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“l learned very early the difference between knowing the name of something and knowing something.”

Richard Feynman, 1945
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Abstract

The importance of the deposition of Gallium Nitride (GaN) thin films on Silicon substrates at reduced temperatures
(< 500°C) stems from the increasing demand of the semiconductor industry in mitigating inherent drawbacks associated
with high-temperature processing arising from the thermal mismatch between the film and the substrate. This doctoral
thesis, done at LPICM in collaboration with IPVF, undertakes a comprehensive exploration of a low-temperature
processing methodology, focusing on Plasma based Physical Vapor Deposition (PVD) as a promising avenue for
circumventing the constraints of conventional growth techniques such as MOCVD and MBE. The newly custom-built
plasma PVD reactor paves way to explore low-cost I1I-V deposition by plasma, which is a novel topic at the lab. The
work delineates a systematic approach encompassing deposition processes, plasma diagnostics, material
characterization, and growth optimization strategies for GaN films deposited at room temperature (RT). Plasma
diagnostics play a pivotal role when investigating the intricate nuances of Ar-N» plasmas used in the deposition process.
The plasma discharge is characterized via optical emission spectroscopy (OES), two-photon absorption laser-induced
fluorescence (TALIF), and microwave interferometry (MWI) to obtain parameters related to plasma temperatures and
density. From the plasma diagnostics, two important parameters were estimated - the flux of the sputtered Ga atoms

(@6a) and their average energy at the substrate (E(S;Zb). This allowed us to address the interplay between plasma

characteristics and GaN film properties such as their growth rate and crystalline fraction. The assessment of GaN thin
films deposited at room temperature was done using characterization techniques such as SEM, AFM & GIXRD, XPS
and Cathodoluminescence (CL). Noteworthy findings include the successful growth of hexagonal wurtzite
polycrystalline GaN exhibiting growth rates of ~ 2 A/s and crystalline fractions of ~ 60% at an optimized sputtering
condition (6.6 Pa, 40% N3 and 100 W), clucidating the profound influence of process parameters such as the working
pressure, RF power and the N flow rate on the morphological, structural & optical properties. It was found that the
growth rate estimated through calculations (~ 2.4 A/s) was in good agreement with experiments, highlighting the validity

of our method. Similarly, E, ggb of Ga correlated well with the crystalline fraction of the GaN films. Further investigation

into the influence of substrate temperature from RT to 500°C emphasized the role of thermal energy in enhancing
adatom mobility and crystalline quality with the best crystalline fraction of almost ~ 95% obtained at a substrate
temperature of 400°C. Overall, this doctoral thesis provides an extensive understanding of the challenges,
methodologies, and advancements underpinning the low-temperature processing of GaN thin films via Plasma PVD,
by offering tangible insights into its optimization and control.



Résumé

L'importance du dépot de couches minces de Nitrure de Gallium (GaN) sur des substrats de silicium a des températures
réduites (< 500°C) découle de la demande croissante de l'industrie des semi-conducteurs pour atténuer les inconvénients
associés au traitement a haute température, tels que la diffusion d'atomes et les contraintes mécaniques dues a
I'incompatibilité thermique entre le film et le substrat. En effet, les méthodes conventionnelles comme la MOCVD
(Metal Organic Chemical Vapor Deposition) et la MBE (Molecular Beam Epitaxy) impliquent généralement des
températures élevées, ce qui peut entrainer des défauts structurels et une dégradation des dispositifs. Ainsi, la recherche
de méthodes alternatives de dépot a basse température devient cruciale pour améliorer l'intégrité des dispositifs
électroniques et optoélectroniques a base de GaN. Cette these, réalisée en collaboration avec le LPICM et I'TPVE,
explore une méthodologie de croissance a basse température pour le dépot de GaN. Elle se concentre sur le Dépot
Physique en Phase Vapeur (PVD) assisté par plasma (pulvérisation) basé sur un magnétron (RF), qui se présente comme
une voie prometteuse pour contourner les limitations des techniques de croissance traditionnelles. Le réacteur PVD-
plasma, récemment développé au LPICM, est congu pour explorer le dépot de semi-conducteurs I11-V a faible cout par
plasma, rendant ce projet un nouvel axe de recherche novateur au laboratoire. Ce travail repose sur une approche
méthodologique systématique, intégrant la compréhension des processus de dépot en couplant les diagnostics plasma,
la caractérisation des matériaux et les stratégies d'optimisation de la croissance des films de GaN a température ambiante
(RT). Les diagnostics plasma ont été déployés pour analyser le plasma Ar-N; utilisé. La décharge de plasma a été
caractérisée par des techniques avancées telles que la spectroscopie d'émission optique (OES), la fluorescence induite
par laser a deux photons (TALIF) et l'interférométrie micro-ondes (MWI). Ces techniques ont permis d'obtenir des
parameétres cruciaux liés aux températures et a la densité du plasma, fournissant une compréhension approfondie des
mécanismes de dépot. Les données obtenues ont permis d'estimer deux parametres critiques pour la croissance : le flux
des atomes de Ga pulvérisés et leur énergie moyenne au niveau du substrat. Cette estimation a facilité 1'étude de
l'interaction entre les caractéristiques du plasma et les propriétés des films de GaN déposés, telles que le taux de
croissance et la fraction cristalline. La caractérisation des films minces de GaN, déposés a température ambiante, a été
réalisée a l'aide de techniques variées telles que la microscopie électronique a balayage (SEM), la microscopie a force
atomique (AFM), la diffraction des rayons X en incidence rasante (GIXRD), la spectroscopie de photoélectrons X (XPS)
et la cathodoluminescence (CL). Parmi les résultats notables, nous avons obtenu des couches minces de GaN
polycristallin de structure wurtzite hexagonale avec des taux de croissance de ~ 2 A/s et des fractions cristallines de ~
60 % dans des conditions de pulvérisation optimisées : une pression de travail de 6,6 Pa, un ratio de 60/40 % Ar/N et
une puissance RF de 100 W. En outre, l'influence de ces parametres a été systématiquement étudiée, mettant en évidence
leur réle crucial dans les propriétés morphologiques, structurales et optiques des films déposés.

1l a été démontré que la vitesse de croissance estimée par les calculs (~ 2,4 A/s) concordait bien avec celle déterminée
expérimentalement, confirmant l'efficacité de notre méthode. De plus, nous avons montré que I'énergie moyenne des
atomes de Ga au substrat est corrélée avec la fraction cristalline des films de GalN déterminée expérimentalement. Une
étude approfondie de l'influence de la température du substrat (de RT a 500°C) a révélé le role essentiel de 1'énergie
thermique dans 'amélioration de la mobilité des atomes déposés et de la qualité cristalline, la meilleure fraction cristalline
de pres de ~ 95% étant obtenue a une température de substrat de 400°C. Globalement, cette thése, essentiellement
expérimentale, a permis de mieux comprendre les défis, les méthodologies et les progressions qui sous-tendent le
traitement a basse température des films minces de GaN par PVD-plasma. Elle offre des apercus concrets sur
l'optimisation et le contréle de la qualité du dépot, ouvrant ainsi la voie a des développements futurs dans le domaine
des semi-conducteurs a basse température. En intégrant des diagnostics plasma avancés et des techniques de
caractérisation sophistiquées, ce travail contribue a I'avancement des connaissances et des technologies dans le domaine
du dépot de GaN, avec des implications significatives pout l'industrie des semi-conducteurs.
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General Introduction

Gallium Nitride (GaN) has emerged as a pivotal semiconductor material in the current industry due to its multifaceted
advantages. One of its primary strengths lies in its efficiency compared to traditional silicon as GaN devices can operate
at higher voltages (>1000V) and frequencies (GHz). This characteristic facilitates the development of energy-efficient
electronic devices, extending battery life in smartphones and reducing electricity consumption in households. Moreover,
the material’s prowess in power conversion applications is noteworthy leading to the creation of smaller, lighter, and
more cost-effective power electronics used in various sectors, including electric vehicles and renewable energy systems.
Gallium Nitride on Silicon (GaN on Si) technology holds significant importance and offers several advantages. Firstly,
silicon is widely available and relatively inexpensive, its use as a substrate would facilitate cost-effective production of
GaN-based devices. This association with existing silicon manufacturing infrastructure enables seamless integration of
GaN technology into established semiconductor fabrication facilities, reducing the barriers to adoption and driving
scalability.

Conventional methods for growing GaN on Si substrates typically involve techniques such as metalorganic chemical
vapor deposition (MOCVD) and molecular beam epitaxy (MBE). These processing methods have been widely
established and explored for GaN growth on Si, each with its own set of advantages and challenges. One of the most
prominent challenges with such methods is the use of high growth temperatures (700°C — 1100°C) which can be
detrimental in several aspects. Among the challenges associated with the above-mentioned high temperature process,
the most important one is thermal mismatch issues induced by the difference in thermal expansion coefficient between
these two materials. In addition, the lattice mismatch between GaN and Si coupled to high temperature growth can
even more enhanced the occurrence of cracks and defects during post-growth cooling,.

One solution, considered in the present work is plasma-assisted growth processes that offer very distinct advantages
compared to conventional methods, lowering the temperature being only one of the numerous benefits. Unlike high-
temperature approaches, which require heating the entire substrate to allow for the dissociation of the gas precursors,
plasma allows for an efficient dissociation of gases by electron impact at room temperature, resulting in more efficient
energy transfer and lower material temperatures. This enables processing at significantly reduced temperatures.
Furthermore, plasma processing allows precise control over ion energy and flux, offering an extra parameter to provide
energy to the growing film. In addition, plasma can be used for performing in situ cleaning of the substrate, allowing
reduction in the number of processing steps involved in device production. It also enables the use of low gas/precursor
inputs; especially physical vapor deposition (PVD) which is easily scalable as it is already widely spread in the
semiconductor industry. If one talks about thin films and its crystalline quality, polycrystalline and amorphous films may
find attractive applications, which are not native to epitaxial films. Hence, it could be interesting to explore such avenues.
In this work, we developed a new reactor that aims at this purpose. It relies on plasma based PVD, i.e. reactive sputtering
to deposit GaN on Si substrates. Starting from scratch, we developed the reactor and then explore its capability in
producing GaN thin films. We explore the influence of process parameters such as the working pressure, N2 flow rate
and the RF power on the GaN thin film deposition at room temperature (without intentionally heating the Si substrates).
This thesis marks the initial phase in a broader pursuit undertaken at LPICM aimed at achieving epitaxial growth of
GaN on Si at reduced temperatures. The approach commenced with a systematic investigation into room temperature
growth to discern and characterize the underlying conditions, followed by a gradual integration of heating to enhance
the film quality. The primary objective is to delve into the fundamental aspects governing GaN growth, iteratively
refining deposition conditions to pinpoint optimal parameters while minimizing temperature requirements. Equal
importance has been given towards the characterization of both the plasma discharge (Ar-Nz plasmas) and the GaN
thin film thereby emphasizing on the influence of plasma parameters towards understanding the growth mechanisms

of the GaN layer in terms of morphology & crystalline structure.

The thesis is composed of five chapters:
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Chapter 1 serves as an introduction to the focus material, Gallium Nitride (GaN), providing an overview of its
properties, advantages, and applications. It discusses the significance of crystalline quality and outlines epitaxial and
polycrystalline thin film structures. The chapter also delves into the different growth processes for GaN thin films,
emphasizing the need for low-temperature methods and introducing plasma-assisted physical vapor deposition as a
potential solution. Additionally, it introduces plasma discharge basics, focusing on low-pressure cold plasma systems
and an Ar-N; plasma system. Lastly, it outlines the structure of the thesis and previews the core chapters.

Chapter 2 details the process and experimental procedures for GaN thin films deposition. It introduces the basics of
sputtering process, and presents the new plasma PVD reactor system that was fully designed and developed at LPICM.
The chapter details the specifics of the plasma reactor, its main components and discuss GaN growth on various silicon
substrates. It also introduces the solid-state characterization techniques used for GaN film properties assessment such
as SEM, XRD, XPS and cathodoluminescence (CL).

The core of this doctoral work, that encompasses Chapter 3 to 5, is illustrated in Figure 1. The three constituting blocks
were consecutively carried out to eventually reach one goal: achieving a high crystalline quality GaN films that could be
obtained at substrate temperatures as low as possible using the plasma PVD growth method.

/ CHAPTER 3 \ / CHAPTER 4 \
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Figure 1: Different building blocks of the PhD thesis.

Chapter 3 focuses on presenting a comprehensive analysis of the Ar-Ny plasma (facing the Ga target) under deposition
conditions. It first provides a short literature overview of various existing plasma diagnostic techniques , then elaborates
the one used in the present thesis, namely two-photon absorption laser-induced fluorescence (TALIF), microwave
interferometry (MWI), and optical emission spectroscopy (OES), that were respectively used to determine the absolute
N-atoms density, electron density and plasma characteristic temperatures ( Tgas, Tyip, Texc). The chapter concludes
with a discussion on plasma stability, density, and temperature qualification, emphasizing the critical role of these
parameters in optimizing the plasma PVD process for GaN thin film growth.

Chapter 4 presents a comprehensive assessment of the morphological, topographical, chemical and optical properties
of GaN thin films deposited at room temperature via plasma PVD as a function of (i) the pressure, (i) Ar/N> ratio and
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(iii) plasma power, which are known to be influent parameters in sputtering discharge. Notably, the chapter deals with
the correlation between the gas phase (plasma) properties to that of the grown films. In particular, it explores the
influence of both Ga-atoms flux and average energy (calculated from the knowledge of plasma parameters — chapter 3)
on the growth rate and crystalline fraction of the films, respectively.

Chapter 5 focuses on the characterization of GaN thin films deposited at varying substrate temperatures, highlighting
the importance of temperature control in optimizing film quality. It discusses the influence of growth temperature on
morphology, crystalline structure, chemical composition, and luminescence of GaN films, providing detailed insights
into the effect of temperature variations on film properties. The chapter concludes with a summary of findings on the
influence of temperature on the film quality and perspectives for optimizing growth conditions for GaN thin film

deposition.

Finally, a summary of the main findings from this thesis and potential perspectives related to reactor improvement,

growth improvement and integration towards applications are presented.
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The first chapter comprises mainly of four parts:

We first introduce the material at focus here - Gallium nitride (GaN). We start by explaining its properties,
advantages, uses and applications. A general overview of the material is presented. Then, we discuss briefly on the
structure and the importance of crystalline quality of GaN giving an overview of the different crystalline structures
of a thin film.

In the second section, we discuss about the different growth processes used to obtain GaN thin films. We start by
introducing the conventional methods, underlie the problem at hand using such methods and focus on why we want
to use low temperature methods for processing. We state that the use of a plasma assisted physical vapor deposition
(PVD) could be one viable solution.

In the third section, we introduce the basics of plasma discharge, explain about low-pressure cold plasma systems
and discuss about an Ar-N» plasma system such as ours.

At the end of this chapter, we discuss about the building blocks and outline of this PhD thesis. We give a brief
overview on the core of the four chapters that are later presented in this thesis.
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The current market for compound semiconductors has surpassed US$ 100 billion, and there are optimistic predictions
for its significant growth in the future (US$ 150 billion by 2030) [1] with an anticipated annual growth rate of 3.8%
through the forecast period [2]. The global trend for a span of 10 years has been predicted by the “Advance Materials”
sector and the graph is shown on Figure 1.1.A. One can observe a dominant position of III-V semiconductors in the
compound semiconductor market (Figure 1.1.A&B), which are due to several compelling reasons. First, these materials
offer superior performance characteristics compared to traditional silicon-based semiconductors, including higher
electron mobility, better power handling capabilities, and enhanced efficiency at high frequencies. Their unique
properties make them particularly well-suited for applications in industries such as telecommunications and
optoelectronics [3]. Additionally, II1I-V materials exhibit excellent radiation resistance, making them ideal for use in
harsh environments such as space exploration and military applications [4]. Furthermore, ongoing advancements in
fabrication techniques and material quality have continued to improve the performance and cost-effectiveness of I1I-V
semiconductors, further solidifying their dominance in the market and extending their needs to several application fields.

Compound Semiconductors Materials Market Distribution of Market Dominance — Compound Semiconductors
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Figure 1.1: A. The global compound semiconductor industry spending over a span of 10 years B. Distribution of the market
dominance of compound semiconductors. Both the graphs have been adapted and modified from the Trends analysis for
componnd semiconductors conducted by the Grand View Research corporation [5].

Majority of the applications that are focused today in the diverse field of micro-electronics, telecommunications and
medical industry owe a part to the III-V semiconductor matetial group [6], [7]. The market dependence on the field
of applications is shown in Figure 1.2. These applications vary from 3D Sensing for mobiles & computers to medical
wearables. they possess a high electron mobility when compared to semiconductors like Silicon, which is crucial for
high-speed applications such as RF amplifiers and high-frequency transistors [8]. Within the global semiconductor
industry, the optoelectronics segment currently holds the largest market share accounting for about 10% of the total
market [3]. The semiconductor market industry dominates the optoelectronic industry in terms of evolution and
performance. In terms of electronics, the market is set to benefit from the increasing utilization of I1I-V materials in
a range of applications, including electronic film coatings, electronic wafers, and integrated circuits.
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Figure 1.2: Diverse fields of applications for the compound semiconductors and their dominance on the market. Adapted from
the Yole intelligence report on compound semiconductor market evolution [9].

Moreover, the direct bandgap of I1I-V materials allows for efficient light emission and absorption, which makes them
ideal for optoelectronic applications like lasers, LEDs and photodetectors. I1I-V compounds can be engineered to have
a wide range of bandgap energies by varying the elemental composition [10], [11] as shown in the bandgap engineering
matrix for III-V semiconductors (Iigure 1.3). This flexibility allows for the design of semiconductors tailored to specific
applications, including solar cells and photodetectors that can operate across various parts of the electromagnetic
spectrum [12].

— e,
~ / ""--.\
\ MgSe
z 2 [BX /
% BeTe
o ZnS
§ AP o ZnTe
()] [ [F
c ,Ji rl—\lf‘\
w  a2p GaP i AlAs e
15 \ GaAs [ — | P | | CdSe
10 1 mx ®
8i
57 s | el
10 32 36 51 52 55 6.0 6.2
Lattice Constant [A]
O eI 0O m-v O T-VI

Figure 1.3: Wavelength engineering matrix. Bandgap vs lattice constant for IV-IV, III-V and II-VI semiconductors [13].

A subset of the III-V semiconductor group are the III-Nitride semiconductors. These materials are composed of
elements from group III combined with Nitrogen. They possess similar properties as that of I1II-V, namely a direct
bandgap, excellent thermal & mechanical properties [14], high radiation resistance and a high electron mobility [15].
This once again makes them a prime candidate to focus on a wide array of applications including high-speed electronics,
optoelectronics and solar cells [16], [17]. One important material within the III-N semiconductor group and the main
protagonist in this study is Gallium Nitride (GaN).
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1.1 Gallium Nitride

Gallium nitride (GaN) is a semiconductor material with a wide bandgap that has found numerous uses across various
technologies. The study of GaN began in the 1960s, but it was only from the 1980s that researchers successfully grew
high-quality GaN crystals [18, p. 1], [19], [20]. The initial development laid the foundation for its commercial
applications, wherein the early 1990s, researchers from Nichia in Japan, namely Shuji Nakamura, Isamu Akasaki, and
Hiroshi Amano made a groundbreaking discovery [21] when they developed the first practical blue LED using GaN-
based materials [20], [22], which eventually was a turning point as it completed the RGB (red, green, blue) color
spectrum, allowing for the production of white LEDs, which revolutionized the lighting industry. From this point, GaN
becomes vital in high-power electronics, such as power amplifiers and RF transistors, due to its high electron mobility
and ability to handle high temperatures owing to its high break down voltage since voltage stresses can be significant at
high temperatures. It also plays a key role in the production of high-efficiency LEDs, enabling energy-efficient lighting
and displays. GaN's properties make it essential in high-frequency applications like radar and wireless communication,
contributing to advancements in 5G networks and satellite technology [23]. Moreover, its high radiation resistance
makes it ideal for use in space technology, while ongoing research explores its potential in emerging fields such as
quantum computing. As of now, GaN's versatility and efficiency still continue to drive the innovation in electronics,

optoelectronics, and beyond [24].

1.1.1 GaN band structure & properties

Group III-nitrides can form crystals in two different structures known as wurtzite and zinc blende (Iigure 1.4). The
main distinction between them lies in their stacking sequences. In the wurtzite phase (Figure 1.4.A), the stacking
sequence is represented as ... ABAB... along the [0001] axis, whereas in the zinc-blende phase (Figure 1.4.B), the sequence
is ..AABB... along the [111] axis [25]. The capital letter A represents the distinctive position of group III cations (ex:
Ga’*), while the capital letter B represents the position of nitrogen anions (N3) in the triangular lattice on the (0001)
plane. The wurtzite hexagonal close packed structure is the most common and stable crystal structure of GaN. It is

thermodynamically favored under certain growth conditions, especially in thin films and nanostructures [20].

(© [0001]/[001]
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Figure 1.4: Crystal structure of: A. Wurtzite GaN ; B. Zinc-blende GaN ; C. relationship between the axes and crystallographic
directions [27].

The zinc blende structure is less common for GaN but still important, especially when GaN is grown on substrates with
a cubic lattice structure like silicon (Si). In the zinc blende structure, gallium and nitrogen atoms form a face-centered
cubic (FCC) lattice arrangement, similar to the structure of diamond [28]. However, this structure typically has an
indirect bandgap, which makes it less suitable for optoelectronic applications. It is worth noting that the choice of crystal
structure depends on the growth conditions, substrate materials, and the intended application of GaN-based devices.
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Itis important to note that commonly, the wurtzite structure is favored for light-emitting devices, while the less common

zinc blende has potential applications in areas such as spintronics and quantum computing [29].

The physical and optical properties of GaN along with some common III-V nitrides are listed in Table 1.1. GaN is a
hard, brittle material with high mechanical stability. It can withstand harsh environments and is used in a variety of
applications where durability is crucial [30], [31]. GaN, with its wide bandgap and low thermal expansion coefficient
when compared with other I1I-N materials is a potentially suitable material to combine with other useful semiconductors
such as Silicon.

Table 1.1: Properties of wurtzite ITI-N materials [31], [32], [33]

Parameter GaN AIN InN
Energy band gap (eV) (300K) 3.39 6.2 0.7
Lattice constant a(A) (300K) 3.189 3.112 3.545
Lattice constant c(A) (300K) 5.186 4,982 5.703
Thermal conductivity (Wem1K) 1.3 2.0 -
Thermal expansion coefficient a, (10-9K-1) 4.3 5.27 5.6
Refractive index n (632 nm) 2.38 2.15 3.15
Dielectric constant e 8.9 8.5 15.3

Apart from the conventional properties listed in Table 1.1, several other important properties are important to consider:
the critical breakdown voltage, the thermal conductivity, the melting point, and the electron (saturation) velocity. These
allows to directly contrast the performance between semiconductors as shown in Figure 1.5 that compares the electronic
properties of GaN with those of Si and SiC which are both dominant materials in the semiconductor industry. As can
be cleatly seen in Figure 1.5, GaN-based devices offer considerable benefits in terms of operating at high voltage, high
frequency, and high temperature.

It is clear that GaN leads in high frequency and high voltage areas. SiC seems to be the superior semiconductor in the
area of thermal conductivity and silicon is largely outmatched. GaN has a higher speed capability, can operate at higher
voltages and can operate well at high temperatures.

Energy Gap
(eV)
4 High Voltage
Operation
Melting Point Breakdown Electric
(x10*°C) 2 Field (MV/cm)

High —0— Si
Temperature —0— SiC
Operation O— GaN

Electron Mobility

Thermal on M
Conductivity (x10° cm*/Vs)
(WiemK) High Conduction
and High Switching

Electron Saturation ~ Performance
Velocity (x10! Mem/s)

Figure 1.5: Radar chart of physical and electronic properties of GaN compared with Si and SiC [34]
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Among the applications discussed above for GaN-based devices, one always considers a high quality epitaxial GaN film
grown with least defects to obtain a high performance. Essentially, it is important to consider that the road to obtain a
high quality epitaxial thin film often comes down with attaining a film with lower quality at first. Although, this enables
one to broaden the scope of such material towards ditferent applications. The huge success of crystalline GaN as an
electronic and optical material has motivated an enormous effort to explore all aspects of the material, seek improved
means of growth, and explore avenues of finding applications to fulfill necessities that does not require epi-grade layers.

1.1.2 GaN crystallinity

The crystallinity of GaN is essential because it affects its electronic, optical, and thermal properties. On the one hand,
single-crystal GaN, with a well-defined crystalline structure, is highly desirable for high-performance applications due
to its superior electrical and thermal properties. A high quality epitaxial film is ideally characterized by its electron
diffraction pattern, which should depict growth along a single crystal plane thereby announcing the material as a single
crystal layer. Figure 1.6.A shows one such example where a high quality epitaxial GaN thin film was grown on Sapphire.
The epitaxial growth of electronic grade GaN (0001) onto c-plane ALOs3 from Figure 6.A was processed using a reactive
DC-MSE (magnetron sputtet epitaxy) at 700°C. The epitaxial grade quality of the film was confirmed using the selective
area electron diffraction pattern (SAED) obtained from TEM micrograph as shown in Figure 6.A [35]. The SAED
pattern (inset of Figure 6.A) is characteristic of a single crystal GaN epi-layer on sapphire with the relation:

[1120]gan || [1100] 41203 which depicts a lattice matched growth from the substrate. The lattice constants of the
deposited GaN were measured via the reciprocal space mappings (RSMs) obtained from X-ray diffraction
measurements, which are shown in Figure 1.6.B.

A

GaN 1015

T0.02 000 002 220222 2.24 2.26 2.28 2.30 2.32 2.34

Q, (1/A)
Figure 1.6: Growth of a high-quality epitaxial GaN thin film on AlOs;. A. XTEM micrograph and selected area electron

diffraction Pattern of the film and substrate; B. Reciprocal space mapping around the GaN 0002 and 1015 reflections. Figures
taken from the work of M. Junaid [35].

Both these reflections recorded the same azimuth depicting a growth in the same direction. The positions from the
RSM graphs yield lattice constants z and ¢ ~3.1 87A and 5.190A which are very close to a bulk single crystal GaN thereby
confirming the single crystal nature of the film. On the other hand, polycrystalline thin films are materials with a
structured arrangement of multiple crystalline grains within a thin, flat layer. Unlike single-crystal thin films, which have
a uniform and continuous lattice structure, polycrystalline thin films are composed of numerous small crystalline regions
with different orientations. These grains are separated by grain boundaries, where the atomic arrangement transitions
from one grain to another [36]. The microstructure of a polycrystalline thin film is shown in Figure 1.7 depicting the
crystal orientation and grain boundaries.
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Figure 1.7: Microstructure of a polycrystalline thin film material.

Although the quality lags with respects to an epitaxial thin film, there are numerous advantages of a polycrystalline film.
Indeed, they can be processed at lower growth temperatures, making them suitable for flexible electronics, displays, and
sensors [37]. In addition, due to the presence of grain boundaries and imperfections, polycrystalline thin films typically
have lower thermal conductivity than their single-crystal counterparts do [38] which can be advantageous in applications
where thermal insulation is required.

Figure 1.8 presents the work of Jadyn K. Sprenger [39], who managed to grow polycrystalline (pc) GaN on Si (100)
substrate using atomic layer deposition (ALD) at 100°C. A typical pc-GaN film has growth orientations across several
crystal planes that could be identified with the grain orientation from a TEM micrograph (Figure 1.8.A) or from XRD
patters (Figure 1.8.B). The XRD pattern shows the growth along several crystal facets confirming the polycrystalline
nature of the thin film. The Si (100) peak has the highest intensity, as the grown GaN film is thin (<200 nm) and so the
x-ray penetrates the single crystal substrate.
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Figure 1.8: A. TEM image of GaN grown on Si (100). B. XRD pattern of a pc-GaN grown at room temperature and 100°C
using ALD. Reproduced from the work of JK. Sprenger [39].

Over the past few decades, the interest in polycrystalline GaN is slowly growing since its deposition conditions are more
lenient than those of epitaxial GaN. A limited amount of research has been done so far to study the growth of
polycrystalline GaN using plasmas at growth temperatures ranging from room temperature up to 550°C [40], [41], [42],
[43], [44], [45], [46]. Recent works by H. Wei et al (2019) [47] and P. Qui et al (2020) [48] demonstrate the use of
polycrystalline GaN as an electron transport layer (ETL) in perovskite solar cells, paving its way towards photovoltaic
applications. The ability to use diverse substrates, to deposit at lower temperatures opens the door to flexible devices
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fabrication, and to be able to grow GaN directly on the substrate without using a buffer layer, are some of the important
reasons for this interest.

The quality of the GaN thin film be it epitaxial or polycrystalline entirely depends on the process method used to grow
the film. Some methods can yield a high quality layer, but require more energy input to achieve such high substrate
temperatures and can be complex for large scale processing. On the other hand, some processing methods could be
simpler, less complex and may require less energy, but compromise on the quality of the thin film. Hence, it is essential
to focus on the right processing method that can accommodate the quality of the film, energy aspects of the growth
and focus on application compatibility.

1.2 Processing methods for GaN growth

1.2.1 Conventional processing methods

Conventionally, there are two common processing methods to grow high-quality GaN namely metal organic chemical
vapor deposition (MOCVD) and molecular beam epitaxy (MBE).

MOCVD

Metal Organic Chemical Vapor Deposition (MOCVD) is a widely used technique for the epitaxial growth of Gallium
Nitride (GaN) thin films and device structures. This process is crucial for the production of high-quality GaN materials
used in various applications, including light-emitting diodes (LEDs), high-power electronics, and laser diodes. The
schematic of an MOCVD system is shown in Figure 1.9.
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Figure 1.9: Reactor schematics of a typical MOCVD system for the deposition of a group II-nitride [49].

MOCVD is a chemical vapor deposition technique where volatile metal organic precursors (TMGa) and ammonia (NHs)
react on the substrate at elevated temperatures to produce epitaxial GaN thin films. The reaction is typically carried out
in a reactor chamber with controlled temperature and pressure conditions. The substrate holder is heated to the desired
growth temperature, typically in the range of 800°C to 1100°C, using resistive ot induction heating elements.

During growth, the metal organic precursors adsorb onto the substrate surface releasing gallium atoms while ammonia
undergoes pyrolysis to release nitrogen atoms. These atoms react on the substrate surface to form a monolayer, which
then serves as the nucleation site for further GaN growth. Epitaxial GaN layers are built up one atomic layer at a time,
allowing precise control over layer thickness, composition, and doping. After growth, the sample is gradually cooled to
room temperature to avoid thermal stress.
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This growth method has several attractive features as it provides a high growth rate ~ 7A/s [50] and large area
deposition. It provides us with an epitaxial quality material with a very low defect density (~ 105 cm?) and has an
excellent control over film thickness, composition and doping.

Despite its attractive features, the one area, which is considered a challenge in such growth method, is the use of high
temperatures for deposition, which is usually followed by a long cooling down of the sample, which might introduce a
significant amount of defects in the thin film.

MBE

MBE is a highly precise thin-film deposition technique used for the epitaxial growth of various semiconductor materials.
MBE is known for its ability to produce high quality, low-defect density films with atomic-level control. It operates in
ultra-high vacuum conditions and utilizes atomic beams of source materials to deposit thin layers of GaN on a substrate.
The process uses effusion cells to contain and heat the source materials, typically gallium and ammonia source, which
is, cracked either thermally or via RF plasma. Knudsen cells or electron-beam evaporators are commonly employed.
These cells control the flux of material onto the substrate. A schematic of a usual MBE system is shown in Figure 1.10.
Ga and N source materials are heated in their respective effusion cells. The molecular or atomic beams impinge on the
substrate surface and GaN growth occurs atom by atom to form a crystalline layer. Ga and N fluxes are carefully
controlled to achieve the desired stoichiometry.

MBE allows for precise control over layer thickness and composition by adjusting the flux rates and growth temperature.

RHEED electron gun Rotatingsample holder

lonizationmanometer

Principalshutter
Window

Cellshutters

Air lock valve

Effusioncells

Effusion cells

Effusioncells Sample

transferunit

Window

Fluorescentscreen

RHEED Motor

Figure 1.10: Schematic of a typical Molecular beam epitaxy (MBE) growth chamber consisting of the effusion cells with the
shutters, the UHV chamber, the turbo pump, the reflected high-energy electron diffraction (RHEED) gun and the substrate
equipped to a magnetic manipulator [51].

MBE has several attractive features such as its exceptional control over film thickness, stoichiometry, and crystalline
quality. The ability to produce low defect density and high crystal quality and it precision to control doping profiles. Its
only drawback is that the use of ultra-high vacuum (UHV) equipment is technically demanding and expensive. This
limits its exposure and scalability in industry. Hence, mostly utilized in lab-scale research, molecular beam epitaxy (MBE)
processes are continuously refined by researchers to cater to the increasing demands of advanced semiconductor
applications.

There are several other methods such as hydride vapor phase epitaxy (HVPE) [52] , sublimation of gallium and nitrogen
sources (physical vapor transport) [53] and ammonothermal growth [54] which are less extensively used when compared
to the above conventional methods and hence are not widely discussed in this thesis.

Each of these methods has its advantages and disadvantages, and the choice of a specific method depends on the
intended application, cost, and equipment availability. The most common point amongst all the growth methods is the
use of high growth temperature (> 700°C). Itis therefore important to identify to which extent such high temperatutes
can be detrimental to the thin film and how it can be avoided.
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1.2.2 Need for a low temperature growth process

The utilization of a low-temperature process (< 500°C), relative to the conventional methods paves the way to mitigate

several drawbacks, some of which ate:

D

1)

111)

Thermal mismatch at high temperatures — it occurs when two materials with different coefficients of
thermal expansion (hetero-epitaxy) are subjected to changes in temperature (usually cooling post
growth) [55]. The differential expansion of materials can create strain and stress within the crystal
structure [56]. These stresses can cause deformation and structural damage if they exceed the material's
mechanical limits causing cracks and fractures. For instance, when considering the hetero-epitaxy of
GaN on S, one have to handle a lattice mismatch of ~ 17% which basically induce the issues illustrated
in Figure 1.11.A (reveals high stacking faults in GaN near the interface with a Si substrate) If we include
the post growth cooling effects by considering the thermal expansion coefficients at high temperature
growth processes, then the grown layer will have cracks and defects. Consequently, low-temperature
growth allows for more gradual lattice relaxation and can mitigate these issues [56]. Blah

Processing for temperature sensitive applications - Certain semiconductor devices and applications,
such as flexible electronics and organic semiconductors are highly sensitive to temperature. Low-
temperature growth is essential to ensure the functionality and integrity of these devices [57]. In some
cases, semiconductor materials must be integrated with other materials to create tandem devices in
which the latter material cannot withstand high temperatures. In these cases, a low-temperature growth
process is necessary to achieve compatibility and integration [58].

Elevated energy input at high temperatures — the demands of high-energy inputs can be explained in
terms of the necessary aspects that are responsible. The high temperature required in conventional
growth processes (~ 1000°C) necessitates significant energy input to heat the growth chamber or
substrate. Moreover, high temperatures can lead to increased material wastage through evaporation or
decomposition of precursors. The importance for low energy consumption can be linked to the
ecological impacts wherein reducing the energy consumption means reduced greenhouse gas emissions
and less reliance on fossil fuels for energy generation, thus contributing to mitigating climate change.

A v 5.00

Figure 1.11: High resolution TEM micrographs of (a) GaN/Si hetero-interface and (b) GaN away from the interface[59].

As there are several drawbacks in growing semiconductors at high temperatures, we look towards processing methods

that uses substrate temperatures as low as possible while ensuring and optimizing the growth of GaN thin films. Would

low-pressure plasma be the solution?

1.2.3 Plasma assisted processing methods

Figure 1.12 shows the schematics of a plasma-assisted processing method. Plasma-assisted growth processes have

several advantages over conventional growth methods. Plasma assistance can circumvent the requirement of high
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temperature processing. Conventional high-temperature methods involve heating the entire material or substrate to
achieve the desired reactions or material transformation. In contrast, plasma processing primarily heats the gas, which
has a much lower thermal mass. This means that the energy transfer to the material being processed is more efficient,

and the overall temperature of the material can be maintained at a much lower level.

SUBSTRATE

Growth zone

Electric field

Power Reactive
gas

Figure 1.12: Schematics of a plasma-based processing method.

Secondly, plasma can dissociate and ionize reactive gases, allowing chemical reactions to occur at lower temperatures
on the substrate. Plasma processes also offer a control over the ion energy and ion flux impinging to the substrate [60].
By adjusting the applied electric fields within the plasma processing equipment, it is possible to control the trajectories
and energies of ions. This allows for precise manipulation of ion to suit the specified deposition.

There are several types of plasma-assisted processing methods such as Plasma-Enhanced Chemical Vapor Deposition
(PECVD) [61], Plasma-Assisted Molecular Beam Epitaxy (PA-MBE) [62], remote plasma atomic layer deposition (RP-
ALD) [63], etc. However, in this thesis, the focus is made on one such method known as Reactive Sputtering, which
belong to the PVD class.

1.3 Plasma discharge

Plasmas are classified according to their density of charged particles and their temperature. They are visible on earth
and in their natural state (at very high temperature) such as in lightning and polar aurora [64]. At the inverse, non-
equilibrium plasmas produced in laboratory generally operate at near room temperature conditions.

Hereafter, we introduce some basics of plasma discharge trough the description of some usual parameters that define
plasma systems.

1.3.1 Cold Plasmas

Cold plasma, also called non-thermal plasma, is a unique and the fourth state of matter that sets it apart from the usual
(solid, liquid, and gas). Unlike traditional plasmas linked to high temperatures seen in stars or lightning, cold plasma
occurs at or close to room temperature. It comprises of charged particles like electrons, ions, and excited atoms or
molecules, yet it does not notably raise the temperature of its surroundings. Usually, microwave, DC and radiofrequency
excitation are the two common methods used to excite and sustain plasmas.

Cold plasmas can be generated by applying an electrical discharge between two electrodes, namely the cathode and
anode, within a low-pressure gas environment. The electric field accelerates the charged particles, thereby increasing
their energy [65]. Due to the electrons' lower mass, they experience greater acceleration by the electric field, resulting in
a temperature difference between electrons, ions, and neutrals. Cold plasmas find applications in industries such as
microelectronics and surface treatment, including processes like Physical Vapor Deposition (PVD) such as outs.
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Plasma density
Density in a plasma refers to the number of particles per unit volume. It comprises of ions, electrons and neutrals. In

equilibrium, a plasma generally remains neutral (charge neutrality) where the following equation is obeyed:

Re- + np- = nge 1.1

where 7 is the density and e 7,i~, i* are the electrons, negative and positive ions respectively.

The different species within the plasma are continuously engaged in interactions [66]. Each species exhibits directional
motion towards the electric field and possesses its own energy, determined by its mass and collisions with the
surrounding gas.

The velocity profiles of particles are described by a probability distribution function. In many cases, the distribution
function is approximated using the Maxwell-Boltzmann type, which allows for the translation of the probability density
function. This translation ensures that the quantity (AN ~ change in the number of particles in a given volume) of a
particular species has an energy between E and E + dE [65]. Mathematically, it is represented as:

dN 1 1 E (1.2)
B = 5= L

where, the symbol kg represents the Boltzmann constant, and T denotes the absolute temperature corresponding to
the population j (where j can represent electrons, ions, or neutrals). As an initial approximation, equation (1.2) describes
the distribution function of the species found in the plasma.

The level of ionization in a plasma, represented by the parameter g, quantifies the proportion of charged species relative
to the total density. It is defined as follows:

ooy (1.3)
a = —_—,—,—
n, + n;

where 7, and 7 are the neutral and ion densities respectively.

Mean free path
The mean free path refers to the average distance that particles travel between two collisions. It is influenced by the
density of particles and the likelihood of their interactions with each other [67]. Mathematically, it is represented as:

1 (1.4)

A= —
o.n

where 7 1is the particle density and o1is the collisional cross-section. On elaborating this, we obtain a relation of the mean
free path with respect to pressure:

1.5)
(pa + ©4)? M, (
=834x10Mp——9 142

A=834x10""p 2 +Mg

The diameters (Qa, @g) and atomic masses (Mq, M) of the atoms in the material or gas, along with the working pressure
p, ate involved in determining the mean free path.

Typically, the mean free path between an argon atom and an electron changes with pressure. At 300K and an electron
energy of 10 eV, with a cross section of 1.66 X 10-16 cm? (value close to our reactor system), at 50 mTorr (6.6 Pa) and
100 mTorr (13.3 Pa) pressures, the mean free paths are 0.5 cm and 0.25 cm, respectively. For gallium atoms colliding
with an electron, it's approximately 0.2 cm.
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In plasma, electrons play a crucial role in the excitation and dissociation processes due to their lighter weight.
Additionally, ion bombardment, chemical reactive recombination, and metastable energy transfer can also contribute to
the emission processes. Thus, plasma emission can occur through several mechanisms listed as follows:

a) Electron impact excitation,

A+ e > A"+ e” (1.6)
A*> A+ hv
b) Electron impact dissociation,
AB+ e - A"+ B+e™ (1.7)
A*> A+ hv
c) Jon impact processes,
AT+ e (+M) » A*(+M) (1.8)
A" > A+ hv

d) Chemiluminescent recombination reaction,

A+BC - AB*+C (1.9)
AB* > AB + hv

A, B and C are atoms or molecules, e is an electron, e~ (+M) may be a neutral species, a negative ion, an electron

plus a third body or a surface (e.g. electrodes, reactor walls or particles in the plasma) [68].

1.3.2 Low-pressure plasma systems

Plasma based systems operate over a wide range of working pressure ranging from a few Pascals to atmospheric
pressure. Low pressure plasmas are generated in a vacuum based environment. They have low particle densities, resulting
in aless frequent collision between chatrged patticles/reactive species which reduces the chance of energy losses through
collisions leading to a more stable and controlled plasma [69]. Typically, low pressure plasma systems are used for
materials processing, thin film deposition, etching and surface modification. Some of its applications include magnetron
based sputtering for thin film deposition, reactive ion etching (RIE) for semiconductor processing and PECVD for thin
film growth.

High-pressure plasmas have high particle densities, more collisions and are generally used for surface cleaning, cutting,
welding and dielectric barrier discharge for ozone generation (DBD) [70]. For relevance based on the context of this
thesis, we will focus on low pressure reactive sputtering at a working pressure of a few Pascal, where the sputtered
atoms undergo lesser collisions in the discharge leading to reduced energy losses and hence have a better probability of
reaching the substrate. For GaN growth, Ar and N> were employed as sputtering gases, with N» primarily serving as the
source of nitrogen atoms, and hereafter, we offer further insights on this process.

1.3.3 Reactive sputtering for GaN growth (Ar-N: plasma facing Ga target)

Efficient sputtering of Ga atoms is essential for the growth of our GaN thin films. The use of a pure N2 gas for
deposition usually requires an additional reactive evaporation step of the Gallium target, which makes the deposition
process more complex. Moreover, if we use a pure Nz plasma, the process of nitridation (plasma breaks apart the N
molecules, generating reactive nitrogen species such as atomic nitrogen and nitrogen ions) can be challenging due to the
strong triple bond present in Nz [71] [72].
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Figure 1.13: Plasma discharge from the growth chamber in our plasma PVD reactor. A. Pure Ar plasma B. Ar-Nj plasma

standard process conditions.

It is crucial to optimize the production of the active species such as nitrogen atoms in order to control surface
interactions during film growth and achieve high-quality films A simple solution would be to use Argon as a sputtering
gas and keep the nitrogen as a sputtering cum reactive gas. Addition of inert gases such as Ar in a pure Ny plasma might
increase the density of the active species by ionization and excitation (Penning) processes [73] and because of its heavy
molecular weight, it can be primarily used for sputtering the Ga target. For the deposition of GaN thin films, in our
custom-built reactor, we use both Ar and N as the process gases and the corresponding plasma generated in a pure Ar
and pure N environment is shown in Figure 1.13. A&B.

Research works done so far in understanding GalN growth by magnetron sputtering using Ar-N; plasmas

Magnetron sputtering epitaxy of GaN (gallium nitride) using Ar-N» plasma has been an area of extensive research,
focusing on improving the quality of GaN films for various applications, especially in optoelectronics and high-power
clectronics. Early works by F. Hernandez-Maldonado et al. demonstrated the feasibility of growing GaN films using
reactive sputtering with an Ar-N, mixture, emphasizing the significance of nitrogen incorporation and its impact on
film quality and crystallinity. Subsequent studies delved deeper into optimizing the sputtering parameters.

For instance, research by K. Matsubara et al. investigated the effects of substrate temperature, RF power, and gas flow
ratios on the structural and optical properties of GaN films, highlighting the critical role of precise control over these
parameters to achieve high-quality epitaxial layers. Additionally, L. Dai et al. explored the influence of substrate choice
and surface preparation on the epitaxial growth, demonstrating that substrates like sapphire and silicon carbide (SiC)
significantly affect the growth mode and defect densities in GaN films.

The introduction of advanced characterization techniques, as seen in the works of J. S. Speck et al., provided deeper
insights into the defect structures and strain states in GaN films, offering pathways to mitigate defects through optimized
sputtering conditions and post-growth treatments. Moreover, recent advancements by Y. Takeda et al. in plasma
diagnostics and control have further refined the process, enabling the production of GaN films with superior electronic
properties suitable for high-frequency and high-power device applications.

M. Junaid et al. provided a comprehensive study on the film properties and growth mechanisms, revealing how different
sputtering conditions influence the crystalline quality and surface morphology of GaN films, which is crucial for device
performance. Similarly, S. Motomura et al. investigated the impact of sputtering power and nitrogen partial pressure on
the properties of GaN films, identifying optimal conditions for achieving low defect densities and high luminescence
efficiency, thus pushing the boundaries of material quality for optoelectronic applications. Collectively, these studies
underscore the significant progress made in magnetron sputtering epitaxy of GaN with Ar-N» plasma, paving the way
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for its widespread adoption in advanced electronic and optoelectronic systems and to further explore the nuances of
the basic understanding on the GaN deposition process using magnetron sputtering.

1.4 Building blocks & outline of this PhD

The introduction chapter focused on three main parts — the material (GaN), the problem at hand (low temperature
growth process) and the potential solution (Plasma PVD of GaN). It stated the importance and dominance of GaN in
the semiconductor industry especially for applications in the field of optoelectronics & power electronics. The
conventional growth process and their limitations were discussed, introducing the reason why we considered plasma
based methods as an alternative way that has to be further investigated: the goal of my thesis.

This PhD thesis is divided into 4 chapters. Chapter 2 first introduces the custom-built plasma PVD reactor at LPICM
to deposit GaN, which is a novel topic for the lab. A good part of the first year of the thesis was spent on developing
the plasma reactor. Consequently, the chapter focuses on explaining the growth process, thereby explaining about the
process of sputtering, the plasma operation, the main process parameters involved, the substrate used and the growth
chamber properties. As far as thin film properties are concerned, we used several ex-situ solid-state characterization

techniques that will be introduced.

Chapter 3 named “Plasma diagnostics” is entirely focused on the qualification of Ar-N» plasma under growth regime.
An extensive focus is made on the description of plasma diagnostics such as optical emission spectroscopy (OES), two-
photon absorption laser induced fluorescence (TALIF) and microwave interferometry (MWI). The methodology and
procedure behind each in-situ method is thoroughly explained. Some results such as the nitrogen density and electron
density are discussed to have an insight on the growth process. Additionally, the contamination by oxygen in the reactor

is briefly discussed paving way to the GaN material qualification.

Chapter 4 focuses on the material qualification of the GaN films. It focused on describing the main features of the
GaN thin film that has been deposited at room temperature. The structure, morphology, chemical quality and the
composition profile have been analyzed. We report our first successful growth of polycrystalline GaN at room
temperature and discuss its main properties. The chapter revolves around process optimization. Hence, the trends in
the quality of the thin film at various process parameters such as the RF power, working pressure and N> flow variation
have been extensively investigated. An anomaly was observed while characterizing our GaN films, which was the
presence of high concentration of oxygen contaminant present in the bulk. Implementation of additional plasma &
reactor cleaning steps helped reducing the contaminant to an extent, but not completely. This led to the question of
whether increasing the growth temperature might help us towards mitigating contaminants and improving the GaN
film quality, which paves the way towards Chapter 5. Chapter 5 focuses on the parametric study of GaN on Si at
various substrate temperatures (from RT to 500°C). We present the optimized best quality GaN thin film that could be
obtained while working at such temperatures using plasma PVD.
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In this chapter, we present the process and the experimental procedures used/developed to deposit GaN thin films.
We first introduce some basics of sputtering processes. Then we present the plasma PVD reactor system that was
developed at LPICM during my thesis, including the reactor chamber and various important parts such as the
substrate holder, the liquid Ga target and the magnetron system. Section 3 is dedicated to the growth of GaN on
various types of Silicon (different orientations) to identify it effects on GaN growth quality. We finally introduce all

the solid-state characterization methods/ techniques used to qualify our GaN film.
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2.1 Plasma based sputtering

2.1.1 Basics of sputtering

Sputtering involves the removal of atoms from a material by bombarding it with high-energy ions. The material being
bombarded is referred to as the target, which can be either solid or liquid. In this thesis, we used a liquid Gallium target.
To create the ions necessary for sputtering, a sputtering gas, usually a heavy and inert atom such as Ar is introduced
into a vacuum chamber. The positive ions in the plasma are then accelerated towards the target material that is negatively
biased. When the ions collide with the target material, they transfer energy to the atoms of the target. The energy

exchange, E g is given by a formula involving the mass of the incident ion, M; and the target atom My

. _AMM, 2.1)
transfer — W

When the energy transferred to the atoms of the target exceeds the surface binding energy, the atoms are sputtered off.
The sputtering yield, which is the number of atoms ejected per incident particle, is an important measure of the
sputtering process efficiency [1]. Figure 2.1.A illustrates the sputtering process. Besides atom ejection, the interaction

between ions and the target surface generates secondary electrons and reflected neutrals.

6
SPUTTERED ATOM
REFLECTED
SECONDARY NEUTRALS
INCIDENT ION ELECTRONS
TARGET SURFACE
0

0 1000 2000 3000 4000 5000
Argon lon Energy, eV

Figure 2.1: A. Illustration of the sputtering process. B. Sputter yield of a metallic target (Cu) with Ar* ions [2].

The impacting ions can also become implanted in the target material when their impinging energy is of the order of a
few keV range, cither with or without the ejection of target atoms. The secondary electrons, repelled by the negative
potential applied to the target, play a crucial role in sustaining the discharge by aiding the gas ionization process. The
sputtered atoms from the target material eventually reach the substrate and form a thin film on its surface. An example
of a sputter yield of a Cu target with the Ar* ions is shown in Figure 2.1.B. We define an important parameter here
known as the threshold energy for sputtering. This threshold energy is crucial because sputtering efficiency strongly
depends on it. Below this threshold, the incident particles do not have enough energy to dislodge atoms from the surface
effectively. Above the threshold, the sputtering yield (the number of atoms ejected per incident particle) increases
significantly with increasing energy until saturation is reached. Typical threshold energies for sputtering often are in the
range of a few tens of eVs. For systems consisting of gas mixtures involving an inert (e.g. Ar) and a reactive gas (e.g.
Nb>), it is essential to monitor the sputtering rate at different gas fractions to maintain an efficient sputtering of the target.
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Magnetron based sputtering

Magnetron sputtering is a method that enhances the ionization process during sputtering by utilizing a magnetic field.
sustained by permanent magnets positioned on the backside of the target where two common configurations are shown
in Figure 2.2 (balance A and unbalanced B). When subjected to both magnetic and electrical fields, the secondary
electrons ejected from the target follow a cycloid path near the target surface due to the Lorentz force acting on them

[3]-

SUBSTRATE SUBSTRATE

TARGET TARGET
N S N N S N

Figure 2.2 : Types of magnetron effecting the shape of the magnetic field. A. Balanced magnetron; B. Unbalanced magnetron

An unbalanced magnetron features stronger outer poles and weaker inner poles. As a result, the electrons become
trapped near the target. The trapped electrons in this region significantly increase the probability of ionizing the gas
atoms. By using a magnetron source, a sputtering plasma can be sustained at much lower gas pressures [4].

2.1.2 Sputtering deposition of GaN

The schematics of a sputtering process for growing GaN is shown in Figure 2.3.A. In this illustration, Argon (Ar) is
used as the sputtering gas and Nitrogen (N2) acts both as a sputtering and a reactive gas providing the source of N-
atoms in the medium. The target is made of liquid Gallium, which is placed in a crucible. The cathode for our reactor
system is supported by an unbalanced magnetron.

As the processes gases are introduced into the growth chamber, an RF voltage bias is applied to the sputtering target to
start the gas ionization process. During half of the cycle, an applied RF voltage induces a substantial electron current
toward the powered electrode, while the second half of the cycle witnesses a minor ion current. Consequently, the
capacitively coupled RF electrode accumulates a negative charge, reaching a specific self-bias Vpc. Eventually, the
electron current, prompted by the positive voltage exceeding the plasma potential (Vp) in one-half of the cycle (as
depicted in Figure 2.3.B), equals the net ion current in the other half, when the electrode potential is below Vbp.
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Figure 2.3: A. Schematics of the plasma enhanced PVD process to grow GaN thin films. B. Spatial distribution of average
potential in a RF glow discharge reactor [5]. Here, Vp, Vpc and Vsare the plasma, DC and sheath potential respectively.
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In Figure 2.3.B, the spatial distribution of the average potential in an RF discharge reactor is illustrated, wherein the
sheath potential (Vs) equals Vpc + Vp on the powered electrode. Once the RF power is applied, the ionized Ar/N, gas
forms a plasma consisting of electrons, ions, neutrals and radicals. Due to the target’s negative bias, the ions in the
plasma are accelerated towards the target and bombard with a kinetic energy proportional to the target bias. When
subjected to magnetic and electrical fields, the electrons that are ejected exhibit a cycloidal trajectory near the surface of
the target, influenced by the Lorentz force acting upon them. Consequently, these electrons become confined in
proximity to the target. This confinement enhances the likelihood of ionization for gas atoms within this vicinity. The
sputtered Ga atoms and ions travel through the plasma onto the substrate surface. Momentum transfer between these
positive ions and the adatoms results in an increase in the kinetic energy to the film growth and can thus improve the
film quality. The dissociated nitrogen ions travel to the substrate and react with the gallium atoms to form GaN thin
film on the surface of the substrate.

2.1.3 Nucleation & growth

Thin film growth can be classified into three categories — A) layer-by-layer growth mode, B) 3-D growth mode or Island
growth mode and C) Combination of 2-D and 3-D growth mode [6]. The illustrations of the three growth modes are
shown in Figure 2.4. Layer-by-layer growth mode involves sequential deposition of atoms or molecules, resulting in
smooth, continuous layers. 3-D growth mode leads to the formation of clusters or islands initially, which grow
independently into rough, discontinuous structures. Island growth mode combines aspects of both, starting with island
formation and progressing to continuous film formation as deposition continues.

A C. AN " AN
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N N\ /N
SUBSTRATE
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Figure 2.4: Illustration of the different growth modes to form a thin film.
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During the sputtering process, the sputtered species are transferred from the target to the substrate in a vapor phase.
The adatoms diffuse on the surface, influenced by their energy, and interact with the substrate surface. Alternatively,
they may leave the surface through re-evaporation or desorption. Over time, the adatoms gather to form small clusters.
These clusters continuously form and disintegrate, but only those exceeding a critical size become stable nuclei and
continue to grow. This nucleation stage persists until a maximum number density is achieved [7]. The density of these
primary nuclei decreases as the growth temperature rises, thereby increasing the probability of adatom mobility. As the

growth process proceeds, these islands merge in a process called coalescence, ultimately resulting in the formation of a
thin film.

2.2 The Plasma PVD reactor

2.2.1 Reactor overview

Figure 2.5 shows the custom-built homemade plasma PVD reactor designed and installed at LPICM during my thesis.
It consists of a RF (13.56 MHz) magnetron sputtering. Typically, a turbo molecular pump was used to evacuate the

reactor. The base pressure before deposition was kept at 10~ mbar. A butterfly valve was used to maintain the desired
working pressure in the range of 1-100 mTorr (1-13.3 Pa). Argon (Ar) (99.999% purity) wasprimarily used as the
sputtering gas and Nitrogen (N2) (99.999% purity) was used as a sputtering cum reactive gas. The sputtering target was a
group of pure metallic Ga pellets (99.9999% purity) melted to occupy/fill the shape of a homemade concave target
crucible.

Figure 2.5: The real-view and the schematic of the custom built plasma PVD reactor.

The magnetron is equipped with a water-based cooling system to ensure the safety of the equipment and a smooth
operation even at high power conditions (~ 150W). The precursor gases (Ar & Ny) are fed into the reactor in a controlled
manner with the help of mass flow controllers (MFCs) that ensures an accurate flow rate. The maximum range of flows
for the gases is set at 20 sccm each. The entire reactor pumping system and the MFCs are automated with the help of a
Beckhoff system and was controlled using a LABVIEW interface.

The PVD reactor was built to be easily transportable to be able to do experiments in other labs. The deposition is
contained in a specific area of the reactor close to the cathode and this area is otherwise known as the growth chamber
or the reaction chamber as specified in Figure 2.0.
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2.2.2 The growth chamber

Figure 2.6 depicts the growth chamber in our plasma reactor. It consists of a target in a crucible attached to the cathode
that uses a 2-inch R based magnetron sputtering system. A shutter is implemented close to the substrate holder to
avoid any deposition on the substrate during plasma cleaning or conditioning. The distance between the target and the
substrate is varied typically in a range from 5 ~10 cm.

The growth chamber also consists of three large optical glass windows, which has multiple purposes. These windows
can either be used for visual inspection of the plasma or more essentially, can be used to analyze the emissions from the
plasma using an optical emission spectrometer. Plasma is ideally contained within the region of the target crucible
(typically ~ 1-2 inch) and is useful for concentrated depositions on the substrate thereby exposing the reactor walls to

a2 minimum.

A B

Substrate holder

Plasma

2" RF Magnetron
sputtering source

Figure 2.6: Reaction charnber of the plasma PVD reactor. A. Schematics showing the area where the plasma is ignited. B. Real
view of the reaction chamber with the plasma.

The substrate holder is attached to a heating element. Three designs of substrate holders were used in this thesis, each
having its own purpose.

Substrate holder

Throughout this thesis, various forms of substrate holder were accommodated as shown in Figure 2.7. Figure 2.7.A
depicts the basic custom designed substrate holder to accommodate 2-inch Si/Sapphire/Glass wafers. This particular
holder was not equipped with a heating element and was primarily used for depositions at room temperature. A specific
variation of the holder at room temperature is depicted in Figure 2.7.B. This type of holder was used to test multiple

substrates at once processed at the same conditions.

A

.u-..- e e %
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Figure 2.7: Variations of the substrate holder. A. Custom built design to hold 2-inch wafers (RT). B. Designed to hold multiple
substrates at once (RT). C. Design compatible with the heating element.
Once the heating element was installed, the substrate holder was modified according to its needs. The holder at Figure
2.7.C represents the design compatible with the heating element. It could also hold multiple substrates at once. These
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variations were necessary, as the substrate was placed on the top electrode while the target had to be placed on the
bottom electrode due to the use of liquid Ga as the target.

Liquid Ga Target

Pure liquid gallium has a high surface tension and does not wet any surface easily [8], [9]. The selected material for the
crucible to hold liquid Ga should be ultra-high vacuum (UHV) compatible and its surface should be easily dampened
by liquid Ga. Stainless steel (SS) is a proven material to contain liquid Ga. Apart from the material selection, the shape
of the crucible should also be taken into account. It is essential to prevent the formation of air pockets in the target
and maintain a flat surface.

A B C

Mask < —— e
» Liquid Ga
Crucible «— [ ~<_>" ]

<>

Figure 2.8: A. Schematics showing liquid Ga droplet on various stainless steel surfaces - Flat, cylindrical & concave shaped

trough [8]. B. Schematics of Liquid Ga target on our target crucible and a mask exposing the Ga to the plasma. C. Real-view of
the crucible and Ga on the cathode. D. Real-view of the Mask on top of the target crucible.

Even though liquid Ga wets stainless steel (SS) well when compare with other materials like molybdenum and graphite,
it still does not spread on the surface easily. Rather, it forms a large droplet similar to Figure 2.8.A. In cylindrical shaped
crucible from Figure 2.8.B, Ga remains in a big droplet form and some parts of the SS is exposed to the plasma and
can be sputtered. Another problem from using a cylindrical crucible is that there will be some empty spaces in the
corner. The concave SS crucible from Figure 2.8.A&B is the most optimized shape. A large target area is formed without
any voids. Figure 2.8.C represents the real view of the crucible placed on the cathode. We used a mask on top of the
target crucible to avoid any unwanted exposutre of stainless steel to the plasma as shown in Figure 2.8.D.

2.2.3 Plasma operating conditions

The deposition process of a GaN thin film by sputtering relies on the interplay of various process parameters.In general,
the parameters that are well-known to affect the growth include total working pressure, partial pressure of the gas
mixture, the RF power and the substrate temperature. As it was the first time that this reactor was operated, we wanted
to determine the conditions that ensure stable plasma conditions and in the same time verifying that Ga was efficiently
sputtered. For this purpose, we performed a campaign during which we ignited a plasma for the same duration of X
min, using OES when it comes to probing Ga emission efficiency. This was done as a function of the pressure and the
RF power while fixing the Ar/Nz ratio and total flow. To determine the Ga-atoms efficiency, we used Optical emission
spectroscopy (OES) to probe the Ga atomic line at lambda — 403, 417 nm using an AVANTES Avaspec-4 ULS4096
CL-EVO starline spectrometer that has a slit width of 10 pm /SMA-RS has a spectral coverage in the UV-VIS region
and a potential range from 200-750 nm. The resolution (F'WHM) of the spectrometer is 0.7 nm. This set-up was also
used, in as a qualitative manner, to analyze N2 emission lines and to characterize the plasma temperatures.
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Figure 2.9: Plasma ignition conditions in our custom built plasma PVD reactor. This was done at a fixed mixture of Ar/N;
(60/40) at a total flow rate of 20 sccm.

Figure 2.9 shows a panorama of the effect of RF power and pressure on plasma operation, highlighting the conditions
at which the plasma (1) does not ignite, (ii) exhibit poor Ga emission efficiency, (iii) ignites after switching back from a
stable condition and (iv) stable condition where plasma ignites. From Figure 2.9, it appears that the plasma does not
ignite at very low-pressure values (< 30 mTorr (~ 4 Pa)) until a strong RF Power is applied (> 125 W). Subsequently,
we found out that the plasma was stable and Ga from the target sputtered effectively at conditions with a working
pressure above 20mTorr andan RF power above 75 W. Based on the plasma ignition conditions and considering the
stability, we chose an optimized window of conditions for our deposition represented by the blue box in Figure 2.9.
The working pressure range was from 20 to 100 mTorr (2.6 Pa — 13.3 Pa), the RF power was varied from 75 W to 125
W and the Ar/Nzgas flows were kept constant at a ratio of 60/40 with a total flow of 20sccm.

2.3 Substrates preparation

Various GaN substrates are now accessible for growing homoepitaxial films of GaN, but they are very expensive.
Therefore, the majority of GaN-based devices are grown on foreign substrates such as Si, SiC and AlbOs that are the
most commonly used for heteroepitaxial growth of GaN. Table 2.1 presents the lattice mismatch and dislocation
densities of commercial GaN epilayers grown on different substrates [10].

Table 2.1: Bulk GaN vs foreign substrates [11]

Properties GaN on bulk GaN GaN on Si GaN on SiC GaN on AlOs
Lattice mismatch 0% 17% 3.5% 16%
Dislocation density (cm2) 104 ~5x 100 1x 101 5x 107 5x 107

The majority of this thesis focus on the optimization of the growth parameters for depositing GalN especially on Si as
it cheap and more convenient when it comes to applications. In this thesis, as the focus is made on optimizing the
process, we mostly tested Si substrates of different orientations. However, for the sake of comparison, we also
performed some depositions on sapphire substrates when the optimal growth conditions were validated with Silicon.

2.3.1 Si Substrate selection for GaN deposition

In this thesis, we tested three different orientations of Si substrates: (100), (110) and (111). Commercially, Si (111) is the
most common wafer used to deposit GaN. This is due to the fact that the preferred orientation of h-GaN on Si (111)
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is more easily formed than on Si (100) substrates [12]. Visually, the impact of the substrate orientation towards the
growth is presented in igure 2.10 with a schematic of the layer-by-layer growth of GaN on (a) Si (100) and (b) Si (111).
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Figure 2.10: Illustration of h-GaN deposition on A. Si (100) and B. Si (111) [12].

In both Figure 2.10.A&B, we consider the two most common GaN growth patterns, namely the GaN-I (growth
directions in [0001] and [1010]) and the GaN-II (growth directions in [0002] and [1120]. At the beginning of the growth,
both GaN-I and GaN-1I appear on the surface of Si (100). As time progresses, GaN-1I dominates the crystalline growth
process. The growth mode transforms from an island to layer-by-layer growth. However, for the Si (111) substrate, the
template matches with h-GaN and hence only GaN-II is observed from the start of the growth. This is the reason why
Si (111) is preferred in the industry over Si (100).

Besides Si (111), Si (110) is also considered as an interesting substrate for GaN but its possibilities are scarcely explored.
Figure 2.11 presents the XRD data for GaN deposited on Si (110) and Si (111) for the same process conditions using
MOCVD or MBE.
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Figure 2.11: XRD ®-scan for the (0002) and (1120) reflection for GaN on Si (110) and Si (111) [13].

The results shows improvement in the crystalline quality of GaN grown on Si (110), especially in the GaN [1120] growth
direction as indicated by the reduction of the FWHM. Additional advantages of using Si (110) include simplified cleavage
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along different directions compared to Si (111) due to the presence of primary {111} cleavage planes perpendicular to
the (110) plane. It also facilitates etching, particularly for thin film devices that require substrate removal [13]. During
this thesis, we tried depositing GaN on all the three orientations of Si substrates ((111), (110) and (100)). Moreover, it
is also important to take note here that for our measurements, the orientation of Si substrates did not have any influence
on the intensity and the FWHM of the crystalline peaks of GaN obtained from 20 XRD measurements; they were
identical.

Substrate cleaning

Si wafers always have a native oxide layer formed on them. A common method of removing them is to perform a
Hydrofluoric acid (HF) dip using a highly diluted (1:20) HF solution [14]. Before any deposition, the Si wafers,
irrespective of the orientation ((100), (111), (100)) were soaked in the HF solution for about 30seconds. Finally, the
wafer was blown dried with Nitrogen (N2) to ensure a clean surface. The clean samples are then quickly loaded onto
the reactor for deposition of GaN.

2.4 Material characterization

In this thesis, we used several ex-situ material characterization techniques that aided us in determining the structural,
optical, morphological, electrical and chemical quality of the material. Some essential methods were elaborated in this
section with particular emphasis on GaN thin films and the adaptation of such techniques to tailor the material.

2.4.1 X-Ray diffraction (XRD)

XRD is a technique used to study the crystalline structure of materials by analyzing their texture and degree of
crystallinity. The atoms of a crystal belong to families of parallel reticular planes denoted (hkl), which are characterized
by an inter-reticular distance dux between each of them. When a parallel monochromatic X-ray beam of wavelength 4
is radiated onto the crystalline material, making an incidence angle 8 with the planes, this angle is called the Bragg angle.
This relationship between the crystal lattice structure and X-ray diffraction phenomena forms the basis for
understanding the principles of crystallography and determining material properties through diffraction analysis.|[15]. If
the diffracted waves are in phase, they will constructively interfere in certain directions, meaning that the diffracted
intensity will be non-zero only if the contributions of the successive planes are in phase. The schematic representation
of Bragg’s law is shown in Figure 2.12.

Crystal

Figure 2.12: Schematic representation of X-ray diffraction from a part of a single crystal obeying Bragg’s law [16].
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Bragg’s law is represented as:

nil = ZdhleiTL@ (22)

where A is the wavelength of radiation, dnu the inter-planar spacing or lattice spacing of (hkl) planes, 0 the angle between
the incident ray and the crystal plane, and 7 the order of diffraction. By adjusting the crystal orientation through changing
0, one can arrange for diffraction to happen for a given set of planes.

Determining the crystallite size and lattice parameters

In the field of X-ray diffraction and crystallography, the Scherrer equation is used that connects the broadening of a
peak in a diffraction pattern to the size of sub-micrometer crystallites within a solid material [17]. The Schetrer equation
can be expressed as:

D = KA/BcosO (2.3)

where D is the mean size of the crystallites which may be smaller or equal to the grain size, K's a dimensionless shape
factor that has a constant value of ~0.9, A the x-ray wavelength, § the FWHM of the corresponding peak, 6 the Bragg
angle. Apart from the size of the crystallites, XRD can also be used to calculate the lattice constants. The lattice
constants of a hexagonal (two lattice parameters — 2 and ¢) and cubic material (single lattice parameter - ) can be
determined if the quantity dj (inter-planar spacing) is known [17]. The relation is as follows:

Cabi 1 h%+k%+ 12 (2.4
(Cabic) i a?
1 h?+ k? 12 (2.5)
(Tetragonal) a2 + 2

The inter-planar spacing (du) can be determined from the Bragg’s relation. The lattice parameters estimated from XRD
can be used to comment on the defects and strain in the layer.

Grazing incidence x-ray diffraction (GIXRD)

One of the advantages of GIXRD over conventional XRD is that, when analyzing the thin films, most of the incident
beam is confined within the grown thin film since the penetration depth is significantly reduced due to the low angle of
incidence thereby reducing the intensity of the diffracted signal coming from the substrate [18]. GIXRD involves
directing a beam of X-rays at a very shallow angle of incidence onto a sample surface (typically less than 1°). This shallow
angle of incidence allows the X-rays to penetrate only a few nanometers into the sample, making GIXRD particulatly
useful for the analysis of thin films. The difference in geometries between XRD and GIXRD is depicted in Figure 2.13.
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Figure 2.13: Source-detector geometries of A. X-ray diffraction B. Grazing incidence X-ray diffraction.

In this thesis, we majotly use GIXRD to analyze the crystallinity of our samples (especially those deposited at room
temperature) as the thin films were in the range of a few hundreds of nm.

2.4.2 Scanning electron microscopy (SEM)

Figure 2.14 depicts the schematic of an SEM system. This technology works on the principle of impinging the fine
beam of high-energy electrons on the surface of the specimen and obtaining a signal from the sutface of the specimen/
material to determine its properties. The accelerated electrons in SEM carry a large amount of kinetic energy. This
energy, when impinges on the surface dissipates a variety of signals due to electron-specimen interaction. The
combination of signals includes secondary electrons, backscattered electrons, diffracted backscattered electrons,
photons, visible light, and heat. These signals are used to obtain different information about the specimen surface and
in the case of SEM, the secondary electrons and backscattered electrons are mostly used in producing the image of the
specimens [19]. Secondary electrons mainly carry the morphology and topographical information whereas backscattered
electrons are used to determine the contrasts in the composition of multiphase samples. The use of energy-dispersive
X-ray spectroscopy (EDX), in conjunction with a scanning electron microscope, allows for the identification of the
clemental composition of a substance. EDX has the ability to detect elements with atomic numbers higher than boron,
even at concentrations as low as 0.1%. Its applications include material assessment and identification, identification of
contaminants, spot analysis of regions up to 10 cm in diameter, quality control screening, and various other uses [20].
Although it is just used to know the surface composition and not the depth, it is a quick and easy tool to quantify the
composition roughly. Each element has a unique atomic structure giving it a set of unique peaks on its X-ray emission
spectrum.

Throughout our thesis, we used a Zeiss Merlin compact SEM system to comment on the surface morphology and cross-
section of our GaN films deposited at varying process conditions. Based on the thickness range of our samples (~ a
few hundred nanometers), the operating voltage varied between 5 to 10 kV.
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Figure 2.14: Schematics of an SEM system [21]. The computerized image of the sample is obtained by interpreting the data fed
through the secondary electron detector.

The thickness of our GaN films were measured via observing the cross-sectional SEM images and were verified using
a dekTAK profilometer. Contact profilometers are utilized in this instance, wherein a probe is placed in contact with
the surface to record its height. This is accomplished mechanically using a feedback loop that monitors the force exerted
by the sample as it moves across the surface while pressing against the probe. Furthermore, our GaN samples exhibited
non-uniformity in thickness across a sample space of ~ 2 inches, which was monitored using a profilometers at various

points across the sample surface.

2.4.3 Atomic force microscopy (AFM)

AFM is an advanced form of scanning probe microscopy that can precisely measure surface topography and roughness
with an accuracy of less than 1 nm. This non-invasive technique can be utilized to evaluate the roughness of materials
[22]. Figure 2.15 shows the basic schematic of an AFM system.

Controller
&PC
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Figure 2.15: Schematic diagram of the atomic force microscope [23].
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AFM instruments function based on the concept of surface detection using an extremely sharp tip located at the end of
a micro machined silicon probe. This sharp tip is employed to create an image of a sample by systematically scanning
across the surface in a line-by-line fashion, although the approach can significantly differ between distinct operational
modes, i.e. contact mode and dynamic, often called tapping mode [24].

The fundamental principle of AFM involves connecting this nanoscale tip to a small cantilever, which essentially acts
as a spring. When the tip makes contact with the surface, the cantilever flexes, and this bending is identified using a laser
diode and a split photodetector. The extent of this bending indicates the force of interaction between the tip and the
sample. In contact mode, the tip is pressed onto the surface, and an electronic feedback system constantly monitors the
force of interaction to ensure a consistent deflection as the scanning progresses. Another mode, known as ‘tapping’
offers a compromise between contact mode and non-contact mode. It involves oscillating the AFM tip at or near its
resonant frequency while scanning the sample surface [22]. As the tip approaches the surface, it momentarily taps the
sample, and then retracts during the upward part of the oscillation cycle. This tapping action reduces the force between
the tip and the sample, limiting the potential for damage or wear on both the tip and the sample. Additionally, because
tapping mode operates at a frequency slightly higher than the resonant frequency, it can minimize the effects of surface
adhesion and capillary forces. For these purposes, we used an Agilent Picoscan 3000 AFM setup based on a tapping
mode scheme to measure our GaN films.

2.4.4 Transmission electron microscopy (TEM)

TEM is a method of microscopy that involves directing a concentrated stream of electrons through a slim sample,
typically less than 100 nm thick[25]. This technique enables precision at the atomic level, allowing for the identification
of the arrangement of atoms, and the contrast between them can differentiate the various species of atoms. Iigure 2.16
shows a simple schematic of a classical TEM system. The microscope column comprises a sequence of electromagnetic
lenses and apertures designed to focus the electron beam onto the sample, magnifying the TEM image onto the viewing
screen (ot detectors). To maintain the necessary vacuum levels within the column, a vacuum system is employed. At the
column's upper part resides the electron gun, linked to a high voltage source responsible for determining the kinetic
energy of the electron beam. Standard accelerating voltages typically range from 80 kV to 300 kV.
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Figure 2.16: A simplified schematic of a TEM setup highlighting the major components through the column [26].
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Figure 2.17 shows the work of Jiminez et.al. [27], where the structure of a GaN layer grown on an AIN buffer layer was
investigated. The analysis yielded results from which the structure and the crystallinity of the GaN film were deduced
from high resolution TEM (HR-TEM). The films are polycrystalline with several growth orientations that were observed
from the selective area diffraction pattern. The films were columnar and the atomic stacking of the individual elements

along the growth directions could be observed.

Figure 2.17: TEM images for a cross-section of GaN layers [27]. A. TEM micrograph of a GaN layer grown on a buffer AIN
layer. B. HR-TEM micrograph of a grain boundary between two grains with different orientations. C&D. TEM micrograph and
the corresponding selective area diffraction pattern (SAED) showing different growth orientations.

In this work, we use TEM to analyze the structure and crystallinity of our GaN films. For this purpose, the structure of
the thin films was analyzed using a Thermo Fisher Themis High-resolution TEM (HRTEM), working at 300 kV. For
HRTEM, the films were scratched, and a residue was placed onto a carbon-coated copper grid. TEM was carried out
thanks to access to the Interdisciplinary Center for Electron Microscopy of Ecole Polytechnique (CIMEX).

2.4.5 X-ray photoelectron spectroscopy (XPS)

XPS is a surface-sensitive analytical technique that is used to study the chemical composition of materials. XPS works
by directing a beam of X-rays at a sample, which causes electrons to be emitted from the surface of the material. The
energy and number of these emitted electrons are then measured using an electron analyzer. By analyzing the energy of
the emitted electrons, one can determine the elements present in the material and the chemical states of those elements.
One of the key advantages of XPS is its ability to provide information about the surface chemistry of materials. Because
the technique is sensitive to the material's surface, it can provide information about surface contaminants, surface
functionalization, and chemical changes that occur at the surface. The working schematic of a typical XPS system is
shown in Figure 2.18.
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Figure 2.18: Schematic representation of an XPS system [28]

A depth profile can also be made by sputter etching the thin film and analyzing the exposed surface. Ideally, the system
is able to detect most of the elements in the periodic table.

Binding energies of Gallium

Ga2p or Ga3d are typically used to quantify elemental gallium. Usually, the Ga2p peak is used to provide a better depth
resolution for sputter profiling [29]. This is because the Ga3d electrons have a higher kinetic energy than the Ga2p
electrons and therefore have a better sampling depth. Hence, the Ga3d is more useful for surface and chemical analysis.
The Auger peaks of Ga (Ga LLM) are spread out between 300-600 eV and they overlap with several peaks from other
elements.

GaN reference peak fit

Quantifying GaN through XPS is always considered as a challenge. This is due to the fact that the strongest peak of
Nitrogen (N1s) superimposes with the Auger peaks of Ga (Ga LLM) in the binding energy range between 380~400eV
[30]. The superimposed peaks are shown in Figure 2.19.
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Figure 2.19: Superposition of N1s peak with the Auger peak of Ga. The measured XPS spectra corresponds to one of our
GaN films.
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The deconvoluted N1s peak is shown in Figure 2.20 along with all the other Auger Ga peaks and the corresponding
quantification of the Ga and N elements are shown in Table 2.2. It is important to note here that superposition of the
Ga Auger peaks with the N1s peak of nitrogen hinders the accurate quantification of the composition of Nitrogen as
the intensity of the XPS signal of N1s might also be influenced by the Ga peaks. However, the composition values can
be used to compare growth at different process conditions.
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Figure 2.20: Deconvolution of N1s peak from the Ga Auger peaks (LMM). The measured XPS spectra corresponds to one of
our GaN films.

Table 2.2: Quantification of GaN by comparing Ga3d and Ga2p peaks

Name | Peak BE (eV) FWHM (eV) | Area (P) CPS.eV | Atomic %
Ga3d | 21.11 1.69 39354.52 48.5

N1s 398.44 1.52 39433.72 51.5

Ga2p | 1119.09 1.76 210558.71 46.27

N1s 398.44 1.52 39433.72 53.73

On comparing the two peaks of Ga (Ga3d and Ga2p), the quantification is slightly different. The low energy peak
(Ga3d) gives a better atomic ratio than the high-energy peak (Ga2p). Another reason for choosing Ga3d is that it is in
the same binding energy range as Nls, so they have similar escape depths and there is a significant attenuation of
superficial contamination [31], which is commonly observed while combining elements with a large energy gap. Hence,
for further XPS analysis in the upcoming sections, we use Ga3d peak to quantify Gallium. XPS was carried out in
collaboration with Institut Lavoisier de Versailles (ILV).

2.4.6 Cathodoluminescence (CL)

CL spectroscopy is a useful technique for studying the optical and structural properties of semiconductors and
optoelectronic devices. It is an optical phenomenon where the electrons interacting with a luminescent material (GaN
in our case) results in the emission of photons. The principle is the inverse of the photoelectric effect where the electron
emission is induced by photon itradiation. The schematics of CL on a GaN/Si sample is shown in Figure 2.21 [32].
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Figure 2.21: Schematic representation of spatial CL excitation by e-beam irradiation of a GaN thin film on Si substrate [33].

We use CL in scanning mode to examine the morphology and defect related bands of GaN films films. The CL intensity

from our samples is obtained by integrating the excess minority carriers in time and electron absorption [33] and it can

be mathematically represented by:

“An(z2)
Ic = f exp(—apz)dz
.

d n

(2.6)

where An are the excess minority cartiers in the neutral region, 1, is the electron lifetime constant, zq is the depletion

width and ay, is the luminescence absorption coefficient.

CL Chamber
EIectronU

=l
3

gun

Exit
window

detection systems

Dispersion and

Emission
system

Parabolic mirror

Figure 2.22: Schematics of the cathodoluminescence (CL) set-up used. Three distinct ensembles can be distinguished: the

emission system (grey), the light collection optics (yellow), and the detection and dispersion system (red). Adapted from the thesis

of Capucine and from the works of
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The CL measurements for our GaN/Si samples were catried out in collaboration with the Center for Nanoscience and
nanotechnology (C2N). The schematics involving the measurement setup is shown in Figure 2.22. The system comprises
of the electron emission, light collection optics and the detection system. The e-beam was irradiated at 6kV and 1.2A
with an aperture of ~ 100um. The spectrometer and the CCD had an entrance slit of 5000 um with a variable grating
of 150/500. The central wavelength was kept at 500nm. The spectrometer had a readout of 50 kHz and the integration
time was varied between 50~200 milliseconds. The samples were measured at 300K~ room temperature (RT) and at
77K (liquid nitrogen).

A typical CL spectrum of epitaxial GaN grown on Si substrate extracted from [27] is shown in Figure 2.23. The spectra
show the band edge (BE) emission of GaN with a peak energy of 3.39eV at 300K and 3.46eV at 77K. This band is
identified as the donor-bound exciton transition [30]. It is also considered as the primary band of GaN. Additionally,
the CL spectra exhibits a broad yellow luminescence ~2.2 eV at both 300K and 77K. This is considered as a defect
band that could potentially originate from either Ga vacancies, oxygen or catbon impurities, or intrinsic point defects
[37].
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Figure 2.23: CL spectra of GaN on Si substrate at 77K and 300K [33].

In this thesis, for CL analysis, we use the above spectrum from Figure 2.23 as a reference for comparison with the
spectra from our measurements. Although a majority of our samples is polycrystalline and does not exhibit the same
behavior as an epitaxial film, it is a good starting point to compare the intensities and shifts in the bands at both RT and
77K,

2.4.7 Raman spectroscopy

Raman spectroscopy gives information on the structural properties of GaN and provides a qualitative analysis on the
crystallinity of the thin films. It is a non-invasive technique, which involves directing a laser beam at a sample, and the
light interacts with molecular vibrations and phonons, which causes a change in photon energies scattered by the
material compared to the incoming photon energy. This variation provides information about the vibrational modes in
the system [38]. For instance, it can be used to determine the crystallinity of a silicon sample. In our case, it was mainly

used as a fast mean to verify the presence of GaN characteristics peaks given in Table 2.3.

Table 2.3: Phonon modes in wurtzite GaN & cubic zinc blende GaN [39]
Mode Waurtzite GaN Cubic ZB GaN
Ex( high ) 569 552
A1(1LO) 735 739
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At the I' point (Brillouin zone center), for a hexagonal structure of GaN, six sets of the optical phonon modes are active.
For a cubic zinc blende (ZB) GaN structure, only 2 phonon modes are active. The scattering geometry has a huge
influence on the selection of these phonon modes. For a Raman system with a backscattering geometry such as ours,
only the Es (high) and the A1 (LO) modes are allowed, the rest are forbidden [39].

Figure 2.24.A shows a typical Raman setup. When a laser beam is illuminated on the sample, the Raman-shifted light
(colored red) is filtered out from the laser light by a dichroic mirror, and dispersed along a vertical line on the two
dimensional CCD detector. In slit-scanning mode, many spectra are acquired simultaneously: each position along the
line on the sample produces a spectrum along the CCD detector.
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Figure 2.24: A. Schematic of Raman spectrometer. The displayed setup focuses the illuminating laser down to a spot on the
sample (GaN) [40]; B. Raman spectra of a2 GaN film grown at room temperature and at 340°C recorded under UV excitation
(488 nm). Inset shows the Raman spectra at 325 nm excitation [41].

In our case, we used the cylindrical mode and focus on a spot on the sample. Three different laser wavelengths were
used to analyze the GaN samples: 532 nm (Green), 630 nm (red) and 405 nm (Ultra violet). Figure 2.24.B presents a
typical Raman spectrum of a GaN thin film that is amorphous in nature. A 325 nm excitation would have been better,
but our setup was limited to 405 nm excitation.

2.4.8 Secondary ion mass spectrometry (SIMS)

In our thesis, we used SIMS to characterize the elemental depth profile of our GaN samples and particularly to gain
information about the profile at the GaN/Si wafer interface. The secondary ions generated by sputtering are then
gathered and measured by a mass spectrometer [42]. This methodology is critical for analyzing atoms that are present
in trace amounts and do not form part of the crystal structure, such as impurities like O, H, or C or dopant atoms.
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Figure 2.25: Schematics of the functional principle of a SIMS instrument and options for surface and bulk analysis of solid thin
films. The images on the right depicts the mass spectrometric analysis, imaging of the lateral distribution of secondaty ion and
the sputter depth profiling could be analyzed. Adapted from JP. Hofmann, 2014 [43].
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SIMS is a powerful analytical technique used to determine the elemental and isotopic composition of solid surfaces and
thin films, which is complementary with XPS regarding the information they provide in chemical composition SIMS
operates on the principle of ionizing and analyzing secondary ions emitted from the surface of a solid sample. Figure
2.25 shows the schematics and the information that could be obtained using SIMS.

2.4.9 Glow discharge optical emission spectroscopy (GD-OES)

GD-OES, as SIMS, enables the analysis of a sample's elemental composition. GD-OES is however easier and fastet to
use than SIMS, even tough is it not as sensitive as SIMS. This method can analyze layers with thicknesses ranging from
thin (<50 nm) to thick (several hundred pm), and it can be used on a variety of materials such as metals, semiconductors,
glass, ceramics, and polymers [44]. In a glow-discharge, a chamber is filled with a low-pressure gas. Upon activating RF
power, an electric plasma is generated. The sample undergoes layer-by-layer sputtering by Ar ions, and neutral species
enter the plasma. The atoms that are extracted from the material are introduced into the plasma, become excited through
collisions with electrons or metastable carrier gas atoms. The spectrometer measures the characteristic spectrum emitted
by these excited atoms.

This is a dynamic process: the plasma continually receives new species as sputtering progresses, causing the spectrum
to evolve with each layer being sputtered. Iligure 2.26.A shows the schematics of a GD-OES setup and the
corresponding depth profile of a GaN layer on a sapphire substrate.
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Figure 2.26: A. Schematic and the components of the analytical glow-discharge source from Horiba [45]. Here, the schematics
show the Ar ions (green) sputtering the target atom (blue) which are then ionized in the plasma. B. Depth profile of a 100 nm
thick GaN film on a sapphire substrate [44].
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A high resolution of the depth profile can be obtained through GD-OES as observed from Figure 2.26.B. The profile
shows a uniform elemental composition of Ga and N with stoichiometric ratios followed by a gradual decrease in the
signal once the sputter-etch reaches the substrate, where the elements of the substrate are then sputtered. From GD-
OES, we can analyze the elemental composition uniformity of the thin film and the sharpness of the interface of the
thin film with the substrate.

In this PhD study, we used a HORIBA pulsed GD-OES system which was mainly used to get a fast insight on the
composition profile of the GaN layer and to monitor the oxygen impurity in the layer due to contamination within the
reactor (Chapter 4).

2.5 Conclusion

This chapter has presented three main parts related to experiments in general: A) the sputtering growth process, B) the
Plasma PVD design and working and C) the material characterization. At first, the basics of sputtering was presented
emphasizing on GaNdeposition. Then, we moved on towards the plasma PVD reactor developed during this thesis.
We introduced of the main features of the reactor system and its essentials such as the liquid Ga target design, the
various forms of substrate holders that were used and then, gave an overview of the process parameters window defined
for running GaN deposition under stable and Ga-ejection efficient plasma conditions. The choice in the Silicon
substrates used throughout this study and the impacts of using these substrates and their orientations towards a standard
GaN growth were analyzed from a bibliographical standpoint. The final part of this chapter dealt with the main
characterization techniques that were used to study/ analyze the GaN thin films. The next chapter will be dedicated to
the diagnostic techniques used to qualify the plasma.
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Chapter 3 comprises of 4 sections. The three first sections elaborate on three specific plasma diagnostics, each of
it aiming at determining useful quantities for understanding underlying processes behind the growth of GaN: (3.1)
the N-atoms density, (3.2) the electron density and (3.3) temperatures (of molecules and electrons). The final section
is on the overall qualification of the plasma, summarizing its main attributes in regards to the quantities mentioned
above.

Before the first section, a small introductory part is presented providing an overview of the needs and applications
of various plasma diagnostic techniques to characterize such discharge.

The first section is dedicated towards explaining the methodology of two-photon absorption laser induced
fluorescence (TALIF) used to obtain the N-atom density. Details about the density calibration, lifetime decay and
validation of the choice of laser energy is elaborately explained in this section.

The second section focuses on Microwave interferometry (MWI) diagnostics used to determine the electron density.
The diagnostic setup along with the electron density variation across the pressure are presented.

The third section is dedicated to the characterization of our plasma using optical emission spectroscopy (OES). We
first present the setup, give an overview of the main emissive species identified in our Ar/N; plasma discharge, and
discuss on the effective sputtering of Ga atoms from the target. Then, we elaborate on the characteristic
temperatures of the plasma under growth conditions, such as the kinetic gas temperature, the vibrational and the
excitation temperature.

Finally, at the end of this chapter, we provide a qualification of the plasma across four parameters — plasma stability,

plasma density, the plasma temperature and thin film contamination due to O impurities in the discharge.

For the deposition of GaN using plasma sputtering, precise knowledge of plasma characteristics is crucial for
understanding and controlling the growth process. The characteristics comprises of a wide range of parameters, some
of which important are the density of the reactive species (N, Ga, Ar), density and temperature of electrons, gas
temperature, ion flux and ion energy distribution [1], [2]. Many different techniques are being employed for measuring
the spatial profile and evolution of such parameters. Although most of them are already well established, plasma
diagnostics is still a very challenging and vivid discipline[3]. In our case, we limit our discussion to laser aided diagnostics,
emission spectroscopy and microwave diagnostics and we characterize our RF magnetron based Ar/N; plasma
discharge using: i) Two photon absorption laser induced fluorescence (TALIF), ii) Microwave interferometry, and iii)
Optical emission spectroscopy (OES).

As the main objective of the thesis is to obtain high quality GaN films, it is crucial to be able to understand and identify
the conditions that affects the most it properties such as its uniformity and structure. A well-qualified plasma process
represents the way to have a control of the grown film properties. The above-mentioned plasma diagnostic techniques
helped us toward this goal. It is important to mention here that all the plasma characterizations were performed under

regular conditions of growth, i.e. always with the presence of gallium target.

3.1 TALIF diagnostic: on the determination of the N-atom density

Atomic nitrogen’s ground state is only accessible in the vacuum ultraviolet (VUV) range, which can be probed using
absorption spectroscopy. This is however not straightforward since UV radiation source is required. To circumvent the
need for VUV facilities, two-photon absorption laser-induced fluorescence (TALIF) was introduced [4], [5] and
successfully used to probe the density of N atoms in our RF plasma discharge. Instead of directly absorbing a VUV
photon, TALIF uses two lower-energy photons whose combined energy matches that of a single VUV photon. These
photons are typically in the visible or near-infrared range, which are more readily available with standard laser systems.
It is well known that the dissociation of N2 molecules to generate atomic nitrogen species in a plasma is a tough task to
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achieve due to the strong N=N bond. Therefore, most of the time, N> is mixed with argon to enhance its dissociation
[6], [7]. For instance, Tabbal ¢f 4/ have measured a dissociation degree of 2.5% at a pressure of 7.5 Torr (~ 1000 Pa)
with Ar mixing ratio of 95% in a surface-wave-sustained plasma [8]. Many authors have characterized N> plasmas using
several methods such as calibrated OES [9], OES actinometry[6], NO titration[10], VUV-absorption[11] or TALIF [12],
[13]. However, these were mainly conducted in plasma discharges working under moderate- to high-pressure regimes
(from hundreds of Pa to atmospheric pressure) such as inductively couple plasma (ICP)[14] or micro-hollow cathode
discharges [15]. As far as magnetron-sputtering discharges are concerned, only a few studies are dealing with N-atoms
density determination especially when considering the restriction on detection limit inherent to the low-pressure
conditions. Even if TALIF seems to be well adapted to low-pressure plasmas since collisional quenching of excited
states that prevails at high pressures can be discarded, the major drawback at lower pressures is that the strong
background emission from Nz FPS overlaps with weaker fluorescence signal due to lower density of N-atoms and thus
making the measurement of the N-atoms absolute density challenging. In this work, we use nanosecond (ns)-TALIF to

probe N atoms in a low-pressure plasma (~ a few Pascal) such as ours.

3.1.1 TALIF diagnostic setup

Figure 3.1 shows the experimental ns-TALIF schematic. The representation can be divided into two main parts: the

laser and the fluorescence collection system.
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Figure 3.1: The schematic of a ns-TALIF experimental setup involving the Plasma PVD reactor.

The laser system

A tunable dye laser (Cobra-Stretch-Sirah Lasertechnik) was used for the ns-TALIF setup which is then pumped by the
second harmonic of a 500m]J/pulse Nd:YAG laser YAG laser at 10 Hz that provides a pulse with a width of 10 ns
(Quanta-Ray Lab-Series170-10 - Spectra-Physics). The dye laser beam was processed by two Beta Barium Borate (BBO)
crystals, which yielded a laser beam with three harmonics separated using two fused silica Pellin-Broca prisms. We
selected the desired third harmonic that was tuned in the regions of interest, i.c., 204 and 207 nm for Kr (204.221 nm)
and N (206.767 nm) atoms, respectively. A typical energy value obtained for this harmonic is about 0.2 m].pulse~!. The
obtained pure UV-C radiation, that entered the reactor through a UV-fused silica window 2 cm above the cathode, was
focused in order to have a beam diameter of 500 um in the center of the reactor thanks to a lens with a 750 mm focal
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length (Figure 3.1). Subsequently, the laser beam exits the reactor through a second UV-fused silica window. Its diameter
was adjusted using a 50 mm focal length lens to illuminate the calorimeter sensor (J-10MB-LE - Coherent) connected
to an oscilloscope (TDS 3052, 500 MHz, 5 GS s~ - Tektronix) that was placed at the laser line's end, ensuring continuous
measurement of the laser's energy. Beforehand, it was confirmed that the plasma did not absorbs the laser, resulting in
no discernible difference in measured energy with or without the presence of plasma. In contrast, the optical windows
of the reactor partially absotb the laser radiation, affecting the laser beam's energy inside the reactor. To calculate the
laser beam's energy in the reactor, we have taken into account the optical windows' transmittance by comparing it to
the energy measured outside the reactor.

The fluorescence collection system

To determine the absolute density of N-atoms, we used the same experimental procedure as that thoroughly described
in the work of E. Bisceglia ¢f a/[16]. Once stimulated by the laser, the N-atoms undergo de-excitation, resulting in the
emission of a fluorescence signal. This signal is then collected using a detection system, which consists of a
monochromator (Model SP-2155, Princeton Instruments) and a gated photomultiplier tube (PMT - Hamamatsu,
H11526-20-NF). The fluorescence is directed onto the monochromator positioned in front of the PMT with the aid of
a 15-centimeter focal-length lens as described in Figure 3.1. The monochromator is equipped with a band pass filter
used to select the appropriate wavelength range for the fluorescence of N (Semrock FF02-740/13-25) or Kr (Semrock
FF02-586/15-25), the last being used for calibration purpose as detailed later. This configuration effectively enhances
the Signal-to-Noise Ratio (SNR) of the TALIF signal by reducing the amount of background noise collected by the
PMT. The fluorescence signal from the gated PMT was recorded by an oscilloscope.

Laser trigger and time delays

The visible portion of the dye laser beam was used in order to align the laser pulse with the gated PMT. This beam is
directed towards a photo-diode, which is linked to an oscilloscope. The oscilloscope then generates a signal, which is
sufficiently long (~ 1ms) to trigger a multi-function I/O device (National instruments USB). This additional step is
necessary because the nanosecond signal produced by the laser is too small. Consequently, this device produces the
necessary triggers for the PMT, taking into account the response times of all components and the length of the
connecting cables. The laser trigger, laser pulse, the gate and the fluorescence signal from the PMT are depicted in the
schematic from Figure 3.2.

A Laser trigger
B |
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L 1

> :
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Figure 3.2: The different types of waveforms observed from the oscilloscope during the TALIF measurement. A. The laser
trigger; B. the laser pulse; C. signal from the gate for the PMT and D. signal from the PMT.
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The overall response time of the system, considering these factors, is approximately 200 nanoseconds. This, in
conjunction with the previously mentioned 1ms signal, means that two laser pulses are required to conduct TALIF
measurements (see Figure 3.2.B). The first pulse initiates the data collection system, while the second pulse generates
the recorded fluorescence signal. An appropriate delay is thus introduced between the initial laser pulse and the gate of
the PMT. The entire system, encompassing control of the laser, data collection, and data processing, is managed through
a specialized LabVIEW program.

The gate is usually opened a few ns (~ 100 ns) before recording the signal from the PMT to avoid any stray oscillations
during the de-excitation process (Figure 3.2.C). Specifically, for nitrogen with its low intensity signal, this process is
necessary. The fluorescence decay rate is typically in the range of a few tens of ns. Once the laser is triggered, the gate

and the signal from the PMT are aligned, and then we start measuring the fluorescence signal (Figure 3.2.D).

3.1.2 N atom density calibration using Kr gas

Before the N-atom density measurements, it is important to perform a calibration procedure to ensure that the
measurements obtained from the TALIF setup are accurate, reliable and potentially identify any systematic deviations.
Gochlich et al.[17] first introduced a calibration technique that uses a noble gas of known quantity to perform
quantitative measurements of atomic densities using TALIF. This technique was used in this thesis to calculate the
absolute nitrogen atom density. This approach relies on comparing TALIF measurements conducted in a noble gas with
a known density to those of a specific atomic species of interest for which we aim at determining its density. The TALIF
excitation processes for these two species should closely match in terms of laser excitation and emitted fluorescence
wavelengths. This ensures minimal disparity in the laser setup and fluorescence collection optics between the two
measurements. When dealing with nitrogen (N) atoms, krypton (Kr) gas is often chosen and commonly employed for
calibration purposes [18]. igure 3.3 represents the two-photon excitation and fluorescence scheme of krypton and

nitrogen atoms.

Kr N
5p[3/2] 3p"Ss2
Y Y
826.32 nm 742-747 nn/
5s2[1/2]4 —_
587.09 nm 3s4P1/2, 3/2,5/2
5s2[3/2];
A A
2x204.13 nm 2x206.67 nm
4p6 lso 2p3 4S3/2

Figure 3.3: Two-photon excitation and fluorescence scheme of Krypton and Nitrogen atom. Adapted from the works of E.
Bisceglia, 2021 [19].

The two-photon-absorption wavelength values (approximately 2X204.13 nm) of Krypton closely match those of
nitrogen atoms (~ 206.67 nm). Therefore, the same dye (Rhodamine 640) for TALIF measurements on nitrogen and
krypton is used. In the krypton 5p?[3/2]z state, the primary fluorescent emissions are detected at 826.32 nm and 587.09
nm. BEven though the radiative decay at 826.32 nm is more pronounced, the 587.09 nm line is chosen to capture
krypton's fluorescence signal due to the potential for the 826.32 nm radiation to contain undesired Kr radiation lines
stemming from other excited states of krypton [20], [21]. For nitrogen, the de-excitation from 3p 4Ss/2 to the states 3s
4P1/2,3/2,5/2 produces three fluorescence lines at 742.364, 744.230, and 746.831 nm, which are collected by the PMT.
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For quantifying the absolute atomic nitrogen density, we measured the fluorescence signal of nitrogen and compared
its intensity with the fluorescence signal of Krypton. For calibration measurements, a cuvette filled with Kr at defined
pressure was used [22]. However, for accuracy related to cross-section of the two-photon excitation and its fluorescence,
we also filled the reactor with Krypton gas at a fixed pressure of 2 mbar and measure its fluorescence.

An equation comparing the fluorescence intensity of the gas with the known quantity (Krypton) and the gas with the
species of interest (nitrogen) was proposed by S. Schréter et. al. (2020) [22] and we used it to determine the absolute
atom nitrogen atom density:

2
SF,x — n(’lF,x) Tf (AF,x) 1 aik,x 0-952) Ny < ExllL,x > <31)
SF,cal n(’lF,cal) Tf (AF,cal) Tc (AF,cal) aik,cal O’ngi Ncal (Ecal/Tc (AL,cal))AL,cal

In equation (3.1), the terms denoted with ‘% refers to the values of nitrogen and the terms denoted with ‘cal’ refers to
the values of Krypton. Ag and A, refer to the wavelength of either the laser or fluorescence radiation. Sg , and Sg g
refer to the spectrally and temporally integrated fluorescence signals (integrals over wavelength and time). Here, Sg
and Sg cq; are only the temporally integrated fluorescence intensities of nitrogen and krypton respectively since we
consider the peak excitation method (PEM) to calculate the N-atom densities [19]. 7(4) refers to the quantum efficiency
of the detector system (PMT & monochromator) at the specific fluorescence wavelengths of krypton and nitrogen.
Tr(4) is the transmission of the interference filter placed in front of the detector system for the respective fluorescence

wavelengths of Kr and N. T, (4) is single-wall transmission of the cuvette used for calibration. It is considered to be 1

2
as we don’t use a cuvette to measure Krypton’s fluorescence). c®

v.cal refers to the two-photon excitation cross-section

and Ey 4 is the laser pulse energy. Assuming the laser-excited fluorescence state is denoted by the letter i, the branching

ratio of the transmission into the lower start k is described as:

Ay, Ay, Ay 4 Teff (3.2)
Qix _ S
L

T YA+ Yoking A+ Q A A+Q FTag

Qjy is the decay rate for the transition from state i to k. T4 1s the natural lifetime of the decay from the excited state
which is the inverse of the sum of decay rates into all possible lower states Tnqr = (Xx Ai) ! of the state i. The natural
lifetime of Kr (5p[3/2]2) is 34.1 ns [23]. by is the purely optical branching ratio into a specific state k and Tz is the
effective lifetime of the laser excited state. N,g; is the absolute krypton density that we measure and 1, is the absolute
nitrogen density that we calculate. All the literature values used to calculate the N atom density from the above equations
have been taken from the NIST atomic spectra database [24], which are represented in Table 3.1. The term IVpearx)
from Table 3.1 refers to the measured two-photon absorption profile of the unknown gas (nitrogen) and the ratio
IVpearn / Ivpear corresponds to the inversed ratio of the FWHM (FWHM y, /FWH M kry[25]) corresponding to
the laser energy profile, which is adapted to fit equation (3.1).
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Table 3.1: Detailed list of the parameters used for N-atoms determination. “Meas.” and “Manuf.” stand for experimentally
measured and manufacturer data, respectively

Okr
Parameter ) SFpeak(X) Nx TX on AX Ty EX AX gvpeak(x)
. . . no
Unit a.u. no unit no unit . s ns uJ nm s
unit
X species Kr N Ke N Kr N NA Kr N Kr N Kr N Kr N Kr N
. Pressure
Value 7.96x10° Variable 0.468 0.4836 0.92 0.92 0.62  1.17x10¢ 3.38x106 28.7 dependent =127 =259 204.221 206.767 6.28 x10-12 7.12 x10-12
Uncertainty
) 10 10 10 10 5 5 50 6 12 10 10 8 8 None None 14 16
()
Reference Meas. Manuf. Manuf. Niemi er Niemi ef Meas. Meas. Meas. Meas. Meas. Meas.

al[23]  al[23)

3.1.3 Fluorescence signal measurement

The calculation of N-atoms density using TALIF is generally done using the full excitation method (FEM) [17], [26],
[27]. The use of FEM requires the knowledge of the profiles of the laser beam and the absorption lines of N-atom and
Kr-atom. In particular, the absorption line profiles depend on the local plasma conditions and are not always easy to
determine from experiments [21], [28], [29]. It requires calculating terms such as the Doppler broadening of the
absorption lines and the gas temperature. Additionally, the use of FEM requires the determination of the time and
frequency integrated fluorescence signals for each density value measurements. A simplified process for measurement
is to use the peak excitation method (PEM) [19]. In this method, the N-atoms density can be readily determined using
a single laser shot at a central wavelength of the krypton's and nitrogen's fluorescence. This is done by capturing the
fluorescence signals of Kr and N generated by several laser pulses over a range of central wavelength values and
integrating each fluorescence signal temporally over the whole central wavelength range. The use of the peak value of
the temporal integral of the fluorescence signal enables achieving the maximum ovetlap between the laser and the
absorption lines, thereby limiting the uncertainties of the measured N-atoms density [30].

PEM is valid as long as the spectral profiles of the absorption lines chosen for TALIF measurements do not change
over the investigated plasma conditions. The approach seems to be particulatly suitable for low temperature and low-
pressure plasmas where the change in line broadening width due to Doppler and Stark effects remain limited [19], [29].
The difference between the FEM and PEM methods are explained thoroughly elsewhere [19]. Hence, to calculate the
N atom densities, we use the peak excitation method (PEM) scheme.
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Figure 3.4: Krypton fluorescence measurements at a pressure of 200 Pascal, laser energy Er, ~ 77u] and excited at a laser
central wavelength A1~ 204.221 nm. A. Krypton Fluorescence signal with an effective lifetime (tefrx:) of 29.5 ns. B. Temporally

integrated fluorescence signal of Krypton over a range of laser central wavelengths.
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For our measurements, at each process conditions, we calculated the N-atom density by considering the peak value of
the temporal integral of the fluorescence signal from N and Kr. Figure 3.4 represents the fluorescence measurements
obtained for Krypton gas at a defined pressure of 2 mbar ~ 200 Pascal. Figure 3.4.A depicts the signal captured by the
gated PMT, which is the de-excitation of the excited Kr atom that produces the fluorescence. The black line here
indicates the decay of the fluorescence signal from which the decay of the population of the upper state Kt* (Torf kr)
is calculated to be ~ 29.5 ns. The data points from Figure 3.4.B represent the temporally integrated fluorescence signal;
these points are measured over a range of laser central wavelength. The corresponding Gaussian fit of the profile is
shown by the black curve. For calculating the N-atom density from equation (3.1), the peak value of the Gaussian fit
was chosen for Sg 4.

Figure 3.5 represents the fluorescence measurements obtained for nitrogen in the Ar/N; plasma at a few tens of Pascals.
The central laser wavelength A1 was kept at ~ 206.767 nm. The fluorescence decay of the populated excited state of
nitrogen (N*) yielded an effective lifetime (Torf ) of 27.1 ns (depicted by the yellow line in Figure 3.5.A). Similar to
Krypton, the temporal integral of the fluorescence signal at different wavelengths was measured and plotted as shown
in Figure 3.5.B. The peak value of the Gaussian fit (black line) was chosen to represent Sg , from equation (3.1), which

was essential for calculating the N-atom density.
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Figure 3.5: Nitrogen fluorescence measurements at a pressure of ~ 20 Pascal, laser energy Er, ~ 262 pJ and excited at a laser
central wavelength Ar.~ 206.767 nm. A. Nitrogen Fluorescence signal with an effective lifetime (tefn) of 27.1 ns. B. Temporally

integrated fluorescence signal of nitrogen over a range of laser central wavelengths.

It is important to note here that the fluorescence signal intensity (PMT signal observed in oscilloscope in terms of
voltage) of nitrogen comprises of a strong background emission unlike krypton. This is because Kr gas exists in its
atomic state while nitrogen gas exists in its molecular state. The scarcity of enough N atoms at such a low-pressure
system (~ a few Pascal) makes it difficult to extract the fluorescence signal necessary to calculate the absolute N-atom
densities.

Error estimation and uncertainties

There are several error factors to be considered while obtaining the N-atom density using TALIF. The basic ones are
the systematic and statistical errors. The systematic error arises due to the reproducibility of the measurement itself. In
our case, for each process parameter variation (RF Power, Pressure and N2 flow variation, the TALIF measurement
process was repeated thrice and the grouped standard deviation was calculated and this value was considered as the
systematic error. The statistical error arises due to the individual variables from equation (3.1), which is used to calculate
the N-atom density. The uncertainties on the time integrated peak fluorescence intensity ([ S(v, t) dt) using the PEM
scheme correspond to around 10-15% of the global relative error on the density [19], [31]. We consider this value to be
15% of the calculated N-atom density for all our measurements. Apart from this, the largest contribution to the relative

error on nitrogen atom density comes by far from the uncertainty on the ratio of the two-photon absorption cross-
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sections for nitrogen and krypton, which amounts to ~ 50% [19], [32]. The second etror source comes from the
uncertainty on the krypton radiative lifetime, which is 20% [31]. In the following, the systematic error associated with
each determined N-atoms density will not be shown as it is close to 60%, mainly due to the 50% uncertainty of the
value of the two-photon absorption cross section ratio. Therefore, only the average values are displayed along with the

statistical error obtained by calculating the standard deviation from three independent measurements.

3.1.4 Fluorescence lifetime & quenching

The effective lifetime (Torf) of the laser excited state from equation (3.1), is an important factor that needs to be
measured in our experiment. The precise knowledge of the effective lifetime for the excited states of both Kr and N is
essential for reliable quantitative measurements of the N atom density. It is measured by fitting the exponential decay
of the fluorescence signal of the desired species (Kt or N) obtained from the PMT that corresponds to the decay of the
population of the excited state of Kr or N. Tefr takes both the natural lifetime and the radiation-less collisional de-
excitation (quenching) via collisions of the excited states into account. For the Krypton gas, the calibration
measurements were performed at 200 Pa and the measured effective lifetime was ~ 29 ns. This value is very close to
the value obtained when computing the Kr excited state radiative lifetime from the Einstein coefficient recommended
by the NIST database [24] which is ~ 28.5 ns. At 200 Pa, we can therefore consider the quenching of the Kr atom to
be negligible and the radiative lifetime of the Kr excited state is almost equal to the fluorescence decay time (Teff gr) Of
Krypton.

For nitrogen, Figure 3.5.A shows the fluorescence signal. Fitting the exponential decay of the signal from the PMT gives
us the N* decay rate(Ty+) which is the effective lifetime. This is calculated to be approximately 27 ns. The effective
lifetime for nitrogen (Ty+) is expressed as [33]:

1 1 3.3
= ey [Nl + g ar] G-
1 102 (3.4)
= T + P XWX [quszz +kqAT(1 _xNz)]
r,N* B

Here, kg, and kgar are the quenching rates of excited N atom (N*) by N2 and Ar respectively in cm3s; [N] and [Ar]
the densities of N2 and Ar respectively in cm?. P is the working pressure in Pascal; kg is the Boltzmann constant in JK-
I; T is the gas temperature in K; and Xy, is the fraction of N in the gas mixture. T, y+ is the natural radiation de-
excitation decay of the excited level (N*). T,. y+ can be calculated using the Stern-Volmer plot [34], [35] which is the
inverse of the intercept from equation (3.4) for different fractions of Ny in the Ar/N; gas mixture. The Stern-Volmer

plot measured in our case was taken for a pure N2 gas with no Ar (100% N ~ x,=1) which is shown in Figure 3.6.
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Figure 3.6: Stern-Volmer plot depicting the excited N atom’s decay rate during the fluorescence emission w.r.t the working
pressure (Pa). Each data point (blue circle) represents the lifetime of the de-excitation process, which produces the
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The natural radiative de-excitation decay (Tyn* = Tpar(n*)) Of the excited level is measured to be ~ 27.3 ns. On
comparing the effective lifetime and the natural radiative lifetime of the excited N atom ( Ty+ and T, y+), we find out
that they both have a similar value close to 27 ns. Looking back at equation (3.3), this reveals that quenching rate of the
excited N atom N* by Nz (kgp, ) is considered to be negligible at these low pressures (a few tens of Pascal). Although,

it is important to note that at higher pressure (a few thousand Pascal), the quenching rates have a significant value that
distinguishes the effective lifetime from the radiative lifetime and needs to be considered.

3.1.5 Quadratic regime identification

The wvalidity of equation (3.1) mentioned above to calculate the absolute nitrogen atom density depends on the
assumption that the laser-atom interaction is dominated by the two-photon laser absorption. But it is important to
consider that several phenomenon such as stimulated emission, photo-ionization (when a third photon is absorbed by
the already excited atom) and photo-dissociation can occur if the instantaneous laser power and the local power density
are too high [27], [36]. The range of laser energy where there is a dominance of the two-photon laser absorption is called
the quadratic regime. The power dependence factor is a useful term that ensures the above conditions are fulfilled [37].
It can be mathematically represented as the linear fit of the integral of the TALIF signal versus the square of the laser
energy. When the two-photon laser absorption dominates over the other phenomena, the power dependence factor is
usually close to 1. Iigure 3.7 represents the log-log plot of the temporally integrated TALIF signal at various values of
the squared laser energies for krypton and nitrogen.

The laser energy was varied using neutral density filters placed on the path of the laser beam. The linear fits for both
krypton and nitrogen are plotted in Figure 3.7. The slope of the linear fit is equal to 1 (1 £ 0.04) for Krypton and almost
equal to 1 (1.17 £ 0.16) for Nitrogen with a slight deviation.
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Figure 3.7: Temporally integrated TALIF signal as a function of the square of the laser energy for A. Krypton and B. Nitrogen.
The black line corresponds to the associated linear fit of the data points.
The deviation might be due to the weak fluorescence signal measured for nitrogen, which is almost 100 times lower in
intensity when compared with the fluorescence signal of Krypton. Nevertheless, the power dependence factor is still
close to 1 and it could be agreed that for both krypton and nitrogen, the laser-atom interaction is dominated by the two-
photon absorption. Thus, equation (3.1) can be used for the determination of absolute nitrogen atom density in the
plasma discharge in this particular energy range.

3.1.6 N-atom density estimation

TALIF experiments were conducted at a pressure range of 16-32 Pa. This was mainly due to the fact that at low pressures
(< 15 Pa), we could not obtain the fluorescence signal of nitrogen atom and hence could not calculate the atomic density.
An important point to note here is that the GaN growth window with respect to pressure in our reactor was between
2-15 Pa, so unfortunately, the exact estimation of N-atom densities at the growth conditions of GaN could not be
performed. However, the estimated density trends at a slightly higher working pressure could still yield us with useful
information.
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Figure 3.8 represents the N-atom density across the pressure range of 15-35 Pa. The fluorescence signal obtained at
each pressure is marked in the inset of the figure.
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Figure 3.8: Nitrogen atom density plotted at a pressure range of 15-35 Pa. The inset shows the fluorescence signal obtained
during the TALIF measurement at each pressure.

In our plasma discharge, the N-atom density ranges from 10" cm ~ 10'2 cm-? which is in the same range other process
involving Ar/N; plasma in process conditions close to ours [38]. Regarding the trends w.r.t pressure, we obsetve a
progressive increase of the N-atoms density from 4X10'" to 1.4X10'2 cm™ by varying the pressure from 16 Pa to 32 Pa,
respectively. Within the investigated pressure range, the N-atoms density increases by a factor of 3.25 while the pressure
increases by a factor of 2. It is noteworthy that the operation of such plasma source at pressures as high as 30 Pa may
be beneficial for applications in which the strong production of N-atoms is desirable. For instance, this would represent
a way to increase the growth rate of nitride-based coatings or to improve the efficiency of nitridation processes while
working at relatively low pressure that ensures low-level of contamination.

A possible cause leading to the increase of the N-atoms density as a function of the pressure may be the enhancement
of the electron density, which induces a larger dissociation degree of Nz through direct (l.e., e + N2 — N + N) or
indirect mechanisms, e.g., through electron collisions with vibrationally excited N2 molecules[14]. To examine such
cause, we measure the electron density as a function of the pressure, which is presented in the next section.

3.2 Microwave Interferometry (MWI): on the measurement of electron density

Electron density measurements are usually performed using Langmuir probe [39]. However, in reactive deposition
plasmas such as ours, the deposition on the probe surface makes it practically unusable as it leads to misinterpretation.
At the contrary, Microwave interferometry (MWI) is a non-invasive technique, makings it an attractive system and hence
used in a wide array of plasma systems from low temperature vacuum deposition to fusion experiments [40], [41].
Additionally, the interpretation of the measurements in a MWI system is much simpler when compared to Langmuir
probe, where information about ion composition and plasma sheaths are required. Basically, MWI relies on the uses
microwave radiation to infer plasma dielectric properties which are related directly to the electron density. In a simplified

explanation, it is inferred from phase shift and attenuation of the microwaves by the plasma.

3.2.1 MWI diagnostic setup
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We used a Miwitron MWI 2650 system for our measurements loaned by the “Réseau des Plasmas Froids”, the national
French plasma network in collaboration with Cédric Noel from Institut Jean Lamour. The schematic of the system is
presented in Iigure 3.9. The system comprises of two microwave units with antennas, one is emitting a microwave
beam at 26.5 GHz, and the other acting as a receiver. For this purpose, the reactor was equipped with BK7 windows
on either sides transparent to microwave radiation. The transmitting and the receiving units were connected together
using coaxial cables. The transmitting unit is connected to the control unit using a coaxial cable. The control unit
contains a digital unit to display the value of electron density being measured. The calibration of the system was done
by entering value of plasma length (plasma size or width parallel to the line of transmission). As the plasma path length
varies as a function of the process conditions, we recorded a picture of the plasma for each investigated process

conditions and determined the path length, i.e. the plasma diameter along the line of sight of the microwave radiations
(shown in Figure 3.9).

Ar/N, plasma with path lengths ~0.5t0 2 cm

Substrate holder

Cathode~4 cm «— \

Transmitter Arl Ny plasma Receiver
AANANAANAAN NANANAANA
/',”’ \
i ! Antenna y
i ".‘ Ga ;
', target ~
-MWI control :‘. ‘\‘ ,/'
@65GH) RF magnetron
— MW interferometry > e density

Figure 3.9: Schematics of the Microwave interferometry (MWI) setup adjusting to our plasma PVD reactor system. The
transmitter and the receiver units are connected via coaxial cables and are placed just outside the windows on either sides.

We the measures the phase shift of microwave radiation produced by the Ar/N, plasma placed in the primaty
transmission path of the interferometer in respect to a phase of a radiation taken from an auxiliary transmission path of
the interferometer serving for the phase reference. Since we used a low-pressure plasma, this phase shift is essentially a
function of the plasma electron density alone. As the phase shift is calibrated, we can do continuous measurement of
density between the upper limit of strong refraction effects near the plasma critical density and the low limit of phase
sensitivity of the interferometer [42], [43]. Since the measured signal was integrated along the transmission path of
microwaves in plasma, the value of electron density determined is averaged over the transmission path length. The
minimum phase shift angle that the control unit can go is 0.1% which corresponds to the minimum electron density that
could be measured ~ 1 x 10 cm?3. The minimum path length provided by the control unit is 5.5 cm. For even shorter
plasma path lengths, we use a correction factor by dividing the path length limit (5.5 cm) by the actual plasma path
length. The average electron density is calculated using the formula:

1
n=54 x 101%x Agp [Z] cm™3 (3-3)
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7 is the average electron density, A@ the phase shift and L the plasma path length. It is important to ensure the base
limit is levelled before each measurement. The electron density is displayed directly on the control unit. However, the
base limit also called as the zero point fluctuates frequently and is hard to keep track. For accuracy, we connect an
oscilloscope to the control unit and measure the voltage across time. The phase shift from equation 3.5 can be calculated
using the relation 1mV = 0.1°. This is true for a path length of 5.5 cm. We then use the correction factor and determine
the plasma electron density at various process conditions.

3.2.2 Electron density measurements (n.)

As an example, we present the n. measured across varying a single process parameter - the working pressure. Iigure
3.10 depicts the electron density measurements at a pressure range 1-35 Pa. Within this range, the n. ranges from 100
~ 10" cm3, which is again in agreement with that measured in typical low pressure Ar-No plasma discharge [44], [45].
Unlike TALIF where no fluorescence was observed at low pressure ranges (1-15 Pa), the electron density values could
be measured for the entire pressure range (1-35 Pa) thereby focusing also on the growth range of GaN (2-15 Pa). Since
we have estimated electron density at this range and know the trends of both N-atom densities and electron densities,

one could extrapolate the values of N-atom densities from TALIF at low pressures (< 15 Pa) using modeling studies.
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Figure 3.10: Electron density (n.) plotted vs the working pressure range of 0-35 Pa. The patterned inset from 2-15 Pa depicts
the growth regime that was used to deposit GaN.

Throughout the pressure range, the electron density keeps increasing. This might be due to the increased collision
frequency between the plasma species as the pressure increases [44]. It is important to note here that, apart from the
working pressure, process parameters such as the Nz flow and the RF power were also considered for the electron and
N-atom density estimation, which will be useful to link the trends in growth quality of GaN films and will be presented
in Chapter 4.

3.3 Optical emission spectroscopy (OES)

In this thesis, we extensively used OES for several purposes:

(@) to globally qualify the discharge, especially when the reactor was launched, in order to monitor the main emissive
species in the Ar/N, discharge and also to identify the conditions at which the Ga-atoms ejection was maximal.

(ii) we are interested in measuring the gas, vibrational and electron temperatures as a function of main growth process
parameters and hence we use OES to characterize the plasma temperature.
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Also, for purpose of process optimization, OES was used to optimize the process as we faced oxygen contamination
of the samples due to impurities present in the plasma. This will be discussed in the last section of this chapter dedicated
to plasma qualification and optimization. Hereafter, we will focus on the point (i) and (ii).

3.3.1 Main emission features of the plasma

As introduced in chapter 1, in sputtering process, Argon (Ar) is primarily utilized for its substantial mass, which
maximizes the ejection of Gallium (Ga) atoms, while nitrogen (IN2) serves as a source of nitrogen atom precursors in
the gaseous phase. Nevertheless, achieving a high concentration of nitrogen atoms is a known to be challenging due to
the strong triple bond (bond energy ~ 945 kJ /mol) connecting the two atoms of N [46]. Therefore, the role of argon
in the discharge extends beyond simply facilitating sputtering; it may also contribute to augmenting nitrogen atom
production through an energy transfer process involving Ar metastable species [47], [48]. To assess the conditions that
favor gallium sputtering while ensuring robust N2 emission, we employed Optical Emission Spectroscopy (OES) as a
straightforward and non-intrusive qualitative technique. Optical emission spectroscopy (OES) was performed using an
AVANTES Avaspec-ULS4096 CL-EVO spectrometer that has a slit width of 10 um, a resolution (FWHM) of 0.7 nm
and a spectral coverage in the UV-VIS region (from 200-750 nm).
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Figure 3.11: Optical emission spectra from the plasma PVD reactor. A. Ar plasma at 50mTorr, 100W depicting the atomic Ga
lines. B. N2 plasma at 50mTort, 100W depicting the molecular and atomic nitrogen lines and atomic Ga lines. C. At/N; plasma
at 50mTorr, 100W showing strong atomic Ga lines along with the nitrogen emission lines.

Figure 3.11 illustrates the optical emission spectra of three different plasma types: pure Ar plasma (A), pure N2z plasma
(B), and Ar/N; plasma used for GaN film deposition (C). These spectra are presented for the purpose of peaks
identification and to highlight the advantages of combining Ar to N to enhance Ga sputtering. It is evident that while
pure N2 plasma induces the ejection of Ga atoms (Figure 3.11.B), the addition of Ar further enhances this process and

leads to strong Nz emission (Figure 3.11.C).

The prominent peaks observed in the wavelength range of 300-400 nm (Figure 3.11.C) correspond to various transition
lines from the Nz second positive band system (SPS).

The major peaks observed in these spectra correspond to transition lines associated with molecular nitrogen, gallium,
and argon. Figure 3.11.C exhibits molecular features originating N second positive band system (SPS): (C3IT, (v") —
B3Hg (v'"), Nu* first negative system (FNS): (B2Zf(v") — XZZ'J (v'")) and N first positive system (FPS):
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(B3,(v') —» A3X}(v'")), where V' and V"' are the vibrational quantum numbers of the upper and lower states [44].
The intense emission lines within the 300 to 370 nm range in the SPS region indicate excitation and quenching processes
from the ground state, facilitated by collision with metastable species. This results in the overpopulation of N, (C311,,).
In contrast, the peaks from FNS are weaker due to the higher threshold energies required for excitation compared to
SPS. The resonant transitions of gallium [49] are also evident, with sputtered Ga atoms in the Ar-N2 plasma being
excited to the metastable (5s%S1/2) level through collisions with excited species, followed by radiative decay with
emissions at 403.3 and 417 nm [50]. Again, these observations highlight the advantages of using an Ar/N» mixture over

pure Ny, as the addition of Ar not only promotes Ga atom ejection but also results in strong N emission.

3.3.2 Estimating the characteristic temperatures of an Ar/N, plasma using OES

Glow discharges at low gas pressures (a few Pa) are non-equilibrium plasmas where the electron temperature (Tg) is
always higher than the neutral gas temperature (Tg,s). Given that our plasma system possesses a low electron density
(~10° - 10" cm™ as measured from interferometry) , wherein radiative processes prevail over collisional processes, it
falls within the corona balance category and is acknowledged as a non-local thermal equilibrium (LTE) plasma [51].
Molecular gases such a Nz in our discharge can be characterized by their vibrational Ty, and rotational temperatures
Trot in addition to the electron and gas temperatures. The characteristic temperatures generally follow a classical
inequality [52] : Te > Tyjp > Trot ~ Tgas- In this study, we try to estimate three different characteristic temperatures
in our Ar-N; discharge — I) the rotational temperature (Tyq¢) — provides us with an estimate of the gas temperature. As
clectrons have limited effectiveness in imparting rotational energy to molecules due to their small mass, the distribution
of rotational states is regulated by collisions with heavier particles [53] . II) Vibrational temperature (Ty,) & 1II)
Excitation temperature (Tgyc) — since both vibrational and excitation transitions are primarily dominated by electronic

collisions, their populations provides an insight into the electron temperature (Te) [51].

In this study, to estimate the rotational temperatures of N2 (SPS & FNS), we used a high-resolution OES setup (HR-
OES) with a resolution of 0.006 nm. The experiments to determine the vibrational temperature of N2 SPS and excitation
temperature of our plasma system were done using a low-resolution spectrometer (AVANTES) with a resolution of 0.3
nm. The whole study was carried out at the Laboratoire des Sciences des Procédés et des Matériaux (LSPM) at

Villetaneuse.

3.3.2.1 Estimation of the gas temperature using rotational lines

Gas temperature measurements in non-equilibrium plasmas are frequently acquired through emission spectroscopy,
specifically by analyzing the population distribution across rotational levels of excited states in diatomic molecules
(referred to as rotational temperature). This approach has been successfully employed for many years [54], [55]. We
particularly focus on the rotational levels of Na. The rotational temperature (Tyo¢) of N2 can be established by utilizing
any rotational band within the emission spectrum of nitrogen or a similar molecular gas. In the case of nitrogen, this
determination is feasible by employing specific bands, such as the second positive system (SPS) bands at 337.4 or 380.4
nm or the first negative system at 391.4 nm (FNS) [56]. As mentioned before, we use a high-resolution spectrometer
for this purpose and for determining the rotational temperature; we use the 337 nm spectra of N2 SPS and the 391.4
nm spectra from Nz FNS.

Donnelly et al [57], described that the Tyo¢ can be determined by compating the experimental spectrum of a particular
rovibrational band to a synthetic spectrum calculated for various rotational temperatures. In order to determine Tyq,
the recorded rotational emission spectrum is fitted with a simulated spectrum generated by the software “Massive-OES”
[58]. A typical spectrum of the (0, 0) band at 337 nm (N2 SPS) and the N>* FNS is presented in Figure 3.12.A&B. The
rotational temperature was obtained by comparing the relative intensities of the various lines of the emission band. A
conventional Boltzmann plot method can be used to determine the rotational temperature. As an example, if we

consider the 337 nm emission band, for a transition from a rotational level J' in the upper vibronic state (C3I1,, v"), to
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a rotational level ]’ in the lower vibronic state (B 3Hg' v'"), the relation between the intensity of the emission line and

the rotational temperature can be expressed as: [59]
1G"]") = aSU",J"exp (=E(J") /kpTror) (3.6)

wherte @ is a constant that depends on the spectral response of the imaging system, S(J',]"') is the line strength for each
transition, E (J") is the rotational energy of the level, /' and kj is the Boltzmann constant. The above relation can be
expressed in terms of wavelength and transition probability [60]:

(ﬁ)_B_ Ex 3.7)
kBTrot

where, I denotes the total intensity, A refers to the transition probability. G is the degeneracy of the upper level (statistical
weight), 4 is the wavelength and Ej, is the excitation energy. Tyo¢ is calculated from the slope of the Boltzmann plot
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between In (E) vs the excitation energy Ej from equation (3.7).
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Figure 3.12: A. Experimental (red) and the simulated (blue) time-averaged rotational emission spectra of the N2 (SPS) at 337.4 nm
used to determine the rotational temperature ((Tyor N2 (C)). A’ The cotresponding Tior N2 (C) vs N2 fraction in the Ar/Ny gas
mixture. B. The time averaged rotational emission spectra of the No* (FNS) at 391.4 nm used to determine the rotational
temperatute (Tpor N2t (B)). B’. The Tyt N2t (B) vs N2 fraction in the Ar/N; gas mixture.

Figure 3.12.A&B represents the measured and fitted spectra of the N»(C) and N»*(B) state respectively. The
corresponding Tyo¢ is plotted in Figure 3.12.A’&B” as a function of the N fraction in the Ar/N; gas mixture. The
Trot(MN2(C)) is observed to be in a wide range of temperature (400 K ~ 2200 K) whereas the Tyor (N2*(B)) is uniform
around 450 K + 150 K. The error in the temperature estimation atises from the simulated fitting of the emission spectra
and the accuracy of the Boltzmann plot distribution.

Ideally, when the N2(C) excitation occurs exclusively through electron impact dissociation, its rotational distribution is
assumed to be in equilibrium with the translational motion of the neutral gas species (N2). Hence, the Tyq¢ calculated
from N2(C) can be used as an estimation of the gas temperature (Tyor ~ Tgas) [01], [62]. Same goes for the other
molecular transition occurring at the FNS of N»"(B), assuming a dominance of the electron impact excitation, the
rotational temperature can be used as an estimation for the gas temperature (Tror ~ Tyqs) [63], [64]. However, on
observing Figure 3.12.A’&B’, the Ty distribution across various Nz flows is entirely different. For No(C), the Tyq¢

values are much higher than N>*(B) and follows a decreasing trend as the Nz flow increases. Generally, the gas
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temperature (Tgys) is in the order of a few hundreds of Kelvin [65]. While Ty.o¢ (N2*(B)) could be an estimation of Tgys,

in our case, Trot(N2(C)) might not correspond to the gas temperature (Tgys) as discussed below.
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Figure 3.13: A. The rotational emission spectra of the Ny (SPS) at 337.1 nm at two different N fractions in the Ar/Nj gas
mixture (40% and 100%). A’. The corresponding Boltzmann plot obtained from the two different N fractions and the calculated
Trot N2(C).  B. The Boltzmann plot at N2 ~ 40% split in to a hot and cold zone depicting two different mechanisms that causes
the T to tise to ~ 1692 K.

The only condition where Tyo¢(IN2(C)) ~ Tror N2*(B)) is at a N2 flow of 100% (pure No, no Ar) where the Ty ~ 450
K. One could say that the Tyot(N2(C)) is influenced by the Ar gas where a process apart from the electron impact
excitation is dominant. To investigate this, we considered the N»(C) emission SPS emission band at two different N»
flows (40% and 100%) which is shown in Figure 3.13.A. At 40% N (red spectra), the rotational bands extend over a
wide range from 337 nm beyond 332 nm whereas at 100% N, the bands stop at ~ 335 nm. The corresponding
Boltzmann plots are shown in Figure 3.13.A” where the measured Tpo¢ ate ~1700 K at 40% N and ~438 K at 100%
N2. At 40% Nz, most probably, the production of N2(C) through metastable energy transfer is expected to be dominant
which results in a rotational temperature that is higher than that of the gas temperature [62], [66], [67], [68].

The N»(C) is therefore predominantly populated by two processes [69]:

e~ +N,(X) > N,(C) + e~ (3.8)
Arera(3Py) + Np(X) = Ar + N,(C) 3.9
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The threshold energy for equation (3.9) of the Ar* metastable states is ~11.5 eV which is very close to the threshold
energy of the electron impact dissociation of N2 (X) to N2(C) in equation (3.8) ~ 11.1 eV [69]. Comparing the respective
energies, we state that the excitation of Na(X) to N2(C) by the Ar* metastable is valid. So, in our case, at lower N
fractions (higher Ar concentration), the N»(C) is excited to higher rotational levels by a) electron impact excitation and
b) via Ar* metastables where the populated rotational states are non-thermalized. This is why the Tyoy ~1700 K
predicted using the N2(C) band is overestimated in the discharge region. The Boltzmann distribution of Tyq for the
hot and cold process is shown in Figure 3.13.B. Tyq¢ (cold) is ~ 450 K which is in the range of Tyo¢ obtained from the

N2*(B). Trot (hot) due to the Ar* metastable is ~ 2237 K and does not represent the gas temperature.
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Figure 3.14: A. The rotational temperature Tyop of N2* (FNS) and the cold part of the N2 (SPS) showing similar trends at various
N fractions in the Ar/N> gas mixture. B. The estimated gas temperature (Tgys) vs N2 flow obtained from averaging the rotational
temperatures of the No* (FNS) and Ny (SPS).

So, to estimate the gas temperature of the Ar-N» discharge, we can either consider the Ty.q¢ from No™(B) or the Ty.q¢(cold)
from Ny(C). A comparison of the Tyo¢ from the No*(B) and N2(C) bands is shown in Figure 3.14.A at different N>
fractions in the Ar-N» gas mixture. Ty is uniform at ~ 450 K = 150 K with subtle variation throughout the entire
range of Nz flows. Considering both the SPS and the FNS bands, we estimate the Tgas ~ 450 K. The estimated Tgys at

various N2 flows is shown in Figure 3.14.B. The gas temperature does not vary significantly at various N fractions.

3.3.2.2 Estimation of the vibrational temperature

The vibrational temperature (Ty,) of molecular nitrogen can also be determined based on the SPS of the nitrogen
emission spectrum similar to the rotational temperature. Here, we consider the radiation transition between the C and
B clectronic states: N,(C3I1,,) - N, (B?’Hg) + hv. We use the vibrational sequence Av = -2 of the Nz SPS in the
wavelength range 365-385 nm and we assume that the emission follows a Boltzmann distribution [62]. Figure 3.15.A
depicts the measured vibrational spectrum for the N2 SPS. It is important to note here that for measuring Ty, we used
a low-resolution spectrometer (~ 0.3 nm) and hence we do not see the rotational bands within the three observed
vibrational bands. Although, this resolution is enough to detect the vibrational transitions at 371.05 nm, 375.05 nm and
at 380.49 nm which corresponds to the transitions from (v’ = 2,v" = 4), (v’ = 1,v" = 3)and (¥ =0,v" = 2)
respectively. The line intensity corresponding to a vibrational transition (I;,)is given by [62], [70]:

Gy
IUI’I E;Avil - ~
i AT exp (— 1)

(3.10)
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where f})] is the transition frequency, Ay, is the Einstein spontaneous emission probability, Gy, is the energy of the
upper vibrational state and kp is the Boltzmann constant. Figure 3.15.A” shows the slope of the Boltzmann plot from
equation (3.10), which gives us the vibrational temperature Ty,. The characteristic constants used in equation (3.10)
needed to determine Ty, ate mentioned elsewhere [62]. The estimated Typ in our Ar-N; plasma discharge is ~ 4200
K + 400 K (~ 0.35 eV). Tigure 3.15.B shows the trend in Ty, across various N» fractions. There is a slight non-
uniformity with Ty, ~ 4300 K at 10% Nz and ~ 3950 K at 100% Noz. For a fixed RF Power and pressure, we could
say that the Tyjp is higher at lower concentration of Ny in the discharge. This might be due to the fact that with the
increase in Ar percentage, the Ar* metastable population increases. This increases the probability of the Penning
excitation from equation (3.9) because of the lower excitation threshold energy of Nao(C) (Ew (N2 (C) ~ 11.1 eV, Ew
(Ar*) ~ 11.55 eV & 11. 72 V). Nevertheless, considering the errors during calculation, this does not constitute to a
significant change and the overall range of Ty, is from 3800 K to 4600 K across vatious N fractions.
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Figure 3.15: A. The vibrational emission spectrum of the SPS of N (vibrational sequence Av = -2) obtained at 40% Ny fraction.

A’. The corresponding Boltzmann plot used for the determination of the vibrational temperature of N2(C). B. Variation of the

vibrational temperature (T\i, N2(C)) as a function of the N fraction.
If electron collisions predominantly govern vibrational excitations, a rise in Ty, signifies an elevation in electron
temperature ( Tg). Considering similar RF magnetron discharges such as ours from literature, the Tg is typically in the
range of 0.3 eV ~ 1 eV [68], [69]. The measured Ty illustrated in Figure 3.15.B ranges from 0.3 to 0.4 ¢V, indicating
a notably lower value but still in the T, range from literature. So, the vibrational temperature Ty, of N2(C) alone cannot
be employed to directly monitor the electron temperature due to the possibility of N»(C) excitation arising from
collisions with electrons and Ar* metastables [52].

The fundamental significance of both vibrational and rotational temperatures in plasma processes lies in their distinct
roles. Rotational excitation serves as a plasma thermometer (monitoring the gas temperature), while vibrational
excitation, owing to its adiabatic nature, acts as an energy reservoir. This reservoir is crucial for sustaining energy and
plays a pivotal role in the chemical reactions occurring within the plasma [52].

3.3.2.3 Estimation of the excitation temperature

The electronic excitation temperature Teyc represents the distribution of electronic energy states within the excited

states. These excited states are achieved through collisions with electrons, and ideally, the energy distribution in these
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excited states can be characterized by the electron energy distribution function (EEDF), leading to Te = Texc -
Unfortunately, for a non-equilibrium plasma such as ours, due to inadequate time for electron distribution to reach
equilibrium with electronic excitation distribution, the validity of the Ty = Teyc relationship becomes questionable
[73], [74]. Presently, there are many ongoing discussions on methods to estimate Te in non-thermal plasmas [75], [70],
[77]. However, if we assume that the upper levels of atomic transitions that we selected are in local thermal equilibrium
(LTE), i.e. it will follow the Boltzmann approximation, the estimation of Teyc could still give us a rough estimation of
the electron temperature to study its trend under various process conditions [78]. This is useful especially in atmospheric
pressure plasmas (high electron density) and magnetized plasmas (such as ours) where Langmuir probe cannot be used.

The electron excitation temperature ( Texc) can be calculated through the Boltzmann-plot method using sequences of

different Ar lines [79], [80], [81].

The Boltzmann plot expressed used to determine Teyc is given as [80] :

- <1ij,1ij> _ K e (3.11)
giAij kBTexc

Where [;j is the relative intensity of the selected Ar-I emission line between level 7and /. 4;; is the wavelength in nm, g
and A are the statistical weight and the transition probability of a selected transition. In our studies, we use 14 emission
lines of Ar to calculate the Teyc. They are listed in Table 3.2 along with the values of the other constants required to

determine Taxec.

Table 3.2: The spectra parameter of the observed Ar-I emission lines from 696 nm to 853 nm. The corresponding constants are

taken from literature [81].

Wavelength (nm) Ay x 107 (s Ei (eV) E; (eV) Transition gi
696.5 0.63 11.54 13.32 4p; — 4s, 3
706.7 0.38 11.54 13.30 4p, — 4s, 5
727.3 0.18 11.62 13.32 4p, — 4s, 3
738.4 0.84 11.62 13.30 4p—4s 5
750.4 4.45 11.82 13.47 4py — 4s4 5
751.5 4.02 11.62 13.27 4py — 4s4 1
772.4 0.51 11.54 13.15 4p; — 4s, 5
794.8 1.86 11.72 13.28 4p; — 4sg 3
801.5 0.92 11.54 13.09 4p, — 4s, 5
810.4 2.5 11.62 13.15 4p; — 4s, 5
811.3 3.31 11.54 13.07 4p3 — 4s, 3
820.5 1.53 11.82 13.32 4p, — 45, 7
842.5 2.15 11.62 13.09 4p, — 4s, 5
852.1 1.89 11.82 13.28 4p, — 4s, 5
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Figure 3.16: A. Emission spectrum showing the Ar-I lines that were considered for determining the excitation temperature (Texc)
using line-ratio method. A’. The Boltzmann plot at an N fraction of 10%. B. The trends in the Teyc at vatious N fractions in

the Ar/N; gas mixture.

Figure 3.16.A represents the Ar emission lines used for our measurements from Table 3.2. By calculating the slope from
equation (3.11), we obtain the Texc as depicted by the Boltzmann-plot from Figure 3.16.A”. At various N fractions in
the Ar-N» gas mixture, we estimate Teyc to be in a wide range from 2500 K to 8000 K (0.2 eV ~ 0.7 eV) as shown in
Figure 3.16.B. As mentioned before, for REF magnetron discharges such as ours, the electron temperature Tg is typically
in the range of 0.3 ~ 1 ¢V [71], [72]. Form what we observe; the Tey values are in the range of the values of Ty from

literature and Teyc along with Ty, could be used to monitor the electron temperature Tg in our discharge.

3.4 Plasma qualification & optimizations

Plasma qualification is an important step prior to the growth of GaN. There are several features of our plasma that were
discussed in this chapter which when put together would help us in optimizing the growth process and to obtain a good
quality GaN film. We divide the plasma qualification into three sub-sections: i) plasma stability, ii) plasma density
(electron and N-atom density) and iii) plasma characteristic temperatures.

3.4.1 Plasma stability

We distinguish the stability of our Ar/N; plasma for durations corresponding either to the growth (longer duration ~
1-2 hours) or plasma diagnostics (shorter durations ~ 10-20 minutes). Figure 3.17 presents the matrix informing us of
the plasma stability at various RF power (10W to > 150W) and working pressure (0.66 Pa to >40 Pa). The stability in
our case depicts the ability of a specific process condition to produce a plasma and remain stable throughout the

deposition.

The growth regime of GaN is defined as the pressure and power ranges in which the plasma remains stable for longer
durations. On observing the matrix, we could say that for RF powers above 75W and below 150W and working
pressures above 2.66 Pa and below 13.33 Pa, the plasma remains stable. Most of our GaN deposition will be focused
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on this range of pressure and power. At higher RF power and pressure (> 150W and > 13.33 Pa), the plasma is stable
but only for shorter durations, typically a few tens of minutes. GaN growth at this regime would provide us with a very
thin layer (<~ 50nm) on which solid-state diagnostics (ex-situ characterization) would be difficult to perform and hence
the quality of the film could not be properly analyzed. At RF power range above 150 W, the plasma becomes completely
unstable. However, at pressures greater than 15 Pa and less than 40 Pa, the plasma remains stable for shorter durations
and we explore these conditions with the help of the plasma diagnostic techniques that were used in this chapter.

RF Power (W) —
10 | 25 50 75 | 100 125 150 >150

Pressure (Pa) Pressure (mTorr) C) — No plasma

0.66 5
Weak Plasmawith no Ga

1.33 10 emission

2.66 20 Plasma ON after ignition at
high pressureand power.

4 30 gnp P

C) — PlasmaON

6.66 50

10 75 Plagmastableforshort
periods.Unexplored

13.33 100 areas.

13.33-40  100- 300 Secondary plasma

> 40 >300

Figure 3.17: A broad overview of the plasma process conditions (Pressure, RF Power) in terms of plasma stability. Each matrix
cell is defined by its ability to produce a stable plasma at that specific process conditions.

3.4.2 Plasma contamination

An interesting feature that we observed during the optical emission spectroscopy measurements of the plasma system

was the presence of OH emission lines. There are two possibilities for such an observation — a) the plasma interacts
with the reactor walls which may release a steady supply of adsorbed gases such as water and oxygen [82] or b) the use
of liquid Ga as a target enables the dissolution of oxygen into the gallium [83], [84]. In cither case, the presence of a
foreign species in the plasma could be detrimental for the GaN samples with significant chemical contamination.

Figure 3.18.A reveals the OH spectra centered at 309 nm in an Ar/N; plasma environment. The broad peak represents
the overlapping of the OH spectra along with the 317 nm peak of the second positive system (SPS) of N2 emission
spectra. To monitor the OH lines without the presence of N2 emission lines, a pure Ar plasma was used. Figure 3.18.B
depicts the OH peak at 309 nm recorded over a range of time at three different base pressures — 105, 10-¢ and 107 mbar.
It is important to note here that the working pressure and RF power during the plasma was kept the same (50 mTorr,
100W) for all the three conditions. The time series spectra of OH reveals that for a high base pressure (~ 10-5 mbar),
the OH intensity is almost tenfold in intensity w.r.t the intensity value at a low base pressure (10-7 mbar). This points
out to the fact that pumping overnight to reach a base pressure value ~ 10’mbar yields a lesser concentration of OH
in the plasma and thereby lesser contamination.
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Figure 3.18: A. Strong OH emission spectra detected at 309 nm measured by optical emission spectroscopy (OES) in an Ar/N»
plasma environment. B. Temporal monitoring of the OH spectra peak at various base pressures of 10-5, 10-¢ and 107 mbar.

Our plasma PVD reactor is currently in its early stages and a load-lock system is yet to be installed. Therefore, every
time a sample is loaded or recovered, the Ga target and the reactor walls are exposed to atmosphere and thereby prone
to contamination. A temporary solution to mitigate the presence of contamination in the reaction chamber was to
implement a reactor and target cleaning process. A simple cleaning process was introduced whose steps are depicted as
a flow chart in Figure 3.19. The first step was to heat the reactor walls close to the deposition area thereby creating an
accelerated desorption of Oz and H2O off the reactor walls. This step involved heating the reactor walls up to 200°C
using a heating cable wrapped around the deposition chamber. The heating was carried out in four short cycles of 30
minutes each as depicted on the inset of the reactor wall heating process in Figure 3.19.

The first cycle revealed a sharp increase in the base pressure upon turning the heating system ON, which indicated a
strong desorption of contaminants of the reactor walls. The following cycles presented a trend of decreased base
pressures from 105 mbar until 107 mbar at the end of the fourth cycle. Upon further heating, the base pressure did not
rise and remained at 107 mbar indicating the removal of contaminants from the walls. The second step was to focus on
the liquid Gallium target. When oxygen is present in gallium, it can lead to the formation of gallium oxide (Ga20s3).
These oxide layers can develop on the sutface of the gallium target, reducing the sputter yield during deposition. Plasma
treatment the gallium target with inert gases such as Argon to displace the oxygen is a potential solution that has been
used often [83], [85]. In the cleaning step, similar to step 1, four successive cycles of pure Ar plasma sputtering was
carried out for 30 minutes each. The corresponding OH emission line was recorded during these cycles and shown in
the inset of target cleaning in Figure 3.19. The trends of the OH line for the first cycle presented an increase in the
emission intensity during the first half and a gradual decrease in the second half. The successive cycles 2, 3 and 4
produced results where a low intense OH emission was visible and was uniform throughout the cycle. This provided us

with a notion that a single cycle of the target-cleaning step was sufficient to reduce the contamination of the Ga target.
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Figure 3.19: An overview of the reactor and plasma cleaning process to mitigate the presence of Oxygen. 1. A flow chart
describing the steps required for the cleaning procedure — i) Reactor wall heating; ii) Target cleaning. A. OH emission spectra
monitored during 4 repeated cycles of reactor wall heating at 200°C. B. OH emission intensity monitored during 4 repeated

cycles of target cleaning which involves a pure Ar plasma sputtering the liquid Ga target.

The above plasma cleaning steps were introduced prior to each GaN deposition irrespective of the process conditions
used. Although the emission from the plasma yielded a low intense signal of OH, this was in no way sufficient to
correlate with any oxygen contamination in the deposited GaN sample. For that, a thorough ex-situ chemical analysis
of the GaN sample was necessary. The next chapter is dedicated on investigating the quality of the GaN thin film in
terms of structure, morphology and its chemical properties. The oxygen contamination of GaN thin film will be
elaborated in the chemical composition section.

3.4.3 Plasma characteristics: density & temperatures

To characterize the density of species in our discharge, we consider the N-atom density (N) and the electron density
(n) measurements obtained from TALIF and MWI respectively. Figure 3.20 represents the N and n. across a pressure
range from 15-35 Pa, which is above the growth regime (see Figure 3.17). This is because from TALIF alone, the
extrapolation of the N atom density can only be done within the higher-pressure ranges (15-35 Pa) and the atomic
density at the growth regime of GaN (0-15 Pa) is unknown. However, if we consider the comparison of the trends in
electron density and N atom density from Figure 3.20.A&B, both the N atom density and the electron density follow a
similar rising trend with an increase in pressure up to 35 Pa.
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Figure 3.20: A. N-atom density and the plasma electron density plotted a pressure range of 15-35 Pa. B. electron density
plotted at an extended pressure range of 0-35 Pa.

Unlike TALIF, the electron density measurements were not limited to 15 Pa and the density follows a decreasing trend
as the pressure range is extended from 15 Pa into the growth regime (0-15 Pa) — Figure 3.20.B. We could say that the
N atom density might also follow a similar trend and at the growth regime (> 13.3 Pa ~ 100mTozr), the atomic density
could be less than 4 x 10" cm? (density value at 15 Pa). Another way of estimating the N-atom density within the
growth regime could be from the fluorescence signal itself. During measurements, we observed that the fluorescence
signal directly correlated with the N-atom density (see Figure 3.8). The signal became stronger as the N-atom density
increased. Since, no fluorescence was observed at the growth regime (> 13.3 Pa ~ 100mTorr), we could say that the N
atom density at this range could be lower than 4 x 10!! cm™ (density value at 15 Pa).

As the pressure increases, the N atom density and the electron density increase collinearly. The maximum N atom
density and electron density is obtained at a pressure of 35 Pa with respective values of 1.4 x 102 cm3and 1.1 x 101!
cm?. With respect to the working pressure in the growth regime, the electron density is in the range of 1-4 x 1010 ¢cm3
and the nitrogen atom density is less than 4 x 10" cm3. Our measurements indicate a similar variation trend of the
electron density 7 with that of the N-atoms density (Error! Reference source not found..b) except that the electron
density is doubled between 16 Pa and 32 Pa, i.e., from 0.5X10" cm3to 1X10!'"! cm3, respectively, while N-atoms density
increases by a factor of 3.25. Therefore, while the enhancement of the production of N-atoms is likely to be attributed
to the increase of the electron density, it seems that other processes may also enter into play. For instance, one may
think about reactions that involved Argon ions and N2 molecules trough charge exchange reactions (Ar* + N = Ar +
N2") followed by dissociative recombination (e~ + No™ = N + N) or that would be the consequence of reactions of Ar
metastable with N»!?. This enhancement of N-atoms production when working at such low-pressure range would be
beneficial for applications that target high growth rates.

We use OES to determine the characteristic temperatures of our Ar-N» plasma discharge and preliminarily analyze the
different temperatures w.r.t varying N2 fractions in the gas mixture. We qualify the plasma in terms of the gas
temperature, rotational and vibrational temperatures of the N2 molecule and the electron excitation temperature. The

bar graph of the different temperatures is shown in Figure 3.21. The gas temperature Tgys is estimated to be ~ 550 K

1150 K and remains uniform at varying gas flows. TN, (C) in our case does not correspond directly to the gas
temperature. It is also influenced by the metastable energy transfer of Ar* which results in a rise of the temperature
from 550 K up to ~ 2400 K.
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Figure 3.21: The plasma characteristic temperatures measured using OES in our Ar-N2 discharge. Four temperatures (Tgys,

TrotN2 (C), Tyip N (C) and Teyc) are presented along with their trends w.r.t varying N> fraction in the gas mixture.

The vibrational temperature Ty, N, (C) does not vary significantly with N» flow variation and remains uniform ~ 4000
K * 400 K. The excitation temperature Teyxe however increases from 2000 K at pure Ar discharge (0% N2) to ~ 8000
K at high N fractions (80% Ny). Both Ty, N, (C) and Tey, are generally considered as factors that can provide an
approximate estimate of the electron temperature in a discharge [53]. But since, both the temperatures follow a different
trend at varying N> tflows, we will further consider the electron density variation as the governing factor to choose a
specific temperature (Tyjp N7 (C) or Teyc) that could be used as an estimate of the electron temperature. That will depend

on the process parameter that we choose to analyze which will be extensively discussed in the coming chapters.

The results of N-atom density, electron density and plasma temperatures at various plasma process parameters obtained
through the course of this chapter will be further discussed in the upcoming chapters (4 and 5) to support the
observation of trends in the characterization of a GaN thin film and validate the provided hypothesis. Chapters 4 and
5 are dedicated to the growth and solid-state characterization of the GaN film.

3.5 Conclusion

Chapter 3 presented an overview of three plasma diagnostic techniques used to characterize our Ar/N plasma system
- TALIF, MWI and OES. Each technique focused on a specific plasma characteristic. TALIF was used to determine
the absolute N atom density. The N fluorescence signal obtained was very low in intensity typical of a low-pressure
plasma discharge. To determine the atomic density, we use a peak excitation method (PEM) where only the temporally
integrated fluorescence signal is considered and repetitive measurements of the signal are avoided. The effective lifetime
decay of N and Kr yielded values that enabled us to neglect the effect of quenching rate and consider only the de-
excitation through radiative collision. The N-atom density was measured to be ~ 101-10'2 cm3. MWI was used to
determine the electron density in the discharge. The electron density was in the range of ~ 1010-10"! ¢cm3.

Density measurements from TALIF and MWI were compared to qualify the plasma characteristics in the growth regime.
The electron density and N atom density followed a similar increasing trend w.r.t working pressure. As atomic density
measurements could not be performed at lower pressure ranges (<13.3 Pa) due to the absence of fluorescence detection,
the trend towards lower pressure ranges was identified by correlating the electron density measurements at low
pressures.
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OES was used as a tool to identify the trends in the emissive species w.r.t varying process conditions and to monitor
efficient sputtering of Ga atoms in the discharge. Additionally, OES was used to identify oxygen-based contaminants
in the plasma, which could prove detrimental for the growth process. A temporary plasma and reactor cleaning solution
was introduced to mitigate the effect of the contaminants.

Temperature measurements from OES were compared to provide an estimate on the gas temperature and electron
temperature in our discharge. The rotational temperature measurements gave a good estimate of the gas temperature ~
550 K. The electron temperature however could not be directly determined. As an alternative, we measured the
vibrational temperature, which was estimated to be ~ 4000 K, and the excitation temperature, which was estimated to
be in the range of 2000 K to 8000 K.

The plasma qualification at the growth and extended regime w.r.t pressures leads us towards paving the way for the
onset of thin film characterization at these process conditions, which is discussed in Chapter 4.
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Chapter 4 focuses on the characterization of GaN thin films grown at room temperature using reactive magnetron
sputtering in a custom-built plasma PVD reactor. The chapter is structured into seven sections:

1. Contextualizes our work within the framework of GaN growth via sputtering, referencing the Thornton growth
model. Characterization of GaN films is conducted using SEM, AFM, and GIXRD, revealing either amorphous or
polycrystalline structures under various process conditions.

2. Investigates the impact of working pressure on film quality, correlating trends in growth rate, morphology, and
crystallinity with adatom energy and mobility. Plasma diagnostics parameters, including gas temperature and electron

density, are utilized to estimate Ga atom flux (@gg) and average energy at the substrate (ESEP ) to correlate with the
growth rate and the crystalline quality of the GaN films.

3. Explores the effects of N flow rate on film properties, extending the analysis from section 2 to a new process

parameter.

4. Examines the influence of RF power on film characteristics, building upon insights gained in previous sections to
define an optimized sputtering condition for room temperature GaN film deposition.

5. Conducts chemical composition analysis of GaN films using XPS assessing surface chemistry, depth profiles, and
the impact of contaminants on lattice structure. It evaluates the efficacy of plasma and reactor cleaning procedures
in mitigating oxygen contamination of the grown films.

6. Performs structural analysis of GaN films using TEM, focusing on samples deposited under optimized conditions
identified in earlier sections.

7. Presents results from Cathodoluminescence measurements, analyzing spectra for GaN films across pressure and
flow series to identify luminescence peaks associated with band-edge and defect-related emissions. Correlates the

results from TEM to comment on the grain size and luminescence effects corresponding to the growth condition.

8. Provides a concise summary of GaN film qualification, evaluating the findings from sections 1 to 7.
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In this thesis, we aim at harnessing the potential of using a plasma for reducing process temperatures while producing
high quality thin films. To do so, a precise control over the process parameters is necessary. In this chapter, we focus
on assessing the influence of process parameters such as the working pressure, N2 flow rate and the RF power. The
growth rate, surface morphology, topography and crystalline fraction were used as data levers to determine the quality
of the thin film. We first analyze the features of the GaN films; then we analyze the plasma to correlate with the film
properties, after which we provide the first insights on the pathway to obtain a film with the best quality in terms of
growth rate and crystalline structure. Along the way, we also encounter possible contaminants, which enabled us to
concentrate more on the chemical composition of the films and possible ideas on the mitigation methods of such
contaminants. Furthermore, the luminescence features of such films deposited at room temperature were also analyzed

and certain defects related to growth conditions were explored.

First, we start by presenting a global overview of the GaN film deposited at room temperature using several
characterization techniques.

4.1 An overview of the properties of GalN film

Figure 4.1 presents an overview of the characterization data set of a typical GaN thin film deposited on n-type c-Si (100)
substrates at room temperature under the following growth conditions: working pressure in the range of 2.3 — 13.3 Pa,
RF power varied from 75 W to 125 W and N flow vatied from 0-100% in an Ar/N» gas mixture. As a reminder, room
temperature means that the substrate was not intentionally heated and that the eventual heating would be due to the
plasma is fairly limited (less than 50°C), as measured by a thermocouple placed on the substrate holder. A picture of the
GaN thin film is shown in Figure 4.1.A along with its corresponding thickness profile across the width of the sample —
measured with the help of a profilometer (Iigure 4.1.A”). The GaN film is the thickest at the center and subsides
uniformly across both edges. This non-uniformity is likely due to target configuration. Indeed, the 27 circular
magnetron-sputtering source that holds the liquid Ga target is partially hidden by a 17 circular mask and hence the
plasma at the cathode is confined to approximately 1” thereby inducing this non- uniform profile in the 2” rectangular
substrate. It is important to note here that the quality of the thin film does not vary across the investigated thickness
range and remains consistent as verified by XRD analysis, which show identical XRD patterns for samples of different
thickness grown at identical conditions.

Figure 4.1.B&C shows SEM and AFM images representing the surface morphology and the topography of the GaN
film, respectively. The thin film exhibits a nanostructured morphology with features at a size range of a few tens of
nanometers. The topographical view from AFM depicts a granular morphology with a root mean square (RMS)
roughness values in the range of a few nanometers.

Figure 4.1.D&D’ depicts the profile of the thin film in terms of composition (D) and morphology (D) that were
obtained using GD-OES and cross-section SEM, respectively. The former shows a uniform elemental distribution of
gallium and nitrogen within the depth, which confirmed us the efficiency of our plasma process in supplying a sufficient
amount of both Ga and N-atoms. As can be seen in Figure 4.1.D, the film exhibits a sharp interface, as evidenced by
the sharp decrease in the signal intensities of both Ga and N that occurs concomitantly with the strong increase of the
Si signal. The cross-sectional SEM image (Figure 4.1.D°) of the thin film depicts a columnar growth, which was most
of the time the structure we found for all the films we grown that were of polycrystalline nature, whatever the operating
conditions.
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Figure 4.1: The central image represents a schematic of a GaN thin film deposited on a Si substrate. A, A”: Picture of a GaN
thin film & its corresponding thickness profile across the width of the sample. B: SEM surface profile. C: AFM profile at two
different magnifications. D, D”: The GD-OES composition profile across the depth of the sample & its corresponding SEM
cross-sectional image. E, E’: GIXRD spectra of GaN on Si at a working pressure of 2.3 Pa and 6.6 Pa; I, I’: Raman spectra of
GaN on Si at a working pressure of 2.3 Pa and 6.6 Pa respectively corresponding to an amorphous and polycrystalline GaN
film. G, G”: High-resolution TEM images of an amorphous and a polycrystalline GaN film. The insets show the diffraction

pattern corresponding to the crystalline structure of the film.
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In terms of crystalline structure, depending on the variation in the process parameters, we overall got two type of films
in this thesis work: amorphous and polycrystalline GaN films as respectively shown in Figure 4.1.E&LE’ in which peak
identification was done using the JCPDS database [1]. In Figure 4.1.E&E’, one can cleatly observe the distinctive
patterns from the amorphous (A) to crystalline (B) phase especially in the region of 25-40°, delineating the change in
structure when the pressure is changed from 2.3 Pa to 6.6 Pa. Apart from the dominant peak at 34 corresponding to
the (0002) plane of GaN, the analysis reveals peaks corresponding to the (1011) plane, alongside weaker peaks at 57°,
63°, and 69° indicative of the (1120), (1013), and (1122) planes. These findings align with literature values of a hexagonal
wurtzite GaN, thereby confirming the dominance of the hexagonal structure of our GaN films. For the polycrystalline
sample (Figure 4.1.), we used the Sherrer’s formula for the (0002) peak to estimate the grain size [2]. We have found
that samples have a grain size of ~ 5 to 10 nm. The crystalline structure was also analyzed using Raman spectroscopy
and the spectra corresponding to the sample at 2.3 Pa and 6.6 Pa are presented in Figure 4.1.F&F’. For a Raman system
with a backscattering geometry such as the one used here, only the E» (high) and the A1 (LO) modes are allowed, the
others being forbidden [3]. For the sample grown at 2.3 Pa, the E» (high) peak is not observed, while a broad peak
centered around 680 cm™ is observed, confirming the amorphous nature of the GaN film. However, for the sample
deposited at 6.6 Pa, both the peaks of the Es (high) and the A; (LO) modes are visible corresponding to the
polycrystalline nature of the film. It is important to note here that the peaks of the A1(LO) mode at ~ 711 cm! are weak
and deviate drastically with respect to the reference values of GaN at 735 cm-'. Although the A;(LO) mode is allowed,
literature suggests that a quantitative analysis with this peak is hardly possible unless an epitaxial GaN layer is deposited
[4]. The blue shift of both the Ex(high) and the A1(LO) mode from a typical crystalline GaN layer may be attributed to
numerous factors such as the strain, inhomogeneity in the chemical composition and structural defects[5]. The wurtzite
structure of our GaN films have also been confirmed from the diffraction patterns obtained from the TEM
measurements as depicted in Figure 4.1.G&G’ where the polycrystalline film shows an ordered atomic stacking of
elements whereas the amorphous films correspond to a disordered arrangement of atoms.

Throughout the entire range of the process conditions, we observed the same two prominent structures of GaN as
mentioned above: a) an amorphous GaN film and b) a polycrystalline GaN film with a hexagonal wurtzite structure.
The process parameters (working pressure, Ar/N; flow variation and RF Power) played an important role in this
transition from an amorphous to a polycrystalline layer. In the coming sections, we aim to explore the dependence of
the process parameters not only on this transition, but also on morphology, structural, chemical and luminescence
aspects and address towards optimizing the sputtering process to obtain a high-quality GaN. It is imperative to
emphasize on the criteria defining high-quality GaN films based on our analysis. In the context of this thesis, optimal
GaN thin film quality encompasses considerations of crystalline fraction, stoichiometry, band-edge
luminescence, and achieving a high growth rate with minimal surface roughness. While electrical conductivity
is also indicative of sample quality, preliminary electrical characterization tests conducted on our GaN films, deposited
at room temperature, revealed high resistivity of approximately 108 Q.cm. Henceforth, references to high-quality
samples in our case will be based solely on the aforementioned features, independent of their electrical characteristics
that is a parameter that will be optimized beyond this thesis. A detailed explanation on the influence on the process

parameters on the morphology and structure will be given in the coming sections.

4.2 Influence of the working pressure

Figure 4.2 presents the Thornton’s structure zone model [6] [7] where the structure of the films is given as a function
of the Ar process pressure and a value T/Tm the ratio of substrate temperature (T) to the melting temperature (T'm)
of the deposited material (GaN ~ 2700°C). In this model, Zone 1 corresponds to T/Tm values below 0.1, where atoms
have low energy, yielding compact films;Zone 2, with T/Tm between 0.4 and 0.8, exhibits improved adatom mobility
and crystallinity; Zone 3, spanning T/Tm above 0.8, features enhanced surface diffusion, leading to smoother films.



Chapter 4 — Characterization of GaN thin films deposited on Si at
room temperature |Page |80

The Transition Zone occurs when T/Tm is in between 0.1 to 0.4, marking a shift to energy transfer-dominated
processes.

From Figure 4.2, we can state that in our typical growth conditions, i.e. working at a fixed temperature close to the room
temperature without any significant deviations, cottesponding to process condition (~T/Tm < 0.1), and at a pressute
range of 10 to 100mTorr, there cannot be any transitions from zone 1 to any other zones. Hence, following this model,
the GaN films are expected to have a columnar structure with porous morphology and weakly binding grains [8].

Ar pressure, 1
mtorr

Figure 4.2: Structure zone diagrams of Thornton’s zone model recreated from [6], [7], [9] . The area marked in red represents the
sputtering pressure conditions that we used (1-15 Pa).

The zone 1 structure results when adatom diffusion is insufficient to overcome the effects of shadowing, which can
occur in amorphous and polycrystalline layers [10]. Eatlier structure zone models (late 60s) considered only the effect
of the substrate temperature to define the structures [11]. Thornton elaborated on the zone classification by taking into
account the working pressure. This growth parameter has the potential to alter both the kinetic energy of ions reaching
the substrate and the average distance particles travel without collisions. Consequently, it can either increase or decrease
the intensity of particle bombardment on the substrate surface, thereby influencing the mobility of adatoms on that
surface. Therefore, an efficient way to establish the optimization process is to start by investigating the evolution of the
surface morphology and crystalline fraction as a function of the working pressure. This model has its limitations as it
fails to account for factors like the introduction of nitrogen (N2) gas and other crucial parameters such as power, which
may introduce discrepancies. In this thesis, we aim to address these limitations by developing our own sputtering model
tailored for GaN growth. Our approach involves aligning our criteria with Thornton's model, focusing patticulatly on
morphology and crystallinity as foundational elements.

4.2.1 Surface morphology, structure & crystalline fraction: pressure effect

Figure 4.3 represents the SEM surface micrographs (A) and the cross-sectional images (B) of GaN films grown on Si
at six different pressure values ranging from 2.3 to 13.3 Pa. From the surface micrographs (Figure 4.3.A), we observe
that the films are all nanostructured with feature sizes varying as a function of the pressure. Also visible in Figure 4.3.A
is the grain structure that overall becomes more porous with more voids visible as the pressure increases. Going back
to the Thornton’s zone model shown in Figure 4.2, this could be attributed to the fact that at low pressures (2.3 Pa);
the reactive species (nitrogen ions, radicals and atoms) close to the substrate have higher energy in a less collisional
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regime, which in turn increases the adatom mobility on the surface. The mobility of adatoms on the substrate’s surface
is high enough to produce a dense structure with little separation into individual columns [8]. The trend of the increase
in porosity is mostly visible when the pressure is increased from 2.3 Pa to 6.6 Pa, after which the trend seems less clear.
However, it is important to note that while analyzing the cross-section of the samples depicted in Figure 4.3.B, a
discernible trend of the film densifying (becoming less porous) at lower pressures (2.3 Pa) is not evident, contrary to
what Thornton's model would suggest. Instead, all the films display a similar columnar structure overall. It is important
to note here that columnar structures and porosity are not inherently linked. Porosity refers to the presence of void
spaces or pores within a material, while columnar structures involve the formation of elongated columns or grains within
a thin film. While it is possible for columnar structures to exhibit porosity, especially if the growth conditions are not
optimized to promote denser packing of atoms, the presence of columnar structures does not necessarily imply porosity.
Conversely, dense films can also exhibit columnar structures if the growth conditions favor the formation of such
morphology.
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Figure 4.3: SEM images of GaN on Si at varying pressures from 1-15 Pa. A. SEM surface micrographs. B. SEM cross-section
images depicting the thin film & the Si substrate. C. The thickness & growth rate obtained from the cross-section images at
varying pressures. The RF Power and Ar/N 5 flow were kept constant at 100 W and 12/8 scem respectively.

At higher-pressure ranges such as ours, the longer the distance travelled by the reactive species to reach the substrate,
the more they collide and lose energy and the relation between the pressure and the energy becomes more complex and
could depend on other factors such as the gas temperature. The dependence on the energy of Ga-atoms on the growth
structure will be explained in detail in the coming sections.

To gain more insights on the deposition process, the growth rate as a function of the pressure has been measured from
the film thickness values extracted from cross-section SEM images (Figure 4.3.B). Overall, the growth rate is of the
order of a few A/s with the highest growth rate achieved at 6.6 Pa with a value of 1.8 A/s. This value is much higher
than those reported for a sputtering process which uses a GaN target and a pure Ar plasma (~ 0.4 A/s) [12], whereas it
is similar to a conventional deposition process such as MBE that has an average growth rate of ~ 1-2 A/s at 700°C [13].
The variation of the growth rate could be related to the flux of the incoming reactive species. To get more insights into
the morphology, we further explore the AFM micrographs and analyze the surface roughness of the films.

Figure 4.4 represents the AFM images at varying pressures from 2.3 Pa to 13.3 Pa. The root mean square (RMS)
roughness values were calculated from the surface micrographs in Figure 4.4.A and the trend is presented in igure
4.4.B.
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Figure 4.4: AFM images of GaN on Si at varying pressures from 1-15 Pa. A. AFM surface micrographs. B. The root mean
square (RMS) roughness obtained from AFM topography at varying pressures. The RF Power and Ar/N, flow were kept

constant at 100 W and 12/8 sccm respectively.

The RMS surface roughness values are in the range of ~ 4-8 nm which is comparable to the roughness values reported
in the literatures (~5nm) for GaN deposition at room temperature [14], [15]. What could be interpreted here is that
compared to conventional epitaxial samples as grown by MBE (RMS ~ 1-2 nm)[16], our polycrystalline samples with
structural imperfections are inherent to a relatively rougher surface, however, from the observed trends, pressure only
has a limited effect on the overall roughness. This could be beneficial while focusing on applications as we concretely
modify several parameters without worrying too much about modifying the roughness. Keeping this in mind, we now
look into the crystalline structure of the thin films, which were interpreted using GIXRD.

Figure 4.5.A represents the GIXRD spectra measured at different pressures. From the GIXRD spectra, we calculate
the crystalline fraction (F¢). which is calculated by integrating the crystalline area below the crystalline peak ((0002) peak
at 34° in our case) and dividing it by the overall area comprising of the crystalline & amorphous phases [17]. Figure
4.5.B depicts the I at various working pressures.
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Figure 4.5: A. GIXRD profile at varying pressure ranges from 1-15 Pa. B. Crystalline fraction calculated from the
corresponding GIXRD spectra from A. The RF Power and Ar/N, flow were kept constant at 100 W and 12/8 scem

respectively.
There are two important observations that can be made from Figure 4.5: (i) as the pressure increases from 2.6 — 6.6 Pa,

the GaN film undergoes a transition from an amorphous to a polycrystalline film as evident from the emergence of the
0002 peak peaks (Figure 4.5.A). This is also evidenced from the increase of F. growing from ~5% at 2.6 Pa to 60% at
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6.6 Pa (Figure 4.5.B); (ii) as the pressure further increases from 6.6 Pa to 13.3 Pa, the film remains polycrystalline even
though the crystalline fraction decreases from 60% to ~45%, respectively.

From these observations, we can say that the impact of working pressure on the transition from an amorphous to a
polycrystalline film is substantial. To better understand the relation, we consider the energy model proposed by
Losbichler & Mitterer [18], who correlated the growth rate along crystalline features of the film to the energy & mobility
of the impinging adatoms. In our case, the impinging adatoms are those of gallium and nitrogen. Therefore, estimating
the adatoms’ energy and flux at the substrate will help us to understand the trends in the crystalline quality and the
growth rate at varying process conditions. However, from the TALIF measurements (Chapter 3), we were not able to
obtain an estimate of the N atom density at our working conditions (0-13 Pa) as the fluorescence signal was too low.
Moreovet, the source of nitrogen atoms is the N gas and the plasma enables complex reactions involving the formation
of N from N, which could in turn complicate the correlation between the plasma parameters and the film properties.
Considering the flux and energy of Ga atoms would still be valuable as it is the only sputtered component, and we can
directly interpret the correlation of the sputtered atoms towards the film deposition. Therefore, we estimated the target
atom’s (Ga) flux and average energy at the substrate for varying process conditions and correlate it with the growth rate
and the crystalline fraction obtained from SEM-cross section and GIXRD respectively. The next section elaborates on
the methodology adopted to estimate the Ga atom’s flux and energy at the substrate.

4.2.2 Estimating the Ga atom flux and average energy at the substrate

To estimate the flux and energy of the Ga atoms from the target, we go back to the basics of sputtering, where the
physics of interaction of an incoming ion with the atoms of a material (target) is described. Depending on the colliding
ion’s kinetic energy, successive phenomena occur at the surface of the target which results in the ejection of a Ga atom
[19]. For estimating the Ga flux and energy in a reactive magnetron sputtering process with Ar and N3 as the process
gases and Ga as the target, we make certain assumptions. These assumptions are:

a) Theion energies of Ar* and No* are directly estimated from the dc-bias potential (Vpc ~ 650 V to 850 V). The
ion energies are dependent on the self-bias and the plasma potential [20]. As the plasma potential for an RF
magnetron sputtering system similar to ours is typically a few tens of eV [21], [22], [23], [24], we neglect any
changes occurring in the plasma potential and consider only the self-bias at the cathode.

b) From the N2 gas, we only consider N»* ions contributing towards sputtering of Ga. Ideally, for modelling an
Ar-N; plasma-target interaction, No*, N* and N© species are considered to interact with the target. But, it has
been shown that the dominant species among the nitrogen ions and radicals is the N»>* ion [25] and hence for
reducing complexity in our analysis, we assume that the Ga target is bombarded only by N2+ and Ar* ions.

¢) The incoming Ar* and N»* ions incident at the target and the sputtered Ga atom are all normal to the target
surface [20].

d) The sputtered Ga particles are all neutral atoms in the ground state.

e) The sputtered Ga atoms only collide with the neutral Ar background gas and these collisions are elastic. This is
because there is no proper information on the interaction potential for the interaction with a molecular N gas.
This assumption is often considered for all plasma modelling investigations in an Ar-N; plasma discharge [27].

f) The energy losses for the sputtered Ga atoms from the target to the substrate occurs only in a pathway normal
to the substrate’s surface without accounting for angular effects [28], [29].

Apart from these general assumptions, we make some more specific assumptions, which will be explained as we
progress.

Ga-atoms energy at the substrate (ES*P
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Figure 4.6.A depicts a schematic of the interaction of the Ar* and N»* ions at the Ga target followed by the
ejection/sputtering of Ga atoms from the target. The sputtering yield Y(E) of the Ga atoms can be calculated using
Bohdansky’s empirical formula [30] by knowing the incident ion energies of Ar* and Na*:

4.1

[STRN

501 Eun

Y(E) = 0.0064. M, . y3. E%. (1_ = )

i

4M M,

———=— is the energy transfer factor in a direct collision, My, M, the masses of the incident ion (Ar* and
(M1+M3)?

where Yy =

2
N:*) and the target material (Ga), Ey, is threshold energy equal to 8Eg/ (Ml/ Mz) , Es the surface binding energy of

Gaatoms ~ 2.8 eV [31], E; the incident ion energy ~ (650~850 eV) for our sputtering system. At an incident ion enetgy
of 700eV, the Ga sputtering yield Y(E) calculated from equation (4.1) for an Ar* ion is ~ 2.4 Ga atoms/ion and for a
Nzt ionis ~ 1.5 Ga atoms/ion. Depending on the process condition variation, the ion energy towards the target varies
(650~850V), thereby the sputter yield Y(E) also varies.
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Figure 4.6: A. Schematic showing the Ar” and N; ions bombarding the Ga target normal to the surface. B. The Thompson

energy distribution function (EDF) of sputtered Ga atom by Ar" and N; ions calculated at a kinetic energy of 700 e¢V. The

Ga atoms are not sputtered for an energy less than the surface binding energy of Ga ~ 2.8 eV.

Once the Ga atoms are sputtered, they undergo several collisions before reaching the substrate. An important parameter
to consider here is the sputtered atom energy distribution function (EDF), since it describes the energy with which the
Ga atoms travels the path from target to substrate. For estimation the energy of the sputtered Ga atom, we consider
the Thompson energy distribution function (EDF) F(E) [32] :

(4.2)

F(E){ *——————=35 E<yE —E
E ) 14 S
2 =s
E (1+ E)
—0,E>yE; - E,

In the above equation, Ej is the surface binding energy of Ga [33] and E is the energy of the sputtered atom. Figure
4.6.B shows the EDF of the sputtered Ga atom calculated from equation (4.2) for an incident Ar* and N2t ion energy
of 700 eV. There are no Ga atoms sputtered below the surface binding energy of Ga. The sputtered Ga atoms have a
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minimum energy slightly above their surface binding energy (~ 2.8 V) and the maximum energy without any limit can
go almost up the incident ion energy ~ YE; [34]. We introduce an important parameter here from the EDF, known as
the total average energy of the sputtered atoms (Egg). It can be calculated by correlating the Thompson distribution
function with the Sigmund distribution function [35]. The integration of the EDF is performed up to the maximum
atom enetgy (Eppax ~ VE; ). More information on the calculations can be found in literature [36] [37], [38]. With several

simplifications, we arrive at equation (4.3), which determines the total average energy of the sputtered atom:
p 5 .| 5 g 2y p

Ege = 2E;In (Y—El) — 3E; *-3)
Es
It is important to note here that the average energy of sputtered atoms only depends on the surface binding energy and
maximum energy of sputtered atoms. For an incident Ar and N»* ion at ~ 700 eV, the average energy of a sputtered
Ga atom at the target (Egq) from equation (4.3) is calculated to be ~ 22 eV/atom and 17 eV/atom respectively. For
confirming the values of the average energy of the sputtered Ga atoms, we used the SRIM software [39]. SRIM is a
group of computer programs, which calculate interactions between ions and matter. The core of SRIM is a program
called Transport of lons in Matter (TRIM). The average energy values simulated from TRIM is shown in Figure 4.7.
equation (4.3) is useful for comparing the theoretical Egyg to the ones obtained from software simulations such as

SRIM/TRIM (stopping/transport range in ions and matter) [40].

ATOMS REACHING SURFACE
(Energy Normal to Surface)
=
2 Not
“~, || Sputtered
E et
10
L L 287
=T
: 8
- E.. Ga/Artion ~ 23 eV/atom
@ g
= 6
k0 Eavg G&/N,* ion ~ 16 eV/atom
g )
@
5 : 2
Q' '\-\._\_\\
¥}
1 | 1 | | | | | | | | | | | | | | | | 1|I1]
OeV 4eV SeV 12eV 16eV 20eV

Figure 4.7: Simulations from TRIM for an Ar* and N»* ion that calculates the sputter yield and the average energy of the
sputtered Ga atom for an ion energy of 700 eV.

We get a good similarity of both the sputter yield Y{F) and the average energy per sputtered Ga atom (Egg) at the target.
These sputtered Ga atoms will experience collisions with the ambient gas and lose part of their kinetic energy modifying
their EDF which will not follow the Thompson’s distribution [30]. Therefore, the energy at the target and at the
substrate will differ significantly depending on the number of collisions suffered. To calculate the average energy at the
substrate, the following approach has been used, which considers, in a first approximation, the energy loses along a
pathway normal to substrate (without accounting for angular effects) [26], [28], [29], The mean kinetic energy at a
distance d from the target is given by the equation:

— E" 4.4
f

Ecs;gb = (EGa - kBTgas) [E] + kBTgas

L
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where i— = 1- y/2 the kinetic energy ratio after and before a collision, n = dPt/kgTy,s the number of collisions along

the path, d the distance between the target and the substrate (~5 cm), P and Tyqs the sputtering gas pressure and
temperature respectively, and T the collisional cross-section, assuming hard-core interactions|26]. The T depends mainly
on the mass and the interatomic distance and the number of collisions [41]. As the collisional cross-section for the
interaction of Ga atoms with an Ar ion is scarcely found in literature , we assume the value of T to be that of a Copper
(Cu)/Ar interaction ~ 25 x 1020 m2 as the size and mass number of Cu is very close to that of Ga and the interaction

of Cu/Ar is commonly used for sputtering model calculations [29].
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Figure 4.8: A. The trend in gas temperature (Tgss) at varying pressure from 1-35 Pa measured from the rotational bands of N 2+

(B) from OES. B. The average energy of Ga atoms reaching the substrate at varying pressures.

So, the average kinetic energy (ES¥P) of the sputtered Ga atoms at the substrate can be estimated from cquation (4.4)

at different pressures (1-35 Pa) by knowing the gas temperature Tj; and Egq (from TRIM simulations). Figure 4.8 shows

Eggb at different pressures (1-35 Pa). The Tg was estimated from the OES measurements of the rotational bands of

N2*(B) (Chapter 3). The order of magnitude of the Ecs;gb at the substrate (~ 0.04 eV) is in good agreement with the

values obtained in literature from Monte-Carlo simulations for a magnetron sputtering system such as ours at a similar
pressure range (~ 1-10 Pa) [42], [43].

Flux of Ga atoms (Qgg)

The flux of sputtered Ga atoms can be estimated if the flux of the Ar* and No* ions incident at the Ga target and their
respective sputter yields Y(E) are known. We have already calculated the sputter yield of Gaj; therefore, we focus now
on calculating the flux of the ions at the target. For instance, at an incident ion energy of 700 eV (corresponding to the
typical value of the DC self-bias on our target), the Ga sputtering yield Y(E) calculated from equation (4.1) for Ar* is
~2.4 Ga atoms/ion and for a No* ion is ~1.5 Ga atoms/ion. Once the sputter yield known, ¢; was determined based
on the assumption of a collision-less sheath model [44]. In a collision-less sheath, @; is the product of the plasma density
at the sheath edge ng and the minimum velocity of the ions Vgopm at the sheath edge (Bohm velocity)-[44] following
the Child-Langmuir theory [24], [45].
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Y2y, (4.5)

s2

4 2e
@i = NsVpohm = 660 (ﬁ)

where Vj is the difference of potential between the plasma and the cathode, e the electron charge, M the ion mass, €g

V2
3

3 1,
Aps (%) * the sheath thickness where Aps = (EOTe/ens)

the electrical permittivity in free space and § =
cotresponds to the Debye length. Assuming the quasi-neutrality in the bulk (n,~ n;) and that the plasma density at the
sheath edge can be calculated by substituting the Bohm Potential into Boltzmann’s equations for electrons, we
considered ng~0.61 n, [46]. The only other unknown term in the above three equations is the electron temperature
(T,) which has not been directly measured by us. One way is to estimate T, by knowing the excitation temperatutre Ty
that was measured from the Ar-I emission lines from OES (Chapter 3). To estimate T, we mostly relied on values
found in the literature, as we did not have access to direct measurement of it. In RF magnetron sputtering systems
similar to ours in terms of pressure and gas mixture, T, ranges from ~1 to 2 eV [47], [48], [49], [50], [51]. Then, to
estimate its evolution as a function of the pressure, we assumed that Tgy, would vary as same as T, as for non-LTE
plasma such as ours, which operates at a low pressure of a few Pa and which exhibits a low electron density (1~ 1010
cm-3), 80% of the reactions are governed by direct excitation from the ground state [52]. Figure 4.9.A shows the variation
of T, as a function of the pressure, the error bar being the same as that of Tgy. Typically, we estimate that T, values

are in the range of ~1.2 to 1.8 eV for pressures varying from 1.3 to 13.3 Pa.
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Figure 4.9: A. Trend in the electron temperature (Tg) estimated from the excitation temperatures at varying pressures. B. Trend
in the electron density (n,) calculated from microwave-interferometry at varying pressures.

Overall, knowing T, and n, from OES (Figure 4.9.A&B) and MWI interferometry measurements (Error! Reference
source not found..d) respectively, we estimated @; using equation (4.5). The ratio of the flux of the Ar* and No* was
determined taking into account their partial pressures|27].

Finally, by multiplying the ion fluxes with the sputter yield Y(E), we got the flux of the Ga atoms sputtered from the

target (Pgq):
Pea = (@ar+ * Y(E) arto6a) + (@n; * Y(E)N;—»Ga) M

The flux of the incident ions and the sputtered Ga atoms is shown in Figure 4.10.
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Figure 4.10: The flux of incoming ions at the target: Ar*, N, and the sputtered Ga atoms as a function of pressure.

The estimated Qg 1s in the range of 104 ~ 10'> cm2s-!. The trend in @, w.r.t pressure is similar to that of the trends
of the ion fluxes at the target. The overall flux follows an increasing trend from 1 to 35 Pa with some non-linear variation
in the pressure ranges from 3 to 15 Pa. To correlate the @, variation to the GaN film’s growth rate and crystalline
fraction, we assume that the Ga flux at the target is equal to the Ga flux at the substrate. Of course, the kinetic energy
of the sputtered atoms varies from the target to the substrate, but we assume that none of the atoms are lost during the
travel from the target to the substrate. Now that we have estimated the plasma parameters (average Ga atom energy at

the substrate (ES%P) and the flux of the sputtered Ga (@gq) at varying pressures), we aim to analyze the film quality and
the growth rate of GaN and investigate their interdependence on the plasma parameters.

4.2.3 Interdependence of the flux & energy of Ga atom on the GaNN film structure — pressure effect

Figure 4.11 represents the effect of pressure on four different parameters: a) growth rate (A/s), b) crystalline fraction ~

Fc(%), ¢ flux of the sputtered Ga atoms ~ @, (cm2s!) and d) average kinetic energy of the sputtered Ga atom at the

substrate ~ ESYP (V). The pressure range that we consider here is from 1-15 Pa, the conditions under which most of
the GaN depositions were performed. Figure 4.11 shows that all the four aforementioned parameters follow a similar
trend: an increase from 2.3 to 6.6 Pa and a decrease from 6.6 to 10 Pa. Let us first focus on the growth rate variation

according to the pressure (Figure 4.11.A).
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Figure 4.11: The trends in A. growth rate B. Crystalline fraction C. Flux of Ga atom ejecting from the target and D. Average
energy of Ga atom reaching the substrate at varying pressures from 0-15 Pa. The RF Power and Ar/N, flow were kept

constant at 100 W and 12/8 sccm respectively.

The variation of the growth rate can mainly be attributed to the flux of the Ga atoms that reach the substrate. With
increasing sputtering pressure from 2.6 — 6.6 Pa, the growth rate increase from 1.2 A/s to 1.9 A/s. This trend can be
explained by two opposite effects: i) as the pressure increases up to 6.6 Pa, the average mean-free path of the Ar atoms
decreases Therefore, the probability of collisions between the Ar and electrons increase, more Ar* ions are ionized to
bombard the target, which leads to an increase in the number of sputtered target atoms, i.e. the flux of Ga-atoms [53].
This can be verified from Figure 4.11.C where the flux of Ga atoms increases in the pressure range from 1 - 6.6 Pa; ii)
at higher pressures (6.6 Pa to 13.3 Pa), the deposition rate decreases since more Ga-atoms suffer collisions and fewer
atoms reach the substrate leading to a decrease in the flux and therefore the growth rate [54]. Another reason could be
that higher-pressures may result in an enhanced production of active nitrogen species in the plasma along with affecting
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the directionality of the metal atom flux from the target [55], leading to a decrease in the growth rate. However, since

we calculated the flux by assuming interactions normal to the surface, there is no way of confirming the phenomenon.

However, even if several assumptions were made to determine (g, it happens that the estimation of the growth rate
from the calculated values is in a quite good agreement with experimental data. For example, if one considers an
hexagonal wurtzite GaN structure such as ours, the number of atoms in 1 cm? is ~8.9X1022 [56]. At 6.6 Pa which
corresponds to @gq~ 1.1 x 105 cm?s!, we obtained a growth value of ~2.4 A/s, which is quite similar to the
experimental value ~1.9 A/s. Note that this deviation might be due to the variation in the flux of N-atoms at the
substrate or some contaminants present in the lattice structure. It is worth to note that the increase in growth rate
between 2 and 6 Pa is almost doubled while the Ga flux increases by four times. This suggests that the Nitrogen flux
predominantly limits the growth rate. This simple approach can be a useful way to guide the experiments toward
conditions of high growth rate without performing arduous time consuming experiments and relying on ex-situ

characterizations.

Next, we focus on evolution of the crystalline fraction (Fc) and it relation with the Ga-atoms energy impinging the
substrate, for which we go back to the Thornton’s zone model. As introduced before, the Thornton’s zone model [6],
[8], [9] considers the final working pressure to be an driving parameter in the structure of the film. Indeed, the pressure
has a direct impact on the kinetic energy of Ga-atoms that in result impact the mobility of the adatoms. The adatom
mobility governs the formation of crystallites that are bounded by energy-planes during nucleation and coalescence [57].
When we compare the crystalline fraction (Figure 4.11.B) with that of Egy,g at varying pressures (Figure 4.11.D), we

observe a similar trend. As the pressure rises within the range of 2.3 to 6.6 Pa, there is a corresponding increase in the

ub
a

of crystalline quality. GaN films subjected to a pressure of 2.6 Pa exhibit a relatively low fraction of crystallinity (FC)

average energy of gallium (EZ¢”) within GaN, consequently enhancing adatom mobility and facilitating the enhancement

ranging from approximately 5% to 10%, indicating amorphous characteristics as evidenced by broad peaks observed in

X-ray diffraction (XRD) patterns. The estimated Egzb at this pressure is approximately 0.035 electron volts (eV). As

the pressure increases to 6.6 Pa, the film becomes polycrystalline with Fc ~ 60%. Egzb at 6.6 Pais ~ 0.05 eV. The GaN

film transitions from an amorphous to a polycrystalline film within the ES¥? range of 0.035 ~ 0.05 eV. Furthermore,

the trends in Fc and Eéléb are similar from 6.6 Pa to 13.3 Pa. The F¢ value decreases from 60% to 45% and the Egzb

decreases from 0.05 eV to 0.04 eV. This leads us to suggest the average energy of the sputtered Ga atoms that reaches

the substrate correlates to an influence on the initial stages of film growth. The growth rate, crystalline fraction, Ga
atom flux and the average Ga atom energy, all followed a similar trend as the sputtering pressure increased from 1-13.3
Pa. The best growth rate and the best crystalline fraction were obtained at the same pressure ~ 6.6 Pa. Once again, this
intuitive understanding paves way to guiding experiments towards conditions of high crystalline fraction before even
performing the depositions and ex-situ characterizations. To explore the credibility of the proposed hypothesis further,

while keeping pressure constant, we now analyze the influence of the N» flow variation on the GaN film properties.

4.3 Influence of the N2 gas flow variation

To examine the effects of varying nitrogen concentrations on the resulting GaN film, we conducted a series of
depositions while maintaining a constant total gas flow of 20 sccm. Throughout this campaign, the Ar/N; flow ratio
was adjusted from 10% to 100% of Ny, while the pressure remained at 6.6 Pa and the power at 100W. This deliberate
variation in gas composition enables a systematic exploration of the material's properties, providing valuable insights
into its behavior across diverse gas phase conditions.
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4.3.1 Surface morphology, structure & crystalline fraction

Figure 4.12 depicts the top surface and cross section SEM images of GaN films deposited at N> fractions ranging from
10% to 100%. From the surface SEM micrographs (

Figure 4.12.A), we cleatly see that at higher N> fractions (80% and 100%), the nanostructure become smoother with very
small nanoscale patterns. These are also the conditions at which the growth rate is the smallest, decreasing from ~ 1.25
A/s at 60% Nz flow to ~ 0.5 A/s at 80% N flow (

Figure 4.12.C). The decrease of the grain size could be reasoned by considering the chemical affinity and the reaction
kinetics of nitrogen. Indeed, nitrogen, being a smaller and more electronegative atom compared to argon, enhances
chemical interactions at the substrate during the deposition process. The increased chemical reactivity of nitrogen
promotes the formation of nitride compounds on the substrate surface eventually resulting in a finer grain structure
[58]. From

Figure 4.12.B, we see that the films become denser at higher N> fractions (~ 100%). The densification of the film
structure is a consequence of the increased presence of nitrogen and higher nitrogen content that can lead to a more

stoichiometric and dense film structure having less voids [59].
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Figure 4.12: SEM images of GaN film on ¢-Si at varying N, fractions from 10-100 %. A. SEM surface micrographs. Insets in

the images from 80% and 100% N3 fraction represents a high-resolution image (50 nm scale) depicting the grain structure. B.
SEM cross-section images depicting the thin film & the Si substrate. C. The thickness & growth rate obtained from the cross-
section images at varying N, fractions. The RF Power and working pressure were kept constant at 100 W and 6.6 Pa

respectively.
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Figure 4.13: AFM images of GaN on Si at varying N, fractions from 10-100 %. A. AFM surface micrographs. B. The root

mean square (RMS) roughness obtained from AFM topography at varying pressures. The RF Power and working pressure
were kept constant at 100 W and 6.6 Pa respectively.

Figure 4.13 represents the AFM images of GaN (A) and the corresponding RMS roughness (B) at varying N> fractions,
in Figure 4.13.B, we observe that the surface roughness decreases uniformly as the N> fraction increases. To explain the
trend in roughness, we posit that increasing the N> fraction boosts the flux of nitrogen species reaching the substrate.
This increase in nitrogen flux can influence the nucleation process, potentially enhancing the density of nucleation sites
and promoting a more uniform growth structure, thus leading to smoother film surfaces. Consequently, one can see
that at high N> fraction (80% and 100%), the films are denser (as seen in Figure 4.13.B with 100% Ny) and are
characterized by finer grains (as observed in Figure 4.13.A with 80% and 100% N), potentially resulting in fewer and
smaller grain boundaries [60]. Smaller grain boundaries typically lead to a better coalescence and hence to a smoother
surface, as there are fewer discontinuities or steps on the surface that contribute to roughness. However, a smoother
film with a dense compact structure does not necessarily correspond to a higher crystalline quality film. To explore the
trends in the crystalline fraction at various N fractions, we further look upon the GIXRD measurements.

Figure 4.14.A presents the GIXRD pattern for different N» flows. Two distinct diffraction patterns are observed: 1) a
broad spectrum from 30° to 40° indicating amorphous nature without a strong crystalline GaN peak, and ii) a prominent
0002 GaN peak at 34° indicating a polycrystalline GaN film. The crystalline fraction (F¢) trends with varying N» flow
are analyzed similarly to the pressure series, as depicted in Figure 4.14.B.
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Figure 4.14: A. GIXRD profile at varying N, fractions from 10-100 %. B. Crystalline fraction calculated from the
corresponding GIXRD spectra.
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From Figure 4.14.A, we observe that the thin films at 10%, 80% and 100% Nz are amorphous. For all the intermediate
values, we see the characteristic 0002 peak of GaN peak along with a small (1010) shoulder peak depicting to a
polycrystalline film. Typically, those results can be well appreciated by looking at Figure 4.14.B which gives the evolution
of the crystalline fraction as a function of Nz fraction, where the minimal Fc value are those of extrema of N2 flow %
while it is maximal (~60%) at 40% N, At this stage, a question arises: what is the reason behind this transition from an
amorphous to a polycrystalline layer when the concentration of N is changing? To attempt to address this question, we

carried out the same methodology than that used for the pressure series.

4.3.2 Interdependence of the flux & energy of Ga atoms on the GaN film structure — N flow effect

Figure 4.15.A represents the flux of the ions at the target and flux of the sputtered Ga-atoms. Globally, we observe that
unlike the pressure series, the flux of the N>t and Ar* ions do not follow the same trend. This is because apart from
depending on T, the flux also depends on the density of the ions (refer equation (4.5)). Therefore, at varying Np
fractions, the density of the ions depends on the partial pressure of the particular gas (Ar or N2). At low N fractions,
the Ar* flux to the target is high and the N»* flux is low. Conversely, as the N fraction increases, the Ar* flux decreases.
At about 40 % of N fraction in the Ar/N; gas mixture, we observe that the flux of Ar* and No* is almost the same ~

1015 cm-2s-L.
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Figure 4.15: A. Trends in the estimated electron temperature (Te) as a function of varying N, fractions from 0-100 %. B. The

. o + . . . .
flux of incoming ions at the target: Ar*, N, and the sputtered Ga atom as a function of varying N, fractions. C. The average

energy of Ga atoms reaching the substrate as a function of varying N, fractions.

Figure 4.15.B depicts the average energy of the sputtered Ga atom at the substrate, which is estimated by knowing the
sputter yield, the average energy of the sputtered Ga atom at the target, the pressure and the gas temperature. The trends

in ESYP s interpreted from the observation in Figure 4.16.

Figure 4.16 represents the trend in the four parameters, namely the growth rate, Fc, @, and @ as a function of the
N2 flow percentages from (0-100 %), the two later values being calculated using the same procedure as for pressure
series. All the gas phase related data needed for the calculations of these values such as Te, Tgas, etc are given in chapter
3. On comparing the trends in the growth rate with the flux of the Ga atoms (Figure 4.16.B), we observe that unlike the
pressure series, the growth rate and @4 here follows a completely different trend. This discrepancy between the trends
of growth rate and Ga-flux might be explained by two phenomena: i) the sputtered yield of Ga (Y(E)) becomes more
dependent on the N»* ions than the Ar* ions (scarce) at higher Ny fractions. Since Y(E) of Ga by Ar* is higher than
that of Ga by N+ (2.4 atoms/Ar* ion and 1.6 atoms/N>* ion), it is intuitive that less Ga atoms sputtered at higher N»
fractions [61] (see Figure 4.16.C); ii) another possible explanation here is that increasing the percentage of N induces
poisoning of the Ga target [62] (forming unwanted complex GaN compounds at the target). This could decrease the
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sputtering efficiency of the Ga atoms from the target, which in turn would result in a decrease in the flux of the Ga
atoms (evident from Iligure 4.16.C), thereby decreasing the growth rate. The optimal range exists around 40 % N
fraction where we observe the highest growth rate. Furthermore, as we reach higher N fractions, we observe that the
growth rate decreases. We interpret here that unlike the pressure series, the Ga atom flux alone is not sufficient to
comment on the trends in the growth rate at varying N fractions due to the varying sputter yield impacts of Ar* and
N* ions on Gallium atoms. A compelling hypothesis here is that from TALIF measurements of N-atom density
(Chapter 3), the highest N-atom density was estimated at a N> fraction of 50% (N ~ 1.6 x 1012 cm). Although the
nitrogen atom flux and the N-atom density are not comparable parameters, we can still potentially relate to the fact that
the condition, which yields us with the highest N-atom density (50% Ny), is very close to the condition that yields us
with the highest growth rate (40% Ny). The error in estimation could be because the N-atom density was estimated at
a high pressure of 27 Pa whereas the growth flux was estimated at a pressure of 6.6 Pa. This signifies the intuitive
understanding of the gas phase chemistry and how it connects well with the growth dynamics of a thin film.
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Figure 4.16: The trends in A. growth rate B. Crystalline fraction C. Flux of Ga atom ejecting from the target and D. Average
energy of Ga atom reaching the substrate at varying N, fractions from 0-100 %. The RF Power and At/N, flow were kept

constant at 100 W and 12/8 sccm respectively.
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Examining the crystalline fraction trends in GaN film (Figure 4.16.B), we start by quoting Thornton’s zone model for
sputtering which depicts that the adatom mobility governs crystallite formation during nucleation and coalescence|[9].
The crystalline fraction of GaN increases from as the N flow ratio increases from 10-40%, suggesting an enhanced

adatom mobility. The average energy of Ga atoms at the substrate (ESY? from Error! Reference source not found..bs)

mitrors the crystalline fraction's trend, rising from 10-40% Nz. As Ny fraction increases, reducing Ar species in the
plasma, fewer Ga atom/Ar species interactions occur during flight from target to substrate. This increases the energy
of Ga atoms at the substrate, enhancing adatom mobility and crystalline fraction. However, from 40-100% N, the

decreasing crystalline fraction and ES%P could be explained by examining the Ga atom flux (Figure 4.16.C). At higher

N fractions, the sputtering effect by Na* ions become dominant, reducing the energy of sputtered Ga atoms at the

target, consequently lowering the ESUP  at the substrate. This decrease in ES? reduces the adatom mobility, leading

to a reduction in crystalline fraction. An interesting observation here is the striking resemblance of the trends in growth

rate, crystalline fraction and ES¥P  with varying N flow ratio (Figure 4.16.A, B&D). This indicates a clear grasp of the
gas phase chemistry and its coherent alignment with the intricacies of thin film growth dynamics. The thin film with the
best growth rate and crystalline fraction was obtained at an N fraction of ~ 40%. By keeping this value constant, we

now explore the influence of the RF power.

4.4 Influence of the RF power

In sputtering processes, the injected RF power is another important parameter used to tune the grown film properties.
The range under which we performed the experiments from 75 W to 125 W. We fixed this range because below 75 W,
the plasma failed to ignite. Conversely, beyond 125 W, challenges arose in maintaining plasma stability for more than
15 minutes, which was to limited regarding our regular deposition of 30 min at minimum.

4.4.1 Surface morphology, structure & crystalline fraction

Figure 4.17 depicts the SEM (A - surface, A’ — cross-section) along with the respective growth rates (A”) and the AFM
images (B) at varying RF powers from 75 W to 125 W and the associated RMS roughness values (B’). Overall, whatever
the power, the SEM surface images show porous nanostructured patterns. An interesting observation is from the
magnified inset of the surface image at 125 W RF power (Figure 4.17.A) where we observe some droplets of gallium on
the film surface stemming from the Ga target.

When it comes to the cross-section of the films (Figure 4.17.A”), we observe a columnar growth that does not
significantly differ when RF power is varied within this range. In Figure 4.17.A”, B” we observe that both the growth
rate and the RMS follows a quite uniform increase with the RF power.
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Figure 4.17: SEM & AFM images of GaN on Si at varying RF Power from 75-125 W. A. SEM surface micrographs. The inset
in the image at 125 W represents a zoomed out low-resolution view showing blisters of Gallium on the surface. A’. SEM cross-
section images depicting the thin film & the Si substrate. A”. The thickness & growth rate obtained from the cross-section
images. B. AFM surface micrographs. B’. The root mean square (RMS) roughness obtained from AFM topography at varying
RF Power. The mask mentioned in the first AFM figure just represents the blurred out section of the image, which has been
avoided to get a better topography estimate. The Ar/N, flow and working pressure were kept constant at 12/8 sccm and 6.6

Pa respectively.

All the above observations including the presence of Ga blisters at the strongest REF power as well as the increase of the
growth rate surface roughness when the power increases, could be attributed, for example, to an increase in the self-
bias potential that would end up with an increase in the energy and the flux of the ions bombarding the target.
Consequently, the growth rate of the thin films tends to rise with elevated RF power due to enhanced Ga-atoms flux.
As far as the crystalline structure of the films is concerned, the RF power does not have the same influence as for the
growth rate as can be seen in Figure 4.18.A; which depicts the Fc extracted from GIXRD, Ai, Az, A; measured at RF
powers of 75, 100 and 125W, respectively, for a pressure range from 2.6 Pa to 13.3 Pa at a fixed N fraction of 40 %.

From the GIXRD profiles, we observe that at the lowest power (Figure 4.18.A1), the intensities of the GIXRD spectra,
as a whole is lesser than at a power of 100 W. For the effect of RF power at ~ 6.6 Pa (pressure corresponding to the
best film), we observe that as the RF power increases from 75 W to 100 W, the overall intensity of the 0002 peak
increases which suggests to an increased crystallinity. This could be reasoned by considering the energy of the atoms at

varying powers.
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Figure 4.18: A. Crystalline fraction calculated from the GIXRD spectra represented in A1, Ao, As at varying RF
Power — 75 W, 100W & 125 W respectively and at a constant working pressure of 6.6 Pa and an Ar/N, flow of
12/8 sccm.

For instance, at a low power of 75 W, the intensity of the 0002 GaN peak is low, which could be attributed to the
relatively low energy of the adatoms. Upon examination of the GIXRD profile at 75 W (Figure 4.18.A1), even under
optimal conditions of 6.6 Pa, the peak intensity remains comparable across crystal planes, suggesting a dependence on
the energy of the impinging atoms. The crystalline fraction (Fc) increases from approximately 40% to 60% as the RF
power is raised from 75 W to 100 W (Figure 4.18.A,) which could be due to the increase in the energy of the impinging
atoms. However, with further power increased to 125 W (Figure 4.18.A3), contrary to expectations, a decrease in both
peak intensity and crystalline fraction is observed. This anomaly could be attributed to the heightened energy of nitrogen
ions bombarding the substrate at higher powers [14]. Notably, regardless of RF power, samples deposited at lower
pressures exhibit consistently low crystalline fractions (< 15%). Across the RF power range from 75 W to 125 W, a
consistent trend of increasing crystalline fraction from 75 W to 100 W followed by a decrease from 100 W to 125 W is
observed for pressures ranging from 6.6 Pa to 13.3 Pa. The interpretation from the GIXRD spectra and the
corresponding crystalline fraction at varying RF powers leads us to believe that the film deposited at 100W is the best
as it provides the best trade off regarding crystallinity without having the issue related to blistering that affects film
grown at a superior power. This raises a question on whether this trend in crystallinity at varying RF powers can be
correlated with the energy of the sputtered Ga atoms reaching the substrate, paving way to the next sub section.

4.4.2 Interdependence of the flux & energy of Ga atom on the GaNN film structure — RF power effect

Using the same methodology as for pressure and flow series, we now correlate the energy and the flux of Ga atoms to
the film properties. Figure 4.19 represents the trend in the later parameters along with growth rate and crystallinity
varied across RF powers from 75 W to 125 W.
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As the RF power escalates from 75 to 125 W, the self-bias potential undergoes a gradual increase from 650 V to
approximately 750 V. This increase in self-bias potential significantly affects the energy of Ar™ and No* ions,
predominantly influencing @4 due to enhanced sputter efficiency, as illustrated in Figure 4.19.C. Correspondingly, the

average energy (ESUP ) of the sputtered Ga atoms also experiences a rise owing to the increased ion energies, as depicted

in Figure 4.19.D. Upon comparing the trends in growth rate (Figure 4.19.A) and @4 (Figure 4.19.C), a striking similarity

becomes evident. However, a notable divergence emerges concerning Fe (Figure 4.19.B) in relation to ESEP . Notably,

at RF powers exceeding 100 W, an inverse correlation manifests between Fe and ES¥P | indicating that the latter does
not directly dictate the former, in contrast to observations in pressure and flow series. This discrepancy underscores the
interplay between @gq, ESYP ,, and Fe. Upon scrutinizing the growth rate and crystalline fraction of GaN thin films
under varying R power, it becomes apparent that unlike the N» flow series, the growth rate exhibits a direct dependency

on @Y, a notion substantiated by nearly equimolar conditions across power variations (40% N at varying RF powers).

Moreover, the deviation observed between Fc and E gzb at higher powers (125 W) suggests a potential correlation with

N concentration, aligning with findings from N flow studies where N, variation induced the most pronounced
deviations. This consistency resembling equimolar GaN mixtures, fortunately results in optimal outcomes regarding
growth rate and crystallinity, which emphasizes the validity of our approach.

In summary, the present model, considering factors like @, and @ , delivers reliable outcomes concerning both
growth rate and crystalline structure of GaN thin films under various process conditions. An intriguing prospect lies in
prediction, whereby the model could forecast optimal process conditions by extending the range of considered values.
For instance, while our exploration has confined sputtering pressure within the typical 2.3 - 13.3 Pa range, analysis of
clectron densities (Ng) MWI) and N-atom densities (TALIF) (Chapter 3) suggests that at equimolar conditions (40%
N>) and an optimal power of 100 W, the ideal pressure exceeds our initial exploration limit (~ 13.3 Pa). Thus, our model
predicts an optimized pressure range beyond 13.3 Pa for deposition. Moreover, this model holds potential for
investigating sputtering-based depositions of other materials, facilitating the identification of optimized sputtering

conditions before conducting ex-situ characterizations.

We have now analyzed the morphology, growth rate and the structure of the GaN thin films at varying process
parameters and found out that the best-optimized condition for deposition in terms of crystallinity and growth rate is
at a pressure of 6.6 Pa, a N fraction of 40% and an RF power of 100 W. Considering the GaN sample grown at this
condition, we now shift our focus towards investigating the chemical composition of our GaN film.
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Figure 4.19: The trends in A. growth rate B. Crystalline fraction C. Flux of Ga atom ejecting from the target and D. Average
energy of Ga atom reaching the substrate at varying RF Power from 75W to 100W. The working pressure and Ar/N, flow

wete kept constant at 6.6 Pa and 12/8 scem respectively.

4.5 Chemical composition investigation of polycrystalline GalN films

4.5.1 GaN surface analysis-using XPS

XPS is a powerful technique for studying the chemical composition of materials, chemical states, and elemental binding
energies of a material [63]. In this part, we present the XPS analysis of a typical GaN film deposited at the optimized
sputtering condition of 6.6 Pa, 100 W and 40% Na. Figure 4.20.B presents the XPS spectra across the surface of the
GaN film starting from the center of the sample (point 1) to one of the diagonal edge of the sample (point 5). It is
important to note here that the observed color gradients from Figure 4.20.A illustrates the non-uniformity of the sample.
As measured using profilometry, the film is thicker at the center and we gradually become thinner toward the edge of
the substrate. Using XPS, we first aim to verify how the composition of the films changes as a function of the thickness.
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We should mention that if this non-uniformity can be regarded as a negative point as far applications are concerned, it
is however beneficial in a research point of view as it enables to study the influence of the thickness on diverse properties
of the films using a single sample.
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Figure 4.20: A. Real-view image of the GaN on Si. The points (from 1-5) depicts the line scan for which the XPS surface
analysis was done. B. XPS surface scan from the center of the GaN sample to a corner (from 1 to 5). The significant elements
from the scan were Ga, N, O and C. Sputtering conditions: 6.6 Pa, 100 W and N2 ~ 40 %.

In Figure 4.20.B, we observe very similar XPS spectra except for point 5 where the film thickness is minimal, which is
why the background intensity changes. However, the peaks are identical for all the five points, showing that the change
in composition as a function of the thickness is overall minimal, at least within the thickness range of the investigated
film (~ 400 nm-pointl to 300 nm-point 5). Therefore, the almost identical intensity of the signal from points 1 to 4
indicates that the sample is uniform across the surface, in terms of its chemical composition. From this surface analysis,
we identify the presence of gallium, carbon, oxygen and nitrogen. To calculate the atomic percentages of these elements
on the surface, we used a high-resolution spectrum because we needed to fit the overlapped signal from the nitrogen
and the Auger peaks of Ga (refer Chapter 2).

Figure 4.21 represents the high-resolution spectra of each of the identified elements (Ga, N, C and O). In Figure 4.21.A,
we see that there are two major contributions to the bonding of Ga: Ga-N and Ga-O (also observed in Figure 4.21.D).
This is an interesting observation that relates to the fact that OH emission lines were detected in our plasma reactor
during the growth of the GaN films (Chapter 3~ plasma contamination). The presence of OH in the plasma was
attributed to two phenomena: a) the plasma interacts with the reactor walls which may release a steady supply of
adsorbed gases such as water and oxygen [64] and/or b) the use of liquid Ga as a target enables the dissolution of oxygen
into the gallium [65], [66] that may contribute to the continuous sputtering of O during plasma operation. In Figure
4.21.D, we observe that the oxygen contributions to Ga peaks attributed to contamination in the GaN film. In the case
of Nitrogen (Figure 4.21.B), we find that the major contribution is from the N-Ga bonding. There is also the presence
of an N-H bond, which leads us to believe that one of the adsorbed gases that was released from the walls of the reactor
is effectively water (H2O) from which the H species interacts with the nitrogen in the GaN film and from which O
could come from. In Figure 4.21.C, we observe that the major contribution to the carbon bonding C-C, which
contributes to almost 90% of the total intensity. This is commonly observed in all XPS surface scans where the signal
from carbon is mainly attributed to superficial contaminations [67], [68]. The HR-spectra of the GaN surface gave us a
stoichiometry of Ga/N ~ 0.95 which is very close to the balanced composition. However, if we include the oxygen
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signal in the system, we have a total stoichiometry of Ga/N and G/O ~ 0.95/0.68 that cotresponds to a film having a
composition of a GaN1.0500.6s.
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Figure 4.21: XPS surface analysis — high-resolution spectra focusing on the binding energy range corresponding to A. Gallium
B. Nitrogen C. Carbon and D. Oxygen. The HR spectra gives us an idea on the strength of bonding between the above-
mentioned elements. The above used GaN sample was deposited at 6.6 Pa, 100W and N 5 fraction of 40%.

4.5.2 Composition profile analysis using XPS & SIMS

For more-in depth analysis, we tried to study the composition by etching the GaN layer and comparing the elemental
composition along the etched depth profile using XPS. Additionally, we also used SIMS (secondary ion mass
spectrometry) to characterize the trends in the depth profile of Ga and N. Figure 4.22.A represents the cross-sectional
SEM corresponding to our GaN film on Si. Figure 4.22.A&B represents the SIMS profile for Ga, N, Si and the XPS
depth profile of Ga, N, C and O. It is important to note here that although the etch time was similar (~ 600 seconds);
the etching rate of SIMS was faster than that of XPS. Therefore, SIMS yielded us a profile that completely etches away
the GaN layer and further probes the Si substrate, which was useful for us to comment on the sharpness of the interface.
The SIMS profile exhibits a nearly uniform incorporation of Ga and N throughout the film. At the interface with the
Si substrate, an abrupt decrease in the Ga and N lines is observed. Consequently, a strong increase in the Si line is
observed. In addition, the sharp decrease in the Ga line at the interface depict that melt-back etching [69], [70] does not
happen. "Melt back etching" is a phenomenon that usually occurs when the deposition of gallium nitride (GaN) films
on silicon (Si) substrates is conducted at high temperatures, such as in MOCVD or MBE processes. At elevated
temperatures, the silicon substrate reacts with the GaN layer, forming complexes of Ga and Si with a lower melting
point. These complexes potentially melt back into the GaN layer, causing localized etching and degradation of the film's
properties, including structural defects and surface roughness. Consequently, as we are deposited at room temperature,
we do not observe such phenomena. SIMS could not be used here to determine the chemical composition percentages
of the elements, as there was a lack of reference spectrum of GaN for calibration. Therefore, we continued with XPS
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for a more detailed analysis on the composition profile even though etch depth profile was limited to ~ 50 - 100 nm
(limitation of the setup).
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Figutre 4.22: The composition/ depth profile of GaN thin film on Si. A. SEM cross-section image and the corresponding
composition profile obtained from SIMS that goes beyond the GaN/Si interface. B. XPS depth profile that penetrated ~ 200
am into the GaN layer. B’. The atomic percentages of elements C, Ga, O and N.

Figure 4.22.B’ represents the composition percentages of C, Ga, O and N along the etch depths from the start to the
end. We observe that the carbon contamination decreases from 17 % to ~ 3 % after the first etch (0 to 60 seconds),
indicative of a supetficial contamination of the surface. For gallium, we observe an increase from ~ 26% to ~ 38% after
the first etched layer. This is attributed to a superficial enrichment in Ga due to the bombardment, which is an occasional
profile measurement artifact that remains constant, therefore this effect can be ignored and we can say that the Ga has
a homogeneous composition along the depth profile. The same effect is observed for nitrogen, the intensity increases
from 32% to 38% once the surface is etched, but remains homogenous thereafter. The ratio of Ga/N remains
stoichiometric with a value very close to 1. When we look at the oxygen composition, there is a slight decrease after the
first etch from 23% to ~ 20% and then remains constant throughout the etch profile. This suggests that the initial 3%
decrease could be due to superficial contaminations, but the 20% of oxygen is definitely the proof of the contamination
in the bulk. In order to correlate the contaminants with the bulk composition, we further analyze the high-resolution
spectra (HR) of each elements and the corresponding etch profiles into the bulk (Figure 4.23).
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Figure 4.23: A. Single low-resolution XPS spectra at varying etch depths. The etching was carried out for a total of 600 seconds
(0-600seconds as represented in the figure)and the corresponding etch depth was approximated at ~ 100 nm. A high-resolution
spectra focusing on the binding energy range corresponding to B. Gallium C. Nitrogen and D. Oxygen. The above used GaN
sample was deposited at 6.6 Pa, 100W and N, fraction of 40%. Note: Most of the peaks in between the etch profile of 0 seconds

and 600 seconds overlap with the peak at 600 seconds etch, which is the reason that we don’t observe them here.

Figure 4.23.A confirms that the carbon contamination (Cls) disappears after the first etch (0 to 60 seconds). Looking
at the Ga spectra in Figure 4.23.B, after the first etch, both Ga-N and Ga-O remain uniform until the end of the depth
profile. As far as N is concerned, (Figure 4.23.C), we observe that both N-Ga and N-H are present in the surface at the
surface. After the first etch, the N-H disappears suggesting that the contamination of GaN by hydrogen is only effective
at the surface and is not present in the layer. For oxygen (Figure 4.23.D), we have contributions from carbon and

gallium at the surface. After the first etch, the carbon contribution disappears and the Ga-O bond remains consistent
until the end of etch.

Overall, from XPS, we found out that the Ga/N ratio for our sample is close to stoichiometry ~ 1. The depth profile
suggests that the elemental distribution of Ga and N is uniform in the layer, which shows that the sputtering process is
stable delivering Ga and N, thereby void of any irregularities. When it comes to contaminants, we had identified 3,
namely carbon, hydrogen and oxygen, among which carbon and hydrogen have been identified to be superficial. Oxygen
contamination is significant both at the surface and inside the layer suggesting that oxygen atoms are present in the
lattice structure of GaN. So, there atises a question of how to solve this issue?

4.5.3 Oxygen contamination — do reactor & plasma cleaning help?

In this section, we discuss on the potential effects of the plasma & reactor-cleaning steps that we had proposed in the
previous chapter (refer chapter 3). For this purpose, we heated the reactor walls and perform a target cleaning with pure
Ar to remove the contaminants. The question is whether the cleaning procedure helps in reducing the oxygen
contamination in the GaN film. We aim to explore this with the help of depth profiles from glow-discharge-optical
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emission spectroscopy (GD-OES). Figure 4.24.B&B’ represents the GD-OES depth profiles of the GaN sample before
and after the cleaning procedure respectively. Before interpreting on the GD-OES results, it is important to note that
atomic percentage on GD-OES spectra have been estimated using EDX measurements as quantitative inputs.
Therefore, we can use GD-OES for comparing the trends in Ga, N and O, but the actual composition values should
be considered with caution.
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Figure 4.24: The influence of reactor & plasma cleaning on the oxygen contamination in the GaN sample. A. A cross-section

SEM image depicting the depth profile that is focused for the GD-OES measurements. B, B”. GD-OES & the corresponding

EDX measurements before & after the cleaning process. The Oxygen contamination in the thin film reduced from 31 % to 13
% post cleaning.

From the GD-OES depth profiles, we observe that for the GaN samples before plasma cleaning (Figure 4.24.B), the
oxygen content is greater than that of both Ga and N. The Ga, N and the O content is uniform within the GaN layer
and we have a sharp interface with the substrate (similar to what we observed from the SIMS spectra). For the sample
deposited after plasma cleaning in Figure 4.24.B’, we observe that the oxygen composition is ~ 13 %, which is
significantly lower when compared to the sample deposited without the cleaning procedure (O ~ 30%). Therefore, until
we get a permanent solution for removing O contamination, which is implementing a load-lock system, we used this
cleaning procedure to reduce as much as possible the contamination of O in the GaN sample.

4.6 TEM analysis on the crystalline structure of GaN

The microstructure of the polycrystalline type of GaN films (as confirmed from GIXRD) has been studied in detail
using Transmission Electron Microscopy (TEM). Figure 4.25 shows the TEM images and structural analysis of a GaN
flake obtained from a scratched portion of the thin film deposited at 6.6 Pa, 100 W and at a 40% N fraction. The high-
resolution TEM (HR-TEM) images in Figure 4.25.C&D were obtained after tilting a flake in the microscope so that its
growth axis is perpendicular to the plane of measurement. In this geometric configuration, some grains were in a (1120)
zone axis (Figure 4.25.D-L), which allows us to directly see the stacking of the GaN (0002) compact planes oriented
perpendicular to the growth direction.
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Figure 4.25: TEM of a polycrystalline GaN thin film grown by our Plasma PVD process at 6.6 Pa, 40% N2 and 100 W. A, B: the
sample, with its growth axis parallel to the electron beam at a tilt of +30° (A), had that axis almost perpendicular to the beam (in
the image plane) at a tilt of -50° (B) (i.e. at a total tilt of -80° with respect to A. The images in Figure 25 C-E were recorded in
the B orientation. The blue circle in B represents the selected area used for the diffraction pattern displayed in Figure 25-E. C:
High-resolution image of the area blue-squared in B. D: Enlargement of the blue squared area in C, showing the stacking of the
compact planes perpendicular to the growth direction. E: Fast Fourier transform (power spectrum) of D exhibiting a wurtzite
stacking of those planes. F: Electron diffraction pattern for the GaN sample over the selected area shown by the blue circle in
Figure 25-B; the growth axis is almost in the plane, in the direction indicated. The red and green spectra in F> represent the
rotational averages from the red and green sectors in E, respectively, i.e. in the growth direction (red) and in the plane (green).

To confirm this texture effect on a larger scale, selected area diffraction patterns were recorded, as shown in Figure
42517, The latter reveals a powder-pattern shape that confirms the polycrystalline nature of the GaN film, the
reciprocal distance between the rings confirming in turn the wurtzite nature of the structure. To qualify the texture
detected by GIXRD, rotational average of the diffraction pattern [71] were performed around the growth direction on
the one hand (red in Figure 4.25.11), and around an in-plane axis on the other hand (green in Figure 4.25.H,1). The
spectra in Figure 4.25.1” evidence a strong presence of the 0002 peak in the former orientation (in red) and its absence
in the latter (in green), indicating a strong (0001) texture.

From chapter 4, until now, we have managed to attain a better control of the process, identify specific contaminants
such as oxygen, identify potential solution to mitigate such issues and confirm the polycrystalline and textured nature
of our GaN films. From here on, we would also like to explore the optical properties of such films deposited at room
temperature, for which we use Cathodoluminescence analysis.

4.7 Cathodoluminescence analysis of GaN films grown at room temperature

Cathodoluminescence (CL) spectra has been recognized as an adequate tool to investigate the structural and optical
properties of semiconductors and optoelectronic devices [72], [73]. In this section, we aim to identify the different peaks
associated with the CL bands of GaN that we observe from our samples and attempt to reason on the luminescence
bands based on the growth conditions. CL is highly sensitive to defects, impurities, and variations in composition within
the material. GaN films, especially those grown by sputtering, can contain various types of defects (such as dislocations,
vacancies, and interstitials) and impurities as we saw before with oxygen for example, which significantly affect their
optical properties. Therefore, with CL, we attempt to understand these defects and their distribution on our GaN films.
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4.7.1 Potential origin of the GaN CL peaks in undoped GaN

The band gap of GaN is 3.4 eV, typically associated with the band-edge luminescence (BE-L). Variations in the bandgap,
within a range of approximately £0.1 eV, are attributed to excitons bound to surface-related defects and structural
defects, notably stacking faults and c-axis screw dislocations|74]. However, despite this nominal range, the luminescence
of undoped GaN samples often span a wide range of energies from 1.7 eV to 3.1 eV. Hence, prior to delving into the
CL peaks of GaN, we undertake the classification of luminescence bands based on their emission energies. We can
categorize the bands into four spectral regions: (a) red luminescence (RL) ~ 1.8 to 2.0 eV, (b) yellow luminescence
(YL) ~ 2.2 to 2.4 eV, (c) aquamarine luminescence (AL) ~ 2.5 to 2.6 eV and d) blue luminescence (BL) ~ 2.7
— 3.1 eV. The subsequent analysis discusses the observed peaks and their potential origins. It is important to note that
all of the above luminescence bands, in some or the other way are attributed to transitions from a shallow donor to
deep acceptors [75]. However, the significance of each band and their observance on specific occurrences related to

defects and change in process conditions is detailed below.

We start with the most commonly studied band for an undoped GaN ~ yellow luminescence (YL) band centered
around 2.2 eV [76]. This YL band has been extensively studied, yet there remains uncertainty regarding the specific
defects and their characteristics contributing to this emission [76], [77], [78]. Typically, the YL band in GaN appears
broad and nearly Gaussian with a full width at half maximum (FWHM) of about 0.4 — 0.5 eV [79]. It is commonly
suggested that this defect-related band arises from transitions between various shallow or deep donors. The native point
defects often take the form of vacancies and interstitials. Vacancies are more likely to migrate and form complexes with
more stable defects such as impurities and hence are considered as the dominant native point defect in undoped GaN
due to their low formation energy[80]. Considering impurities and contaminants in our deposition process, there is a
significant presence of oxygen contaminant (~ 30%), confirmed from x-ray photoelectron spectroscopy (XPS)
measurements (Figure 4.26.H). Oxygen is considered as a shallow donor in GaN [81]. Therefore, in the presence of
gallium vacancies (Va), which carry a negative charge of 3, they naturally attract the positively charged donor such as
oxygen to form a Vg.On complex. Several computational studies have demonstrated that the formation of Vg.On
complexes are highly stable when compared with complexes from other elements (Ga, Si and N) and it is even more
favorable than that of isolated gallium vacancies (Vaa) [80], [82], [83]. Given the prevalence of shallow donors such as
oxygen contaminants in our GaN deposition, the YL emission in GaN with a high concentration of these shallow
donors could potentially be associated to the transition between shallow donor (oxygen) and deep acceptor (gallium
vacancy)[84].

Red luminescence is sporadically observed in undoped GaN, typically appearing as a shoulder to the YL band[85]. Its
origin is also linked to transitions from shallow donors to deep acceptors, particularly evident at low emission intensities.
It has been suggested that the defects responsible for the RL band are native defects or complexes related to excess Ga
which presumable act as deep compensating acceptors|[86].

Aquamarine luminescence occasionally occurs in undoped GaN, particularly in samples grown at relatively low
temperatures (< 500°C) under Ga-rich conditions[87]. The AL band often manifests as a peak with a narrower full
width at half maximum (FWHM) of about 0.2 — 0.3 ¢V compared to the broader YL band (~ 0.5 eV). Additionally, in
certain cases of highly resistive GaN samples grown by molecular beam epitaxy (MBE) under Ga-rich conditions, both
RL and AL bands are recurrently observed, overshadowing the exciton emission at the band-edge (~ 3.4 e¢V)[88].

The blue luminescence in undoped GaN is attributed to transitions from shallow donors to deep acceptors, akin to
the YL band. While numerous studies have aimed to pin point the nature of defects responsible for the BL bands, a
conclusive origin remains elusive, with hypotheses pointing to Gallium vacancy-related complexes arising from
impurities [89]. Additionally, the blue luminescence band is often attributed to defects related to dislocations and
stacking faults within the GaN crystal structure[90]. It is important to note here that throughout this study, any minor
variations in the defect peaks within a shift of ~ 2100 meV is not discussed extensively and is considered to arise from
dislocations and structural imperfections in the GaN film because of its polycrystalline nature.
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Now that we have defined the potential origin of the peaks in the broad band range from 1.7 ~ 3.5 eV, we set out to

correlate the observed CL peaks at different photon energies to the corresponding transitions and understand the effect
of the process parameters on the luminescence of GaN.
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Figure 4.26: A-C. RT Cathodoluminescence (CL) spectra for GaN samples deposited at RT: 10% N2 (sample 1), 40% N2 (sample
2) and 100% N2 (sample 3). Samples 1,2,3 were deposited at a constant pressure of 6.6 Pa; D. Sample 4 deposited at 40% Ny at
a higher pressure of 13.3 Pa. The insets represented as A-D; depicts the GXRD spectra of the corresponding GaN films; D &
D». 2D CL surface mapping for sample 4 at a photon energy of 2.27 eV and 3.41 eV respectively; E, I' & G. Crystalline fraction
(Fc) and the lattice parameters ‘@’ and ‘c’ of samples 2,3 & 4 obtained from the XRD spectra respectively corresponding to the
hexagonal structure of GaN; H. High resolution XPS spectra of the GaN films at various etch depths ranging from 0 to ~ 200nm
(0-600 seconds) revealing the significance of oxygen contaminants in the thin film.

4.7.2 Observations & analysis of the CL peaks of GaN grown at room temperature

Figure 4.26.Aq)-Dq) tespectively present the CL spectra and GIXRD patterns of the GaN samples deposited at different
conditions of Ar/Nj; ratio: Sample 1 — S1: 10% of N2 (Aq); S2: 40% of N2 (Buy); S3: 100% of Nz (Cpy), at a fixed
pressure of 6.6 Pa, while D) corresponds to S4: 13.3 Pa at a fixed ratio of 40% Na. Typically, by comparing Iigure
4.26.Aq)-B1y-Cq1y, one can observe the effect of the variation in Nz flow fraction whereas comparing Figure
4.26.B1y&D) illustrates the effect of pressure at a fixed Nz flow. From GIXRD patterns (Figure 4.20.A1-Dy), it cleatly
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appears that S1 and S3 are of amorphous phase while S2 and S4 are polycrystalline. To have a better appreciation of it,
Figure 4.20.E is plotted to show the crystalline fraction values of S1 to S4. Regarding CL spectra (Figure 4.26.A-D),
each spectrum has been de-convoluted to visualize the peaks associated with the bands corresponding to RL, YL, AL,
BL and BE-L [75]. Important to be pointed out here is that all the four investigated films have been found to exhibit
uniform luminescence across its surface as shown in Figure 4.26.1:&D; that depicts the 2-D mapping of the CL spectra
of S4 at photon energies corresponding to the YL(d1) and BE-L(d2). The mappings reveal that the CL peak intensity
spread is uniform throughout the sample across a range of ~ 250um.

Upon considering the effect of Nz flow (Figure 4.26.A1)-B(1)-Cy), one can observe distinct CL spectra when varying
Ny fractions (10%, 40% & 100%). Overall, three major observations are emerging from N» flow series:

I.  Itappears that only S2 (40% Ny) exhibits a BE-L (3.17 eV), even though it shifts from the theoretical value of
3.4 eV, as can be seen in Figure 4.26.B1. By looking at Figure 4.26.E, one can notice that S2 is the film that
exhibit the highest Fc of ~60% in comparison with S1 and S3 that respectively present a F¢ ~ 5% and ~10%.
The presence of well-defined crystal grains in S2 therefore allows for efficient electron-hole recombination near

the band edge. As a result, band edge luminescence may be significantly weakened if not occurring for S1 and

S3.

II. ~ S1 (10% Ny) and S2 (40 %N>) exhibit both RL and AL emission as can be respectively seen in
III.  .aandb in comparison to S3 (Figure 4.26.C) that does not reveal none of these peaks. Several studies that relate
the defects and luminescence features of GaN have highlighted that the presence of a RL accompanied by an

AL band is frequently observed in cases where the deposition involves a Ga-rich growth environment[85], [86],
[87], [88, p. 680]. This would mean that ST and S2 are very likely to be Ga-rich.

1V. If one focuses on the changes in amplitude of the CL spectra of S1, S2 and S3, one can cleatly see that the S1
grown at 10% N3 (Figure 4.26.A) shows the weakest luminescence, peaking at a maximum of ~ 300 counts /sec,
almost ten time lower than that of sample 2 (Figure 4.26.B). In this particular case, one may intuitively correlate
it to the increase of F¢ (Figure 4.26.E) that is occurring when changing the N» flow fraction from 10% (S1) to
40 % (S2). Indeed, the higher crystallinity of S2 (40% Ny) allows for more efficient charge transport resulting
in a higher proportion of electron-hole pairs that contribute to radiative recombination so leading to higher CL
intensity. In addition, the relatively prominent BL peak observed for the amorphous sample S1 (Figure 4.26.A)
is often the mark of a highly defective sample that has stacking faults and dislocations[90]. By considering the
same reasoning, one may expect to see S2 (Figure 4.26.B) having a higher CL intensity than S3 (Figure 4.26.C)
considering its lower F¢ (Figure 4.26.E), the inverse trend is however observed. Indeed, S3 displays the highest
intensity of all the investigated samples. To explain this unintuitive tendency, one may consider discussing the
potential effect of the grain boundaries in pc-film [91]. The sample with a lower crystalline fraction (S3) likely
has a higher density of grain boundaries and defects that can act as non-radiative recombination centers but
they are also more prone to be passivated taking into account the high amorphous fraction of the film[92].
Passivation of these defects may allow more charge carriers to undergo radiative recombination and emit
photons, leading to higher luminescence intensity [93]. We should mention that this can only be true for samples
having grain boundaries. Clearly, if we compare the GIXRD spectra of ST & S3 (Figure 4.26.A1&C1), it happens
that S3 has a more defined crystalline peak at ~34° and therefore could have more grain boundaries leading to
efficient passivation so resulting in a higher CL intensity.

Considering now the effect of working pressure, we compare S2 and S4 (Figure 4.26.B1)&D 1)) deposited at 6.6 Pa and
13.3 Pa, respectively. From these two CL spectra, one can notice the disappearance of the RL and the AL band only for
S4 (13.3Pa), suggesting that S2 (6.6 Pa) was deposited under Ga-richer conditions[85], [86], [87], [88, p. 680]. This is
consistent with our recent study conducted in the same reactor as discussed here, in which we have shown that when
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the pressure decreases, the density of nitrogen-atoms in the gas phase (plasma) also decreases (linearly with pressure).
Another important obsetrvation in the case of S4 (Figure 4.26.D) is the position of the BE-L peak (~ 3.41 eV) which is
extremely close to the theoretical value of GaN crystal (3.4 ¢V). What is relatable here is the evolution of the lattice
parameters « and ¢ (Figure 4.26.F&G) with the BE-L peak shifting for S2 and S4. Intuitively, the S4 that has a the BE-
L peak closest to that of GaN crystal also has lattice parameters (a = 3.19 A & ¢ = 5.19 A) which are equal to the
theoretical values of GaN|[94]. It is noteworthy that if the lattice parameter ¢ is equal for S2 and S4 (I'igure 4.26.G), the
parameter 4, although minimal, deviates for S2 from 3.19 A to 3.21 A. Hence, in terms of global luminescence features,
S4 exhibits the most promising CL spectrum, that would resemble a highly defective GaN epitaxial film grown at high
temperature. However, if one would only considers, the XRD pattern and Fc as indicators of the overall quality of the
tilm, S2 would have been considered the best sample over the other ones (Figure 4.26.B1&E). Therefore, a question
arises: why does S4 exhibit the best luminescent features? For this purpose, scrutinizing the samples at the nanoscale
using HR-TEM has been seen as a valuable way to address this point, especially by focusing on observing the
nanostructure of the different samples. For instance, larger grain sizes in pc-films would tend to reduced grain boundary
density thus improving charge carrier mobility and by the way improving CL features[93], [95], [96].
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Figure 4.27: A, B & C. RT Cathodoluminescence (CL) spectra for GaN samples deposited at RT with process conditions:
6.6 Pa, 40% Nz (A — Sample 2) ~ polycrystalline, 6.6 Pa, 100% Nz (B — Sample 3) ~ amorphous and 13.3 Pa, 40% N> (C —
Sample 3) ~ polycrystalline. : A, By & Cy corresponds to the TEM measurements of the aforementioned samples. The
notations 1 & 2 represent the focused area of the sample taken for measurement and 3 depicts the diffraction patterns
corresponding to the film.

Figure 4.27 shows a panorama of TEM images of three samples: the two samples that present the highest crystalline
fraction, namely S2_06.6 Pa/40%N> (A) and S4_6.6Pa/100%N: (C) along with one of the amorphous sampleS4_13.3
Pa/40%N: (B) that displays the strongest (overall) luminescence intensity. The corresponding CL spectra of those
samples are presented again for convenience. For all the samples, similar images and processing were done so we rely
hereafter on S2 (Figure 4.27A) to detail the methodology. As shown in Figure 4.27.A&A1, a large scale image was
acquired and a zoom of it was done, the later on which a selective area diffraction (SAED) was performed (Figure
4.27.Az). The processed insets in Figure 4.27.A gives access to the grains size in the GaN thin film. Overall, from TEM
analysis shown in Figure 4.27, two main observations can be raised:
1. Diffraction patterns of both S2 (Figure 4.27.A2) and S4 (Figure 4.27.Cy) brings confirmation of their
polycrystalline nature while (Figure 4.27.C») depicts to an amorphous GaN film, coherent with our results
from GIXRD measurements (Figure 4.26.Bq, Cy&D ).
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II.  The grain size in the pc-films S2 (Figure 4.27.A) is larger (~20 nm) than that of S4 (Figure 4.27.B), which
is about 5nm.

The smaller grains size found in S4 can be one possible explanation of why it has the best CL features. Indeed, smaller
grain sizes imply having a higher density of grain boundaries, but these boundaries may be more continuous and
smoother compared to larger grains. As a result, scattering at grain boundaries can be reduced, allowing carriers to move
more freely, leading to higher mobility [97]. Moreover, we previously showed that the amorphous phase can act as
passivation of the grains explaining why S3 has the strongest luminescence intensity even though it does not show B-
EL. In the case of S4, it has a crystalline fraction of about 45% (Figure 4.27.E) so one may invoke the fact that this mix
phase along with the presence of small grains would be the right combination that makes this sample having this desired
BE-L feature.
When it comes to the other pc-film S2 (Figure 4.27), the red shift of the band edge (to ~ 3.2 eV) that could be due to
the larger grain size, can typically result in an increased lattice strain within the material [98] as evidenced by the deviation
of its lattice parameter # (Figure 4.27.I%). At the inverse, S4 shows a lattice parameters almost equal to that of theoretical
GaN as mentioned previously (Figure 4.27.F&G). As far as the amorphous film S3 (Figure 4.27.B) is concerned, the
absence of luminescence at 3.4 eV can be naturally attributed to its disordered structure and lack of a well-defined band
structure typical of a crystalline material. As a result, the energy distribution of electronic states in the amorphous film
is continuous, leading to a lack of distinct luminescence features at specific energy levels [99]. Evidently, the lattice
parameters values for sample 3 (Figure 4.27.F&G) also exhibits a relatively significant deviation from the theoretical
GaN values.
In conclusion, our investigation comparing films of different structures sheds light on the interplay between deposition
conditions, crystallinity, related defects and luminescence characteristics. The observed CL spectra variations,
particularly impacted by the changes in N> fraction (10%, 40% and 100% N») and working pressure (6.6 Pa and 13.3
Pa), underscore the profound influence of growth environment on the optical properties of GaN films. At lower N
fractions, we observe a decrease in the luminescence intensity and broader peaks, indicative of higher percentages of
defects and reduced crystallinity. Conversely, increasing the N fraction from 10% to 40% leads to enhanced crystallinity,
as evidenced by sharper peaks from GIXRD and higher overall CL intensity. Notably, the presence of specific
luminescence bands (RL, YL, AL) reflects the prevailing growth conditions with defects, with Ga-rich environments
favoring the emergence of certain intrinsic point defects associated with the RL and the AL bands. Sample deposited at
100% Nz, even though mostly amorphous and without BE-L peak, shows the strongest CL intensity, suggesting an
amorphous passivation of grains that might be at the origin of this high intensity. On the other hand, samples deposited
at higher pressures exhibit distinct luminescence peaks, even though persistent intrinsic point defects are observed.
TEM analysis corroborates our CL findings, revealing a correlation between grain size, crystallinity, and luminescence
properties. Larger grain sizes (~20 nm for sample deposited at 6.6 Pa) are associated with red shifts in the band-edge
luminescence, potentially attributed to increased lattice strain. Conversely, smaller grain sizes (~ 5nm for sample
deposited at 13.3 Pa) associated to a potential passivation due to the presence of a significant amount of amorphous
phase (Fc of 45%), exhibit closer alignment with the theoretical band edge of GaN, indicative of reduced defect density
and enhanced carrier mobility.

4.8 A summary of the qualification of GaN on Si at room temperature

Figure 4.28 illustrates a panorama of the main experimental results gained from the characterizations of the films (growth
rate, surface roughness and the crystalline fraction) of the GaN film as a function of the working pressure, the N» flow
and the RF power. The findings and learnings for GaN films deposited at RT are depicted below.
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1. Morphological and crystalline properties
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Figure 4.28: Tllustration of the characterized data depicting the influence of working pressure (Pa), RF Power (W) and N, flow

variation (percentage) for the GaN sample deposited at room temperature on Si. A, B & C: The growth rate (A/ s), RMS
roughness and the crystalline fraction at different working pressure & RF power. A’, B’ & C’. The growth rate (A/s), RMS
roughness and the crystalline fraction at different N fractions in an Ar/N, gas mixture.
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I.  Polycrystalline GaN with a strong orientation towards the c-axis, which resembled a hexagonal
wurtzite GaN structure. Morphology revealed nanostructured grains with columnar cross-sections.
II.  Through this study, we defined the optimized sputtering condition: 6.6 Pa pressure, 40% N fraction
and 100W power, which yielded a hexagonal wurtzite polycrystalline GalN with the highest growth rate
(~ 2 A/s) and the best crystalline fraction (~ 62%).
III.  From the plasma diagnostics, we introduced two plasma parameters — the Ga atom flux (¢s4) and the average

Ga atom energy at the substrate (ES¥P). Upon observing the trends in the growth rate and the crystalline

fraction by varying all the process parameters (pressure, flow and power), we found that @g4 is a good

indicator that correlates with the growth rate trends and E f;’:lb was found to be a good indicator that

directly correlates with the crystalline fraction of the GaN film.

IV.  Regarding the chemical composition, based on XPS analysis, our sample exhibits a Ga/N ratio close to
stoichiometry, approximately 1, indicating balanced elemental composition. The depth profile confirms
uniform distribution of Ga and N throughout the layer, indicative of stable sputtering processes yielding
consistent delivery of Ga and N atoms without irregularities. Regarding contaminants, we identified carbon,
hydrogen, and oxygen, with carbon and hydrogen primarily present on the surface. Oxygen contamination
is notable both at the surface and within the layer, suggesting its incorporation into the GalN lattice
structure.

V. To alleviate the oxygen contamination in the film, we investigated the depth profile before and after a plasma
& reactor cleaning procedure using GD-OES. The results were promising and the oxygen composition in the
GaN film was reduced from 30% to ~ 13%. We suggest the cleaning procedure as a temporary solution for
reducing the effects of oxygen contamination and point out to the fact that the permanent solution could be
the implementation of a load-lock system in our reactor.

VI.  Cathodoluminescence (CL) analysis into GaN film structures reveals the profound influence of deposition
conditions on optical properties. Varying N fractions (10%, 40%, and 100%) and working pressures (6.6 Pa
and 13.3 Pa) notably influence the optical properties. Lower N» fractions result in decreased luminescence
intensity and broader peaks, indicating higher defect percentages and reduced crystallinity. Conversely,
increasing Ny fraction enhances crystallinity, leading to sharper peaks and higher overall luminescence intensity.
Specific luminescence bands (RL, YL, AL) correlate with growth conditions and defects, with Ga-rich
environments favoring certain intrinsic point defects. Despite being mostly amorphous, samples deposited
at 100% N3 exhibit strong luminescence, suggesting amorphous grain passivation. TEM analysis confirms a
correlation between grain size, crystallinity, and luminescence properties.

We have seen that we are able to finely tune and control the discharge to obtain polycrystalline GaN films which exhibits
luminescence at room temperature. We now want to investigate the effect of the substrate temperature on the
morphology, growth rate, crystalline structure, chemical composition and the optical properties of GaN films to
compare with the films obtained at room temperature and provide a comprehensive understanding on the thermal
effects related to the growth properties of the film.
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Chapter 5 presents the characterization of a GaN thin film deposited at varying substrate temperatures ranging
from room temperature up to 500°C.

The chapter comprises of single section (section 1) which presents the results, examining the impact of growth
temperature on GaN film properties akin to Chapter 4. We aim to find the best temperature for achieving the highest
growth rate, lowest surface roughness, and improved crystal quality. Utilizing morphological, structural, and XPS
analyses, we evaluate surface chemistry, Ga/N ratio, and contaminants. Composition profile analysis focuses on
uniformity and lattice structure influence. CL study aims to identify films with minimal defects and highest
luminescence intensity at 3.4 eV. A concise summary cotrelates findings, elucidating the temperature's influence on
plasma PVD-deposited GaN thin film quality.

5.1 Influence of the substrate temperature

In the previous chapter, we investigated GaN crystalline quality at room temperature deposition, finding optimal
conditions at 6.6 Pa, 100W, and 40% N», yielding the best growth rate (~ 2A/s). However, we also noticed a significant
amount of oxygen present in our films. Increasing the deposition temperature could help in reduce oxygen

contamination in GaN films. Higher temperatures promote outgassing of residual oxygen and strengthen chemical
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bonds in the film, reducing susceptibility to contamination [1], [2]. Moreover, we are interested to investigate the effect
of substrate temperature on the crystallinity and the morphology of the thin films. Our goal is to find an optimal
temperature range below conventional (700-1000°C) which ideally provides us with a film with a high quality. In this
section, we base our quality levers on the above four parameters — growth rate, crystalline fraction, chemical composition

and luminescence to evaluate the quality of our GaN thin films.

5.1.1 Effect of growth temperature on the surface morphology

Figure 5.1.A&B shows the SEM surface micrographs and the cross-sectional images of the GaN films grown on Si at
temperature ranging from RT to 500°C, respectively. From the surface micrographs, we observe that similar to the RT
depositions, the films are nanostructured with features sizes varying as a function of the growth temperature. The
features become larger as the temperature reaches 400°C while a subtle change in the size and shape can be seen from
RT to 300°C. Interestingly, the features shape at 500°C is completely different and consists of flakes rather than
nanostructured grains. An important point to note is that for all the depositions except for the one at 500°C, the base
pressure after plasma cleaning was kept at ~ 3 x 107 mbar. However, in the case of 500°C, the minimum base pressure
that we could reach even after hours of waiting was ~ 1 x 10-¢ mbar and although minimal, there was always a potential
residue of OH lines observed from the OES. This means that the oxygen contamination for the samples grown at 500°C
would eventually be larger than the samples deposited at lower growth temperatures. A possible explanation of the
irregular grain structure for the samples at 500°C could be the increased contamination (introduces defects or impurities
that could affect the film's structural integtity).
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Figure 5.1: SEM images of GaN on Si at varying growth temperatures from room temperature to 500°C. A. SEM surface
micrographs. B. SEM cross-section images depicting the thin film & the Si substrate. C. The thickness & growth rate obtained
from the cross-section images. C’. The root mean square (RMS) roughness obtained from AFM topography. The working
pressute, RF power and At/ N2 flow rates wete kept constant at 6.6 Pa, 100 W and 12/8 sccm respectively.

The cross-section images (Figure 5.1.B) reveal the columnar structure of the films except for the highest temperature
of 500°C that also here differs from the rest by exhibiting a ‘flake-like” structure. This could mean that the expected
increase in adatom mobility would still not be sufficient in our process to enhance a higher degree of binding among
the columns and the borders between the columns to form a uniform dense structure that is not columnar [3].

In terms of growth rate (Figure 5.1.C), apatt from a small exception from the RT to 100°C where we observe a decrease,
the growth rate increases with the temperature, while inversely, the surface roughness (Figure 5.1.C°) decreases. The
tendency in the growth rate could be explained by the fact that an improved adatom mobility, promoted by higher
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temperature, allows for an efficient incorporation into the growing crystal lattice, resulting in a higher growth rate [4],
[5]. Moreover, on considering the surface roughness, the reduction in surface diffusion barriers - the movement of
adatoms on the substrate surface is governed by surface diffusion [6]. At elevated temperatures, the energy barrier for
surface diffusion is reduced. Lower barriers mean that adatoms can more easily overcome obstacles and find optimal
lattice positions, leading to smoother and uniform growth with reduced defect densities.

Thornton (refer Chapter 4) depicted that the formation of large grains even with grain boundaties (columnar structures)
at elevated temperatures could crystallize and produce a better crystalline structure [7]. To confirm the influence of the
growth temperature on the effect of crystallization, we performed GIXRD.

5.1.2 Effect of growth temperature on the crystalline structure

A shows the GIXRD spectra of GaN films grown from RT to 500°C. The corresponding crystalline fraction is depicted
in .B. In Figure 2-A, as expected, we obsetrve a drastic increase of the crystalline fraction that goes from 60% at room
temperature deposition up to ~ 95% at 400°C, which is the maximal value reached within this T range. With increased
surface mobility, the atoms are less likely to be trapped in positions other than the lattice structure, which can reduce
the defects thus minimizing the occurrence of dislocations or vacancies [§].

A B
100 | |[-@- Crystalline fraction of GaN|
g Thermal series @
c
R
5 / \
3
s 80t
E £ /° )
=1 I
s 2
Py O /0
2 eof @9
ol RT
E ! 1 1 1 1 1
0 100 200 300 400 500
20 (°) Growth temperature (°C)

Figure 5.2: A. GIXRD profile at varying growth temperatures from room temperature to 500°C. B. Crystalline fraction calculated
from the corresponding GIXRD spectra from A. The working pressure, RE power and the Ar/N, flow were kept constant at

6.6 Pa, 100 W and 12/8 sccm respectively.

However, at 500°C, we observe that the Fc decreases which would be the results of the presence of oxygen contaminants
as mentioned in the previous section [9], [10]. Another explanation could be related to the strain relaxation of the film
while cooling down. Indeed, the large difference in the thermal expansion coefficients between GaN and Si could
potentially worsen the strain relaxation process and could induce defects in the crystal lattice that leads to a lower
crystalline fraction [11].

Going back to the increase in crystalline fraction as the temperature increases up to 400°C, one could also comment on
the energy barriers and reduced contaminants [12]. The additional thermal energy at higher temperatures helps the
system to overcome energy barriers that hinder atoms from settling into the crystalline lattice positions. Elevated
temperatures can facilitate desorption of impurities or contaminants from the substrate surface, leading to films with
fewer defects. However, to verify the effect of elemental contributions to the surface and the bulk of GaN, it requires
a better insight of the chemical composition of the films deposited at higher temperatures.
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5.1.3 Effect of temperature on the chemical structure

In this subsection, we first analyze the surface chemistry of the GaN film and then proceed with the composition profile
within the bulk.

Surface analysis

To begin with, we conducted XPS analysis on the GaN film deposited under optimized sputtering conditions but at
500 °C, specifically at 6.6 Pa, 100 W, and 40% Na. Figure 5.3 illustrates the XPS spectra spanning the GaN film's surface,
commencing from the sample center (point 1) extending to the diagonal edges (point 2). It is important to recall that
the color gradients observed in Figure 5.3.A depicts the thickness variation across the surface of the film.
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Figure 5.3: A. Real-view image of the GaN on Si. The points 1&2 depicts the line scan for which the XPS surface analysis was
done. B. XPS surface scan from the center of the GaN sample to a corner (from 1 to 2). The significant elements from the scan
were Ga, N, O and C. Sputtering conditions: 6.6 Pa, 100 W and N> ~ 40 % and the growth temperature was kept at 500°C.

In Figure 3.B, the observed color gradient solely reflects a variation on the thickness and not on the composition
chemistry as the XPS spectra is identical at points 1 and 2. This implies that increasing the growth temperature does not
have any effect on the composition uniformity across the surface of the sample.

Through surface examination, we detect the presence of gallium, carbon, oxygen, and nitrogen in the film. In order to
determine the atomic percentages of these elements on the surface, we employed a high-resolution spectrum, necessary

to analyze the overlapped signals from nitrogen and the Auger peaks of gallium (Chapter 2).

Figure 5.4 illustrates the high-resolution spectra corresponding to each of the identified elements, C (A), O (B), N (C)
and Ga (D), the corresponding table composition is presented in Figure 5.4.E. From the surface spectra in Figure
5.4.A, we observe that the carbon signal, which is attributed to superficial contaminations (Chapter 4), decreases as the
growth temperature increases from RT to 500°C. The composition reduces from 18% to 12% at the surface. This could
be attributed to an obvious reason - increased desorption of contaminates at elevated temperatures - higher
temperatures enhance desorption of adsotbed species from the material's sutface [13]. Furthermore, the reduction in
carbon content could also be an impact of improved diffusion — elevated temperatures could enhance the diffusion of
impurities within the material which may help in moving the carbon atoms away from the surface, thereby reducing the
presence of supetficial carbon [14]. Following in the footsteps of enhanced desorption or diffusion of supetficial
elements on the surface at elevated growth temperatures, we could expect that the oxygen contamination also reduce
as the growth temperature increases. Surprisingly, we observe that the oxygen concentration ( Figure 5.4.F) was not
reduced at higher temperature, even though one may expect such phenomenon (efficient outgassing of residual oxygen
from the substrate, formation of stronger chemical bonds within the GaN film)[15] . The incorporation of oxygen in
the GaN surface slightly varies from 30% to ~ 32% as the temperature increases from RT to 500°C. This suggests that
a variation in growth temperature does not have a significant impact on the composition [16].
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Figure 5.4: XPS surface analysis — high-resolution spectra focusing on the binding energy range corresponding to A. Carbon B.
Oxygen C. Nitrogen and D. Gallium. The HR spectra gives us an idea on the strength of bonding between the above-mentioned
clements. The above used GaN sample was deposited at 6.6 Pa, 100W and N, fraction of 40% and the growth temperature was

varied. E. The composition percentages calculated from the XPS measurements of the elements at varying growth temperatures.

Figure 5.4.C&D depicts the XPS spectra of N and Ga, respectively. We see that the intensity of the spectra remains
almost constant except for the sample deposited at 500°C, which exhibits a slightly intense emission. Nevertheless, in
Figure 5.4.E, we observe that the composition variation across different substrate temperatures is minimal, the N and
Ga composition almost remaining uniform. The stoichiometry ratio of N/Ga remains within the range of 0.95 to 1.01.
The slight increase of the Ga & N composition at 500°C could be attributed to increase in surface migration at the
substrate at higher temperatures. To understand the GaN bulk chemistry, we investigate the composition profile of

GaN specifically at a moderate growth temperature of 300°C.
Bulk composition profile

Figure 5.5.A represents the composition profile of all the elements for GaN grown at a temperature of 300°C. The
mapping of the individual elements throughout the etch profile is represented in Figure 5.5.B-I. Unlike the etch profile
observed for room temperature deposited samples (refer chapter 4), the sputtering was conducted until the Si substrate
was reached. From Figure 5.5.A, we observe that near the surface (etch time 0 to 100 seconds); the gallium and nitrogen
composition uniformly increase by almost 10 %. This could be attributed to the superficial enrichment of gallium and
nitrogen, which is an occasional profile measurement artifact from XPS. Therefore, composition values in the bulk ~
30% for both gallium and nitrogen.
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Figure 5.5: A. The composition/ depth profile of GaN thin film on Si deposited at 300°C. B-I'. The HR-spectra for each element
taken at an interval of 100 seconds for a total etch time of 1000 seconds. The elements are carbon, oxygen, gallium, nitrogen and
the substrate silicon respectively in that order. The working pressure, RF power and the Ar/N, flow rates were kept constant at

6.6 Pa, 100 W and 12/8 scem respectively.

Oxygen on the other hand remains consistent from the surface to the bulk and its content is similar to that of gallium
and nitrogen ~ 30%. This points out to the fact that increasing the growth temperature does not necessarily reduce the
contamination of oxygen in the bulk. Surface contaminants such as carbon do not extend into the bulk (Figure 5.5.B),
but oxygen extended from the surface to the bulk down to the interface with the c-Si substrate (Figure 5.5.C). This
result undoubtedly shows the presence of a huge amount of oxygen in our samples, independent of the growth
temperature. However, this does not necessarily mean that there is no impact of the growth temperature elevation on
the quality of the GaN film as we showed previously when it comes to the crystalline fraction that reaches up to 95%
at 400°C (.B). To explore the potential impact of the substrate temperature on the defects and optical properties, we

investigated the luminescence features of the films.

5.1.4 Impact of growth temperature on the luminescence features of the films

Figure 5.6 shows the CL spectra of GaN films deposited at 200°C, 300°C, 400°C and 500°C. The spectra wete measured
in the energy range from 1- 4.5 eV. The luminescence peaks appearing at each conditions are evidenced directly in the
figure.
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Figure 5.6: Cathodoluminescence (CL) spectra of at varying growth temperatures from 200°C to 500°C (A-D). The working
pressure, RF power and the Ar/N, flow were kept constant at 6.6 Pa, 100 W and 12/8 scem respectively.

Overall, the first observation that we can make is the increase in total luminescence intensity as the temperature
increases. Let us first consider the case of the samples grown at 200°C, 300°C and 400°C (Figure 5.6.A-C). We see a
gradual increase in the intensity of the band-edge luminescence (BE-L) at 3.4 ¢V (from 150 to 400 counts/s), which
could point out to an improved material quality as the growth temperature increases. However, if we observe the YL
band, we see that from 200°C to 400°C, the intensity of the YL peak increases almost two fold (from 300 - 600 counts/s).
From Chapter 4, we defined the origin of the YL band to defects related to the Ga and O complexes. This would mean
that an increase in growth temperature leads to two processes related to defects: i) the donor bound exciton (D°X)
transition is more prominent —the increase in thermal energy leads to an increase in the mobile concentration of energy
(i.e. the exciton energy), hence, the luminescence intensity increases. The DX transition is associated to deep donor
states [17], [18]; 1) enhanced formation of the Ga vacancies and Ga-O complexes — as the temperature increases, the
oxygen from the surface associates with the Ga vacancy more rapidly due to an enhanced diffusion. The stable V,Ox
complexes thus emits the YL band with a higher intensity. The shift of the YL and the BL peaks of GaN at 300°C could
be attributed to a residual compressive strain of the film and other confinement effects [17].

Finally, when consideting the sample at 500°C (Figure 5.6.D), we notice a significant increase in the YL and the BL
peaks and surprisingly, the BE-L at 3.4 eV is missing. We could correlate this with the deposition process itself (increased
oxygen contamination at 500°C) and suggest that the increased intensity of the YL and the BL bands could be due to
an increase in the point defects arising from vacancies and impurities, which could potentially suggest that this sample
is the most defective one [19], [20]. This is in agreement with the GXRD spectra where we observe a decrease in the
crystalline fraction at 500°C. Since the BE-L peak is visualized as a shoulder embedded in the strong YL band, a
significant increase in the YL band intensity could potentially mask the luminescence from the BE-L band [21].
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Overall, from the CL spectra at varying temperatures, we could say that the sample at 400°C has the best BE-L at 3.4
eV. However, this comes at a cost as the YL defect band is also significant here confirming that the oxygen

contamination in our sample is significant.

5.2 A summary of the growth temperature series of GaN thin film deposition on Si

In this chapter, we presented the characterization results of GaN films grown by plasma PVD at varying temperatures
ranging from room temperature to 500°C. Our aim was to identify the optimum temperature for deposition and analyze
the growth features in terms of morphology, growth rate, crystalline fraction, chemical composition and the
luminescence. From the morphology study, the surface micrographs revealed nanostructured films with varying grain
sizes when the growth temperature increase or decrease. Notably, at 500°C, a distinct flake-like grain structure was
observed unlike the other films. Cross-sectional SEM images showed a consistent columnar structure except for the
sample deposited at 500°C (flake like structure), suggesting that despite the higher temperature, adatom mobility may
not be sufficient to enhance binding among columns. The trends in the growth rate and the surface roughness align

with the principles of increased thermal energy as the temperature increases.

In a structural point of view, an increase in the crystalline fraction is operated with rising temperature. The crystallinity
of the films improved from 60% at room temperature to about 95% at 400°C. This phenomenon was attributed to the
increased temperatures, which imparted greater kinetic energy to the atoms. This increased energy facilitates their
movement across the substrate surface, enabling them to attain energetically favorable positions. Consequently, this
results in a more organized atomic structure and a decrease in defect formation. However, with the temperature increase
from 400°C to 500°C, the crystalline fraction drops from 90% to about 75%. This dectease could potentially be due to
an increase in the oxygen contaminant in the plasma during deposition or due to the strain in the lattice while the sample

was cooling down post deposition.

As far as the chemical composition of the films is concerned, the increase of the growth temperature does not affect
the composition uniformity across the film's surface. The analysis shows a dectease in surface carbon contamination
with rising temperatures, which is attributed to enhanced desorption and diffusion of impurities. When it comes to the
bulk, C is no present anymore. However, we show that oxygen contamination on the surface as well as in the bulk
always occur (up to 30 at%) independently of the growth temperature. Despite the oxygen contamination, the increase
in growth temperature is seen to keep the Ga/N stoichiometry intact and could improve the diffusion of elements.
What does this mean for defects? The impact of defects caused by contaminants like oxygen on the film's quality was
further explored through cathodoluminescence (CL) studies.

Key observations from CL studies included an overall increase in luminescence intensity with rising growth
temperatures. Specifically, the BEL at 3.4 eV, which becomes more intense up to 400°C, suggesting improved material
quality at higher temperatures, in agreement with the evolution of the crystalline fraction. However, the intensity of the
YL peak also significantly increased from 200°C to 400°C, indicating an increase in point defects. This suggests two
parallel processes: an increase in DX transition (donor bound exciton transition) intensity and enhanced formation of
vacancies and Ga-O complexes at higher temperatures. An increase in growth temperature did not have an impact on
the peak position of the BE-L as it was almost close to the ideal GaN value of 3.4 eV

Overall, the sample with the best growth rate and the least-surface roughness was the one deposited at 500°C. The GaN
film deposited at 400°C exhibited the highest crystalline fraction and most favorable luminescence spectra, suggesting
an optimal growth temperature around 400°C. However, while this temperature did not significantly alter the CL features
of the films, it underscores the already promising quality of the room temperature (RT) sample, which can be further
enhanced through oxygen reduction and additional optimizations. Upon comprehensive examination of the data
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presented throughout Chapter 4, a notable technical challenge emerges. The incorporation of a load lock system into
the reactor, facilitating deposition without exposure to air between processes, holds promise for significantly enhancing
the luminescence spectra of samples. This improvement is anticipated to include a reduction in the YL band intensity,

favoring a more pronounced intensity of the BE-L band, even at room temperature.
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Summary & perspectives

Summary

The collaborative research from this doctoral thesis explored Plasma-based Physical Vapor Deposition (PVD) as a
promising alternative to conventional methods such as MOCVD and MBE. Low-temperature processing reduces
challenges like thermal mismatch-induced strain, caters to temperature-sensitive applications, and reduces energy
consumption. From an ecological standpoint, plasma-assisted growth methods offer advantages in terms of reduced
material consumption and waste production. The utilization of plasma allows for precise control over deposition
parameters, leading to higher material utilization efficiency and minimizing the generation of harmful byproducts.
Additionally, the absence of toxic precursor gases commonly associated with conventional techniques reduces
environmental impact and potential health hazards. On the economic front, plasma-assisted growth methods can offer
cost savings over time. Improved material utilization and reduced energy consumption translate into lower operational
costs and increased productivity. Additionally, the ability to deposit high-quality films at lower temperatures can extend
the lifespan of equipment and reduce maintenance expenses.

The introductory chapter discussed on three important aspects relevant to the context of this thesis: i) properties and
importance of GaN, ii) the deposition processes, iii) low pressure plasmas for deposition. Chapter 2 focused on the
plasma PVD process and introduced the custom-built reactor system and its functionalities. Several ex-situ solid-state
characterization techniques were elaborated which were used to examine the quality of the GaN thin films.

Chapter 3 provided an extensive overview of three plasma diagnostic methodologies employed to characterize our
Ar/Np plasma: Two-Photon Absorption Laser-Induced Fluorescence (TALIF), Microwave Interferometry (MWI), and
Optical Emission Spectroscopy (OES). Each technique targeted a specific plasma characteristic, serving as valuable
tools in our analysis. TALIF was utilized to ascertain the absolute N atom density, despite encountering challenges
posed by the low-intensity N fluorescence signal characteristic of the low-pressure conditions at which our plasma
discharge operates. We employed a Peak Excitation Method (PEM) to determine the absolute atomic density, enabling
us to focus solely on temporally integrated fluorescence signals, thereby neglecting the quenching rate's influence.
Notably, we found that the measured N-atom density ranges from approximately 10'" to 1012 cm3. MWI served to
determine the electron density within the discharge, revealing values typically ranging from 1010 to 10" cm-3. Comparing
density measurements from TALIF and MWI aids in characterizing plasma attributes across varying working pressures,
with electron and N atom densities showing similar dependence upon process parameters. In terms of qualification,
OES served a dual purpose: identifying trends in emissive species concerning process conditions and monitoring
efficient sputtering of Ga-atoms. Additionally, OES facilitated the detection of oxygen-based contaminants (OH) in the
plasma, crucial for mitigating potential detrimental effects on the growth process. Introducing a plasma and reactor
cleaning solution helped to alleviate contamination impacts on the films. Another important use of OES was to
determine the plasma characteristic temperatures. While rotational temperature measurements provide a reliable
estimate of gas temperature (~450 K), direct determination of electron temperature proved challenging. Alternative
measurements, such as vibrational and excitation temperatures, yielded estimates ranging from 2000 K to 8000 K and
approximately 4000 K, respectively. The comprehensive plasma qualification undertaken at various growth pressures
laid the groundwork for subsequent thin film characterization under these process conditions.

In chapter 4, we meticulously analyzed the influence of working pressure, N2 flow variation, and RF power on key film
characteristics - morphology, growth rate, and crystalline structure. Through a deep analysis, we navigated the intricate
parameter space, endeavoring to uncover optimal conditions conducive to superior GaN film quality.

Our quest for optimization lead us to the identification of a paramount sputtering set of parameters characterized, i.e.
a pressure of6.6 Pa, 60%/40% Ar/N, fraction, and 100W RF power. Within this regime, GaN films manifested a
hexagonal wurtzite crystalline structure, exhibiting a growth rate of ~ 2 A/s and a crystalline fraction of ~ 60%. This
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optimized condition represented a pivotal milestone in our journey, laying the groundwork for enhanced GaN film
fabrication processes. Moreover, our exploration extended beyond mere parameter optimization, delving into the
underlying mechanisms governing film growth. Introducing two important plasma parameters - the Ga atom flux (Qg4)

and average Ga atom energy at the substrate (Eg¥P) - we unveiled their profound impact on the GaN film properties.

The @gq emerged as a reliable indicator of growth rate trends, offering valuable insights into sputtering dynamics. It
was found that the growth rate estimated through calculations was in good agreement with the experiments (~ 2.4 A/s),

highlighting the validity of our method. Concurrently, ES¥? emerged as a potent determinant of crystalline quality,
clucidating the relationship between energy deposition and film structure. Beyond the domain of process parameters,
our analysis extended to the chemical composition of GaN films, shedding light on intrinsic and extrinsic factors
influencing film quality. While Ga and N constituted the primary constituents, our investigation unearthed the presence
of contaminants—carbon, hydrogen, and notably, oxygen. Oxygen, in particular, emerged as a significant impurity, with
its incorporation posing challenges to film integtity and performance. To mitigate oxygen contamination and enhance
film quality, we employed a multifaceted approach, encompassing target cleaning using Ar plasma and reactor cleaning
procedures. Leveraging techniques such as Glow Discharge Optical Emission Spectroscopy (GD-OES), we traced and
to an extent rectified oxygen-induced anomalies, culminating in a substantial reduction in oxygen composition from ~
30% to ~ 13% within the GaN film. Further insights into film properties are gleaned through advanced characterization
techniques, including Transmission Electron Microscopy (TEM) and Cathodoluminescence (CL). TEM analysis
unveiled an ordered atomic stacking of GaN planes, confirming the polycrystalline nature of the films. Concurrently,
CL studies provided a perception into the distinctive luminescence profiles of GaN films, thereby giving insights into
their optical properties and defect characteristics. Notably, the presence of specific luminescence bands (Red (RL),
yellow (YL), aquamarine (AL), blue (BL) and band-edge (BE-L) luminescence) reflected the prevailing growth
conditions, with Ga-rich environments favoring the emergence of certain intrinsic point defects associated with the RL
and the AL bands. Operating at room temperature and utilizing silicon substrates, our study scrutinized the intricate
interplay between process parameters and resultant film properties, unraveling critical insights poised to redefine GaN
film fabrication.

In chapter 5, we had examined the characteristics of GaN films across a spectrum of substrate temperatures, ranging
from room temperature to 500°C. Our objective was to discern the most favorable deposition temperature while
examining various aspects usinf the same methodology as presented in chapter 4. Microscopic analysis of the surface
morphology unveiled nanostructured films exhibiting diverse grain sizes dependent upon the deposition temperature.
Particularly noteworthy was the emergence of a distinct flake-like grain structure at 500°C, contrasting with other
temperature regimes. Despite the elevated temperature, cross-sectional SEM imaging depicted a consistent columnar
architecture as that of the sample grown at RT, implying that adatom mobility might not be sufficient to foster inter-
column binding. The growth rate exhibited a direct correlation with rise in temperature, indicative of enhanced adatom
mobility, while surface roughness exhibited a converse trend owing to reduced surface diffusion barriers, aligning with
principles of increased thermal energy. X-ray diffraction analysis revealed an increasing crystalline fraction when
temperature increases, up to 400°C, beyond which a decline was observed. This decline could potentially be asctibed to
heightened oxygen contamination or lattice strain dutring post-deposition cooling. XPS analysis elucidated surface
chemistry uniformity across varying temperatures, with a reduction in carbon contamination noted at higher
temperatures, attributable to enhanced impurity desorption. Oxygen contamination, however, remained invariant.

Cathodoluminescence studies underscored an overall enhancement in luminescence intensity with temperature
elevation, albeit accompanied by an increase in point defects. The peak position of the BE-L remained stable across
temperatures, underscoring the reliability of GaN film deposition. In summary, while the GaN film deposited at 500°C
exhibited superior growth kinetics and sutface characteristics, the film fabricated at 400°C demonstrated optimal
crystalline integrity and luminescence properties, indicative of its superior quality. Hence, we propose that the optimal

growth temperature for GaN film deposition lies around 400°C.
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In summary, this work offers a comprehensive exploration of the challenges, techniques, and progress towards the low-
temperature deposition of GaN thin films using Plasma PVD, providing concrete insights into its optimization and
control.

Perspectives

The current thesis highlights the work done towards the deposition of GaN films by plasma PVD at LPICM. The final
chapter focused on the effect of ‘substrate temperature’ parameter and the analysis was based on how good the GaN
film quality was in terms of structural, optical, morphological and chemical properties. However, a complete
investigation on the influence of substrate temperature is still pending. Building on this premise, the first perspective
would be thoroughly analyzing the impact of substrate temperature on the GaN film quality but having as ultimate goal
of low temperature deposition.

Overall, several area of improvement have progressively emerged during this thesis. For instance, if we focus on the
betterment of the reactor system, we build on finding potential solutions to current problems such as the high level of
oxygen contamination (~ 30%) in the thin film. The obvious solution here is to implement a load-lock system, which
prevents the reaction chamber and the Ga target to be exposed to the atmosphere between successive depositions.
Another solution to mitigate oxygen contamination would be to introduce hydrogen (Hy) in the reactor chamber. The
highly reactive hydrogen species can chemically react with oxygen-containing compounds, transforming them down
into simpler molecules (H20) [1], [2], which could potentially help to remove oxygen contaminants from the chamber
walls, surfaces, and vacuum system [3], [4]. Currently, we have already installed the hydrogen lines in our plasma PVD
reactor and some initial tests are ongoing.

Focusing on the current findings from this research, we have obtained polycrystalline GaN at room temperature. An
important question arises on what can be done using such thin films and which applications to target? In terms of
photovoltaics, there have been a few works, where they use polycrystalline GaN thin films to serve as an electron
transport layer (ETL) for perovskite solar cells [5], [6]. The emphasis is mainly on low temperature process here as the
GaN layers had been deposited on fluorine-doped tin oxide (FTO) which is thermally sensitive. The use of GaN as an
ETL enhanced the efficiency of the solar cells from 10% to ~ 15%.

In microelectronics, polycrystalline GaN have been used in thin film transistors with bottom gate configuration on
sapphire substrates which exhibits n-type field effect characteristics. The entite TFT device fabrication process
temperature was below 250°C for this process [7]. Our work could pave way for TFTs with an even lower thermal
budget.

Another field of application, which has often been scarcely explored in terms of GaN, is electrochemical detection and
sensing. Porous polycrystalline GaN layers grown by MOCVD at “low-temperatures (600°C)” has been employed for
catalyst-free electrochemical detection of H2Oz [8]. The emphasis was based on low temperature growth since it can
generate rich N-vacancies, which greatly improves the catalytic activity and electrical conductivity of the material.
Although, this work does not provide much information about Ga and N vacancies or in terms of electrical conductivity,
the low-temperature growth with high levels of crystallinity could still be an interesting avenue to explore in terms of
sensing. This also facilitates the need for a thorough electrical characterization of our thin films.

As the current applications related to pc-GaN are limited, the focus shifts towards ways to improve the film quality, i.e.
potential epitaxy of GaN which has a plethora of applications ranging from light-emitting diodes (LEDs), laser diodes
(LDs), power electronics and RF devices such as amplifiers, switches and oscillators [9], [10]. The perspective to build
upon is how to obtain high quality epitaxial growth of GaN from the current results. The area to explore would be to
mitigate the effects due to defects present in our thin films which stems from impurities and threading dislocations [11],
[12], which arises from lattice mismatched substrates such as Si. Potential explorations include investigating the
homoepitaxy of GaN or the growth of GaN on lattice matched buffer layers over Si substrates such as aluminum nitride
(AIN) and silicon nitride (SiN) using low temperature plasma PVD. An interesting route within this context would be
to explore nitrogen mediated crystallization of GaN films deposited on Si [13]. Generally, during deposition, the influx

of numerous high-energy particles toward the substrate promotes the formation of densely packed and randomly
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oriented nuclei during the initial phase of deposition. This phenomenon could potentially lead to a decrease in grain size
and the development of large crystal mosaics. Conversely, with the nitrogen-mediated crystallization method, the
nucleation density can be diminished as nitrogen atoms adsorbed on the growth surface interfere with the crystallization
process of GaN. Consequently, GaN films tend to exhibit well-aligned crystal orientation and possess relatively larger

grain sizes.

An extension of reactor improvement would be to use it for the deposition of other important materials such as Ga203
and I1I-V materials such as GaAs. Owing to the ever-present oxygen in our reactor system, its use can be modified if
we stop treating it as a contaminant and treat it as a precursor material. Take the case of gallium oxide (Ga2O3). This
material has several important uses across various fields such as power electronics, optoelectronics and gas sensing.
G203 is highly attractive for power electronic devices due to its wide bandgap (~4.5 eV), which enables operation at
high voltages and temperatures [14]. It can be used in the fabrication of high-power, high-frequency transistors, diodes,
and rectifiers for applications like electric vehicles, renewable energy systems, and power grid infrastructure. The wide
bandgap of Ga;O; also makes it suitable for optoelectronic applications such as UV photodetectors, solar-blind
photodetectors, and transparent conductive coatings for UV optoelectronic devices [15]. It can be used in gas sensors
for detecting harmful gases like hydrogen, carbon monoxide, and nitrogen dioxide. Its high surface-to-volume ratio and
ability to interact with gas molecules make it a promising material for environmental monitoring, industrial safety, and
healthcare applications.

Focusing on the III-V group materials, GaAs is an important semiconductor in the photovoltaic industry and has paved
way towards record breaking solar cell conversion efficiency [16]. The practicality of using such a semiconductor has
drastically increased ever since the research on III-V/Si tandems boomed [17]. What could be interesting from the
perspective of a GaAs PVD deposition is to give equal weightage towards plasma characterization using similar
diagnostic techniques such as ours and potentially construct a parametric investigation of GaAs deposition on suitable
substrates at low temperatures by plasma PVD.

Overall, the work presented in this doctoral thesis on thin film and plasma characterization of GaN films at low
temperatures paves way to explorations related to several important aspects that are currently necessary towards
obtaining high quality GaN thin films towards applications such as power electronics, photovoltaics and even
electrochemical sensing, which are all in some way or the other associated with the semiconductor industry that strives

towards improving the technology for the 215 century.
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Titre : Dépot plasma a basse température de semi-conducteurs I1I-V (GaN) sut Si
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Résumé : L'importance du dépot de couches minces de Nitrure de Gallium
(GaN) sur des substrats de silicium 4 des températures réduites (< 500°C) découle
de la demande croissante de lindustrie des semi-conducteurs pour atténuer les
inconvénients associés au traitement a haute température, tels que la diffusion
d'atomes et les contraintes mécaniques dues a incompatibilité thermique entre le
film et le substrat. En effet, les méthodes conventionnelles comme la MOCVD
(Metal Organic Chemical Vapor Deposition) et la MBE (Molecular Beam Epitaxy)
impliquent généralement des températures élevées, ce qui peut entrainer des défauts
structurels et une dégradation des dispositifs. Ainsi, la recherche de méthodes
alternatives de dépot a basse température devient cruciale pour améliorer 'intégrité
des dispositifs électroniques et optoélectroniques a base de GaN.

Cette thése, réalisée en collaboration avec le LPICM et I'IPVFE, explore une
méthodologie de croissance a basse température pour le dépot de GaN. Elle se
concentre sur le Dépot Physique en Phase Vapeur (PVD) assisté par plasma
(pulvérisation) basé sur un magnétron (RF), qui se présente comme une voie
prometteuse pour contourner les limitations des techniques de croissance
traditionnelles. Le réacteur PVD-plasma, récemment développé au LPICM, est
congu pour explorer le dép6t de semi-conducteurs I11-V a faible colt par plasma,
rendant ce projet un nouvel axe de recherche novateur au laboratoire.

Ce travail repose sur une approche méthodologique systématique, intégrant la
compréhension des processus de dépot en couplant les diagnostics plasma, la
caractérisation des matériaux et les stratégies d'optimisation de la croissance des films
de GaN a température ambiante (RT). Les diagnostics plasma ont été déployés pour
analyser le plasma Ar-N; utilisé. La décharge de plasma a été caractérisée par des
techniques avancées telles que la spectroscopie d'émission optique (OES), la
fluorescence induite par laser 4 deux photons (TALIF) et l'interférométrie micro-
ondes (MWI). Ces techniques ont permis d'obtenir des paramétres cruciaux liés aux
températures et a la densité du plasma, fournissant une compréhension approfondie
des mécanismes de dépot. Les données obtenues ont permis d'estimer deux
parametres critiques pour la croissance : le flux des atomes de Ga pulvérisés et leur
énergie moyenne au niveau du substrat. Cette estimation a facilité I'étude de
l'interaction entre les caractéristiques du plasma et les propriétés des films de GaN
déposés, telles que le taux de croissance et la fraction cristalline.

La caractérisation des films minces de GaN, déposés a température ambiante, a été
réalisée a I'aide de techniques variées telles que la microscopie électronique a balayage
(SEM), la microscopie a force atomique (AFM), la diffraction des rayons X en
incidence rasante (GIXRD), la spectroscopie de photoélectrons X (XPS) et la
cathodoluminescence (CL).

Parmi les résultats notables, nous avons obtenu des couches minces de GaN
polycristallin de structure wurtzite hexagonale avec des taux de croissance de ~ 2 A/s
et des fractions cristallines de ~ 60 % dans des conditions de pulvérisation optimisées
: une pression de travail de 6,6 Pa, un ratio de 60/40 % Ar/Na et une puissance RF de
100 W. En outre, I'influence de ces parametres a été systématiquement étudiée, mettant
en évidence leur role crucial dans les propriétés morphologiques, structurales et
optiques des films déposés.

1l a été démontré que la vitesse de croissance estimée par les calculs (~ 2,4 A/s)
concordait bien avec celle déterminée expérimentalement, confirmant l'efficacité de
notre méthode. De plus, nous avons montré que I'énergie moyenne des atomes de Ga
au substrat est corrélée avec la fraction cristalline des films de GaN déterminée
expérimentalement. Une étude approfondie de l'influence de la température du substrat
(de RT 2 500°C) a révélé le role essentiel de I'énergie thermique dans I'amélioration de
la mobilité des atomes déposés et de la qualité cristalline, la meilleure fraction cristalline
de prés de ~ 95% étant obtenue a une température de substrat de 400°C.
Globalement, cette thése, essentiellement expérimentale, a permis de mieux
comprendre les défis, les méthodologies et les progressions qui sous-tendent le
traitement a basse température des films minces de GaN par PVD-plasma. Elle offre
des apercus concrets sur I'optimisation et le controle de la qualité du dépot, ouvrant
ainsi la voie a des développements futurs dans le domaine des semi-conducteurs a basse
température. En intégrant des diagnostics plasma avancés et des techniques de
caractérisation sophistiquées, ce travail contribue a 'avancement des connaissances et
des technologies dans le domaine du dépot de GaN, avec des implications significatives
pour l'industrie des semi-conducteurs.
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Abstract : The importance of the deposition of Gallium Nitride
(GaN) thin films on Silicon substrates at reduced temperatures (< 500°C)
stems from the increasing demand of the semiconductor industry in
mitigating inherent drawbacks associated with high-temperature
processing arising from the thermal mismatch between the film and the
substrate. This doctoral thesis, done at LPICM in collaboration with
IPVF, undertakes a comprehensive exploration of a low-temperature
processing methodology, focusing on Plasma based Physical Vapor
Deposition (PVD) as a promising avenue for circumventing the
constraints of conventional growth techniques such as MOCVD and
MBE. The newly custom-built plasma PVD reactor paves way to explore
low-cost I1I-V deposition by plasma, which is a novel topic at the lab. The
work delineates a systematic approach encompassing deposition
processes, plasma diagnostics, material charactetization, and growth
optimization strategies for GaN films deposited at room temperature
(RT). Plasma diagnostics play a pivotal role when investigating the
intricate nuances of Ar-N plasmas used in the deposition process. The
plasma dischatge is characterized via optical emission spectroscopy
(OES), two-photon absorption laser-induced fluorescence (TALIF), and
microwave interferometry (MW]I) to obtain parameters related to plasma
temperatures and density. From the plasma diagnostics, two important
parameters were estimated - the flux of the sputtered Ga atoms (@) and
sub

Ga

their average energy at the substrate (E,

This allowed us to address the interplay between plasma characteristics and
GaN film properties such as their growth rate and crystalline fraction. The
assessment of GaN thin films deposited at room temperature was done
using characterization techniques such as SEM, AFM & GIXRD, XPS and
Cathodoluminescence (CL).

Noteworthy findings include the successful growth of hexagonal wurtzite
polycrystalline GaN exhibiting growth rates of ~ 2 A/s and crystalline
fractions of ~ 60% at an optimized sputtering condition (6.6 Pa, 40% N:
and 100 W), elucidating the profound influence of process parameters such
as the working pressure, RF power and the Nz flow rate on the
morphological, structural & optical properties. It was found that the growth
rate estimated through calculations (~ 2.4 A/s) was in good agreement with

experiments, highlighting the validity of our method. Similarly, ES¥? of Ga
correlated well with the crystalline fraction of the GaN films. Further
investigation into the influence of substrate temperature from RT to 500°C
emphasized the role of thermal energy in enhancing adatom mobility and
crystalline quality with the best crystalline fraction of almost ~ 95% obtained
at a substrate temperature of 400°C. Overall, this doctoral thesis provides
an extensive understanding of the challenges, methodologies, and
advancements underpinning the low-temperature processing of GaN thin
films via Plasma PVD, by offering tangible insights into its optimization and
control.




