generation of metal droplets is critical since the
excess of metal atoms accumulate on the surface (In-N dissociation temperature is lower than the
onset temperature for the evaporation of In)*, unless the growth is carried in N-rich conditions

which will cause the 3D growth and rough surface?”%.

In this thesis, the presence of metal droplets on the surface, during the InGaN low-temperature
growth, and their effects on adatom incorporation dynamics is studied. The optimum growth
window, where is possible to grow InGaN single crystal, under a good control on both composition

and morphology of the layers is proposed.

1.2 The existence of high densities of defects in III-N semiconductors

Due to high melting temperature and a very high decomposition pressure, GaN cannot be grown
using conventional methods used for GaAs or Si like Czochraslski or Bridgman growths. So, there
is no GaN bulk single crystal commercially available (with an acceptable price) and all
technological development of III-N-based devices relies on heteroepitaxial growth!2%3% which
generates huge densities of defects (with 10°~10'! cm™ density of threading dislocations (TDs))
due to lattice mismatch of grown layers with the substrate.?! For instance, the heteroepitaxial
growth of III-N semiconductors on Si wafers allows for low cost and large mass production. But
the growth of Ga(In)N directly on Si, due to inevitable formation of amorphous SiN interlayer,
proceeds under weak epitaxial constraint (weak epilayer- substrate interaction) resulting in 3D
growth mode. *** To avoid this problem, Zhang et. al. used an AIN buffer layer on Si which was
very beneficial for improvement in crystal quality of InGaN layers.** However, AIN buffers are
detrimental for the III-N/Si heterojunction electrical functionality. A promising approach to

improve the crystal quality of (In)GaN grown on Si substrate, is nitridation process at high



temperatures, since it can improve the epitaxial relation between grown layers and the

substrate, %3

On the other hand, growing laterally relaxed 3D structures like nanowires (NWs) (also called
nanorods, nanocolumns, nanowhiskers, etc) seems an attractive solution to solve the problem with
lack of lattice-matched substrates, as they can release the epitaxial strain through a lateral plastic
relaxation®®.

GaN NWs can be grown free of threading dislocations on a variety of lattice-mismatched
substrates including Si. This versatility constitutes a strong asset compared to conventional
heteroepitaxial GaN layers. However, in spite of their high structural perfection, the excitonic
lifetime of state-of-the-art GaN NW ensembles grown on Si substrates by MBE does not exceed
250 ps at 10 K, whereas it may reach ~1 ns for freestanding GaN layers grown homoepitaxially.
This short lifetime evidences the presence of a strong non-radiative channel in GaN NWs,
attributed to point defects rather than structural defects or surface recombination.?” These non-
radiative point defects may either originate from deep impurities such as Ca stemming from the
ex-situ substrate preparation® or be formed by native defects, making the use of a higher growth
temperature desirable. At these high temperatures, however, Si substrates may start to
decompose.®

Analogously to the case of GaN, the lack of lattice-matched substrates significantly constrains the
heteroepitaxial growth of high-quality AIN films and the related devices usually need to cope with
a large density of extended defects. So similarly, an interesting workaround is the growth of AIN
in the shape of NWs. However, the heteroepitaxial growths of AIN NWs by MBE carried out at a
substrate temperature below 1000 °C have systematically ended up in severely coalesced
ensembles.*’ Due to the low mobility of Al adatoms, even higher growth temperatures would be
desirable to obtain well-separated AIN NWs. However, above 1000 °C, conventional substrates
like templates of GaN NWs or Si would significantly degrade.*'*?

In this thesis, I introduce a very promising approach to grow high-quality self-assembled GaN and
AIN NWs on an in-situ-produced substrate with metallic conductivity which can be used as a back
contact. The GaN NWs grown in this study have shown an excitonic life-time as long as 0.52 ns,

which is by far, the longest excitonic life-time has been achieved for GaN heteroepitaxial materials.
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1.3 Organization of the manuscript

This thesis is manly devoted to the investigation of PA-MBE growth and characterization of I1I-N
materials, in particular InGaN thin-films, and GaN and AIN NWs. For the sake of simplicity in
naming the samples, for each group of III-N materials, the first letter of the composition is used
prior to the number of the sample. For instance, 11 represents the first InGaN sample, or G3 is the
GaN sample number 3, and so on. All the InGaN samples discussed in chapter 3, are grown as
thin-films and all GaN and AIN samples discussed in chapter 4, are grown in the shape of
nanowires. After the first chapter which was an introduction to III-nitrides, the summary of the

next chapters is as below.

Chapter 2
In chapter 2, the growth and characterization techniques which are used in this study are briefly

explained.

Chapter 3

In chapter 3, heteroepitaxial growth of InGaN thin-films on Si(111) with focus on the central
composition is discussed. The growth influence of III/N ratio on the growth mechanism,
morphology, and composition of InGaN thin-films is studied. The existence of metal droplets on
the growth surface and relevant role of droplets in determining the InGaN growth dynamics, are
exclusively discussed by analyzing the adatoms and the kinetics of incorporation in the presence
of droplets. Also the related mathematical models to observed phenomenon are proposed. The
important role of Vapor-Liquid-Solid (VLS) growth mode that takes place under the droplets in
the InGaN epilayer growth is explained. The In incorporation suppression by metal droplets during
the growth of InGaN layers in metal-rich condition is discussed.

Moreover, Raman spectroscopy of InGaN (with the focus on the central composition) as a fast
method to measure the InxGaixN composition, is studied and by combining the obtained data with
the reported data in literature, the Raman spectra for whole InGaN composition is calibrated.

All the discussions in this chapter is based on my work in Materials Science Department of Milano

Bicocca University and LNESS institute, under the supervision of Professor Stefano Sanguinetti.
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Chapter 4

As it mentioned in chapter 1, the III-N devices mostly are grown heteroepitaxially on lattice
mismatched substrates which causes the generation of large densities of defects in the crystal. In
this regard, the growth of NWs, seems a promising approach. The conventional substrates have
not fulfilled all the requirements in order to grow non-coalesced III-N NWs. In this chapter, I
investigate the self-assembled growth of high-quality GaN and AIN NWs on TiNx-sputtered
sapphire. I will discuss the advantages of TiN-sputtered substrate as an ideal surface to grow high-
quality GaN and AIN NWs.

At first I will report the sputtering procedure of TiNx films on 2-inch sapphire wafers by Magnetron
sputtering system. Then, PA-MBE growth and characterization of self-assembled GaN NWs on
the TiNx-sputtered sapphire is discussed. The first motivation of this study is the advantage of
using a refractory and clean substrate and its compatibility with GaN NWs growth condition,
which allows to grow high quality and pure GaN NWs in elevated temperatures without suffering
from unwanted doping due to atoms diffusion from substrate to NWs. The second motivation of
this work is the TiN metallic conductivity which is very beneficial from application point of view
by opening up the possibility of making back contact to the NWs.

In the second part of this chapter, I explain the PA-MBE growth and characterization of self-
assembled AIN NWs with high crystalline quality and optical properties on TiN-sputtered
sapphire. Similar to GaN NWs growth, here also I get advantage of TiN high temperature

performance, to increase the growth temperature.

The work of this chapter, is based on my PhD abroad period, in Paul Drude Institute (PDI) in

Berlin, under supervision of Dr. Lutz Geelhaar and tutorship of Dr. Thomas Auzelle.
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Chapter 2

2. Experimental setup

In this chapter I introduce the experimental tools which I used during my PhD work.
2.1 MBE (Molecular Beam Epitaxy)

The word “epitaxy” is taken from the two Greek words, epi "above" and taxis "in ordered
manner".** Epitaxial growth of thin films (such as semiconductors) is the growth of a single crystal
layer, such that the crystal lattice of the semiconductor grows to match the crystal structure of a
carefully chosen substrate.

Since a molecular-beam apparatus was first successfully used by Cho* and Arthur® in the late
1960s to crystallize and investigate GaAs epilayers, high-vacuum epitaxial growth techniques
using particle beams have developed rapidly. This development accelerated when different
semiconductor devices with quantum-well structures were invented in the 1970s. The three
epitaxial growth techniques that are mainly pursued are: MBE, CVD (Chemical Vapor
Deposition), and LPE (Liquid Phase Epitaxy).*°

MBE is an ultra-high vacuum (UHV, <10 Torr ) technique for epitaxial growth via interaction
of one or several molecular or atomic beams that occurs by impingement of the beams (originated
from effusion cells or gas source crackers or plasma cells) onto a surface of a rotating heated
crystalline substrate. MBE has the capability to grow artificially layered crystals of various
complexity with a high degree of control and reproducibility. It has become a popular technique
for growing I11-V compound semiconductors as well as several other materials. MBE can produce
high-quality layers with good control of thickness, doping, and composition. In this method, not
only single atomic layer can be grown, but also a good control to grow complex alloys with very
abrupt interfaces is possible. Atomic scale changes in the composition can be achieved by
shuttering sources, allowing for the growth of complex quantum well and super-lattice structures.
Besides producing quantum wells, it is also possible to produce other low dimensional structures
like quantum dots not only by Stranski-Krastanow Mechanism but also trough the droplet epitaxy

method*’*®, In MBE, consumption of source material is reasonably small and reproducibility with
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high accuracy is achievable. However, its low growth rate and long recovery time after each
exposure to air (opening the main chamber) are the main obstacles in the way of its

industrialization.

2.1.1 Equipment and working principles of MBE

—

shutter

Introduction chamber

el RHEED screen Manipulator

=

Figure 2.1: PA-MBE (Riber 32) used in this thesis. The components characteristic of the main

elements of the system are indicated.

In MBE, the constituent elements of a semiconductor in the form of 'molecular beams' are
deposited onto a heated crystalline substrate to form epitaxial layers. MBE growth is conducted
far from thermodynamic equilibrium and is governed mainly by the kinetics of the surface
processes occurring when the impinging beams of adatoms react with the outermost atomic layers
of the substrate.

In Figure 2.1 the PA-MBE system which is used to grow InGaN thin-films in this thesis with
indication of its components is shown. The system consist of a loading chamber (also called
introduction chamber), where samples are loaded and outgassed at 200 °C to remove water, a buffer
chamber (also called preparation chamber) which keeps the loading chamber apart from the growth

chamber through its gate valves (and also can host several samples), and a growth chamber (also

14



called main chamber) where samples are transferred to proceed to the growth. The transfer between

chambers can be done by mechanical/magnetic arms (push rods) through gate valves.

To substrate heater supply

and variable speed motor
Liquid nitrogen
i RHEED gun
cooled panels

Beam flux

L — = monitoring gauge

][ ]
|l| ]
|| / Gate valve

ap

Effusion
cells % | —— Sample transfer
. E— mechanism
Shutters

View port
Fluorescent Rotating substrate

holder
sereen Quadrupole

mass spectrometer

Figure 2.2: a typical setup for a MBE growth chamber®’

Within the growth chamber (Figure 2.2) the substrate wafer is placed and fixed in a substrate holder
with a heating filament located behind the substrate with a small distance where also a
thermocouple is fixed near to center of substrate to measure the changes in the substrate
temperature. The substrate temperature is one of the main growth parameters which can be
controlled using thermocouple (or/and pyrometer) and can be tuned by applying a voltage to
substrate heater. Normally a proportional-integral-derivative (PID) controller is used to control the
applied voltage to reach a determined temperature, by following a function based on the feedbacks
coming from thermocouple.

The position of substrate can be changed using substrate manipulator. Before growth, the sample
holder is flipped around from the loading position so that the sample faces the material sources.
Considering that the molecular beams have different impinging angles in respect to the substrate,
the sample holder is designed for continual azimuthal rotation of the sample to improve layer

uniformity.
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2.1.1.1 Vacuum

All the three chambers are independently pumped to achieve a working pressure of high or ultra-
high vacuum. In the growth chamber, UHV condition is necessary to ensure a long mean path of
atoms and molecules, so that a molecular beam regime is maintained (no dispersion). The mean
path must be greater than the distance between the effusion cells and the substrate, which is usually
a few tens of centimeters. If we suppose that an atom evaporated with temperature T has cross

section o, in a vacuum chamber with pressure p, the mean free path would be:

2.1)

) — kT
V2mo2p

Typical values for 6 are 2-5 Angstrom, so that a pressure of at least 10~> mbar is required. This is
an approximation for the upper limits to the system operability. However pressures as low as 10~
mbar are required to grow high purity layers (deposition rate from background pressure gas much
lower than 0.001 ml/s), so that A is comparable to the distance between the effusion cells and the
substrate holder. Such a vacuum can be achieved by a combination of vacuum pumps, namely, a
rough pumping with a rotary pump (down to ~107 Torr) that is used for pumping the back pressure
of a turbo molecular pump to achieve a pressure of 107 - 10 Torr. An ion pump brings the pressure
down to 107 - 107! Torr (the safe starting point to use an ion pump is below 107 Torr). The ultimate
UHV can be reached pressure of 107!% - 10"!! Torr by running liquid nitrogen continuously to cool
down the walls of cryoshroud. Its panels are located inside the growth chamber, surrounding the
growth region and acting as an effective pump for many of the residual gasses in the chamber.

To keep such ultra-high vacuum condition, the chamber must be resistant to the compression forces
from outside and also not to desorb materials from its body in the vacuum. Also standard metal
gaskets must be used in the points of junction. To measure the pressure inside the chambers, based
on the required range of measurement, different pressure gauges are used.

The Pirani gauge can be used reliably for the range between 1-107 mbar. It consists of a metal

sensor wire, suspended in a tube linked to the vacuum chamber connected to an electrical circuit.
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The wire is heated and its loss of heat due to the gas molecules collisions is taken into account as
an indirect indication of pressure. After a calibration, the pressure can be read.

The other class of pressure gauge is cold cathode gauge which is used for the pressure range of
1073~ 107® mbar. In this type of gauge, the gases are ionized by a strong electrical field. A magnetic
field is also used to increase the path of the electrons produced by the cathode and that ionizes the
gas molecules. The positive ions produced this way are collected by the cathode and so the
ionization current is measured.

In the main chamber normally a Hot Filament Ionization Gauge (sometimes called Bayard-
Alpert ionization Gauge) is the choice of use. This gauge is widely used at very low-pressures
from 107 to 10~ mbar. A UHV Bayard-Alpert gauge together with the schematic representation
of filament and grid is shown in Figure 2.3. To measure the pressure, a filament is heated to emit
electrons and a DC voltage is applied to the external grid to accelerate the electrons to pass through
the grid and collide with molecules existing around. As the consequence, a part of molecules are
ionized and attracted to the central ion collector wire by a negative potential applied on this wire.
The current is measured which is a composition-dependent current since different ions will
produce different currents at the same pressure. However if the gas composition is constant, the

current will be directly proportional to the pressure.
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Figure 2.3: (a) Bayard-Alpert filament UHV gauge, (b) schematic representation of filament
(cathode) and grid (anode)
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Sufficiently low pressures of 1071° Torr (the MBE system which is used for growing InGaN thin-
films) and 107! Torr (the MBE system which is used for growing GaN and AIN nanowires) are
achieved in this study which allows for the growth of high-purity materials.

2.1.1.2 Sources

Sources are key elements of any MBE system. They must be designed to supply the needed
uniformity and material purity. The molecular beams (group III materials in this study) are
obtained by Knudsen cells. Knudsen cells, or K- cells are the standard evaporation source for most
MBE systems. It consists of a heating element, surrounding heat shield and a crucible
thermocouple assembly mounted on a port flange. A thermocouple is mechanically attached to the
crucible bottom. The cells include an integral cooling system in addition to heat shields.
Construction materials are usually refractory metals such as tantalum and molybdenum and
insulators like alumina and PBN. Lower temperature applications allow alumina, but due to the
outgassing of contaminants, at temperatures above a few hundred degrees usually it is necessary
to use PBN. In front of each Knudsen cell there is a mechanically driven molybdenum shutter to
stop the beam in a very short fraction of time. The desired flux, can be achieved by changing the
temperature of the materials in the cell. Similar to the substrate heater, here also a PID controller
can be employed to accurately control the applied voltage based on the temperature set point and
the feedbacks from the thermocouple.

To supply the so called “active nitrogen”, we use a radio frequency (RF) Plasma cell. Plasma cell
is an effusion cell which generates the ionized molecular beam by an electrical discharge created
from the inductive coupling of a RF excitation coil. In this way, RF plasma source provides very
reactive atomic species by breaking the nitrogen molecules. To create N plasma, pure molecular
nitrogen is fed from a high pressure cylinder, to pass through pressure regulators, filters, purifiers,
valves and a mass flow controller, into radio frequency (RF)-Plasma source where the molecules
break and turn to active nitrogen, which mostly consists of reactive atomic/ionized nitrogen (so
called nitrogen radicals). This reactive atomic species can escape into the vacuum chamber along
with nitrogen molecules N2 that are not dissociated or ionized. Ion deflection plates are fitted to

the source to deflect the ions which are escaped away from their path toward the sample.
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Since, the plasma cell is used in MBE, these growth technique is called plasma-assisted (PA-MBE)
or radio frequency (RF-MBE) molecular beam epitaxy.

All the cells are aligned to the center of sample where they bond and make the crystal structure.
By changing the N2 flux (can be tuned by a mass flow controller) and the applied power, we can
change the flux of active N. Typically to control the III/V ratio, we fix the flux of active N at an
optimum point (based on the required growth rate and considering the pumping condition in the
growth chamber) and then only by changing the flux of group III, we tune the ratio. The regularly
check and calibration of cells is required to keep the I1I/V ratio constant. To calibrate the group III
materials, for each cell separately, we record and plot the variation of pressure vs the temperature
of the cell.

All the III-N samples involved in this study (more than 120 samples including: GaN, InN, InGaN,
and AIN) are grown by me using two PA-MBE systems (one in University of Milano Bicocca and

the other one in PDI).

2.2 Magnetron Sputtering

Magnetron sputtering has become the process of choice for the deposition of a wide range of
industrially important coatings.>® It is a Plasma Vapor Deposition (PVD) process. In fact,
sputtering inside an enclosed chamber which cooled by liquid nitrogen was introduced by Theuerer
and Hauser (1965) and has been used by several teams for DC sputtering in UHV systems allowing
deposition of high-purity films. In this technique positively charged ions are accelerated by
potentials ranging from a few hundred to a few thousand electron volts to hit the negatively charged
target (material to sputter) with sufficient force to dislodge and eject atoms from the target. These
atoms will be ejected in a typical line-of-sight cosine distribution from the face of the target and
will condense on the surface (substrate) that is placed in vicinity of the magnetron sputtering
cathode. Conductive materials can be deposited using a direct current (DC) power supply and
insulators can be deposited by using a radio frequency (RF) power supply. When a magnetic field
is used to fold the ions and electrons trajectories, mean free path is increased and sputtering yield
is increased.>!

In this thesis I used a magnetron sputtering system to sputter TiN film on 2-inch conventional

sapphire substrates. This TiN-sputtered substrate later is used as the surface to grow GaN and AIN
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nanowires. Our sputtering chamber is linked to a MBE chamber which allows us to transfer the
sputtered-substrates directly from sputtering chamber to MBE chamber without exposing the
sample to air. This assembly allow to have extremely pure surface which is produced in UHV
atmosphere and transferred to the MBE growth chamber under the UHV condition. I have
performed this part of study in Epiaxial department of PDI.

2.3 In-situ characterization techniques

In-situ characterization techniques refers to the techniques which characterize the sample during
the growth. As it is mentioned before, in MBE growth, working in UHV, enables us to monitor
the growth procedure. Variety of characterization apparatuses can be assembled inside the MBE
chamber depend on the needs. Below, we discuss two of the most common instruments which can

be find in the majority MBE systems.

2.3.1 Reflection High Energy Electron Diffraction (RHEED)

Reflection high-energy electron diffraction (RHEED) is an important technique for in-situ and
real-time surface study on flat surfaces. One of the main advantages of MBE over CVD, is
operation of growth in UHV condition which gives us the possibility of doing in-situ
characterizations such as RHEED to monitor the growth of thin-films. It allows to get a live picture
of the reciprocal space lattice of the sample surface. It is extremely sensitive to surface changes,
either by structural changes or due to chemicals adsorption. This technique is remarkably simple
to implement, requiring at the minimum only an electron gun, a phosphor screen, and a clean

surface. In Figure 2.4 schematic image of RHEED is depicted.
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Figure 2.4: Schematic image of RHEED setup

In this method, high energy beam of electrons in the range 5-40 keV (The de Broglie wavelength
of these electrons is therefore in the range 0.17-0.06 A) is directed at a low angle (1°-3°) to the
surface. The electrons which are either diffracted or reflected on the sample surface are imaged on
a phosphor screen. Due to this low angle incident beam, no interference with the growth process
occurs. Moreover, it has a very strong effect on the diffraction. For example, atomic steps can
produce large changes in both the measured intensity and the shape of the diffracted beams when
the important atomic separations are parallel to the incident beam direction. In contrast, the role of
atomic structure in the diffracted intensity is primarily determined by the atomic separations
perpendicular to the beam direction. Also in this set up, the penetration depth is extremely small
limiting its sensitivity to the atomic structure of the first few planes of the crystal lattice. The extent
of these sensitivities, the importance of multiple scattering, the shape of the diffraction pattern,
and the main features of calculation are all determined by the combination of a small glancing
incident angle and the conservation of parallel momentum. These controlling factors are
conveniently described by the Ewald construction in the reciprocal space of a surface, which will
be seen to be a family of parallel rods. A schematic of set of crystal planes separated by a distance
‘d’ in real space and their Fourier transfer in reciprocal space, is shown in Figure 2.5. The distance
between adjacent points in a reciprocal lattice is inversely proportional to the distance between
points in the corresponding direction of the direct lattice. For a purely planar lattice mesh the
periodic repeat distance is infinite in the perpendicular (z) direction. The reciprocal lattice points

along the surface normal are therefore infinitely dense (rods in reciprocal space).’*>
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Based on the shape of the Bragg spots, one can infer the roughness of the surface as well as the
crystallinity of the grown layers. A streaky RHEED pattern indicates a very smooth surface,
whereas a spotty RHEED pattern indicates the existence of small 3D features on the surface,
polycrystalline surface results in arc-shape pattern, and randomly diffracted electrons from an

amorphous surface, form a halo image on the screen.
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Figure 2.5: (a) Relation between a set of planes in real space and Fourier space. (b) Effect of a

smaller distance between the atomic planes in real space and Fourier space. (c) Effect of non-
parallel set of planes in real space and Fourier space (d) reciprocal rods from a planar lattice

mesh.

As a summary of its applications, based on the RHEED patterns it is possible to have in-situ
observation on important items such as:

e Crystal quality (single crystalline, polycrystalline or amorphous layers are growing)

e Very useful information about the surface flatness (growth mode, 2D, 3D)

e Surface reconstruction (normally we use it to monitor the native oxides removals from Si

surface, and to calibrate the thermocouple temperature as later will be explained)
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e Recognition of crystal structure and growth direction

e Lattice parameter and strain in the structure (if the setup is precisely tuned)

e Monitoring the formation of QDs

e In case of Nanowires: measuring incubation time (required time for nucleation) as well as
qualitative information about density and side facets, tilt, and etc.

e The growth rate (each oscillation means one monolayer)

¢ Monitoring nitridation process (as will be shown later)

e RHEED is also used for some special applications® which is out of the concept of thesis
2.3.2 Quadrupole Mass Spectrometer (QMS)

QMS is a powerful tool that allows determining the type and amount (partial pressure) of
molecules and therefore is used to determine the residual gas species within the growth chamber.
The QMS benefits from using a quadrupole radio-frequency electric field (dynamic mass analyzer)

which forces ions of a particular mass onto stable oscillatory trajectories. A typical feature present
in a mass spectrometer, is that mass separation is established according to the ratio e (M:

molecular mass, e: elementary charge and z: number of elementary charge s). A doubly charged
ion hence appears on the scale of a mass spectrometer (which refers to z=1) at half the value of its
true mass. In Figure 2.6 a schematic image of QMS with its main components is shown. As can be
seen, it consists of an ionizer (similar to the Bayard Alpert, i.e bombardment by electrons from a
hot filament), an ion accelerator, and a mass filter consisting of four parallel metal rods, and a

detector.
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Figure 2.6: A quadrupole mass analyzer scheme

From the four rods, two (opposite) rods have an applied potential of (U+Vcos(wt)) and the other
two rods have a potential of -(U+Vcos(wt)), where U is a DC voltage and Vcos(wt) is an AC
voltage. The applied voltages change the trajectory of ions traveling down the flight path located
between the four rods. For given DC and AC voltages, only ions of a certain mass/charge ratio
pass through the quadrupole filter while all other ions are expelled of their original path. In this
way, a mass spectrum is obtained by monitoring the ions passing through the quadrupole filter as
the voltages on the rods are varied. It is also very efficient technique to detect leaks by blowing
small amount of He to the outer walls and joints and detecting it inside the chamber. Another
application of the QMS is adsorbing/desorbing flux measurements. When a substrate is placed in
a gas medium, the process of adsorption will start. Under static conditions, the adsorption will
continue until an equilibrium concentration of adsorbed particles is reached. This method allows
determining various adsorptions and desorption parameters, such as: (i) number and population of
various desorbing phases, (i) activation energy of desorption, (iii) order of the desorption and (iv)
the pre-exponential frequency factor for the desorption.>® In this way, nucleation of depositing
material, or desorption of deposited material (and the amount of deposited/desorbed material) can
be monitored. It becomes even more important when RHEED is unable to determine it (e.g. when

the lattice parameters of the depositing materials are very close).
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In this study we benefit from QMS (as will be discussed in chapter 4) by monitoring the Ga-Ti
intermix during the nucleation of GaN NWs on TiNx-sputtered substrate which makes valuable

information to optimize the sputtering and growth process.

2.4 Ex-situ characterization techniques

In contrast to in-situ characterization techniques, ex-situ characterization techniques refer to
techniques which we use to characterize the samples after the growth. Below, some of the most
common semiconductor characterization techniques which we have employed in this thesis are

briefly explained.

2.4.1 Scanning Electron Microscopy (SEM)

SEM is a very practical instrument in order to have morphological information as well as structural
characterization of grown thin-films and NWs. In contrast to a standard optical microscope, SEM
employs electrons instead of photons to image the sample. The required electron wavelength can
be tuned dependent on the acceleration voltage. For instance if the working voltage is 10 keV, the
wavelength of emitted electrons from electron gun would be 0.012 nm which is significantly below
the wavelength of 400 to 700 nm used in a conventional optical microscope, therefore leading to
higher resolution (spatial resolution in the order of a few nm) images. One of the advantages of
this method is the simplicity of sample preparation. Before inserting the sample into the SEM
chamber, it needs to be mounted on a metallic holder. An important point is that since we are
dealing with huge number of electrons in the electron beam, it is required to make a good
(conductive) contact between the sample and the holder. If the sample is not conductive, its surface
needs to be coated with conductive materials. Carbon and Gold are the typical materials which are
used for the coating.

The main compounds in a typical SEM, are: vacuum chamber, electron gun, a demagnification
unit, a scan unit and a detection unit. We need high vacuum (~ 10 Torr) in order not to obstruct
the electron beam by the particles in the way. The source of electrons in the SEM is called electron
gun which produces a large and stable current in a small electron beam. There are two types of

electron guns. One is the thermionic gun which heats a filament until electrons stream away. The
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electrons are gathered as an electron beam following into a metal plate (anode) by applying a
positive voltage (1-30 kV) to the anode. The other type of electron gun is called field emission gun
which rips electrons away from their atoms by generating a strong electrical field (in this case the
system will be called FE-SEM). The main advantages of FE-SEM over the SEM are that its
filament has a longer lifetime and also gives higher resolution. There is a hole in the anode which
allows a fraction of the electrons to continue down the column through the lenses to produce a
smaller, more cohesive beam. A series of electromagnetic lenses within a vacuum chamber are
employed to direct the electrons towards the specimen. The focal length can be changed by varying
the current that passes through a coil that is around a ferromagnetic material. In the chamber, there
are two sets of lenses. One is the condenser lens (located on the top) and the other is objective lens
(located at bottom). The condenser lens converges the cone of the electron beam to a spot below
it, before the cone flares out again, it is converged back again by the objective lens and down onto
the sample. This initial convergence can be at different heights. The closer it is to the lens, the
smaller the spot diameter at the point of convergence. The current which is applied to condenser
lens, controls this initial spot size and is referred to as the spot size control. The diameter of this
initial convergence (also called a cross-over point) affects the final diameter of the spot beam on
the sample. When the focused beam of electrons is exposed to the sample, based on the interaction
of electron with the sample, electrons and X-rays will be emitted from the surface of sample. They
can have different energies, based on how they are produced. They are attracted to and collected
by a detector. Due to the interaction of electrons with atoms in the sample, various signals are
produced that contain information about the sample's surface topography. If the SEM is equipped
with EDX (energy dispersive X ray analysis, also called energy dispersive spectroscopy, which in
this case it will be abbreviated as EDS), it would also be capable of performing analyses of selected
point locations on the sample which is especially useful in qualitatively or semi-quantitatively
determining chemical compositions. Also from the density of electrons a map of the surface can
be obtained. An overview of the possible interactions is presented in Figure 2.7, the electron
interaction with matter is seen to be limited to the penetration regime, the so-called excitation
volume. Hence, it depends on the acceleration voltage of the electrons and material density.

The two often used types of signal are backscattered and secondary electrons. The backscattered
electrons occur due to elastic collisions of electrons with atoms, which causes a change in the

electrons’ trajectory. Since larger atoms (larger atomic number) are more effective in scattering
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the electrons compared to light atoms (smaller atomic number), they create a higher signal which
on the image it will be seen whiter. So, if there are existing some phases with different kinds of
atoms, this imaging mode is very useful to distinguish them. In contrast, the secondary electrons
originate from the near-surface regions of the sample. They occur due to inelastic interactions
between incident electron beam and the sample and so contain lower energy than the backscattered
electrons. Secondary electrons are very beneficial for the topographical images of the sample’s
surface.

In this thesis, SEM (with a secondary electron detector), is used very frequently to investigate
thickness and morphology of thin-films (in University of Milano Bicocca), as well as size, density
and coalescence degree of NWs (in PDI). This characterization is performed by me. In order to
reduce the detrimental effect of the electron accumulation on the surface (so called “charging”)
during high magnification imaging, I used silver paint to improve the contact between the sample

and the metallic holder.
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Figure 2.7: Schematic of electron interaction with matter [Image adapted from

www.surfgroup.be]
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2.4.2 Raman Spectroscopy

Raman spectroscopy is a non-destructive spectroscopic technique that can detect both organic and
inorganic species and measure the crystallinity of solids. In this method, a monochromatic
radiation is scattered in the sample to gain information about the composition, crystalline degree,
presence of strain and defects, and purity of the material by analyzing vibrational, rotational, and
other low- frequency modes of the system.

It is a fast and simple method with the possibility to investigate the sample locally (since the light
beam can be focused to a small diameter). It is finding increased use in semiconductor
characterization particularly to investigate the amount of strain. Combining Raman spectroscopy
with other characterization methods like X-ray diffraction, it is possible to provide a data bank for
different materials and in this way, have the opportunity to quickly characterize the composition
and/or strain, by using Raman spectroscopy.

The scattered light contain mainly wavelength that was incident on the sample (Raleigh scattering)
but also at different wavelengths at very low intensities (few parts per million or less) that represent
an interaction of the incident light with the material. According to quantum theory, a molecular
motion can have only certain discrete energy states and any change in the state is thus accompanied
by the gain or loss of one or more quanta of energy. The interaction of a molecule with
electromagnetic radiation can thus be analyzed in terms of an energy-transfer mechanism. The
interaction of the incident light with optical phonons is called Raman scattering while the
interaction with acoustic phonons results in Brillouin scattering. In Figure 2.8 a schematic image

of energy distribution of scattered light is shown.
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Figure 2.8: Energy distribution of scattered light
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In general, the optical phonons have higher energies than acoustic phonons giving larger photon
energy shifts, but even for Raman scattering the energy shift is small and since the intensity of
Raman scattered light is very weak (about 1 in 10® parts), Raman spectroscopy is only practical
when an intense monochromatic light source like a laser is used.

In this thesis, as I will discuss later, the study is mainly on III-N semiconductors with wurtzite
crystal structure. Wurtzite structure, consists of four atoms in its unit cell (N = 4), so there are (3N
= 12) twelve possible normal phonon modes which three of them are acoustic phonons and nine
optic phonons. Taking into account degeneration, there are eight possible modes (two acoustic
and six optical) at the point I" of the first Brillouin zone.

2.2)
T acoustic = Al +E1

Foptical = A1 +2B1 + 2E> +Ei

Among the six optical modes, the two modes E2 are only Raman-active, the modes A1 and Ei are

both Raman and IR active, and instead the two modes B1 are not active for Raman or IR.

GaN (em™') InN (em™')

A-TO 533¢ 480°
E-TO 560 476°
A-LO 735¢ 580°
E;-LO 742¢ 570°
Es-(low) /ES 145¢ 87
Ey-(high) /E2 567 4880
Bi-(low) 210¢ 200°
Bi-(high) 320¢ 540°

Figure 2.9: Phonon Frequencies in cm ™! for GaN and InN in the wurtzite structure.

The calculated phonon dispersion relations for bulk InN (left) and GaN (right) and their

corresponding density of states are shown in Figure 2.10. As can be seen, there is a wide phononic
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band-gap, especially in case of InN. This is the result of atomic mass differences between N atoms

respact to Ga (a factor of 5) and In (a factor of 8.2) atoms.
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Figure 2.10: Phonon dispersion relations calculated for bulk InN (left) and GaN (right) and their

corresponding density of states (DOS).
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Figure 2.11: Atoms displacement for phonon modes in I" for Wz-GaN. In red the nitrogen atoms,

in white Gan atoms. With "low" and "high" are indicated the low and high frequency mode

respectively. The number in brackets are the frequency in THz for GaN
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In this thesis, I performed the Raman spectroscopy measurements of InGaN thin-films at
University of Milano Bicocca and of TiN thin-films, and GaN and AIN NWs at PDI. I benefit
using Raman spectroscopy to investigate different phonon modes and extract valuable information
about InxGaixN composition, Ti/N ratio of TiNx films and to check if the grown thin-films and

NWs are relaxed or strained.

2.4.3 High Resolution Transmission Electron Microscopy (HRTEM)

High-resolution transmission electron microscopy (HRTEM) is an imaging mode of
specialized transmission electron microscopes (TEMs) that uses both the transmitted and the
scattered beams to create an interference image from the atomic structure of the sample. It can be
used with crystalline solids to obtain direct images of small structural groups comprising a few
coordination polyhedra with resolution nearly as small as the unit cell of the crystal. In this method,
all electrons emerging from the sample are combined at a point in the image plane. HRTEM has
been extensively and successfully used for analyzing crystal structures and lattice imperfections
of various kinds in advanced materials at atomic resolution. It can be used for analyzing crystal
structures and grain boundaries, or examining lattice imperfections such as: very small defect
regions, faults in the stacking sequence of structural groups or atom layers, and isolated defects in
narrowly delimited areas that may actually be below the dimensions of the unit cell’*-**. In case of
epitaxial grown material, HRTEM can be effectively used to investigate the interface, dislocations,
stacking faults, Quantum structures, and polarity of grown crystal.

In this study, HRTEM is used to study the AIN NWs. The measurements are carried out at PDI by
a specialist TEM operator.

2.4.4 High Resolution X-ray Diffraction (HRXRD)

HRXRD is a non-destructive technique for determining atomic and molecular structure of a
crystal. In case of epitaxial growth of thin-films, it is a powerful characterization technique to
precisely investigate the strain state of epitaxial layers, as well as the chemical composition. It
requires little sample preparation and gives structural information over entire semiconductor

wafers but it is not possible to scan the sample locally. It is also unable to identify impurities.
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In this method, X-rays from a quasi-point source are sent to the crystal surface under a given angle
(©). After being reflected by different crystal planes, the resulting rays are detected as a function
of the sample (or detector) rotation angle. A simple schematic image of XRD technique is depicted

in Figure 2.12.
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Figure 2.12: Simple schematic of XRD technique

The basis of all XRD measurements is described in Bragg’s Law, which determines the angles for

constructive and destructive interference between rays emerging from the crystal

(2.3)

nA = 2d.sin®

Equation (2.3) represents the Bragg's law for constructive interference, where n is an integer, A is
the wavelength of monochromatic X-rays impinging under an angle © on a set of planes with

lattice spacing dnki where (hkl) are the Miller indexes.
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Figure 2.13: Schematic of X-rays diffraction and Bragg’s law

A schematic image of X-rays diffraction and bragg’s law is shown in Figure 2.13. In case of
relaxed layers, it is possible to determine the lattice constant value, the layer thickness and
composition by just applying the Bragg's law to each peak in the spectrum.

There are two instrumental configurations for HRXRD, that in each, the monochromator provides
a conditioned beam. One is the double-axis experiment in which the detector does not discriminate
between different diffraction angles 2theta. The other is the triple-axis experiment where a slit or
analyzer crystal determines the angular acceptance of the detector.

In this study, to determine the In amount in InxGaixN thin-films, monochromatic CuKal radiation
was used, with A = 0.154056 nm. ®—20 scans around the InGaN(0002) Bragg peak is carried out,

using the Si(111) peak from the substrate as a reference. In this kind of scan, the scattering vector

q= Ki- ke changes length but not direction; the direction is chosen to be normal to the (111) planes
of the substrate. o is the incidence angle and 26 is the scattering angle; this kind of geometry is
“symmetric” since ® == 20/2.

This can be used to determine the ¢ parameter (the (0001) plane spacing) of the InGaN in terms of

the scattering angle 26(0002),
(2.4)
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1 2 .

- = -sin6

Y (0002)
which can then be used to estimate the In content under the assumption that there is no strain.
Vegard’s law is often used for the lattice parameters of alloys, i.e. it is assumed that the relevant

property of InxGaixN can be found by linear interpolation between GaN and InN.>®

Table 2.1: Lattice constants of GaN and InN as compared to the Si(112) and (111) spacing®’, and
expected 0 values in the InGaN(0002)||Si(111) XRD scan.

a [ nm | ¢ [ nm | 61°]
GaN 0.3187 0.5186 17.2819
InN 0.3533 0.5693 15.7010
d(172) [nm | dgy [nm ] 6 [°]
Si 0.2217 0.3136 14.2193

In this study, I use XRD mainly to:
e To obtain the In content in InxGaixN thin-films and later to calibrate Raman data for the
whole composition of InxGaixN
e Determine epitaxial relation between InxGaixN and the Si substrate
e Determine tilt and twist of the grown layers/NWs respect to the substrate
e Check homogenous (shift in the peak) and inhomogeneous (broadening of the peak) strain
in NWs.
¢ Find the NWs side facets crystallographic plane
The XRD measurements of InGaN thin-films are performed at LNESS institute by a specialist
operator and to characterize TiN thin-films, as well as GaN and AIN NWs, I have operated the
XRD measurements at PDI.

2.4.5 Atomic Force Microscope (AFM)

AFM is a high resolution scanning probe microscope that measures local properties such as vertical

and lateral dimensions (with a resolution of fractions of a nanometer), or magnetism and current
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when provided with an adequate probe tip. In case of morphological properties, a very sharp tip
normally made of SizsN4 or Si is placed at the edge of cantilever that has a spring constant varying
in the 0.01-50 N/m range. In Figure 2.14 schematic image of an AFM and its main components is
depicted. AFM is used to profile the surface (scanning the surface in x and y directions) of thin
films at a nm scale. When the tip approach contact with the thin film surface the cantilever deflects.
A laser is used to measure the magnitude of deflection, therefore determining the height in relation
to a set point. AFM can be operated in tapping or contact mode.

In tapping mode the probe to sample distance is set so that the probe tip lightly contacts (“taps™)
the sample surface during the cantilever oscillation. As the probe interacts with the surface of a
sample, the oscillation amplitude or phase relation to the exciting signal change in response to the
interaction. The interaction provides the basis for producing an image of the sample. Tapping mode
reduces both the lateral forces on the tip (and the possibility of breakage) as well as collection of
impurities on the tip. Unlike traditional contact mode which maintains a constant cantilever de-
flection, the tapping mode feedback loop keeps the cantilever oscillating at a constant amplitude.
Contact mode is often an order of magnitude faster and allows for atomic scale resolution, although
it suffers from tip wear due to direct contact. At very small tip-sample distances (a few angstroms)
a very strong repulsive force appears between the tip and sample atoms. Its origin is the so-called
exchange interactions due to the overlap of the electronic orbitals at atomic distances. When this
repulsive force is predominant, the tip and sample are considered to be in contact.

AFM does have issues imaging rough samples or samples where the spacing between features is
smaller than the size of the AFM tip, as this leads to improper imaging of the sidewalls of the
features. #6493

One of the most important applications of AFM is to study the QDs in which, the size, shape, and

density of QDs can be easily investigated without any need for sample preparation.
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Figure 2.14: Schematic image of an AFM probe [adapted from Wikipedia]

In this thesis, morphological characterization of the samples are performed by AFM, using an
ultra-sharp tip with a curvature radius of 2 nm and operating in tapping mode. Gwyddion is used
as the typical software to translate the recorded data from AFM to images, and to extract further
information like root mean square (RMS) roughness of the InGaN thin-films. The operations are

performed mostly by me, in LNESS institute.

2.4.6 Photoluminescence (PL)

Photoluminescence is a very sensitive nondestructive method to analyze both intrinsic and
extrinsic semiconductor properties. By determining the electronic bandgap, PL can provide a
means to quantify the elemental composition or the strain in the structure of crystal. However the
method is particularly suitable for characterization of the centers which control the electrical
properties of the layers and for the detection of shallow-level impurities, but can also be applied
to certain deep-level impurities, with radiative recombination. The high sensitivity of this
technique provides the potential to identify extremely low concentrations of intentional and

unintentional impurities that can strongly affect material quality and device performance.
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The technique consist of generating high energy e-h pairs in a material (through excitation) using
a laser and to measure their radiative recombination in the material. Photoluminescence is also
used in other applications. PL can provide simultaneous information on many types of impurities
in a sample, but only those impurities that produce radiative recombination processes can be
detected. It has been largely the domain of III-V semiconductor characterization in the past with
high internal efficiency. Internal efficiency is a measure of optically generated electron-hole pairs
and radiative recombination, thereby emitting light. Photoluminescence has the advantage of the
ability to discriminate between species involved in radiative recombination and can provide
simultaneous information on many types of centers. However, compared to elementary techniques
of electrical characterization, it is less well suited for the determination of impurity concentrations,
particularly for the electrical majority species. Besides that, it is only applicable in case of high-
quality crystals with ability of photon emission.

Photoluminescence is in general a convenient technique, requiring in the simplest form a suitable
source of optical excitation, a spectrometer and a detector suitable for the emitted light. In case
measurements at low temperatures is required (depend on the material and the purpose of
measurement), the sample must be placed in a cryostat. In this method a photon source (laser) used
to excite an electron into the conduction band, after which the electron then relaxes to a lower state
by emitting a photon. The optical emission may involve other states, so that features may
correspond to conduction to valence band transitions (C-V), free excitons (X), excitons bound to
neutral donors or acceptors (A°X), conduction band to acceptor transitions (CA), or donor to
acceptor transitions (DA) as illustrated schematically in Figure 2.15 (a) and (b). In general, specific
information about the centers, the donors and acceptors, which promote electrical conductivity,
can be obtained only when the electrical carriers are frozen out in these centers. Once the electrical
carriers are thermally liberated, the impurities or defects which released them reveal their presence
only through some inhibition of carrier mobility. The other advantage of low temperature

measurement is the dramatic reduction of spectral broadening due to vibration processes.**>%>
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Figure 2.15: (a) Schematic representation of donor- or acceptor- related and direct radiative

recombinations.*¢ (b) Main parts of a near-band-edge photoluminescence spectrum. >3

The PL measurements reported in this thesis are used in order to investigate:
e The impurity level in the NWs by checking near band edge as well as possible deep level
radiative recombination.
e The crystal quality of NWs by considering the radiative/non-radiative recombination ratio
as well as Time-resolved PL (as will be explained in following)
e  Strain in the crystal

The PL measurements are performed by specialist operator at PDI.
2.4.6.1 Time Resolved PL (TRPL)
TRPL is an experimental technique that provides the spectral and temporal evolution of the

emission of a sample following its illumination by a short pulse of light. It gives information on

transient processes such as exciton capture, exciton transfer, and exciton recombination related to
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bound excitons. In this method a short laser pulse is used for excitation, and a fast detector is used
to determine the emission of material as a function of time after excitation. The short pulse of
light generates electron-hole pairs that decay to lower energy levels of the sample. These electron-
hole pairs can subsequently recombine and emit light. The emitted light is composed of a set of
wavelengths corresponding to transition energies of the sample and, as a result, the measurement
of the optical spectrum as a function of time provides a means to measure the transition energies
and their lifetimes. The decay process, is very sensitive to additional non-radiative recombination
channels, as well as to excitation transfer processes at higher doping levels.®® So it provides useful
information about the quality and purity of the material. The decay time is normally on the order
of picoseconds or nanoseconds (for instance, the excitonic lifetime of state-of-the-art GaN NW
ensembles grown on Si substrates by MBE does not exceed =250 ps at 10 K). In this case, the non-
radiative channels are attributed to point defects rather than structural defects or surface
recombination. 3’

In this study, I used this method to investigate GaN NWs grown on TiN film.

2.4.7 Cathodoluminescence (CL)

The basic principle is to generate high energy e-h pairs in a material by electron excitation and to
measure the radiative recombination of these e-h pairs in the material. CL is very similar to PL
and has the additional ability to generate e-h pairs in desired areas by moving the electron beam.
There are some limitations concerning photoluminescence in choosing the laser for exciting the
electrons in semiconductors with different band gaps or probing a small area (the size of the laser
spot, typically on the order of 500um, which is too large for probing individual NW). To obtain
information about individual NWs CL can be used, which is based on the emission of light from
electron beam excitation using a SEM. With the enhanced resolution achieved with the SEM,
spatial variation in the optical properties can be directly mapped to physical features.*®

In this thesis, since the required energy to excite AIN is very high (> 6 eV), instead of PL, CL is
employed to investigate the luminescence properties of the AIN nanowires. The CL measurements

are performed by specialist operator at PDI.
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2.4.8 Variable-angle Spectroscopic Ellipsometry

Ellipsometry is a contactless, non-destructive technique measuring changes in the polarization
state of light reflected from a surface which can be used both in-situ as well as ex-situ. In this
method, polarized light is incident on the sample. The light is reflected from the sample and the
ellipsometer detects the change in the state of polarization of the light. Usually linearly polarized
monochromatic light is incident at some definite angle of incidence onto the sample (Figure 2.16).
After reflection from the sample, light turns out to be elliptically polarized. If the parameters
characterizing the substrate ambient and light beam are known, then optical characteristics of the
film and their changes during MBE growth can be studied in-situ according to the changes of the
reflected wave polarization. It deals with intensity-dependent complex quantities compared to
intensities for reflectance or transmittance measurements. Ellipsometry can be thought of as an
impedance measurement, while reflectance or transmittance can be viewed as power
measurements. Impedance measurements give the amplitude and phase, whereas power
measurements only give amplitudes. One determines the complex reflection coefficient ratio of
the sample that depends on the ratio of the complex reflection coefficient for light polarized
parallel and perpendicular to the plane of incidence. Ellipsometry is used predominantly to
determine the thickness of thin dielectric films on absorbing substrates, line width, and optical

constants of films or substrates.
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Figure 2.16 : schematic of polarized light reflection from a plane surface. @ is the angle of

incidence
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The fact that ellipsometry measures the polarization state, rather than the intensity as in
reflectometry, makes it inherently a high-precision technique which is relatively unaffected by
experimental difficulties caused by source intensity fluctuations or light-scattering defects, which
may occur even on the most carefully prepared surfaces. The capability of measuring phase
changes directly gives ellipsometry great sensitivity to the presence of thin films on reflecting
surfaces, which may be detected to average thicknesses of the order of hundredths of a
monolayer.3

Although one of the main applications of this method is to measure the thickness of thin-films, in
this study we use it for different purpose. As I will explain in chapter 4, we use this method to
study the electronic properties of TiN film which later will be used as the surface to grow GaN
and AIN nanowires. Ellipsometry measurement of the TiN surface, gives us a pseudodielectric
function which has a real part ((¢1)) and an imaginary part ({(¢2)). The (€1) at low energies, when
it is crossing zero can be investigated to see if the film shows metallic behavior or not. The other
benefit we got from this results in our work, is to determine the Ti/N ratio in TiNx composition.
However, it is not a direct measurement and the references (database) is required to compare the
results and only by comparing to the references we can measure this ratio.

The ellipsometry measurements are performed by me and my colleagues at PDI.

2.4.9 4-probe resistivity measurements

A four point probe is a standard simple apparatus for measuring the resistivity of semiconductor
samples. By passing a current through two outer probes and measuring the voltage through the
inner probes allows the measurement of the sample’s resistivity (Figure 2.17). It consists of four
probe arranged linearly in a straight line at equal distances from each other. A constant current is
passed through the two probes and the potential drop V across the middle two probes is measured.
It is an absolute measurement without recourse to calibrated standards and is sometimes used to
provide standards for other resistivity measurements. This method is employed when the sample
is in the form of a thin wafer, such as a thin semiconductor material deposited on a substrate. An

oven is provided with a heater to heat the sample so that behavior of the sample is studied with

41



increase in temperature. Thin layers are often characterized by their sheet resistance Rsh expressed

in units of ohms per square. The sheet resistance of the sample is given by®!

Vv
Ry =—= =4.532—
t I

2.5)

Subject to the constraint t < s/2 (“t” is the thickness of sample and “s” is the distance between
probes of the sample). The sheet resistance characterizes thin semiconductor sheets or layers, such
as diffused or ion-implanted layers, epitaxial films, polycrystalline layers, and metallic conductors.
The sheet resistance is a measure of the resistivity averaged over the sample thickness.

In this study I performed 4-probe measurements at PDI to measure the TiN resistivity.

High impedance
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@) Constant current
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s

Figure 2.17: The schematic 4-probe measurement apparatus showing the arrangements of probes

that measure voltage (V) and supply current (A) to the surface of the crystal. [Adapted from

quora.com]
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Chapter 3

3. Heteroepitaxial growth of InGaN thin-films on Si(111)

InGaN has very unique properties such as high near band edge absorption, high carrier mobility,
surface electron accumulation, and superior radiation resistance. But what puts this material in
high demand for many industrial applications is its wide tunability of the band gap which spans

from 0.7 to 3.4 eV.

Table 3.1: Some characteristics of InN and GaN

Parameter InN GaN
Lattice constant a 3.5377 A 3.1884 A
Lattice constant ¢ 5.7037 A 5.1850 A
Electron mobility Lhe 2050 cm?/V-s 900 cm?/V-s
Density P 6.81 g/cm®  6.15 g/cm?®
Electron effective mass m,/my 0.07 0.20
Band-gap at 300 K E, 0.64-0.70 eV 3.45 eV

In this chapter, heteroepitaxial growth of InGaN thin-films on Si(111) with focus on the central
composition is discussed. The fundamental aspects of low-temperature InGaN growth is
investigated. The growth mechanism and the influence of different growth parameters, in
particular, the influence of III-N ratio on the growth mechanism, morphology, and composition of
InGaN thin-films is studied. The existence of metal droplets on the growth surface and relevant
role of droplets in determining the InGaN growth dynamics, by analyzing the adatoms and the
kinetics of incorporation in the presence of droplets, are exclusively discussed and related
mathematical models are proposed. The important role of Vapor-Liquid-Solid (VLS) growth mode
that takes place under the droplets in the InGaN epilayer growth is explained and the In

incorporation suppression by metal droplets during the growth of InGaN layers is discussed.
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Moreover, Raman spectroscopy of InGaN is briefly discussed and by filling the gap of data in the
central composition range, the Raman spectra for whole InGaN composition range is calibrated.
In this way, a useful reference for the determination of composition of this alloy is provided.

At the end of the chapter, the three different growth regimes: N-rich, Metal-rich and Intermediate
regimes are compared. It is shown by accurately controlling the growth parameters, it’s possible
to grow flat single crystalline Ino.sGao.sN film on Si(111) substrate which is highly demanded but
is considered difficult to reach due to high tendency of phase separation in the central composition

range.

3.1 Choosing the substrate

Substrates for different applications must meet stringent requirements related to crystal structure
and orientation, lattice constant, thermal expansion coefficient, dielectric constants, and electrical
conductivity. In many of these attributes, substrate technologies employed for III-N-based UV
optoelectronics are still far from ideal. Ideal substrates allow lattice-matching or strain balancing
of overlying epitaxially grown device layers, supporting pseudomorphic growth with low defect
densities.”” The lowest possible lattice mismatch (to minimize the creation of dislocations and
defects), chemical stability, similarity in thermal expansion coefficient, low inter-diffusion with
the epilayers, good electrical conductivity, and finally a low price for mass production are of the
most important properties should be taken into account for choosing the substrate. The most

common substrates for the growth of GaN are shown in Table 3.2.

Table 3.2: Principal parameters of conventional substrates used to grow GaN, and their lattice

mismatch respect to GaN

Substr.  Crystal  Lattice Parameters T. Exp. Coeff.  Lattice

Struct. a [A] ¢ [A] (107%. K~!]  Mismatch
AlbO3  Hexagonal 0.4765  1.2982 7.5 16.0%
4H-SiC Hexagonal 0.3073 1.0053 4.5 3.1%
6H-SiC Hexagonal 03081  1.5117 3.0 3.1%
Si Diamond  0.5431 2.6 16.9%
GaN Wurtzite 0.3189  0.5185 5.6 0%
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Sapphire is one of the most used substrates for epitaxial growth of semiconductors since high-
quality and big wafers are available with reasonable prices and good physical properties, even if
the great lattice mismatch is a serious obstacle. However, due to its poor conductivity, contacts
must be placed on the top of the substrate and this limits the device design.

Silicon carbide presents the lowest mismatch (excluding GaN templates) and good thermal and
electrical conductivity. However, its high price limits its applications. (SiC is not used in this
thesis)

GaN templates are the optimal choice for the growth of GaN/InGaN, but its high price and
unavailability of high-quality templates in the market limits its application.

Silicon substrates are the principal choice due to good physical properties and its availability in
reasonable price, high-quality and big sizes thanks to Czochralski crystal growth process.
InGaN-based optoelectronic devices are mainly grown on expensive GaN/sapphire templates. For
their further commercialization the transfer of high quality InGaN layers to cheaper and/or more
flexible substrates is highly desired.** Since the current microelectronic technology is stablished
based on Si, the growth of III-N semiconductors on Si wafers allows for low cost and large mass
production. The device design and processing requires compact, and chemically uniform InGaN
layers grown directly on Si’ which have the potential to qualitatively extend many application
fields such as InGaN/Si tandem solar cells'?, solar driven photoelectrochemical water splitting?>,
and integrated telecom devices.®?

Considering the above mentioned advantages of direct integration of IlI-nitrides on Si substrates,
in this thesis, Si(111) is used as the substrate to grow InGaN thin-films. In following I explain that
before starting the growth, a simple substrate preparation step is required to improve the crystal

quality of InGaN.

3.2 Substrate preparation

It is known that the growth of InGaN directly on Si, due to inevitable formation of amorphous SiN

interlayer, proceeds under weak epitaxial constraint (weak epilayer- substrate interaction) resulting
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in 3D growth mode*??*. To overcome this problem, it is shown that a nitridation process at high
temperatures (before starting the growth) can improve the epitaxial relation between (In)GaN

grown layers and Si(111) substrate. >3

So, also here, I follow the same nitridation procedure. Prior to growth, the growth chamber is
pumped down to 5x107!° Torr. The native silicon oxide is removed from the surface by a thermal
annealing at 900°C for 20 min in vacuum. After removing native oxide layers from silicon surface
at high temperature under UHV condition, the surface atoms rearrange into a more energetically
stable configuration called the 7%7 reconstruction. STM and schematic images of Si surface after

7%7 reconstruction is shown in Figure 3.1.

Figure 3.1: STM® (on the left) and schematic (on the right) images of Si 7x7 surface

reconstruction

Si(111) 7x7 surface reconstruction (Figure 3.2(a)) is observed using RHEED, which is also used
to calibrate the substrate temperature by using the 7x7 to 1x1 Si transition temperature (860 °C)®*.
Due to high lattice miss match between InGaN and Si(111) (8% respect to InN and 17% respect
to GaN), the direct growth of InGaN on Si(111) leads to polycrystalline InGaN film
(Figure 3.2(b)). Hence, prior to the growth, the substrate is exposed to the nitrogen plasma with a

flux of 0.9 sccm (standard cubic centimeter per minute) and RF power of 360 W at 850 °C for 5
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minutes to make very narrow Silicon Nitride layer (a few nanometers). This procedure was
previously established to grow high quality GaN and InGaN epilayers on Si>*. The RHEED
pattern (Figure 3.2(c)) indicates the formation of amorphous Silicon Nitride which is consistent
with TEM results (Figure 3.3) reported by other groupsl9’35 . InGaN layer growth is performed at
450 °C with the same nitrogen-plasma condition and, In/Ga flux equal to one and III/V ratio
smaller than one (slightly N-rich). The working pressure is 1.1x107 Torr with the injection of

nitrogen plasma.

Figure 3.2: RHEED patterns of: (a) Si(111) 7x7 reconstruction indicating successful oxide
removal from the surface after heating up to 900°C. (b) InGaN polycrystalline film grown
directly on Silicon without nitridation step, after 90 minutes. (¢) Amorphous Silicon nitride layer
made on Silicon surface just after nitridatating at 850°C for 5 minutes. (d) and (e) Single
crystalline InGaN grown on Nitridated surface, after 90 minutes, along the azimutes <21 1 0»and

<101 0> respectively.

Figure 3.2(d) and (e), are the RHEED patterns showing single crystalline wurtzite InGaN films
grown on silicon nitride layers formed on Si(111) substrates with presumably (it will be proved
later by XRD) maintaining the heteroepitaxial relation (InGaN [0001] || Si [111] and InGaN
[1 1 20]||Si[11 0]) between epilayers and substrate.
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Figure 3.3: HRTEM image showing wurtzite GaN grown on amorphous Si3zN4 buffer layer on

Si(111) substrate. 33

The cross section SEM image of InGaN thin-film grown on Si(111) is shown in Figure 3.4.

Figure 3.4: Cross section SEM of InGaN thin-film grown on Si(111)
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3.3 Droplet effects on growth rate

At low growth temperatures, metal-rich conditions easily lead to the formation of droplets on the
surface which affect the film quality!” and that are difficult to remove metal droplets by thermal
treatment, because the In-N dissociation temperature is lower than the onset temperature for the
evaporation of In from the In droplets on the InGaN surface®®. This has been shown to be
detrimental to material properties and a major drawback for device applications® although there
was no clear explanation reported for these phenomena. At higher substrate temperatures, an
intermediate Ga-rich regime is observed, leading to smooth droplet-free surfaces®. Several method
to overcome such drawback have been proposed, based on the alternating sequence of metal-rich
and nitrogen-rich conditions at low temperature to take profit of the higher mobility of metal
adatoms in metal-rich conditions and to eliminate the metal droplets that form on the surface during
the atomic nitrogen irradiation in absence of metal flux.?!66:67

In order to study the droplets role in determining growth dynamics in this study, several InGaN
samples (I1-111 as reported in Table 3.3) are prepared using the same preparation and growth
condition as explained at the beginning of this chapter, but with different III/V ratio. After growth,
the samples are cooled down to room temperature and taken out of the MBE chamber for further
characterization. XRD was employed to examine the sample composition. The surface
morphology was investigated by both optical microscopy as well as scanning electron microscopy
(SEM) using a secondary electron detector. The layer thickness, and in turn the growth rate, was

determined via cross-section SEM images of the samples.

Table 3.3: Metal flux (In + Ga with one to one ratio), growth time, and growth rate of samples

Sample | Metal flux | Growth time | Metal dose | Growth rate
(10" atoms cm™s!) | (mins) (10'¢ atoms cm™) (ML/s)

I1 0.39 120 28 0.0401

2 0.78 120 56 0.0740

I3 0.98 120 71 0.1028

14 1.17 120 84 0.0900

I5 1.41 90 76 0.0802

49




I6 1.96 45 53 0.0843
I7 2.94 45 79 0.0813
I8 2.94 90 158 0.0874
9 2.94 150 264 0.1028
110 3.92 60 141 0.0637
I11 7.83 90 423 0.0510

Figure 3.5(a-e) show the optical microscopy and SEM images taken from samples with different
metal fluxes. Epilayer surfaces are smooth and free of metal droplets when the metal flux is not
too high, that is, when the growth presumably takes place in slightly N-rich conditions (excess of

active N atoms compared to metal atoms reaching the surface).

(a) (b)
- -
I ]

Figure 3.5: (top) Optical Microscope and (bottom) related SEM images (taken at an angle of 70°
respect to the sample) of InGaN samples grown at 450 °C under different metal fluxes, from left
to right: (a) 0.39 x 10", (b) 0.98 x 10", (c) 1.41 x 10', (d) 3.92 x 10", (e) 7.83 x 10'* atoms

cm? s!. Black line length in all the images is 100 pm.

In this regime the growth rate is proportional to the impinging metal flux (green shaded area in
Fig. 2). The droplets start to appear as the ratio of metal flux vs nitrogen flux exceeds the
equilibrium point, which in our experiments is F7 = 0.98 x 10'* atoms cm™ s™!. The creation of

metal droplets in the metal-rich conditions has been already reported in case of GaN and in general
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17,21,22,26,6668-70 Here we observed that as the

in the growth of InGaN grown at low temperature.
droplets start to appear on the surface, a marked decrease in growth rate (see Figure 3.6) occurs.
The growth rate depends strongly on the metal flux, decreasing as the flux increases, and this effect
starts as soon as droplets are formed on the surface (Figure 3.6). It is worth mentioning that the
total amount of metal stored in the droplets after the growth corresponds, within 20% accuracy, to
the total dose of metal deposited, once the fraction incorporated in the InGaN crystal has been

subtracted.
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Figure 3.6: Average growth rate as a function of metal flux F normalized by Fr. Black circles
represent the experimental data. The dashed lines correspond to the model predictions: Initial
linear dependence in absence of droplets (blue), I' (red) and Rs (black). Model parameters are Ru
= Rs (Fr), ym = 0.6, I'max = 1.7 nm/min, opo/p = 3, the critical exponent p = 1.6. The model
prediction calculated including VLS processes in the model (red curve) give a better description

(x*= 0.107) respect to the one calculated excluding VLS processes (black curve, ¥*= 0.135).

However, it is found that in presence of droplets, by increasing the time of growth (at the same

metal/N ratio), the growth rate increases (Figure 3.8(b)).

51



To understand the observed behavior, we carefully consider the metal adatom dynamics during the
growth in the transition between the N-rich and the metal-rich regimes. Among all growth
parameters, the III/N ratio is one of the key points to improve the surface structure and morphology
of the grown film. Based on this ratio, two different morphologies have been observed. One is the
smooth epilayer structure which is achieved in metal-rich and lightly N-rich conditions and the
other is the so-called nano-columnar structure which will appear in case of N-rich growth?®. Nitride
semiconductor films grown with even a slight excess of N during growth (N-stable conditions)
display a rough surface morphology with a columnar structure initiated by the formation of
stacking faults®’. This can be explained considering the very different diffusivity for Ga and N
adatoms on the surface. While Ga is very mobile at typical growth temperatures, the diffusion of
N is slower by orders of magnitude. The presence of excess N strongly increases the Ga diffusion
barrier. It has been calculated that the diffusion barrier for Ga adatoms on N-rich surfaces is as
high as 1.8 eV, whereas it is only 0.4 eV when the growth is carried out on a Ga-saturated surface.
Thus, N-rich growth leads to very low adatom mobility and to an undesired kinetically induced
roughening of the surface’!. GaN growth by PA-MBE is commonly carried out under metal-rich
conditions. But it must not be forgotten that in metal-rich regimes where there is the accumulation
of metal atoms and creation of droplets on the surface, these very mobile metal adatoms on the
surface can join metal droplets instead of participating in the crystal growth.

We observe that the decrease in the growth rate is always accompanied by the presence of metal
droplets on the sample surface after the growth. The growth rate decreases more and more with
the increase of the metal flux and so does the density and volume of droplets, though the N flux is
unchanged. This is in marked contrast to the common assumption that the growth rate under metal
rich conditions is determined by the N flux. Hence, the common N flux calibration procedure under
metal-rich conditions must be reconsidered. The droplets thus should play a fundamental role in
the change of metal adatom incorporation dynamics. As soon as the number of metal atoms
exceeds the critical density for droplet formation, the metal atoms start to form droplets and
accumulate in them. The presence of droplets on the surface establishes a depletion channel for
the metal adatom density on the growth surface, as metal adatoms can be efficiently captured by
the droplets. This depletion channel is in competition with the N-driven metal adatom
incorporation into the InGaN crystal. This leads, on one hand, to a reduction of the metal adatom

incorporation rate into the crystal in the regions not covered by the droplets. On the other hand,
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the presence of liquid metal droplets on the surface should allow for the VLS growth of InGaN
material under the droplets themselves, via direct incorporation of nitrogen. In summary, three
possible processes are available to the metal adatom on the growing InGaN surface in the presence
of droplets (see Figure 3.7):

1) Incorporation of metal adatom into the crystal by binding to a N active site on the

droplet-free surface
2) Metal adatom attachment to a droplet
3) Desorption
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Figure 3.7: (a) Available metal adatom processes. Process 1 leads to metal droplet attachment.
Process 2 leads to incorporation into the growing crystal (indicated by the red dot). (b)
Schematics of the metal adatom rate equation model highlighting the four available channels for
the metal adatoms: 1) droplet attachment; 2) crystal incorporation; 3) desorption; 4) VLS crystal
growth under the droplet.
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In addition, the metal adatoms incorporated in the droplets can be incorporated in the crystal due
to VLS (Vapor-Liquid-Solid) mechanism’?> under the droplet by direct N flux into the droplet
(process 4 in Figure 3.7). In general, the growth of a crystal through direct adsorption of a gas
phase on to a solid surface is very slow. However the VLS mechanism circumvents this by
introducing a catalytic liquid alloy phase which can rapidly adsorb a vapor to supersaturation and
from which crystal growth can subsequently occur from nucleated seeds at the liquid—solid
interface. VLS growth mechanism is known mainly for the growth of one-dimensional structures,
such as NWs, where a catalytic liquid alloy phase rapidly adsorbs the adatoms, and through the
direct adsorption of gas phase, accelerate the growth rate at the liquid—solid interface. However, it
can also happen under the metal droplets during the growth of thin-films. It is possible then to
model the combined effect of the three processes (which are mentioned in Figure 3.7(b)) as a set
of rate equations for the metal adatom density » and VLS growth rate. The first equation (3.1)
describes the kinetics of the metal adatom density 7, determined by the combined effect of external

metal flux, incorporation in to the crystal and attachment to the droplets:

(3.1)

dn

P
E—F—E—nS(F)—naQ(F)

where F'is the total (In plus Ga) metal flux, @ is the active N flux, E is the desorption flux, 6(®/F)
the incorporation probability into the crystal on the droplet free surface, which depends on the ratio
between active N flux @ and the metal flux F. 6(®/F) is proportional to the probability, for a metal
adatom, to find an active N site for binding. p(F) the droplet density and o the droplet capture cross
section. At low temperature in MBE conditions the metal desorption flux is close to zero (£ = 0).

Therefore in the steady state condition, Eq. (3.1) leads to the solution for # in Eq. (3.2)

(3.2)
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And consequently, the bulk growth rate per unit surface area (process 2) Rs that takes place in the

regions of the sample where there are no droplets is:

(3.3)

R.(F, ®) 5(¢) 1
S , =n — | = ——— %7
F 1+ 2fF7

5 (7)

Here we explicitly used the expected dependence of the droplet density on the metal flux
p(F)=poF? 3. p is the critical exponent for droplet nucleation, whose value is determined by the
physics of the nucleation process. As droplet formation happens in the presence of a leak channel
for the adatoms, that is the bulk incorporation, we expect to be in the regime of incomplete
condensation. In this regime p > 1 values are expected. It is worth mentioning that in the N-rich

region, where the density of droplets is equal to zero (green region in Fig. 2), Eq. (3.4) reduces to:

(3.4)

Ry(F,®)=F

In N-rich conditions the predicted InGaN growth rate linearly follows the metal flux, as observed.
When the growth turns to metal-rich conditions, as soon as the adatom density n overcomes the
critical density for droplet formation, the second depletion channel opens for the metal adatoms
(in addition to the incorporation), thus leading to a rapid depletion of the adatom density n. The
depletion of n leads a reduction of Rs in the area between the droplets. The effect becomes larger
as the metal flux increases, as the droplet density, and thus in turn the metal adatom capture
probability by the droplets, increases with F. The transition between the two growth modes takes
place around Fr=0.98 x 10'* atoms cm?s™!,

However, under the droplets, VLS growth can take place, due to the incorporation of nitrogen

molecules into the droplets by direct impingement’*. An additional nitrogen incorporation
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mechanism in to the droplet, with subsequent VLS growth at the basis of the droplet, has been
identified by means of molecular dynamics simulations by Kawamura et al.”> and related to N
migration on stable InGaN surfaces. The growth rate per unit area under the droplet is Ru(®) and
depends on the nitrogen flux @, the incorporation probability of N into the droplet and the growth
rate at the liquid-solid interface. The total growth rate is therefore the sum of the two contributions,
that is the growth rate Rsin the droplet free areas and Ru under the droplets, whose relevance is
given by the surface area covered by the droplets (see Figure 3.8(a)). The total growth rate per unit
area is then:

(3.5)

Ry (F,®,7) = (1 —x)Rs + xRy = Rs + x(Ry — Rs)

where y is the relative area covered by the droplets. This depends on the total amount of metal
stored in the droplet ensemble and on the droplet density p. As long as the droplets do not touch
(¥ < 1), the dependence of y on the metal flux F, the deposition time 7 and the droplet density p

1S:

(3.6)
2
3
(F—RS)T% %/ 1 \ 2+p 2
X(T)=V[ l p=yQ0k1— 5 Fp) F 3 13
p 1+ 222
3}
5(7)

where v is a normalization constant which can be derived from experiments by equating the Eq.
(3.6) predictions with the observed y at maximum metal flux. (F — R¢)T is the total metal quantity
that is stored in the droplet ensemble after the growth time 7. It corresponds to the total metal dose
deposited on the substrate minus the amount incorporated in the crystal between the droplets (Rs).
We did not consider the decrease in the metal dose available for droplet formation due to the
crystallization under the droplet as it is a small correction for y < 1 and it adds complexity to the
model. It is worth mentioning that Eq. (3.6) is not valid for long growth times, when y—1 and the

amount of growth proceeding via VLS under the droplets becomes relevant. By combining

56



equations (3.3)-(3.6) we find the dependence of the total growth rate, at time t, per unit area to be

given by the relation

(3.7)
|' 2/3
1 | 1/3 1 1 ZLI 2
= F —————M - F - - /3
RT F 14 O.QOFp +]/ Qo RU(Cp) F 14 O-QOFP 1 1+ O'QOFP Fs3z
5(P/F) 5(P/F) 5(P/F)

The total growth rate Rr versus time dependence is introduced by the change, with the growth
time, of the area covered by the droplets. The exact T dependence is related to the invariance of
the wetting angle of the droplet with its size. In the extreme case of a surface covered by closely
arranged droplets, the growth rate will be determined by the N flux only, that is Ry o« ®. It is worth
mentioning that the growth progressively shifts towards the VLS dominated mode as the growth
time increases in metal-rich conditions.

From equation (3.7) the dependence on time of the average growth rate I' is

(3.8)

3y 2
I' = Rs +?B(F, ®)13

where B(F,®) indicates the complex formula encased in the square brackets in Eq. (3.7). The
model predictions, using Eq. (3.7) and (3.8), are reported in Figure 3.6. After the initial linear
dependence on F, the predicted curve shows a clear decrease in the growth rate. The good
agreement of the model predictions based on the dependence of Rs on F (black curve) indicates
that the main factor determining the reduction of the growth rate is the decrease in the adatom
density n caused by the opening of the droplet depletion channel. The critical exponent extracted
from the model is p = 1.6. The observation of an exponent p > 1 is the outcome of the droplet
nucleation in the regime of incomplete condensation. This is to be expected since in presence of

nitrogen, a fraction of the deposited metal flux is incorporated into the crystal, and therefore cannot
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contribute to droplet nucleation or to the increase in volume of existing droplets. We find that the
probability for a metal adatom to attach to a forming droplet is three times larger with respect to
being incorporated in the growing crystal at Fr (opy = 36). This significant difference in
incorporation probability leads to the observed fast decrease of the average growth velocity and
its lack of recovery even at high . Even when VLS growth under the droplet is considered (red
curve in Figure 3.6), Rr still decreases with the increasing metal flux, although a sizeable decrease
in the curve slope with F, eventually reaching a plateau at high metal fluxes, is clearly present.
The VLS growth mode dominates the dynamics when the droplet coverage reaches a sizeable
percentage of the surface. According to our experimental observations, the maximum coverage in
our samples is ym = 0.6 (sample 111, see Table 3.3). One of fitting parameter of the model is the
growth rate per unit area under the droplets (Rv). By fitting procedure, we find that Ru is equal, at
Fr, to Rs. This suggests that the incorporation rate of N into the droplets and the InGaN surface at
the growth temperature of 450 °C and Fr are equivalent.

The model predicts a recovery of the growth rate as the growth time increases, with a t*°
dependence. This is due to the increase of the area covered by the droplets whose outcome is the
increase in relevance of the VLS mode. To test this expected phenomenon we grew three samples,
at F=2.94 x 10" atoms cm™s™!, with different growth times (see Figure 3.8). In this sample series,
a clear dependence of the average growth time is clearly observed. The behavior of I' when t
increases follows the predictions of Eq. (3.8), thus conforming the model predictions that in the
metal-rich zone the growth is increasingly dominated by the VLS mode in the regions covered by
the droplets. The schematic of crystal growth under the metal droplets through VLS mechanism

is shown in Figure 3.9.
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Figure 3.8: Observed dependence of average growth rate from growth time (black dots). The
dashed line represents the model predictions [Eq. (3.8)]. Here Rc = 67 nm/h and 3yB /5 =15
nm/h'?. Metal flux used in the growth: F = 2.94x 10'*atoms cm?s™.

Figure 3.9: Schematic of crystal growth under and between the metal droplets.

59



3.4 Calibration of Raman spectroscopy for InGaN in the central composition range

The substitution of In and Ga atoms in InGaN alloys has a considerable influence on optical and
electronical properties of the material since there is a large difference between the bandgap of InN
(0.7 eV)’¢ and GaN (3.42 eV).! For this reason, the compositional characterization of InGaN is of
the great importance.

XRD and photoluminescence have been used as the main characterization methods to define the
composition of InGaN alloys’”-’®. However, there are some limitations, especially in case of PL
which is only useable for very high quality InGaN (grown at elevated temperatures above 650
°C)”. XRD is very robust, but it is unable to probe locally with a resolution better than one

micrometer unless using a synchrotron source, hence gives an average of the total scanned area.

These limitations can be overcome by using Raman spectroscopy, which is a non-destructive
method that gives the possibility to probe the sample locally with a lab-scale compatible
equipment. Moreover, this method is very fast and simpler to interpret than PL and XRD to
determine the In amount in the InGaN alloys. For example the interpretation of PL can be

complicated by the diffusion of the photogenerated carriers.

In the literature there are already studies on the determination of composition of InGaN by Raman

80-84 addressed the interpretation of the Raman spectra, for

spectroscopy, and several authors
example in terms of polarization response and resonance effects. However, these works lack of

data in the middle composition range (between 30% and 65% In).

Obtaining InxGaixN crystals with high In amount is difficult, as a result of low dissociation
temperature of InN and high equilibrium vapor pressure of nitrogen. The different binding energies
of In-N and Ga-N are reflected in the different decomposition temperatures'®. Low-temperature
growth has been used to avoid it."*?2. However, in low-temperature growth the formation of metal

11785 and causes a

droplets on the surface drastically reduces the Indium incorporation in the crysta
vertical compositional gradient.!” I have previously shown® the effect of (In+Ga)/N ratio on the

formation of metal droplets and consequently depleting metal adatoms on the surface.

By growing InGaN in the low-temperature regime and by a careful control of the growth
parameters to avoid formation of metal droplets on the surface, a good composition control is

achievable. I used such high quality InGaN layers to fill the gap in Raman spectroscopy data in
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the middle composition range, thus providing a useful reference for the determination of the

composition of this alloy by Raman spectroscopy.

For this reason, the composition of the layers is determined by XRD using a PANalytical X Pert
PRO high-resolution diffractometer. A hybrid mirror and 2-bounce Ge monochromator selected
the Kal line, A =0.15406 nm, of the Cu anode. A high-precision goniometer allowed both
translational (x, y and z) and rotational (incidence angle o, diffraction angle 20, sample rotation ¢
and sample tilt y) degrees of freedom. A three-bounce Ge monochromator placed in front of the
detector was used as an analyser crystal, in order to obtain high precision in 20 and to reject
fluorescence from the sample. To assess the composition, a ®—26 scan through the InGaN(0002)
Bragg peak was carried out, using the Si(111) peak from the substrate as a reference. Asymmetric
reciprocal space maps demonstrated that the material was fully relaxed and maintained an epitaxial
relationship with the substrate.

Raman spectra were collected at room temperature by a T64000 Jobin Yvon spectrometer in a
single spectrometer configuration. The excitation source was a 532 nm laser focused by a 100x
0.90 NA objective with about 1 mW excitation power and ~700 nm spot size on the sample. The
power density was checked not to introduce changes in the spectrum due to lowering of the bands
due to laser heating. The configuration is in backscattering and the collection is kept without
polarizers. Typical Raman spectra can be found in Figure 3.10, where it is possible to observe the

presence of the contribution of the epilayers together with the signal from the Si substrate.
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Figure 3.10: Typical A1 LO peaks of InxGai1—xN Raman spectra taken from a set of samples with

different composition

In Figure 3.11 Raman spectra and XRD, of a set of wurtzite InxGa1—xN epilayers with Indium
fractions ranging from x=0 up to 0.65 are depicted. Except the binary composition (GaN, x=0)
which E2 mode is dominant, in all ternary (InGaN) samples the A1(LO) mode is the dominant
Raman spectra. The position of Ai1(LO) peak is characteristic for determining the InGaN

composition.
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Figure 3.11: Room-temperature Raman spectra and XRD, of a set of wurtzite InxGai—xN

epilayers grown on Si(111) at 450 °C with Indium fractions ranging from x=0 up to 0.65.

The XRD measurements shown in Figure 3.11 demonstrate a progression to lower 0 values as the
In content increases, corresponding to an increase in the ¢ parameter of the lattice. The mismatch
between the in-plane InGaN lattice parameter a and the relevant in-plane spacing of the Si(111)
surface is very large at about -13% to -17% that no residual strain is expected, and indeed a
reciprocal space map around Si(224) and InGaN(1015) for a sample with x = 39% showed full
relaxation. This means that the ¢ parameter alone can be used in order to ascertain the In content.
While XRD itself is a high-precision technique (especially if the substrate can be used as a
reference) the accuracy here is limited by the use of a linear interpolation between the lattice
parameters of InN and GaN, and by a possible non-uniformity in the deposited material.

Care must be taken therefore to ensure that the micro-Raman laser spot illuminates a representative
region of the material. For this reason the same piece of samples which were characterized by

XRD, are also used for Raman spectroscopy. Moreover, different spots on these pieces of samples
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are examined by micro-Raman to confirm the independency of the results with respect to the
position of the laser spot on the samples. Figure 3.11 shows a set of bands in the longitudinal
optical region for concentrations ranging from 31% to 65%. The spectra are normalized to
maximum amplitude in order to highlight the shape and position of the spectra. These spectra are
in the region of the A1(LO) band of InN and GaN. The E2 bands, expected around 500 and 550
cm™!, could not be unambiguously detected because of the strong scattering of the silicon
background. The main features of the Raman spectra of the InGaN alloys shown in Figure 3.11
could also be affected by the appearance at frequencies lower than A1 of a shoulder which has been
tentatively attributed to a disordered activated Bi-like mode, indicated also as the S-band.

The bands are rather broad, but this is a typical feature of InGaN alloys. The large width of the
bands is consistent with the previous results on these alloys in the literature (see for example ref.
[Davydov et al.]*%) and it is a result of the fact that the material is a ternary alloy, and therefore
due to alloy disorder the selection rules for InN or GaN, requiring a scattering only for the center-
zone phonon, are relaxed. This effect is quite evident considering also the asymmetry of the
broadening towards low energies. Figure 3.12 shows the full-width at half-maximum (FWHM) of
the InGaN LO bands and (0002) Bragg peaks as a function of the In concentration. In case of
InGaN (0002) Bragg peaks, although the use of the analyzer crystal removes the broadening of the
InGaN peak which arises from misorientation of the (0002) planes with respect to the sample
surface (or from the limited lateral crystalline domain size), both vertical and lateral
inhomogeneity lead to a broadening of the average diffraction peaks from the material probed by
the x-ray beam. The FWHM of both XRD and Raman peaks reach to its maximum where the In
concentration is close to 50% (maximum immiscibility of InN and GaN) and reduces by going to

lower or higher concentrations.
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Figure 3.12: FWHM of the LO bands as a function of the In concentration

Although the bands are relatively broad, the composition can be neatly followed by a Polynomial
dependence of the maxima with respect to the concentration. Figure 3.13 shows the shift of the Ai
band as a function of the Indium concentration x. In this method we used the centroid (the
maximum) of the bands. Notice the uncertainties reported in this plot for the Raman shift do not

indicate the FWHM of the bands®?, but rather to the precision in the determination of the maxima.

The polynomial fit of the dependence of the Raman Ai(LO) frequency on the In composition,
based on the results of this study (central composition range) including the known values of the

InN and GaN (GaN is used as a fix point) binary compounds is (see Figure 3.13):
(3.9)

o= (736 - 135x - 24x%) cm’!

where x is the Indium concentration in InxGai-xN composition. The uncertainty of this calibration
for the determination of the relative concentration is around +5%, which is related to the broadness
of the bands. In addition to the linear dependence of Ai(LO) with In fraction, observed

experimentally in literature in the case of Ga-rich and In-rich InGaN®!"3* as well as theoretically
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187

predicted by the modified random-element isodisplacement (MREI) model®’, a bowing toward

higher frequencies in the middle region is observed in this study. Upward shift of A1(LO) with

81.82.88 which was attributed

respect to predicted values (linear fit) was observed also in other studies
to residual compressive strain in the epilayers. However, as it was mentioned earlier, asymmetric
reflections in reciprocal space map XRD confirm full relaxation of the epilayers grown in the
current study which suggests the previous assumption of linear dependency of A1(LO) with In

fraction in the entire InGaN compositional range must be reconsidered.
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Figure 3.13: Raman shift as a function of the In concentration, for the entire InGaN composition
range based on the data measured in the middle composition range (current study), Davydov et
al.®%, Hernandez et al. 32, Correia et al.3!, Alexson et al.** , and known values for GaN (736 cm"

18 and InN (580 cm™)*°. The Polynomial fit based on Eq. (1) (the results of this study and

known values for GaN and InN) is plotted as a solid line.

3.5 Droplet effects on Indium incorporation

There are several barriers in the way of increasing In amount in InxGaixN composition. The low

dissociation temperature and high equilibrium vapor pressure of nitrogen is the main issue.

66



Different binding energies of In-N and Ga-N are reflected in the different decomposition
temperatures of InN (630°C) and GaN (850°C) '°. Besides that, InGaN growth is hindered by the
lattice mismatch between In-N and Ga-N. The lattice mismatch leads to a miscibility®' gap which
can cause fluctuations of the In content in the epilayer®>**. A strong solid phase immiscibility in
the InGaN alloy system has been predicted.”> Also, the effects of strain in the InGaN bimodal and
spinodal curves has been calculated and shown that the miscibility problems remain significant for
the case of InN mole fraction higher than 0.4.°* InGaN phase separation has been demonstrated
also experimentally, grown by both MBE” and Metal Organic Chemical Vapor Deposition
(MOCVD) methods.”

As mentioned before, the growth in low temperatures, can be considered as a solution to achieve
InGaN layers with high In amounts. However, in low-temperature regime, the issue of formation
of metal droplets on the surface, must be taken into account. Since the In-N dissociation
temperature is lower than the onset temperature for the evaporation of In?®, either we perform the
growth in metal-rich condition or in a temperature higher than InN dissociation temperature (but
less than In desorption temperature), metal droplets may form on the surface.

In this study we investigate the effect of surface coverage by metal droplets (SCMD) on Indium
incorporation in the crystal (Figure 3.14). The In% in the composition is determined by XRD.
The reduction of In incorporation due to creation of metal droplets on the surface also has been

observed by others!7#°

although they interpreted this behavior differently. They considered the
metal droplets consist of only In droplets as in high (typical) growth temperatures (650 °C), the
InN decomposition will occur. Hence, the excess of In atoms on the surface which are due to InN
decomposition, will accumulate and make In droplets which entrap impinging In atoms. Instead,
we believe the metal droplets on the surface consist of both In and Ga atoms, since our samples
are grown in low temperatures (450 °C) below the InN decomposition temperature. We expect
almost no InN decomposition, and so the accumulation of metal atoms on the surface is only due
to excess of the Ga and In atoms arriving on the surface respect to the number of free N dangling
bonds.

In N-rich growth condition where there is almost no droplet on the surface (SCMD = 0), the In
incorporation is very close to the stoichiometric composition (50% considering one to one ratio

between In and Ga). By increasing the metal flux, droplets start to appear as the ratio of metal flux

vs nitrogen flux exceeds the equilibrium point (in our experiments is F = 0.98 x 10'*atoms cm? s°
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1. There is a sharp drop in In% in the composition from 53% to 31% as the SCMD increased from
0% to ~1%. The reduction of In incorporation continues linearly with a smaller slope until the

SCMD reaches to 37%, corresponding to ~5% In.
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Figure 3.14: Indium incorporation as a decreasing function of surface coverage by metal droplets

In Figure 3.15 the ®—20 scans of the InGaN samples without metal droplets (varying in the
composition) are compared with a sample with metal droplets on the surface (SCMD = 18%). In
case of the sample with metal droplets, there is a sharp peak around 16.5° which is known!®?7-%8
to be metallic In(101). Although it is likely that a very small amount of Ga is also alloyed with
Indium (considering the sample is grown in metal-rich condition with Ga/In flux equal to 1),
further measurements and studies are required to prove this assumption. Broadening of the peak
in the case of sample with metal droplets, is a result of variation in lattice parameter due to different
composition under the droplets respect to the flat area between the droplets (as it has been
explained before). This broadening is observed in the case of all InGaN samples with considerable
SCMD, and is different from the broadening in the peak which is normally observed in case of
InGaN sample with Indium concentration around 50% (see the peak of the sample shown in green

in Figure 3.15) which is due to the immiscibility of InN and GaN.
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Figure 3.15: ®-20 scans through the Si(111) peak of the substrate, showing the InGaN (0002)

signal of samples without (red, black, and green) and with (blue) metal droplets on the surface.

The x axis is labelled with Theta = 260/2

We also measure the In% locally by Raman spectroscopy. In case of sample without metal droplets
(grown in N-rich regime) the composition measured in different spots of sample is constant. In
case of samples which are grown in metal-rich condition, we found the existence of droplets’ foot
prints on the surface. The droplets’ foot prints, are not metallic droplets but the crystalized InGaN
grown under the metal droplets which probably are exposed on the surface due to Ostwald
ripening®® of small droplets at the end of growth, during cooling the substrate. So there was no
need to use etching to remove the metal droplets in order to investigate the crystallized layer
underneath. We found a clear different in the composition between the flat areas and the foot print
of metal droplets. The composition under the droplets contains less Indium respect to flat area. In
Figure 3.16, Raman line-scan spectra around footprint of a metal droplet shows a shift in the
position of A1 (LO) peak (which is characteristic for the composition) to higher frequencies as the

laser beam moves from flat area to the foot print of the droplet (in the figure it is called island). It
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suggests, different composition of flat area (In concentration =~ 17%) respect to the composition

under the droplet (In concentration = 7%).
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Figure 3.16: Raman line-scan spectra around footprint of a metal droplet (island) and individual

spots in and out of the island.

This phenomenon is in good agreement with our previous study on droplet controlled growth
dynamics. As we explained, by increasing the ratio between metals flux and N flux, from some
point (equilibrium point) the excess of metal adatoms start to accumulate on the surface, generating
metal droplets. The vapor-liquid-solid (VLS) growth takes place under the droplets due to nitrogen
atoms directly impinging into the droplets. It can explain the reduction of In in the composition by
increasing the SCMD. Similar to the case of AlGaAs'®, were under the metal droplets, VLS
growth is reported to be Al-rich, in case of InGaN, VLS growth under the droplets, where there is
the abundance of metal atoms respect to few number of N atoms, would be Ga-rich. Moreover, the
higher diffusion length of In adatoms respect to Ga adatoms, increases the probability of In
adatoms to be captured by metal droplets which further reduces the In incorporation in to the

crystal.
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Nevertheless, at the end of growth, there is an overall Ga-rich film, not only under the droplets but

also between the droplets. It happens because during the growth, the droplets are mobile.

3.6 Growth regimes: Metal-rich, N-rich, and Intermediate

Growth kinetics play a vital role in controlling InGaN film quality by determining the preference
between InGaN incorporation and indium segregation®®. Nitride semiconductor films grown with
even a slight excess of N during growth (N-stable conditions) display a rough surface morphology
with a columnar structure initiated by the formation of stacking faults?’. This can be explained
considering the very different diffusivity for Ga and N adatoms on the surface. While Ga is very
mobile at typical growth temperatures, the diffusion of N is slower by orders of magnitude. The
presence of excess N strongly increases the Ga diffusion barrier. It has been calculated that the
diffusion barrier for Ga adatoms on N-rich surfaces is as high as 1.8 eV, whereas it is only 0.4 eV
when the growth is carried out on a Ga-saturated surface. Thus, N-rich growth leads to very low
adatom mobility and to an undesired kinetically induced roughening of the surface’!!°"-192 It was
found in RF-MBE growth of GaN and InN films under slightly metal-rich condition enhances the
migration of metal atoms'°>!%, However it can cost in the phase separation of the InGaN
films'%>1%4, Later we explained how the growth in metal-rich condition leads to generation of metal
droplets on the surface. Consequently, phase separation and reduction in both the growth rate and
In incorporation occurs. On the other hand, InosGao.sN, whose bandgap lies in the near-infrared
spectral region, is the most critical composition for the growth of high-quality epitaxial layers due
to the strong tendency of phase separation in InGaN materials®. We compare the three different
growth regimes: N-rich, Intermediate, and Metal-rich conditions. We show by precisely
controlling the III/V ratio and growing in very low growth rate, there is a very narrow window
where is possible to grow high quality, compact, and smooth InGaN single crystal on Silicon
substrate without any buffer layer.

To grow device quality InGaN by MBE it is important to appreciate that there are three distinctive
growth regimes: Metal-rich (sometimes called the metal droplet regime), N-rich, and Intermediate.
What sets these regions apart is a combination of metal flux to active nitrogen ratio and substrate
temperature. In low growth temperatures (like current study), since the growth temperature is

below the In and Ga desorption temperature, we assume the excess of metal adatoms remains on
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the surface. In this study we compare the morphology and composition of these three regimes.
Table 3.4. Shows a summary of different growth conditions used in this study as well as surface
roughness (RMS: Root Mean Square) of the samples.

In order to investigate the influence of III/V ratio on the films properties, samples 112 113, and 114
are grown in Intermediate, N-rich, , and metal-rich conditions respectively while the ratio between

Ga and In is kept equal to one.

Table 3.4: Growth parameters, RMS, and SCMD of InGaN samples

Sample | III/V ratio | Nitrogen flux | Plasma power | Growth time | Growth rate | RMS | SCMD
(sccm) (W) (mins) (nm/min) (nm) | (%)

112 1 0.9 250 90 1.1 0.86 |0

I13 0.8 0.9 250 90 1 485 |0

114 1.2 0.9 250 90 1 1.57 | ~1

Surface morphology of the InGaN layers is characterized using scanning electron microscopy
(SEM). The surface structure at nanoscale is studied via atomic force microscopy (AFM) using an
ultra-sharp tip with a curvature radius of 2 nm in tapping mode. The composition of grown layers
as well as the epitaxial relationship with substrate are investigated by X-ray diffraction (XRD)
using Kol radiation from the Cu anode (A = 0.15406 nm).

Figure 3.17 is a comprehensive and comparative image of samples 112, 113, and 114, showing the
surface morphology (SEM and AFM images), and RHEED pattern along <21 1 0> azimuth of the
samples (from left to right) grown in N-rich, Intermediate, and metal-rich conditions. In case of
sample 113, very rough surface structure (SEM and AFM images) and bright spotty RHEED
pattern, all confirms the 3D growth mode which is known for N-rich growth condition and from
the application point of view is believed to be detrimental to optical and electronic
properties?’6>195 While in case of sample 112 and 114 analyses indicate very smooth surface and
streaky RHEED pattern with some bright spots are indicative for a mixed 2D/3D growth mostly
dominated by 2D growth mode.

However, in case of metal-rich growth, the excess of metal ad atoms respect to Nitrogen atoms

leads to accumulation of metal atoms on the surface and generation of metal droplets that
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consequently leads to reduction in growth rate and In incorporation, as well as inhomogeneity in
the composition due to the VLS growth under the droplets (as explained before). While in N-rich
and intermediate growth regimes the composition stands near to stoichiometric point and there is
no sign of phase separation.

Our findings show that the regime, close to the onset of metal droplet formation, permits the growth
of a compact layer of InGaN with adequate flatness (RMS = 0.86 nm).

Figure 3.18 displays the XRD w—20 scans through the Si(111) peak of the substrate for the samples
112,113, and 114, showing the InGaN (0002) signal. While the peaks of samples 112 and 113 show
the composition close to the stoichiometric composition (Ino.sGao.sN) there is a dramatic shift of
the peak toward higher angles for the sample 114 indicating the reduction of In incorporation in
the crystal when the growth is carried in metal-rich condition. This is explained in our previous
study and also in other works!”*>%_ In case of sample 114 also there is an additional narrow peak
(around 16.5°) which has been observed for all the samples grown in metal-rich condition and as

it was mentioned before, is known'**"% to be In (101).
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Figure 3.17: From left to right, Samples grown in N-rich (sample 113), Intermediate (sample

112), and Metal-rich (sample 114) regimes. From top to down, RHEED pattern along <21 1 0>
azimuth, AFM image deflection (amplitude) and topography (height) images (tapping mode),

and SEM image using secondary electrons detector of each sample respectively.
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Figure 3.18: @26 scans through the Si(111) peak of the substrate, showing the InGaN (0002)
signal of samples (green) 112, (blue) 113, and (red) [14 (SCMD = 1%). The x axis is labelled
with Theta = 260/2

In order to proof the epitaxial relation of Si substrate with InGaN grown layers, supplementary
XRD measurements is carried out. Reciprocal space map around the InGaN (0002) Bragg peak is
carried out, using the Si(111) peak from the substrate as a reference. However, the existence of a
InGaN(0002)||Si(111) relation does not guarantee that the material is epitaxial. (It is known, for
example, that Si eventually forms (111) columns even on amorphous substrates or after the
collapse of epitaxy on Si(001)!%. For this, asymmetric reflections must be identified*, for example
the InGaN(1015) near the Si(224). Only in this case the basal plane lattice parameter, a, can be
measured, and the In content and strain be unambiguously ascertained. Reciprocal space is defined
such that

(3.10)

gL =2/A sinb cos(6 — w)

qi =2/ sinb sin(6 — ®)
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and for the Si(111) surface, qu||[111] and qy||[112]. Hence, Si(224) is found in an asymmetric
“grazing incidence” (i.e. ® < 0) geometry. Figure 3.19(a) and (b) the reciprocal space map, shows
InGaN(0002)||Si(111) Bragg peak and also InGaN(1015) close to Si(224), demonstrating the
epitaxial relationship between the InGaN and the Si. It worth to mention that this proof applies
only in case of samples which are grown on nitridated surface, and we could not observe this

relation in case of the sample which is grown without nitridation step.
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Figure 3.19: XRD Reciprocal space map (a) along the Si(111) and (b) close to Si(224),

demonstrating the heteroepitaxial relationship between InGaN thin film grown on Si.
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Chapter 4

4. Growth and characterization of self-assembled GaN and AIN NWs on

TiNx-sputtered sapphire

To solve the problem with lack of lattice-matched substrates, growing 3D structures like NWs
seems an attractive solution as they can release the epitaxial strain through a lateral plastic
relaxation®. They have attracted much interest in recent times because of their great potential for
the fabrication of electronic and optoelectronic devices.'”’"1% The growth of semiconductor NWs
is a rapidly expanding field driven in part by the unique functionality of NWs and their high
crystalline quality despite high degrees of epitaxial or thermal mismatch strain, particularly for
group III-N semiconductors. The majority of NWs are grown with catalyst nanoparticles, usually
a metal such as Au or Ni, which enhances growth at the nanowire tip through supersaturation of
reactant species within the catalyst droplet. On the other hand, growing self-assembled NWs is
becoming more important considering their much higher structural and optical quality than those
grown with the use of external catalyst. Different techniques such as MOCVD'!? PA-MBE!!!-!12
and chemical beam epitaxy'!® have been used to grow different semiconductor NWs with
extremely high crystalline quality.'!'* In this regard, MBE has the advantage to permit the growth
of high quality, stacking fault-free, GaN NWs without using any external catalysts in comparison
to MOCVD which generally requires the use of metallic catalyst, with the possible risk of metal
contamination. In contrast to conventional methods for NWs growth which are mostly based either

72115 or on pre-patterned masks ''® GaN NWs under suitable conditions in MBE

on catalyst seeds
(N-rich and elevated temperatures), spontaneously grow on various substrates without the need for
any foreign material ''7"'2°, The potential of GaN NWs was recognized in the late 1990s, when
several groups reported their self-assembled growth and their supreme crystal quality!'!'®!?!,
although, semiconductor wires perpendicular to a substrate and having micrometric diameters
were first fabricated more than 50 years ago.”” Now, using modern epitaxy techniques,
homogeneous wires with much smaller diameters are grown.

As previously mentioned in the first chapter, growing GaN NWs instead of thin films, seems a
promising solution to overcome the issue with high TDs density which are usually formed due to

growing on lattices mismatched substrates. However, it should not be forgotten that solving the
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problem of lattice-mismatched substrates by growing NWs, does not necessarily mean the freedom
in substrate choice. There are still many parameters left to be considered in choosing the substrate,
depend on growth condition, nanowires composition, and the application. So far, finding a proper
substrate for III-N NWs growth which fulfills all the expectations has been very challenging.

In this chapter, I discuss my research work in department of epitaxy in PDI institute, on a very
promising approach to grow high quality GaN and AIN NWs. I introduce here, TiNx-sputtered
sapphire as an excellent surface to grow GaN and AIN NWs.

4.1.1 Sputtering TiNx on sapphire by reactive magnetron sputtering

Titanium nitride sputtering have attracted considerable attention not only from fundamental
scientific interest but also from practical point of view in many industries. It is used as anti-
reflective coating and as diffusion barrier'?? in the microelectronics industry.

In current work, I sputter TiNx film on sapphire, to be used later as a surface to grow GaN and AIN
NWs. In order to sputter TiN, I have used a magnetron sputtering system. Inside the sputtering
chamber, a high purity 3-inch Ti plate (target) is placed opposite to the substrate (2-inch sapphire
wafer). The background pressure in the chamber is ~107'° Torr, using a turbo molecular pump and
a cryo pump. For the TiN sputtering, the chamber is filled with a mixture of argon/nitrogen gasses
which are separately controlled by mass flow controllers. Sputtering of TiN is carried out by
injecting Ar and N fluxes and applying a DC power to generate the plasma. This plasma consists
of positively charged argon/nitrogen ions and free electrons. The positively charged ions are
accelerated towards the negatively charged Ti plate (cathode). They collide with the surface of the
Ti plate with a high kinetic energy of up to several hundred electron volts (eV). This causes the
argon/nitrogen ions to dislodge atoms from the surface of the Ti plate. A potential applied between
the chamber and the substrate, accelerates the Ti particles from the target toward the substrate. The
optimum condition for the TiN sputtering (depend on the application), can be tuned by changing
sputtering parameters such as: Plasma power, Ar and N fluxes, substrate temperature, and bias
voltage. To change stoichiometry of the TiNx composition, the ratio of Ar/N fluxes can be tuned.
The higher Ar + N flux means the higher number of Ti particles will be ejected from the target
which will increase the sputtering rate. On the other hand, the higher Ar/N ratio, will increase the

Ti/N ions ratio, so the final TiNx composition would be Ti-rich. By changing the Ti/N ions ratio,
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also morphology of the TiNx sputtered films changes which can later affect the NWs nucleation
process. Based on our experiments, TiNo.ss-sputtered film is considered as the optimum substrate
to grow GaN N'Ws while stoichiometric TiN-sputtered film is required for the growth of AIN NWs.
In Figure 4.1 and Figure 4.2 the color and microstructure of both the stoichiometric TiN-sputtered
sapphire and the TiNo.ss-sputtered sapphire can be seen. The golden color can be used as the very
primary inspection of stoichiometric TiN film!?2, The side view SEM images indicate smoother
structure for TiNo.ss film. 4-probe measurement of TiNo ss-sputtered filmrevealed a low resistivity
of 4x10™ Qcm.

Further characteristics of TiNx-sputtered films as well as growth and characteristics of NWs are

discussed in following.

(a) (b)

(©)

Figure 4.1: (a) A stoichiometric TiN-sputtered sapphire (~ 0.8 um), and (b) and (c) side view and
top view SEM images of that.
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sapphire

Figure 4.2: (a) A TiNo.ss-sputtered sapphire, and (b) side view SEM image of that.

4.1 Self-assembled GaN NWs growth on TiNx-sputtered sapphire

As mentioned before, GaN NWs under suitable conditions in MBE (N-rich and elevated
temperatures), spontaneously grow on various substrates without the need for any foreign material
17-120 T the most common case, GaN NWs successfully are grown on Si. However due to high
densities of NWs, longer deposition times leads to a massive coalescence of closely spaced
NWs. 123124 Brybaker et al. suggested introducing an AIN buffer layer on Si to reduce the density
of NWs!?. However, on AIN, in addition to the NWs, a rather thick parasitic GaN layer forms.
Besides that, such an AIN buffer layer (which is tens of nm thick)!?¢ as an insulator is detrimental
for the III-N/Si heterojunction electrical functionality. Recently Ti foil and Ti-sputtered sapphire
have been successfully used as substrates to grow self-assembled GaN NWs with low NW
densities!!®127:128 In this approach, first ~1 um Ti film is sputtered on sapphire wafer. Then the
surface of Ti becomes nitridated during the growth (or before the growth, in case of preforming
pre-nitridation process) and a very thin TiN layer (~50 nm) is formed on top of Ti film. Using PA-
MBE, GaN NWs are grown on this thin TiN surface. These Ti substrates are very promising with
respect to electrical as well as thermal conductivity and optical reflectivity which is beneficial for
applications like LEDs based on NW ensembles'?* 13!, However, in elevated temperatures, inter-
diffusion of Al and O at the Ti/AI203 interface is reported'*? which results in formation of
AlTiyO1~x-y and TixO1—x compounds. Furthermore, O incorporation into NWs degrades their

luminescence by heavy n-type doping. Although TiN is very effective diffusion barrier'?? due to
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its strong bonds, it seems, in the mentioned approach, the thickness of TiN layer formed on top of
Ti film was not enough to suppress the O diffusion. So, nor the thin TiN layer, nither the ~1 um
thick Ti film, could not prevent the O diffusion.

In order to overcome this previously reported problems, in this thesis, I sputter TiN instead of Ti,
to benefit from strong Ti-N bond. In case of Ti-sputtered film, because of self-passivation
phenomenon, the thickness of TiN layer (which is formed due to nitridation of Ti in the MBE
chamber) is limited to some tens of nm. However, by directly sputtering of TiN, depend on the
requirements, several microns thick TiN films are easily achievable.

Such a thick TiN, would be enough to block the diffusion of impurities from substrate to GaN
NWs as will be discussed in following.

In this study, 0.8 pm thick TiNx film is sputtered onto a 2-inch sapphire [a-Al203(0001)] wafer in
a dc magnetron sputtering system with 3x107!° Torr base pressure. The deposition is performed
for 40 min in a sputtering pressure of 10~ Torr by injecting 13.5 + 0.2 sccm Ar and 1.5 + 0.18
sccm N fluxes and applying a DC power of 500 W to generate the plasma. During the sputtering
an additional 100 V bias voltage is applied to the substrate to improve the physical properties of
the film'*. After sputtering TiNx film on the substrate, the sample is transferred in ultra-high
vacuum into a MBE chamber (with a background pressure of 8x10°!! Torr) where it is heated up
to 810 °C and exposed for 25 min to active nitrogen which is generated by a radio-frequency
plasma source operating at 500 W and 2.5 sccm N2 flux. The substrate temperature is measured by
a pyrometer facing the center of the substrate (taking in to account the emissivity of TiN and
absorption of view port). To calibrate the pyrometer the 7x7 to 1x1 Si transition temperature (860
°C)% is used. The nucleation and growth of GaN NWs require a high substrate temperature and a
N/Ga adatom density ratio (local V/III ratio) above unity.?®!3* The GaN NWs nucleation procedure
is started by opening Ga shutter at 810 °C and simultaneously reducing the substrate temperature
(with a cooling rate of 40 °C/min) to 730 °C which is then kept constant for the whole duration of
the growth. The growth is performed under pressure of 4 X107 Torr, and active nitrogen to Ga
ratio of ~3 (Ga flux of 6.6 x10'* atoms/cm?.s and N flux of 2.1x10'° atoms/cm?.s). The typical
wurtzite RHEED pattern of GaN is observed after one minute (at 730 °C).

To investigate GaN NWs ensembles grown on TiN-sputtered sapphire, two samples, G1 and G2,
are prepared using the same growth conditions with different growth durations of 90 and 150 min

respectively.
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In Figure 4.3 bird-view SEM image of sample G1 is shown. As can be seen, the NWs are grown
homogenously and vertically. This homogeneity of NWs observed all over the sample from center

to the edge.

Figure 4.3: Bird view SEM image of sample G1

To determine and compare the length, diameter, and the density of NWs, cross-view and top-view
SEM images of the two samples are depicted in Figure 4.4. Using the top view SEM images, the
density of NWs is measured. No relation is found between the density of NWs and the growth
time. NWs average length and diameter are measured by using the cross-section SEM images. The
size and density of NWs are compared in Table 4.1. In both samples the coalescence degree is
almost zero (although it is possible that some thicker NWs, are formed by combination of two or

more very closely located NWs).
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Table 4.1: Comparison between sample G1 and G2

Sample Growth time | Average length | Average Density of | Filling factor
(min) (um) diameter (nm) | NWs (cm?) (%)

Gl 90 1.15 30 2 x10° 4

G2 150 1.85 50 2 x10° 5

Figure 4.4: Cross view and top view SEM images of sample G1 (a and b), and sample G2 (c and

d). The yellow line length for all the images is 500 nm.

The characteristics of TiN film and GaN NWs are investigated using RHEED, variable-angle

spectroscopic ellipsometry, and Raman spectroscopy.

Figure 4.5 (a) And (b) show the RHEED pattern of sample G1 after sputtering and after the NWs

growth respectively. The streaky-spotty RHEED pattern in Figure 4.5(a), demonstrates that the

TiNx-sputtered film has cubic single crystalline structure with [111] out-of-plane orientation such

that TIN(111)|A1203(0001). Figure 4.5(b) Shows wurtzite RHEED pattern of GaN NWs. The

diffracted electrons from NWs side-facets, form horizontal lines on the RHEED screen, which

indicate low-density, narrow, vertical NWs with well-defined facets. In order to investigate the

Ti/N ratio, variable-angle spectroscopic ellipsometry is employed. The behavior of (e1) (real
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part) and (e2) (imaginary part) of the pseudodielectric function at low photon energies is
characteristic for a metal. Moreover, comparing the value of photon energy when (gl) crossing

135.136 " confirms the sputtered TiNx

zero (which is shifted to higher photon energy), with literature
is Ti-rich. Considering the results of ellipsometry measurement (the values of photon energy when
(el) cross zero) and Raman spectroscopy (the values of low frequency acoustic phonons, TA and
LA (more importantly TA)), before and after GaN NWs growth, we see the TiNx composition
evolution from Ti-rich toward the stoichiometry is occurred. This is due to nitridation of TiNx film
before starting the growth (during nitridation process) and also during GaN NWs growth.

1'¥, an approximately quantitative measurement of Ti/N of

Comparing to Ref.[Spengler1978
sputtered film can be determined considering the position of low frequency acoustic phonon peak
(TA), after sputtering (240 cm™) and after GaN NWs growth (245 cm™') corresponding to TiNo.ss
and TiNo.os respectively. As for GaN peaks in Raman spectra, the Ex (high) is known to be the only
usable phonon mode for accurate determination of the GaN strain components'*®. GaN Ez (TO)
mode at 566.2 cm™' in Figure 4.5(e) is in good agreement with strain-free GaN reported in the

litrature'?® which confirmers the NWs are relaxed.
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Figure 4.5: Sample G1, (a) RHEED pattern of TiNx film prior to exposure to Ga. (b) RHEED
pattern after the growth of GaN NWs. (c) Real and (d) imaginary part of the pseudodielectric
function obtained by spectroscopic ellipsometry after sputtering (green), after NWs growth
(blue), and stoichiometric TiN studied by Ref.!*” (red). (¢) Raman spectra after sputtering TiNx
and after GaN NWs growth.
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®—20 scan XRD measurements of sample G1 around the GaN(0002) Bragg peak is carried out,
using Al203(0006) peak from the substrate as the reference. Figure 4.6 demonstrates wurtzite
GaN(0002) grown in C-direction perpendicular to the substrate, and cubic TiNx(111) planes
parallel to Al203(0001).

TiN(111)

10° 4

5 GaN(0002)

] Al,0,(0006)
104—§

10°] Ti(0002)
2 TiGa,
g i
2 10%4
£ ]

10" 3

10° — —

16 17 18 19 20 21

Theta (degree)

Figure 4.6: ®—20 scan through the Al203(0006) peak of the substrate, showing The x axis is
labelled with Theta = 26/2.

The GaN(0002) shows an extremely sharp diffraction peak with FWHM of 25 arcsecond. Also
TiNx(111) and Al203(0006) peaks show FWHM of 118 and 32 arcsecond respectively. A very
important point is that no signal from TiO or Ti20 is detected, which indicates TiNx successfully
damps the oxygen diffusion from Al2O3 to the GaN NWs. This is one of the main improvements
reached using TiNx-sputtered substrate in comparison to previously reported NWs grown on Ti-
sputtered substrates!?7-128:132,

The Ti(0002) peak found in the composition is due to the excess of Ti atoms respect to N atoms,

which probably are diffused toward the surface (to minimize the strain) during heating the sample.
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There is also a weak TiGax peak present in the XRD spectra, which is due to intermixing of Ga
atoms with the excess of Ti atoms present on the TiNx surface. However, the amount of this TiGax
alloy is negligible compared to the amount reported in case of GaN NWs growth on Ti-sputtered
film. With tuning the setup of QMS, it is possible to measure desorption flux of elements on top
of the sample’s surface with high accuracy. In this way we can do quantitatively real-time
monitoring of GaN nucleation and desorption. Using QMS (Figure 4.7) I measured the temporal
evolution of Ga desorption flux (®%) at the early stage of the NWs growth to check the amount
of consumed Ga before the nucleation of GaN (which is monitored by RHEED). Comparing the
Ga @ of sample G1 (NWs grown on TiNx-sputtered sapphire) and a sample grown on Ti-
sputtered sapphire'®?, it is quite clear that the amount of Ga-Ti intermixing in sample G1 is
negligible. In Figure 4.7, the change in the Ga ®“* of the two above mentioned samples, exactly
after opening the Ga shatter at the beginning of growth procedure and during growth is shown. In
case of sample G1 which is depicted in blue line, by opening the Ga shutter, the Ga ®% reaches
to its maximum immediately. As mentioned before the Ga shutter is opened at 810 °C which makes
the incubation time infinity. When I reduce the temperature to 730 °C, the nucleation of GaN NWs
occurs (after one minute) and you can see the reduction in Ga ®% which is due to Ga incorporation
in to the crystal. From this point, GaN nucleuses (and later NWs) capture the Ga adatoms and so
for the rest of the growth, the Ga @ is almost constant. This behavior is very similar to our
previously observed droplet effect in chapter 3, where metal droplets on InGaN surface capture
the In and Ga adatoms like a sink and prevent them to incorporate in the flat area between the
droplets. Here instead, there is no metal droplet, but GaN initial nucleuses (and later GaN NWs)
are capturing Ga adatoms.

However, the story is very different for the NWs growing on the Ti-sputtered sapphire (red line in
Figure 4.7). By opening the Ga shutter in this sample, the Ga ®% does not reach to its maximum
immediately, but instead, it gradually increases from 0 to ~0.22 ML/s. This gradual rise instead of
immediate rise (which observed for TiNx-sputtered sample) indicates a considerable Ga
incorporation into the sample. However, as it is reported in Ref.!*?, the GaN diffraction spots in
the RHEED pattern do not appear until a growth time of 92 min. From this, we can conclude during
this time, Ga was not incorporating to GaN, but to the Ti film. A strong Ga consumption of 560

MLs has been measured before GaN nucleation. It is found detrimental for the NWs growth, since
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this Ga-Ti alloys later form hillocks on the surface!* (Figure 4.8). Such hillocks is not observed

in case of GaN NWs grown on TiNx-sputtered sapphire.

0.25 _—GaN nucleation o
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Figure 4.7: Monitoring the GaN incorporation by QMS during the nucleation and growth
of GaN NWs of sample G1 (GaN NWs grown on TiNx-sputtered sapphire) and comparing it to
reported results in Ref.!*? (GaN NWs grown on Ti-sputtered sapphire).

Figure 4.8: Formation of hillocks during the growth of GaN NWs on Ti-sputtered sapphire (SEM
image by Gabriele Calabrese, Paul Drude Institute).
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Furthermore, XRD rocking curves around GaN(0002) and GaN(1100) taken from sample G1,
reveals GaN NWs average tilt and twist of 0.64 and 0.54 degree respectively (Figure 4.9) which is

relatively low.
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Figure 4.9: XRD Omega and Phi scan of sample G1, demonstrating the tilt and twist of NWs.

In order to study the luminescence properties of the NWs, low-temperature u-PL measurements of
both samples (G1 and G2) are performed. Figure 4.10 displays the normalized p-PL spectra of the
two samples obtained at 10 K, using a 325 nm wavelength laser perpendicular to the sample and
the averaged optical power about 2 mW. The spectra are dominated by the recombination of A
excitons bound to neutral donors (D, Xa) at 3.4725 eV. In the energy range of 3.40 to 3.43 €V, a
weak broad peak (a set of peaks) is observed, which is attributed to the radiative recombination
of excitons bound to I1 stacking faults in GaN.!*? This type of stacking fault was shown to be
induced by the coalescence of GaN NWs.!*! Although, from SEM images (Figure 4.3and
Figure 4.4) no coalesced NWs can be detected, it is still possible at some minor cases where NWs
are nucleated very close to each other, they coalesce by lateral growth and make a thicker NWs.
This is in agreement with slightly higher observed intensity of broad peaks at 3.40 to 3.43 eV in
case of sample G2 respect to sample G1. Since the growth duration of sample G2 is longer, the
lateral growth of NWs and consequently the coalescence possibility is higher.

However, the stacking faults may also form during the nucleation phase of GaN on TiNx. To clarify

that, detailed microscopic investigations of the interface between the TiNx film and the GaN NWs
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will be required. It worth noting that no PL signal is detected in a spectral range between 2 to 3.40
eV.

In the inset of Figure 4.10, Time-resolved PL transients of the (D°, Xa) are shown. The
measurements are performed at a periodic time of 13 ns between the 200 fs pulses, which translates
to an energy density of 66 mJ/cm? per pulse and a carrier density of 1.1 x 10'* cm™. Using the
optical lens reduce the spot size on the sample to 40 um which results in an energy density of about
2.1 mJ/cm? per pulse and a carrier density of 3.4 x 10'* cm™.

Considering the 40 um laser spot size on the sample and the measured average density of NWs of
about 2 x 10° cm™, it can be estimated that about 800 NWs are located under the laser focus.
TRPL provides useful information about the quality of the material since the existence of non-
radiative sites like defects or impurities in the crystal, will reduce the TRPL life time. For
commercial freestanding GaN homoepitaxial layers grown by vapor phase epitaxy on GaN bulk
single crystals, the TRPL lifetime at low temperatures (< 10K), for donor bound excitons (I2),
reaches ~1 ns, whereas it is normally around 35-100 ps in heteroepitaxial layers and 200-300 ps
for epitaxial lateral overgrowth (ELO) GaN (limited by deep traps).!*? It was suggested that the
bound exciton decay of thin GaN NWs is governed by non-radiative surface recombination (even
at low temperatures).'* However this short lifetime which evidences the presence of a strong non-
radiative channel in GaN NWs, is attributed to point defects rather than structural defects or surface
recombination.’’

In spite of their high structural perfection, the excitonic lifetime of state-of-the-art GaN NW
ensembles grown on Si substrates by MBE, does not exceed ~250 ps at 10 K. These non-radiative
point defects may either originate from deep impurities such as Ca stemming from the ex-situ

substrate preparation’®

or be formed by native defects. It makes the use of a higher growth
temperature desirable. At these high temperatures, however, Si substrates may start to
decompose.®’

As it is shown in Figure 4.10 inset, the GaN NWs grown on TiN-sputtered film which are only
30-50 nm thick , exhibit 400 ps radiative lifetime of the (D°, X). This is much longer than the ~250
ps (the state-of-the-art GaN N'Ws grown on Si) which was the longest exitonic lifetime observed

in case of GaN NWs. Comparing the two samples, no considerable size-dependent influence can

be detected from the TRPL measurements.
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The decay process, is very sensitive to additional non-radiative recombination channels, as well as
to excitation transfer processes at higher doping levels.®® Hence, this long radiative lifetime
suggests that the density of dislocations in the GaN NWs grown on TiNx-sapphire is quite low.
This is due to the effective plastic relaxation of NWs. Moreover, it confirms very pure GaN NWs
which means TiNx buffer layer successfully prevented the O and other impurities to diffuse from
the substrate to NWs. The obtained lifetimes are still shorter than the radiative lifetime of the
(D Xa) transition of ~1 ns reported from thick strain free nominally undoped bulk GaN.® Hence,

for the NWs a non-radiative channel seems to be active.
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Figure 4.10: Normalized low-temperature (10 K) pu-PL spectra of the GaN NWs grown on TiNx
(Sample G1 (red) and sample G2 (blue)). Both samples are dominated by the recombination of A
excitons bound to neutral donors [(D%,Xa)]. Time-resolved PL transients of the (D°, X) transition

and the linear fitting (dashes) corresponding to 0.4 ns (dashes) are shown in inset.
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4.1.1 Two-step growth, the key for high-temperature growth of GaN NWs on TiNx film

After achieving very promising results with GaN NWs grown on TiNx, I tried to even improve the
crystal quality of GaN NWs further by performing additional experiments using higher growth
temperature. As for it, keeping the previous Ga and N fluxes, | increased the growth temperature
to 750 °C (sample G3). However, the result was not as it was expected. As in bird view SEM
image in Figure 4.11(a-c) is shown, there are lots of tilted NWs. This is undesired since they might
coalesce together and generate crystal defects. The density of NWs in the center of the sample is
much less than middle and edge since the temperature in the center is higher (due to geometry of
the heater). At this temperature the flux of desorbed Ga atoms from the sample is considerably
increased but still less than the arriving Ga flux to the sample (otherwise no growth would happen
on this sample). The incubation time (measured by RHEED) is 3 min which is three times longer
than the one measured for the samples G1 and G2. It means, due to higher substrate temperature,
longer time is required to form stable GaN nucleus. This longer incubation time, means longer
absence of GaN nucleuses which increases the risk of Ga-Ti intermix. To prove this idea and solve
the problem of tilted NWs, I stablished a two-step growth experiment. In this experiment, at first
step, I open the Ga and N shutters at 730 °C for 2 min (short incubation time), in order to quickly
form the GaN nucleuses (which minimizes the Ga-Ti intermixing due to cross capturing of Ga
adatoms by initial GaN nucleuses). Then after seeing the RHEED pattern of GaN, I increase the
substrate temperature to 750 °C and continuing the growth for 2 hrs. In this way, it is possible to
perform higher temperature GaN NWs growth without increasing the amount of tilted NWs. In
Figure 4.11(d-f) the bird view SEM images of vertical GaN NWs grown by two-step growth is
shown. Comparing to Figure 4.11(a-c), it is possible to see the considerable improvement in the
growth of vertical NWs (and avoiding tilted NWs), by simply doing two min low-temperature

nucleation.
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Figure 4.11: GaN NWs Bird view SEM images taken from center, middle, and edge of: (a-c)
sample G3, and (d-f) sample G4. The amount of tilted NWs is reduced drastically in sample D
due to two-step growth.

After this improvement in NWs morphology by benefiting from two-step growth procedure, I
decided to grow another sample (sample GS5) in higher temperature. Since samples G3 and G4
have been already grown with very low density (in the center), slightly increase in the temperature
can prevent the growth (the Ga desorption rate becomes faster than Ga incorporation). Hence, |
increase the Ga flux to 2.6 x10'° atoms/cm®.s (which is the maximum flux can be provided by
simultaneously using both Ga cells in our MBE system) to compensate the desorbed Ga flux in the
higher temperature. So to grow sample G5, at first I open the shutter of the first Ga cell (supplying
similar flux to previous samples) for 2 min to do the fast nucleation at 730 °C. Then I increase the
substrate temperature to 780 °C and wait until the GaN RHEED pattern become weak (but not
disappeared). Then I open the shutter of second Ga cell to increase the total Ga flux to 2.6 10"
atoms/cm?.s and continue the growth for ~4 hrs. The Bird view SEM image of sample G5 is shown

in Figure 4.12. NWs are grown vertically, homogenously, and without coalescence.
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Figure 4.12: Bird view SEM image of sample G5 (GaN NWs grown on TiNx at 780 °C).

In order to investigate the luminescence properties of the NWs, low-temperature PL. and TRPL
measurements are performed under the same condition which is used to measure sample G1 and
G2. As can be seen in Figure 4.13, similar to sample G1 and G2, the spectra is dominated by the
recombination of A excitons bound to neutral. But two sharp peaks clearly can be recognized in
this sample. One at 3.4730 eV which is attributed to (O°, Xa) and the other peak at 3.4744 eV
which is attributed to (Si% Xa). The source of the Si bond is probably from the residual amount of
Si in the chamber from the experiments done before. In the inset, the TRPL of sample G5 is shown.
The sample shows 0.52 ns excitonic lifetime which is the longest lifetime has ever been observed
in case of GaN heteroepitaxial growth. Comparing to samples G1 and G2, the excitonic lifetime
increased, which means by increasing the growth temperature, the amount of defects (or
impurities) in GaN NWs is successfully reduced. It confirms that even at such a high temperature,

TiNx-sputtered film effectively blocks the O diffusion from sapphire.
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Figure 4.13: Low-temperature (10 K) p-PL spectra of the GaN NWs grown on TiNx at 780 °C
temperature (Sample G5). It is dominated by the recombination of A excitons bound to neutral
donors [(0°%Xa , Si%,Xa)]. Time-resolved PL transients of the (D°, X) transition is shown in inset

which is the longest lifetime has ever been observed in case of GaN heteroepitaxial growth.

The long range PL spectra of samples G1 and G5 are compared in Figure 4.14. In contrary to
sample G1 (and G2), in the energy range of 3.40 to 3.43 eV, no peak is detected for sample GS5. It
is possibly due to successfully reduced density of stacking faults by reducing the density of NW

and consequently avoiding coalesced NWs.
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Figure 4.14: Low-temperature (10 K) p-PL spectra of the GaN NWs grown on TiNx at 730 °C
(sample G1) (red line), and GaN NWs grown on TiNx at 780 °C (Sample G5) (blue line). Inset:

high-resolution spectra at near band edge.

4.2 Self-assembled AIN NWs growth on TiN-sputtered sapphire

Within the family of nitride semiconductors, AIN stands out owing to its large bandgap (> 6 eV),
which is well suited for devices operating in the ultra-violet (UV) spectral range (360-200 nm).
Having the ability for band gap engineering by alloying to Ga and In, large exciton binding energy,
small electron affinity, and high thermal conductivity, AIN is an attractive material of choice for
many applications such as: deep ultraviolet (DUV) optoelectronic devices, surface acoustic wave
devices, microwave generation devices, and high-power electronic applications'+'47,

Analogously to the well-known case of GaN case, the lack of lattice-matched substrates

significantly constrains the heteroepitaxial growth of high-quality AIN films and the related

devices usually need to cope with a large density of extended defects.'*®!°* An interesting
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workaround is the growth of AIN in the shape of NWs. The large surface to volume ratio of these
nanostructures provides an efficient channel for strain relaxation, which minimizes the formation
of extended defects. However, solving the problem of lattice-mismatched substrates does not
grantee the freedom in substrate choice. Finding a proper substrate for AIN NWs growth is very
challenging due to the need for extremely high growth temperature. There has been only a few
works using MBE to grow self-assembled vertical AIN NWs with high crystal quality and optical
properties. Due to lower mobility of Al adatoms compare to Ga, higher growth temperature is
required to grow AIN NWs.*’ There is yet no ideal platform for NW based UV devices, since they
all rely on an initial GaN nanowire template*?, which would absorb the UV light and increase the
device resistivity. Si might seem an attractive option as the substrate to grow AIN NWs on.
However, the incidence matching between AIN(0001) and Si(111) lattices which is found

151"is detrimental for the three-

beneficial to use AIN as buffer layer to grow GaN film on Si
dimensional growth of AIN NWs on Si(111) substrate!>?. Daudin et al.*° tried to grow AIN NWs
on Si(001) by introducing an amorphous SiO: layer as buffer layer to get advantage of Volmer-
Weber (VW) growth mode. Although they succeed to grow strain-free NWs, the NWs suffered
from severe coalescence. Besides that, oxygen impurities from SiO2 decomposition at elevated
temperatures is very likely. In a different approach, Yanxiong et al.*! grew AIN NWs on Si3sN4 on
Si(111) layer. However they faced Si incorporation in Al NWs and also limitation in the density
of NWs. Besides that, Si and Al are known to have a low eutectic temperature'>® (for instance, in
industry Al-Si alloy is used as brazing compound) which adds restriction to the aluminization
process. Zhao et al.'>* used GaN NW template on Si substrate to grow AIN NWs. It was found that
there is a growth temperature limitation (800 °C) as GaN NWs partially decomposed at the high
growth temperature required for the growth of AIN NWs.

In search for a proper substrate to grow AIN NWs, TiN seems very promising, considering its high
temperature stability (melting point = 2930 °C)!*, excellent electrical and thermal

133,156 " and high optical reflectivity up to the UV range, which is beneficial for

conductivity
applications like LEDs based on NW ensembles.'?”-!2*-131 Moreover, TiN sputtering technology
has been well-developed.!*®!%” By attaching the sputtering chamber to the MBE, we can open up
the possibility of growing NWs on a surface which is produced in vacuum and never exposed to

air.
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In this work, I benefit from TiN high thermal stability as the substrate to do high-temperatures
growth of self-assembled AIN NWs.

The same sputtering and MBE systems which are used for GaN NWs growth are used here to grow
AIN NWs. To prepare the substrate, 0.8 um thick TiN film is deposited on 2-inch Al2O3 (0001)
substrate, using a magnetron sputtering system with 3x10°'° Torr base pressure. Sputtering of TiN
is carried out for 40 mins at 10~ mbar sputtering pressure by injecting 12 + 0.2 sccm Ar and 3 +
0.18 scem N fluxes and applying a DC power of 500 W to generate the plasma. A 3-inch Ti disk
is used as the target. During the sputtering an additional 100 V bias voltage is applied to the

substrate to improve the physical properties of TiN film'3?

. Without exposing to air, the TiN-
sputtered sapphire is transferred to the growth chamber of a plasma-assisted MBE with a base
pressure of 8x107!'! Torr. In the MBE, the growth of AIN NWs on the TiN film is performed. To
measure the substrate temperature, the pyrometer is calibrated using the 7x7 to 1x1 Si transition
temperature (860 °C)*. To grow AIN NWs two different recipes are used. At first, sample A1, for
5 hours at a substrate temperature of 1160 °C (measured by pyrometer facing the center of the
substrate considering 0.23 as the emissivity of TiN at this temperature'®) using an Al flux of 1.4
x10' atoms/cm?.s (0.06 ML/s) supplied by a conventional Knudsen cell, and an active N flux of
2.2 x10" atoms/cm?.s (1.07 ML/s), supplied by RF plasma source operating at 500 W and 2.5
sccm N2. However, the AIN NWs grown by this recipe, show rather cone shape than NWs

(Figure 4.15). They had also very rough facets, as can be seen in cross view TEM image shown in

Figure 4.15b.

Figure 4.15: (a) Cross view SEM and (b) High resolution TEM images of sample A1l.
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To improve the morphology of NWs, an additional sample (sample A2) is grown for 5 hrs at
substrate temperature of 1180 °C using an Al flux of 2.9 x10'* atoms/cm?.s (0.14 ML/s) and the
same N flux as sample A 1. Prior to growth of AIN NWs, the TiN was nitridized for 25 mins starting
at 930 °C while continually increasing the substrate temperature to 1180 °C. The Al shutter is then
opened and the first AIN related diffraction spots are observed by RHEED, 20 mins later. It
evidences the existence of an incubation time as typically reported for GaN NWs growth!-16,

As it is shown in Figure 4.16, there is a significant difference in the shape of NWs by increasing

the growth temperature and Al flux.

Figure 4.16: (a) Cross view SEM and (b) TEM images of sample A2.

After the growth, the sample characteristics are studied, investigating: the morphology and density
of the NWs by SEM; microstructure and crystal quality of dispersed NWs by TEM at 200 kV; the
crystalline phases as well as strain, tilt, and twist of NWs by XRD using Cu Kal radiation
(wavelength L= 1.54056 A) and a diffractometer equipped with a Ge(220) hybrid monochromator;
strain in AIN NWs as well as Ti/N ratio in TiN sputtered film by room temperature Raman
spectroscopy using laser energy of 2.62 eV; the TiN film electrical properties by Variable-angle
spectroscopic ellipsometry at room temperature and 4-probe Van der Pauw measurements; To

study luminescence properties of AIN NWs, the wavelengths of lasers which are available in PL
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lab of PDI are not sufficient to excite AIN (due to its very wide band gap). So instead of PL, CL
(low-temperature, at acceleration voltage of 5 kV) is used in this study.

SEM Bird’s eye and top view images of AIN NWs grown on TiN film are shown in Figure 4.17(a)
and Figure 4.17(b), respectively. The growth of NWs is perfectly homogenous (from center of
sample to edge), with NWs density about 2 x 10'° cm™ and filling factor of 35%. As it can be seen,
the NWs are aligned vertically to the substrate. They are 850 nm high on average and their mean
diameter is 55 nm. As the growth of NWs is done in N-rich condition, the growth rate is limited
by Al flux. However from the length of NWs, it is found that the NWs growth rate is ~33% higher
than what was expected for AIN planar growth (even by considering the planar growth in full
condensation regime). It means, in addition to the direct impingement of atoms at the tip of the
NWs, there is a significant contribution of adatoms diffusion through the sidewalls towards the
tip. This phenomenon was explained previously in case of GaN NWs growth!¢:1®2. However when
it comes to the AIN NWs grown on GaN NWs, the story was different due to the temperature

limitation as Songmuang et al.'®!

reported, the Al adatoms diffusion through the sidewalls found
to be negligible at 790 °C, which caused to AIN NWs gradual diameter increase from ~30 to ~200
nm.

Following the method proposed by Brandt et al.!s® I extract from the circularity of the NWs top
facet a coalescence degree of 30--47 %, by respectively using a threshold value of 0.653--0.762.
Such coalescence degree is lower than for typical GaN NWs grown on bare Silicon'®, but is larger
than for GaN NWs grown on Ti-sputtered sapphire'?’. It suggests that lower coalescence degree
can be obtained for AIN NWs through a systematic optimization of the growth parameters.

In order to investigate the microstructure of AIN NWs, a HRTEM is employed. Although the TEM
images from the interface of AIN/TiN (not shown here) indicates some defective (mostly
dislocations) areas which are extended to the bottom of NWs, they become free of dislocations by

moving toward the tip of NWs. Figure 4.17(c) shows the side view bright field TEM image taken
from top of an individual AIN NW. It looks defect-free and with well-defined side-facets.

99



Figure 4.17: (a) Bird’s view and (b) top view SEM images of AIN NWs grown on TIN film

(sample A2), (c) Cross section bright field, (d) High-resolution TEM images from the tip of a
dispersed AIN NW.

As shown in Ref.'®*, the combination of SEM imaging and X-ray pole figures of the NWs allows
to identify the NW facets (Figure 4.18). Remarkably, {1120} side-walls are found, although the
surface energy of these planes is larger to than {1100} according to the calculations done in Ref.!’.
It also contrasts with the case of GaN NWs. It suggests a strong kinetic control during the AIN

NW growth.
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Figure 4.18: (a) Schematic of a piece of sample A2, used for SEM and XRD measurement
showing the cleaved edge crystallographic direction. (b) XRD phi scan demonstrating the
cleaved edge (mounted at 0°) is parallel to [1124] plane. (c) Top view SEM image of AIN NWs
taken under the same twist (®) used in XRD measurement. The details of this method is reported

in Ref, 164,

In Figure 4.17(d), High resolution TEM image from tip of the AIN NW (zoomed on the selected
area by red rectangular in Figure 4.17(c)) demonstrates defect-free single-crystalline wurtzite
structure. Considering the top facets with 30° (+1°) angle respect to growth direction, the top facets
can belong to {1125} or {1103} family of planes with respectively 29° and 31.64°angle respect to
{0001} as depicted in Figure 4.20(a-c).
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Figure 4.19: (a) Cross view high-resolution TEM image from AIN NW’s tip. (b) And (c) the

schematic of two possible families of planes corresponding to the NWs top facets.

Since AIN have the hexagonal wurtzite structure, it consist of alternating layers of Al-N pairs,
stacked along the [0001] direction in an ABABAB sequence. Thus, the basal plane (i.e. the (0001)
plane) can be either N- or group Al polar. The crystal polarity can be identified after wet etching
since the amount of material removed and the resulting surface morphology is polarity
dependent!®®. Polarity dependence of etching behavior for an AIN epitaxial layer grown on
sapphire substrate were reported by Jasinski et al. The etch rate of the Al-polar crystal was much
slower than that of the N-polar crystal in a 50 wt.% aqueous KOH solutions at 80 °C.'¢’

Similarly, I used KOH etching method in order to determine polarity of the grown AIN NWs. As
for it, a small pieces of sample, is soaked in 70° C, 5 Molar KOH for 30 s, 60 s, and 120 s. From
cross view SEM images (Figure 4.20), we can easily see how fast the NWs are etched. After 2 min

there is no NW remained on the surface. From this experiment I conclude the NWs are N-polar.
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Figure 4.20: Cross view SEM images from AIN NWs after: 0, 30, 60, and 120 s etching in 5 M
KOH solution to determine NWs polarity.

Figure 4.21 Demonstrates (a) real part ({(€1)) and (b) imaginary part ({(€2)) of pseudodielectric
function of TiN sputtered film measured by variable-angle spectroscopic ellipsometry. The
behavior of (€1) and (€2) at low photon energies is characteristic for a metal. Moreover, comparing

135,136 confirms the

the value of photon energy (= 2.6 eV) when (1) crossing zero, with literature
TiN sputtered film is stoichiometric. The stoichiometry of TiN sputtered film is also confirmed by
Raman spectroscopy of the sample after the growth of AIN NWs (Figure 4.21(c)), considering the
position of low frequency acoustic phonon peak (TA) at 200 cm’!, in agreement with
Ref.[Spengler1978]"37. It is explained the position of low frequency acoustic phonon is
characteristic for determination of TiNx composition. The non-stoichiometric TiNx peak will shift
to higher or lower frequencies by changing the composition toward Ti-rich or N-rich, respectively.
Another important information can be extracted from Raman spectroscopy, is the high-frequency
E> mode peak position of AIN which is sensitive to the strain in the crystal as explained in
litrature!'%%1%° Compering this sharp E2 mode peak of our AIN NWs at 655.5 cm™! with their results
confirms the NWs are relaxed.

The sputtered TiN film resistivity as low as 3x10™* Qcm is measured in room temperature using

N133,156

4-probe method which is consistent with previously reported values of Ti and confirms the

103



metallic conductivity of TiN-sputtered film. Having NWs grown on a metallic substrate is very
important for their applications since it makes possible NWs back contact.

XRD Measurements around the AIN(0002) Bragg peak is carried out, using Al203(0006) peak
from the substrate as reference. ®—20 scan of sample A2 is shown in Figure 4.21(d) demonstrating
wurtzite AIN(0002) sharp diffraction peak at =18.009° (corresponds to ¢_AIN lattice constant of
0.498 = 0.002 nm) with FWHM of 40 arcsecond and TiN(111) diffraction peak at 6=18.362° with
FWHM of 180 arcsecond. As was expected, TiN film has cubic structure grown in [111] direction.
No signal from TiO or Ti20 is detected, which indicates TiN successfully damps the oxygen
diffusion from Al203to the AIN NWS even at such a high temperature.

By including more than one Bragg reflection for the AIN nanowires and the substrate, which allows
for a precise lattice parameter determination, the c[AIN] = 0.49835 +- 0.00005 nm is determined,
which is slightly higher (strain = 5E-4) than the recent values reported for bulk or freestanding
AIN (c[AIN] = 0.49808 nm, reported by Nilsson et al'’?).
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Figure 4.21: (a) Real and (b) Imaginary parts of the pseudo dielectric function obtained by
spectroscopic ellipsometry for TiN sputtered film (blue line) and studied by Langereis et al.!>’

(c) Raman spectroscopy and d) X-ray diffraction of the sample after growth of AIN NWs.

Furthermore, XRD rocking curves (Figure 4.22) around AIN(0002) and AIN(1100) reveals an

average tilt and twist about 1.7 and 2.1 degrees respectively.
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Figure 4.22: XRD Omega and Phi scan of sample A2, to determine the tilt and twist of AIN NWs

grown on TiN.

Since the required energy to excite AIN is very high, instead of PL, CL spectroscopy is used to
investigate the luminescence properties of the AIN nanowires. The measurements are carried out
with a Gatan MonoCL4 system fitted to a Zeiss Ultra55 field-emission SEM. The SEM is operated
at 5kV with a beam current of around 20 nA. The samples are cooled at 10 K and their
luminescence is collected using a parabolic mirror, dispersed using a spectrometer (focal length of
30 cm; 1200 lines mm™! grating blazed at 250 nm; slits of 0.1 and 0.3 nm for the bulk (as the
reference) and NW samples, respectively), and detected with a high sensitivity photomultiplier
tube. Even though, the system is equipped with reflective optics for improved UV light
transmission, the responsivity in the UV spectral range is significantly reduced. Therefore, the
reported overview spectra are corrected using the instrument response function.

The sample is measured side-by-side with a piece of free-standing bulk AIN [courtesy of M.
Bickermann, Leibniz Institute for Crystal Growth] featuring narrow excitonic lines with well
reported energies!”!, allowing for a precise calibration of the energy scale. The 10 K CL spectra of
both the bulk sample and the AIN nanowires are shown in Figure 4.23. The band-edge CL of the
AIN nanowires can be fitted by taking into account a dominant donor-bound exciton (D% Xa) at
6.01 eV and a minor free A exciton (Xa) at 6.03 eV accompanied by two optical phonon (OP)
replica spaced at about 85 meV. Oxygen is likely acting here as shallow donor in the AIN
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nanowires (0°X at 6.006 eV'’?). The phonon replica can correspond to surface-optical phonons
rather than longitudinal-optical (LO) phonons as already reported by Wang et al.'>* for NW
ensembles. Luminescence from a deep state is visible at 3.9 eV both for the AIN nanowires and

the bulk AIN and is attributed to C substitutional to N atoms'’>.
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Figure 4.23. Low temperature CL spectra of the ensemble of AIN NWs grown on TiN (sample
A2) (red line) compared with the one of bulk AIN. The attribution of the excitonic lines in the bulk
AIN is based on Ref.!7!.
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Summary, Conclusions, and Outlook

In this thesis the PA-MBE growth and characteristics of different families of III-N semiconductors
are discussed. The two main issues preventing realization of III-N full potential are addressed to
be the difficulty in obtaining high-In-composition InGaN crystals, and the existence of huge
densities of defects in heteroepitaxially-grown III-N semiconductors.

In case of InGaN thin-films grown on highly lattice-mismatched Si(111) substrate, the properly
removing native oxides from Si surface and then nitridation at high temperature, is shown to
effectively improve the crystallinity of InGaN layers.

As a solution to obtain high-In-composition InGaN thin-films, low-temperature growth is
explained. In this approach a good composition control is easily achievable by keeping the III/N
ratio below unity. However this condition promotes the columnar growth and consequently very
rough surface. On the other hand the InGaN thin-films grown by III/N ratio above unity show very
flat surface but suffer from metal atoms accumulation on the surface and formation of metal
droplets. The formation of these metal droplets strongly affect adatom incorporation dynamics,
making the growth rate a decreasing function of metal flux impinging on the surface. This is in
marked contrast to the common assumption that the growth rate under metal rich conditions is
determined by the N flux. Hence, the common N flux calibration procedure under metal-rich
conditions has to be reconsidered.

Moreover, the presence of the droplets on the surface activates the VLS crystal growth under the
droplet. This relates to direct impingement of N onto the droplet. Our findings show that this
growth method is faster than the normal crystal incorporation and promotes, at long times, a
recovery of the growth rate in samples with high droplet coverage. The VLS growth mode
dominates the dynamics when the droplet coverage reaches a sizeable percentage of the surface. I
explain this phenomenon via a model that takes into account droplet effect as depletion sites on
the incorporation of metal adatoms into the crystal.

It is found that metal droplets also strongly effect the InGaN composition. A drastic reduction of
In incorporation into InGaN crystal is observed, as soon as metal droplets are formed. The higher
surface is covered by metal droplets, the less In is incorporated into the InGaN crystal. I attribute

this phenomenon to: First, VLS growth under the droplets (because of preferential Ga-N binding
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respect to In-N), and Second, the higher In atoms mobility on the surface that increases the
possibility of being captured by metal droplets (and not incorporate into InGaN crystal).

There is only a narrow window where is possible to grow droplet-free and flat InGaN thin-film
while having a good control on the composition. The best epilayer characteristics, in terms of
surface roughness, are found in the samples grown at metal flux just below the onset of droplet
formation (Intermediate regime). In this regime there is no metal droplet on the surface and the
surface morphology is flat and homogenous. The microstructure of this sample shows RMS
roughness as small as 0.86 nm in a scan field of 4 um?. Finding the growth window where is
possible to form a droplet-free and flat InGaN surface, opens up the way to a more sophisticated
engineering of InN QDs on InGaN, and is of great importance for applications like: photo
electrochemical water splitting, bio-sensors, and green and red LEDs.

Raman spectroscopy as a fast and simple alternative method for XRD and PL, with ability of local
measurement, can be used to measure the InGaN composition. In this study, by filling the gap of
data in literature for the x values (Indium percentage) between 30%-65%, it is found that in
contrary to the linear dependence of A1 (LO) with In fraction reported in the literature, in the central
zone of InGaN it follows a polynomial relationship with a bowing toward higher frequencies in
the middle region. These results complete the available literature and add a convenient method for
the determination of local properties of InGaN films and nanostructures within this region of
composition.

In the second part of my thesis (chapter 4), I discussed the fabrication of GaN and AIN nanowires
on sputtered TiN. In-situ prepared TiN film, makes very promising substrate to grow III-N NWs
in high temperature. High-quality self-assembled vertical GaN NWs and AIN NWs are grown on
TiNx-sputtered sapphire. In contrast to the common unintentional doping problem of NWs by
impurity-diffusion from substrate, TiN film prevents the impurity diffusions from sapphire to NWs
even in extremely high growth temperatures. Benefiting from refractory TiN and its compatibility
to the growth condition, it is possible to increase the growth temperature which leads to
improvement in crystal quality of NWs. Moreover, TiN films exhibits metallic conductivity and
forms an Ohmic contact to NWs which can be used as back contact or mirror.

The self-assembled vertically grown non-coalesced GaN NWs on TiNx-sputtered film, have shown
the longest excitonic life-time (0.52 ns) has ever been achieved by heteroepitaxially grown GaN.

This unprecedentedly long lifetime indicates a reduced density of non-radiative point defects
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and/or reduced surface electric fields promoting excitons dissociation, both as a consequence of
the absence of contamination from the substrate. We thus advocate the use of in situ sputtered TiNx
films as a nucleation layer for the high temperature growth of uncoalesced GaN NWs with
minimized impurity incorporation and reduced density of native point defects. These GaN NWs
can make promising templates for the realization of well-defined GaN QDs embedded in GaN-
AIN core-shell heterostructures, whose properties may prove useful for applications such as single-
photon emitters.

Moreover, self-assembled vertically aligned AIN NWs are grown on TiN-sputtered sapphire. AIN
NWs are grown nearly free of coalescence and homogenously all over the sample. The incubation
time of AIN on TiN in 1180 °C is found to be 20 mins. A significant contribution on growth rate
by Al adatom diffusion along the NW sidewalls is observed. They have single-crystalline defect-
free wurtzite structure with side and top facets. In contrasts with the case of GaN NWs, AIN NWs
side facets are determined to be {1120} (a-planes) which has higher surface energy respect to
{1100} (m-planes) which suggests a strong kinetic control during the growth.

For AIN NWs top facets (with 30° (£1°) angle respect to growth direction) two possible families
of planes {1125} or {1103} are recognized.

Due to lack of suitable substrate, such high temperate heteroepitaxial growth of AIN has not been
achieved before. AIN NWs grown on TiN, exhibit optical properties dominated by band-edge
emission. Such self-assembled AIN NWs grown on TiN films constitute a promising quasi-
substrate to host high quality AIN/(Al,Ga)N heterostructures for the realization of efficient devices

operating in the deep UV range.
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Failures

‘Success only comes by persevering despite failure’

Here I list some of the failed experiments during my PhD work.

e The MBE growth of InGaN on Si(111) without properly removing the native oxides from
the Si surface, ended to polycrystalline InGaN. Observation of 7x7 Si surface

reconstruction can grantee the oxide layers are properly removed.

e The MBE growth of InGaN on Si(111) without nitridation process ended to polycrystalline
InGaN (explained in chapter 3).

e To grow GaN NWs, at first I tried the stoichiometric TiN (sputtered on sapphire). In typical
growth temperatures the nucleation of GaN on stoichiometric TiN film didn’t occur (the
incubation time was infinity). After reducing the substrate temperature to lower
temperatures, nucleation happened, but instead of NWs, GaN grew in the shape of thick
blocks (Figure F1).

Figure F1: SEM image top view (top) and cross view (bottom) of GaN blocks grown on TiN.
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After failing to grow GaN NWs, I tried to have two-step sputtering process. At first step [
sputtered 0.8 um stoichiometric TiN on sapphire as the barrier to prevent oxygen diffusion
from sapphire to NWs (as explained before, the problem of oxygen diffusion from sapphire
to NWs is considered as the major problem with GaN NWs grown on Ti-sputtered'*
sapphire). At second step I sputtered 0.8 um Ti film on top of the sputtered TiN film. The
reason of this second layer is we were expecting GaN NWs should grow on Ti without any
problem (sine many papers have already reported the growth of GaN NWs on Ti!27:128:132)
But surprisingly there was not possible to nucleate on this surface. The reason is not clear

for us and needs further studies. I repeated this two-step sputtering process with 0.8 um

stoichiometric TiN and a very thin Ti film (about 50 nm) on top of that. But it failed again.

In case of AIN NWs, after successful results of growing self-assembled AIN NWs on TiN-
sputtered sapphire, to benefit from direct integration on Si, I tried to grow AIN NWs on
TiN film sputtered on Si(111) substrate (just replacing sapphire with Si). However, due to
very high growth temperature, Si surface was degraded and peeled off.
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