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Abstract

Rare earth doping is one of the main approaches to enhance the optical properties of silicon-
based materials. In this work, a set of europium doped silicon oxide (EuxSiyO;) thin films
are fabricated using an integrated magnetron sputtering electron cyclotron resonance
plasma enhanced chemical vapor deposition (IMS-ECR-PECVD) system. The thin film
composition was studied by Rutherford backscattering spectrometry (RBS) and elastic
recoil detection (ERD) measurements verifying high control over the Eu content by
changing the sputtering power. Variable Angle spectroscopic ellipsometry (VASE) was
conducted, delivering the refractive index and thickness. Using a UV laser (325 nm)
excitation source, Photoluminescence (PL) measurements were performed, and it was
confirmed that Eu®" transition which is associated with the red light emission is
successfully achieved even at annealing temperatures as low as 300°C. Performing X-ray
diffraction (XRD) analysis, the structural properties of the thin films were studied and the
formation of EuxSiyO, crystals was confirmed for the samples annealed at elevated

temperatures.
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Chapter 1: Introduction

As the second most abundant element on earth, silicon (Si) is a prominent material in
numerous commercial microelectronics applications owing to its outstanding features such
as high stability, purity, ease of engineering, high carrier mobility, and prevalent
fabrication methods [1]. Despite its prevalent use in electronics, Si is not a promising
material for the photonics industry or light applications due to its indirect bandgap.
However, through structural modifications of Si-based materials, it can gain luminescence
properties and consequently benefit many industries as well as light-emitting diodes
(LEDs), displays, etc. [2]. One of the most recent applications of Si as a light emitter is in
greenhouse applications where the solar spectrum is absorbed, and light is selectively
emitted in the wavelength ranges that are beneficial for plant photosynthesis [3].

This chapter begins by discussing the mechanism of plant photosynthesis and the global
range of the solar spectrum, then the conventional materials used as greenhouse covers are
introduced as well as the challenges associated with them, followed by the advantages of
thin films, and their well-established fabrication techniques. The process of light emission
and the problem with bulk Si as a light emitter are explained. Finally, the role of rare earth
(RE) elements in enhancing the optical properties of materials is discussed via

comprehensive state-of-the-art developments.

1.1.  Photosynthesis Mechanism

Photosynthesis is a process that takes place in plants to convert light energy to chemical
energy which can be utilized by the plants to grow [4]. The process of photosynthesis

occurs in the presence of water (H20) which is transported from soil to the leaves, carbon



dioxide (CO.) absorbed from the air by some cells in the leaves called stomata, and the
photon (light particle) energy which is normally provided by the sunlight. Stomata are
responsible for receiving CO> from the air and releasing O [5]. Leaf cells contain
components called chloroplast which are responsible for converting CO, and H.O to
glucose and O in the presence of sunlight energy [5]. Water molecules act as an electron
donor where the photon provides energy to excite an electron with the by-products being
Oz and H* [6]. The O is released into the air through stomata and H* goes through the
second set of photosynthesis reactions to react with CO2 and produces glucose and other
forms of energy that are consumable by the plants [6].

Photosynthesis is generally divided into two main categories of light reaction (light
dependent) and dark reaction (light-independent). The dark reaction is also known as
Calvin Cycle [5]. In the light reaction, the photon from sunlight hits the chloroplast which
is made of pigments called chlorophyll. The chlorophyll is the light-absorbing pigment.
The structures inside the chloroplast, called grana, are responsible for water splitting
reactions. When the photon from sunlight encounters the chlorophyll, it provides the
energy required for water molecules to split into O2 which is released into the air by stroma,
H*, some electron carrier molecules called NADPH, and some energy in the form of ATP
[71.

The second reaction (dark reaction) is where the glucose is formed by using the energy
provided by ATP and NADPH. The biochemistry of the second part of the photosynthesis

reaction is not relevant to this thesis.

1.2.  Solar Spectrum



Solar radiation is required for the photosynthesis process to proceed [8]. The sun spectrum
with the contribution of each light range is shown in Figure 1. The solar radiation is
originated from the blackbody radiation at a temperature of 5250°C. The solar spectrum in
space differs from the radiation that reaches the earth due to the absorption by the earth's
outer atmosphere. The terrestrial solar spectrum radiates in a broad wavelength range of
300 to 2500 nm, in three general ranges of ultraviolet (UV) (200-400 nm), visible (400-
700 nm), and infrared (IR) (700 to 2000 nm) [9]. Terrestrial solar radiation includes 7% of
UV light, 50% visible and 43% IR light [10]. Photosynthetically active radiation (PAR)
which ranges from 400 to 700 nm is the light array benefiting photosynthesis process. The
light ranges which are best absorbed by chlorophylls to start the photosynthesis reaction
are blue and red light in the visible with wavelengths of 380 to 480 nm and 600 to 700 nm,

respectively [3].

25 | |
UV | Visible | Infrared —=
1 |
| 1
2 ! i Sunlight at Top of the Atmosphere

I
I
[}
|

1.54 5250°C Blackbody Spectrum

/
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H,0
27 €Oy H,0

Spectral Irradiance (W/m2/nm)

D.
250 500 750 1000 1250 1500 1750 2000 2250 2500
Wavelength (nm)

Figure 1. Solar spectrum in space, caused by the sun’s blackbody radiation at 5250°C, as
well as the terrestrial spectrum and sun radiation at sea level.
https://upload.wikimedia.org/wikipedia/commons/4/4c/Solar_Spectrum.png Copyright
(2020).
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1.3.  Greenhouse Cover Materials

There have been challenges for growers and the cultivation industry to optimize the plant
growth rate and protect the plant from environmental conditions. One of the concerns is
regarding the enhancement of the light range promoting the photosynthesis process or PAR
[11]. Glass (SiO2) used to be the most common material employed as greenhouse covers
in the 20" century. However, the high fuel cost associated with its production led to
polymers emerging as more efficient greenhouse cover materials [12]. The most well-
known polymer for greenhouse application is polyethylene (PE) [11][13][14][15] while
other polymers such as polyester [16][17], polyvinyl chloride (PVC) [18], etc. have been
extensively studied.

To enhance the properties of greenhouse sheets, adding various types of additives for
different purposes have been suggested such as adding UV stabilizers to increase the
durability of polymers [19][20]. The manipulation of optical properties of the material to
achieve photoselectivity by blocking the UV and IR light and optimizing PAR light has
been practiced by using additives that act as UV and IR absorbers [19]. In this contribution,
since luminescence europium (Eu) complex absorbs UV light and emits in the red spectral
region, Nordin et al. presented a study on a polymer so called Eu (TTA)3phen doped PE
films with different ratios of Eu (TTA)3phen complex to PE ranging from 0 to 0.2 %. The
optical properties were investigated by studying fluorescence spectra using an excitation

source with a wavelength of 394 nm. The spectral measurements showed that with



increasing the Eu (TTA)3phen to PE ratio, the PL emission corresponding to *Do—'F>
transition of Eu* was more intense which is responsible for the red light emission [12].
One of the factors that increases the temperature inside the greenhouses leading to the burn
or even death of the plants is trapping IR light which has a longer wavelength compared to
visible light and if transmitted through the greenhouse covers it causes extensive
temperature rise inside the greenhouses in normal or hot climate regions [21]. As a solution,
Aldaftari et al. modeled different coatings with a variety of performance rates where the
IR light is reflected and visible light passes through the material [21].

Although the polymer materials have been studied extensively and their properties have
been enhanced, there are still challenges that in some aspect make glass more interesting
for greenhouse application. In plastic materials multi-layering is one of the strategies for
heat retention which is one of the important parameters for plant growth, however, it leads
to less transparency of the material which consequently brings about compromising light
transmission required for photosynthesis [22]. Another disadvantage of plastic materials is
the fact that IR transmission is higher compared to glass. In addition, glass shows the
highest heat protection with transmitting PAR light and reflecting IR light [23]. Besides,
Polymers need to be UV stabilized and the additives used as UV stabilizers are made of
heavy metals namely lead and cadmium which are hazardous to human health. One of the
main disadvantages of the polymer based greenhouse covers is that without UV stabilizers
they last only a few months [21], [24], [25].

Thin film technology has brought many advantages into light in numerous fields such as
microelectronics, solar cells, photonics, and optics [26]. Transparent thin films with

thickness below 200 nm are another solution for manipulating and optimizing the
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properties of greenhouse sheets. Thin films are promising in absorbing UV radiation and
consequently sustaining resistance against degradation while allowing PAR transmission
[27].

Thin film fabrication can be performed by several different deposition methods which are
categorized as physical vapor deposition (PVD) such as sputtering and evaporation,
chemical vapor deposition (CVD), and completely chemical techniques like sol-gel [26],
[28]. The challenges associated with purely chemical techniques are the lack of uniformity
and poor control over the quality of the thin films which makes this technique unappealing

for optical thin films [28].

1.4, Conventional and Novel Deposition Systems

Sputtering as one of the deposition techniques has been used for enhancing the desired
properties of materials for the semiconductor industry for many years now. The downsides
of the conventional sputtering, which are extreme temperature rise on the substrate, low
rate of deposition, and low efficiency of ionization in the presence of plasma, restricts the
use of this technique. To address these challenges, magnetron sputtering is introduced
where the substrate and target are placed parallel and using a sputtering gun, through which
energetic ion particles bombard the target’s solid surface to knock off the surface atoms,
and the films are fabricated. This technique relies more on physical reaction rather than
chemical. Although magnetron sputtering enables high control over producing films with
awide range of thickness it can also lead to major broken bonds and a low rate of deposition
compared to CVD which limits fabrication of complex, high quality, and high-density films

[28], [29].



In the CVD system, the driving force of the process is the high temperature of the substrate
where the film is grown while the precursor gases chemically react. The high temperature
required in this deposition method restricts its application for low melting point materials
and polymers. Therefore, the alternative technique of plasma enhanced chemical vapor
deposition (PECVD) is proposed where instead of high temperature, plasma supplies the
energy needed to dissociate the bonds of the precursor gases, and the free radicals are
adsorbed on the substrate surface and the thin film are grown [28]. Z. Khatami et al.
introduced the novel and customized system of integrated magnetron sputtering and
electron cyclotron resonance plasma enhanced chemical vapor deposition (IMS-ECR-
PECVD) to minimize the deficiencies related to each equipment (magnetron sputtering
technique and ECR-PECVD system) [30]. Conventionally, in-situ doping in PECVD
system is performed by metal organic powder (MOP) sources which are heated in heating
jackets and the ions evaporate and enter the deposition chamber. The main drawback of
this method is that the amount of doped elements cannot be accurately controlled since it
is extremely susceptible to the temperature of the heating jackets which makes the
duplication of the samples challenging [28], [30], [31]. By fabricating terbium (Tb) doped
SiOx thin films, it was shown that IMS-ECR-PECVD is highly adjustable and the
concentration of RE dopant is directly dependent on the deposition parameters especially
sputtering power therefore, the RE concentration can be easily controlled via the deposition
parameters. Besides, another drawback of the common in-situ doping, the MOP method,

is the H contamination [30].

1.5.  Silicon as a Light Emitter



Light emission involves generating electron-hole pairs, which takes place when light is
absorbed by a medium (absorption) and excites the electrons from the ground states to
higher electronic energy levels; the return of the electron to its original (ground) state
(recombination) is accompanied by releasing the energy as a photon. Recombination is the
reverse process of absorption. The light emission occurs when the electron in the
conduction band recombines with the hole in the valence band. The conservation of energy
and momentum has to be considered in the recombination process. Materials with direct
bandgaps have their minimum of the conduction band and the maximum of their valance
band in the same momentum space. Therefore, when the excited electron in the conduction
band reoccupies the hole in the valance band, photon can directly be emitted with no need
of momentum for electron to fall from conduction band to valence band (shown in Figure

2).

>

Conduction band

electron

hole

Valence band

Figure 2. Recombination pathway in direct bandgap materials. The energy of the photon
(Ep) is equal to the bandgap energy (Eg) [32].
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The general problem with bulk Si as a light emitter is its electronic configuration making
it an indirect bandgap material and consequently a poor light emitter. In indirect bandgap
materials, the minimum of the conduction band and the maximum of valence band are
offset and to have electron-hole recombination, there is a phonon interaction with energy
of Eq required to conserve the momentum; and light particle (photon) emission is needed
for the conservation of the energy [33] (shown in Figure 3). The required phonon
interaction along with a longer recombination lifetime of indirect bandgap materials
compared to direct bandgap materials lead to a lower probability of radiative recombination
in indirect bandgap materials. The radiative lifetime of Si is in the order of milliseconds
which is longer than direct bandgap semiconductors such as GaAs which have a radiative
lifetime of 40 ns. When the electrons recombine with the holes in addition to the radiative
pathway, they can go through non-radiative recombination pathways. Based on the
radiative (tr) and non-radiative lifetime (tnr), the efficiency of the photoluminescence (1)
(light emission) is given by the following equation 1:

Tnr

n:

eq.l



/—‘ phonon
L

Figure 3. Recombination pathway in indirect bandgap materials with photon interaction
[32].

1.6. Rare Earth Doped Silicon Nanostructures

Ease of engineering of Si, enables the opportunity to modify the Si nanostructure and its
bandgap to obtain a potential light emitter and consequently, its poor light emission
properties can be sorted out. One approach to address this challenge is through RE doping.
Trivalent RE ions have allowed 4f transitions, which offers a high probability of
occurrence, and their luminescence appears as bright and sharp emission lines. The 4f
shielding of the RE elements makes the energy levels independent from the host material
[34], [35].

Among RE elements, cerium (Ce), terbium (Tb) and europium (Eu) serve as blue, green,
and red light emission, respectively, and together they can deliver the RGB (white)
spectrum for display and LED applications. Using these RE elements as dopants in Si

matrices makes it viable to have transition in the RE ions’ electron levels therefore,
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obtaining the desired emission because of the wavelength associated with their electron
structure [32].

Even though the optical properties of Ce and Th doped Si-based thin film are not studied
in this study, a brief review of the luminescence Ce and Tb doped Si films is conducted.
The combination of Ce and Th color emission with Eu emissions provides a white spectrum
for lighting applications. In the presence of RE elements in the Si nanoclusters (Si-ncs)
host, when the nanoclusters are excited, the energy can transfer to the RE ions and de-
excitation occurs radiatively in the wavelength corresponding to the RE ion emission [35].
Besides the radiative recombination in rare earth emission wavelengths as a result of
transferred energy from Si-ncs, defect related energy can also be transferred and lead to
radiative recombination [36]. The most outer electrons in 5s? and 5p® of the RE elements
are shielded by the 4f shielding, which makes the energy levels of REs insensitive to the
host materials. In the RE doped materials, the RE element occupies the sites having
identical electronic configurations and absorbs the free carriers by the electrons in the 4f
shell where the electrons are excited to higher energy levels. During the relaxation i.e. the
excited electron returns to its valence band, the excess energy is emitted in the form of
photons with the specific wavelength corresponding to the bandgap of the RE energy level
[32].

Figure 4 shows the energy levels of trivalent Tb and Ce. In a study by Y. Gao et al. the
luminescence properties of Ce doped SiOxNy, Ce doped SiOx and Ce doped SiNx films with
a variety of elemental compositions were investigated. The samples were produced by
identical ECR-PECVD and MOP setup used for this project. Using RBS measurements, it

was indicated that the concentration of Ce was ranging from 0.5 to 0.9 at.%. The highest
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PL intensity was observed for the samples annealed at 1200°C due to the formation of
nanoclusters containing Ce. The brightest sample was fabricated using pure N2 as the
precursor gas when subjected to post deposition annealing at 1200°C and N2+H> ambient
(shown in Figure 5). The composition of CeSiN-pure which represents the highest PL

intensity was reported to be 22.3, 48.6, 5.2, and 0.5 at. % for Si, O, N and Ce, respectively

[37].
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Figure 4. Energy levels of trivalent Th and Ce oxidation states correspond to green and
blue light, respectively [34].
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Figure 5. PL measurements of the as-deposited and annealed CeSiN-pure using N2+H>
atmosphere at temperatures ranging from 800 to 1200°C [37]

One of the former students in Dr. Mascher’s group, P. R. J. Wilson, studied the optical and
structural properties of Ce and Th co-doped SiOx thin films. The association of highest PL
intensity at elevated annealing temperature was observed because of nanocrystals
formation which was confirmed by transmission electron microscopy (TEM).
Additionally, P. R. J. Wilson et al. noticed that in the presence Ce.Si»O7 crystals, the Th
related PL emission was enhanced and this was ascribed to the transformation of energy
among Ce nanoclusters and Tb energy levels by performing X-ray absorption near edge
structure (XANES) performed in the Canadian Light Source (CLS) located in the

University of Saskatchewan [38].
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The energy level of atoms is defined by their electron configuration and is labeled by an
integer as the shell number (1, 2, 3, ...), a lower-case letter as the sub shell (s, p, d, f, ...)
and followed by another integer as the number of electrons in the subshell. In addition to
the electron configuration of the RE ions, their energy level is also defined by the term
symbols (>*1L;) where S is the ion spin and 2S+1 is the possible orientation of the total
ion spin, L is the orbital angular momentum, and J is the total angular momentum [34].

The energy levels of divalent and trivalent oxidation states of Eu are shown in Figure 6.
Emissions related to Eu?* are generally broad peaks sitting between 400 to 550 nm ascribed
to 4f8 5d* to 4f" [39]. Eu®* emission, on the other hand, arises from f-f transitions. The
emission from the Eu®* ion derives from the excitation of °Do to ’F; level. The Eu®*
emission is in the red region with the wavelengths of 585 and 615 nm from the transition

of °Do to "F1 and *Do to “F», respectively [39], [40].
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Figure 6. Energy levels of a) Eu?* [39] and; b) Eu** ion with the associated wavelength

and the energy levels [40]. An excitation source with 394 nm promotes the excitation of

electrons in the f level and the potential photon emissions, when the electron drops back
to the valence band again.
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Figure 7. PL measurements of Eu doped Si-rich SiOx thin film for the as-deposited and
annealed samples using N2 ambient at temperatures ranging from 800 to 1200°C in
100°C increments for 1 hour [41].

J. Li studied the PL of a variety of RE elements (Er, Eu, Th and Ce) doped in SiOx matrix
with and/or without excess Si, fabricated using ECR-PECVD. PL measurements of an Eu
doped Si rich SiOx film with a composition of 34.48 at. % of Si and 0.12 at. % Eu for the
deposited and annealed samples at different temperatures ranging from 800 to 1200°C and
N2 atmosphere, is shown in Figure 7. A broad peak is observed in the range of 400 to 800
nm. Since the peak is not symmetric, suggesting the possibility of different luminescence
centers that might be related to the defects, Eu?*, Eu®*, or Si-ncs [41]. Gaussian
deconvolution divides the peak in red (shown in Figure 8) into three peaks to investigate
the sub-peaks constituting the red peak. Peak 1 and 2 can either be related to Eu?
luminescence centers or the oxide defects. However, after annealing less defect related
luminescence centers are expected to be observed. The luminescence centers at peaks 1

and 2 can be attributed to Eu?* emission which occurs as a broad band at 400 to 600 nm
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corresponding to 4f5-5d! transition. Regarding peak 3, considering its wavelength, it is
associated with the Eu®" or Si-ncs luminescence centers. However, the Eu®* emission
appears as sharp emission lines; thus, it should be ascribed to the Si-ncs defects which are

comparable with the same wavelength [41].
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Figure 8. Gaussian deconvolution of PL spectrum of the Eu doped Si-rich SiOx film
annealed at 1000°C (for 1 hour) using N2 atmosphere [41].
Mariscal-Jimenez et al. studied the influence of the O content in the EuOx matrices. They
investigated the light emission of EuOx and O rich EuOx nanocrystals fabricated on Si
substrate using pulsed laser deposition with a layer of Al.Oz on the films to protect it from
changing structure due to the atmospheric reaction. It was observed that the PL emission
changed based on the O content and the surrounding of the nanocrystals. For EuO, mainly
Eu?* transition is observed as broad peak emission. Sample EuO12 showed a mixture of
both Eu?** and Eu® emissions and EuOis4 showed only narrow band emission

corresponding to Eu®* transition (shown in Figure 9) [42].
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Figure 9. PL measurements of the as-deposited EuO, EuO1.2, and EuO1.4 thin films
fabricated using pulsed laser deposition [42].

1.7. Thesis Outline and Contributions

In this thesis, a number of Eu doped O rich SiOx (ORSO), compared to the stoichiometric
SiO, thin films were fabricated using IMS-ECR-PECVD system for the first time and the
optical and structural properties of the samples were investigated thoroughly. The
observation of Eu®* transition emission in these thin films can lead to potential candidates
serving as the cover materials for greenhouse applications in the future.

The elemental composition of the samples was detected using Rutherford backscattering
spectroscopy (RBS) measurements and it is verified that at higher sputtering power, higher
Eu concentration is achieved. Variable angle spectroscopy ellipsometry (VASE) was
performed to investigate the refractive index and thickness of the thin films. PL

measurements were conducted for the annealed and the as-deposited thin films and the
18



differences in their PL properties as the result of different elemental composition and
annealing condition are studied. The structure of the samples was studied by X-ray
diffraction (XRD) analysis and TEM where the correlation of the thin film structure with
their PL properties is discussed.

The deposition system, as well as the doping techniques used for fabricating the samples
studied in this thesis, the condition of post-deposition annealing, and the deposition
parameters of the samples fabricated, are discussed in Chapter 2. Chapter 3 gives the
fundamental description of RBS and elastic recoil detection (ERD), VASE, PL, XRD, and
TEM. Chapter 4 presents a comprehensive study of the characterization and optical
properties of the samples where the correlation of the deposition parameters with the
thickness, refractive index and composition of the thin films is discussed. Additionally, the
changes in the PL intensity of the different samples as a result of annealing conditions and
their elemental composition is studied. The structural properties and the crystalline phases
formed in the annealed samples are discussed in Chapter 5. The last chapter, Chapter 6,

provides the conclusion and suggests further potential studies.
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Chapter 2: Methodology

The purpose of this chapter is to provide the detail of the thin film preparation and
introducing the samples fabricated with different deposition parameters. This chapter starts
with describing the novel deposition system of IMS-ECR-PECVD and gives a brief
description of the conventional in-situ doping in the ECR-PECVD system. Then explains
the post-deposition annealing procedure and the condition in which the samples were
annealed. The following introduces two sets of samples, one fabricated using IMS-ECR-

PECVD and the other one using the conventional ECR-PECVD system.

2.1. Deposition System

The fabrication system used in this work was the IMS-ECR-PECVD system (shown in
Figure 10). In this regard, ECR-PECVD system is used for the deposition of the SiOx thin
films, while the in-situ doping of Eu is performed using a sputtering gun that was embedded
in the ECR-PECVD chamber [30]. A 3-inch <100> oriented, n-type Si substrate (shown in
Figure 12) is placed in the load lock chamber. Using a turbo pump the load lock chamber
is highly vacuumed, dropping the pressure to 10 Torr to evacuate the atmospheric gases
and providing a pressure low enough that allows us to expose the main chamber to the load
lock region. The substrate is then transferred to the sample stage inside the ECR-PECVD
chamber. Prior to the thin film deposition, using diffusion or turbo pumps, the chamber is
evacuated to an ultra-high vacuum pressure of 10° Torr. Next, the precursor gases, which
in this case are 30% of SiH4 and 10% of Oz both diluted in Ar, are fed into the chamber

and are directed to the substrate by the dispersion ring. To obtain uniformity in the
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deposited thin films, during the deposition process the sample stage rotates with the rate of
20 revolutions per minute (rpm). The temperature of the sample stage was set at 350°C
which results in the substrate temperature of 120°C [43]. The plasma is empowered with a
microwave power source to impart the precursor gases turning them into free radicals

which are consequently absorbed on the substrate and chemically react.
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Figure 10. Integrated magnetron sputtering and electron cyclotron resonance plasma
enhanced chemical vapor deposition (IMS-ECR-PECVD) system. a) The interior area of
the deposition chamber; b) a schematic of the exterior area of the ECR-PECVD system
including metal organic powder and sputtering gun installed; c) and d) image and
schematic of the interior area showing the orientation of the sputtering gun, dispersion
ring, sample stage, and the rare earth nozzles [44].

Figure 11 shown the detailed schematic of the PECVD system which was studied by one
of the PhD students in Dr. Mascher team and calibration of the system is provided

comprehensively. At atmospheric pressure (760 Torr) the Si wafer is placed in the load
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lock chamber and using a turbo pump (Figure 11), the load lock area reaches high vacuum
pressure (10 ® Torr) which is in the range of desired pressure in the main chamber. Then
the load lock gate is opened, and the wafer is inserted to the PECVD chamber and placed
on the sample stage. The pressure in main chamber dropped to ultra high vacuum level (10
9 Torr) using another turbo pump (shown in the Figure 11). The diffusion pump is only a

backup system. More information about the system can be find in [28].
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Figure 11. A simplified schematic of the PECVD system [28].

For in-situ RE doping, the conventional method involves using metal organic powder
(MOP) where the canisters, containing volatile RE metal organic powder, are heated in

heating jackets. The amount of RE elements entering the deposition chamber is controlled
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by the temperature of the heating jackets (shown in Figure 13). In the customized IMS-
ECR-PECVD system, the sputtering gun is used to perform the in-situ doping. The
sputtering gun bombards the RE target, knocking out the atoms by accelerated ions which

consequently are incorporated into the growing layer.

Figure 13. MOP canisters and the heating jackets inside which the canisters containing
MOPs are heated, and the evaporated RE gases are fed into the ECR-PECVD chamber.
The temperature is controlled using a K-type thermocouple [28].
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2.2. Fabricated Thin Films

In this work, a set of nine Eu-doped SiOx thin films was fabricated on <100> oriented, n-
type Si wafer as well as glassy C substrate using the IMS-ECR-PECVD system with
different deposition parameters (shown in Table 1). The Eu target used was 99.9% purity.
The IMS-ECR-PECVD system is located at Tandem Accelerator Building in McMaster
University, Centre for Emerging Device Technologies (CEDT). Deposition time, O2 gas
flow rate, and microwave power of plasma were 60 minutes, 25 standard cubic centimeters
per minutes (sccm) (where the standard temperature and pressure are 20°C and 1
atmosphere), and 500 W, respectively, and were set constant for all the samples. The
variable deposition parameters, for fabricating different thin films, were SiH4 flow rate
varying from 1.5 to 2.5 sccm, the sputtering Ar flow rate of 10 to 40 sccm, and sputtering
power ranging from 10 to 40 W (shown in Table 1). Using the variable deposition
parameters while keeping the remaining deposition parameters constant, enables us to

investigate the role of each variable parameter on the properties of the thin films.
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Table 1. Deposition parameters of a set of nine thin films fabricated using IMS-ECR-
PECVD system. The plasma power is 500 W, the O gas flow rate is 25 sccm, and the
deposition time is 60 minutes for all the samples.

IMS Samples 30%SiH4/Ar [sccm] Sputtering Ar [sccm] | Sputtering Power [W]
52-Eu1.08i35.0064.0 25 40 20
53-Eu4.48i26.2069.4 25 40 40
54-Eu0.25i31.9067.9 2.0 40 10
55-Eu0.88i31.4067.8 2.0 10 10
56-Eu0.2 Si34.2065.6 1.5 10 10
57-Eu1_58i32_8065_6 2.0 40 20
58-Eu, Si,, O, 15 40 20
59-Eu,Si,, .0, 15 40 10
60-Eu, ,Si, O, 2.0 40 40

A set of MOP samples were also fabricated previously and are presented in Table 2 along

with their deposition parameters.

Table 2. Deposition parameters for a set of six samples fabricated using ECR-PECVD
system and in-situ doping using MOP procedure.

MOP Samples SiH4/Ar O2/Ar Eu Deposition time
[sccm] [sccm]/[mTorr] Cell Temp [°C] [min]
37-EU0Si3153068.27 2.5 25/2.90 142 60
38-EU0.01Si35.95058 61 25 25/2.85 170 40
39-EU0.46Si35.77063.61 2.5 30/3.35 196 60
41-EU0.04Si28.86069.69 1 30/3.10 170 60
43-Eu0.31Si 31.25067.94 1 30/3.3 198 60
44-E 0.46Si 21.64076.96 1 20/2.35 198 60
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2.3. Post Deposition Annealing

Followed by the fabrication, the samples were cleaved and subjected to post deposition
annealing in a quartz tube furnace (QTF) (shown in Figure 14). The furnace was heated
gradually by ramping up the temperature to reach the desired annealing temperature. In the
meantime, Ar gas flow was used to vent the tube from atmospheric gases and obtain an
inert gas ambient which protects the samples from oxygen contamination. The samples
were annealed by placing samples inside a 1-inch quartz tube using a quartz rod and a

quartz boat. A schematic of the quartz tube furnace is shown in Figure 15.

Figure 14. Quartz tube furnace used for post deposition annealing.
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Figure 15. A schematic of quartz tube furnace with the annealing gases of Ar, N2, and Ho.
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To study the effect of H passivation and the influence of annealing temperature on the PL
properties, the post deposition annealing was performed at two different annealing
ambientes of pure N2, and forming gas with 95% of N2 and 5% of Hx (N2+H>), at different
temperatures ranging from 300 to 1350°C. To avoid the atmospheric gas reaction with the
annealed thin films, following the annealing, the samples are cooled off to room
temperature outside the heating area of the furnace under the N gas flow.

The as-deposited Eu doped ORSO thin films are originally amorphous. Annealing the
samples at elevated temperatures results in the phase separation of metastable amorphous
SiOx. This can emanate through nucleation and/or spinodal decomposition where the SiOx
phase, separates into two phases [45] and induces the formation of EuxSiyO, crystalline
structure embedded in the SiOx matrix (shown in Figure 16). The formation of these
EuxSiyO; crystals promotes the Eu ions to become optically active by the opportunity
provided with the Si-based nanocrystals to transfer the energy (Forster-Dexter energy
transfer). This energy transfer is required for the excitation of electrons in the 4f shell

energy levels of Eu and generating PL emissions corresponding to Eu ion transitions.
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Figure 16. The formation of Si-ncs in the as-deposited amorphous SiOx thin film when
subjected to post deposition annealing. High annealing temperature results in phase
separation within the film and promotes the formation of Si-ncs. Adapted from [32].
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Chapter 3: Characterization Techniques

This chapter presents a description of each measurement performed on the samples studied
in this thesis. The measurements carried out to investigate various properties of the thin
films are Rutherford backscattering spectrometry (RBS) and elastic recoil detection (ERD)
to obtain the elemental composition, variable angle spectroscopic ellipsometry (VASE) to
achieve refractive index and the thickness, and PL measurements where the light emission
at different wavelengths are studied. In addition, the structural characterizations of the thin
films are examined by X-ray diffraction (XRD) and transmission electron microscopy
(TEM) measurements to detect the crystalline structures and the crystalline phases formed

in the thin films.

3.1. Rutherford Backscattering Spectrometry

RBS is a non-destructive technique to determine the in-depth elemental composition of
solid materials using MeV charged particles which are usually *He?* ions. The *He?" ion
beam collides the sample and while some of the particles penetrate through the sample,
some particles elastically backscatter with loss of energy. The energy of the backscattered
particles is detected and indicates the number of particles as a function of energy (shown
in Figure 17) [46]. In this essence, the energy of the backscattered ions varies based on the

different atomic masses of the elements presented in the samples.
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Figure 17. The schematic of the Rutherford backscattering spectrometry (RBS). Adapted
from [46].

The projectile with the mass of M1 and initial kinetic energy of Eo interacts with the
sample’s stationary atom with a mass of M. The kinetic energies for projectile and
stationary atoms are E1 and E, respectively, and 0 is the scattering angle. Kinematic factor
K is the ratio of latter energy of the ion particle to its initial energy (E1/Eo) and using the

law of energy conservation is given as [47]:

K = By M; cos(8)+ ,Mzz—Ml2 sin2(6)

Eo M,+M,

2

eq.2

The preferred position for the detector is at 6~180° due to the fact that K sensitivity

becomes maximum with small mass differences of target elements [48]. The energy loss
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as a result of projectile interaction with the electron clouds of the target elements is below
100 keV and considering the high energy of incident particles (in the range of 1 to 3 MeV),
it can be neglected [43], [48].

The detector was positioned at 170° (scattering angle) with the incident and exit angles of
0° and 5°, respectively, using 4 uC doses of 1.8 MeV “He?* ions. To achieve a more
accurate simulation, the samples used for these measurements were deposited on a glassy
(vitreous) C substrate. Using C substrate improves the signal to background level which is
beneficial for distinguishing the lighter elements without overlapping with the signal
coming from the substrate, in this case, Si [49]. Figure 18 shows representative RBS
spectrums of the same sample deposited on C (Figure 18 (a)) and Si substrate (Figure 18
(b)).

The SIMNRA package software was used for the quantitative analysis of all the RBS
spectra for the thin films presented in this thesis. Details on the SIMNRA data simulation
are given in [50].

One of the limitations of RBS measurement is that due to low sensitivity it cannot detect
elements lighter than the beam (He) which leads to the requirement of other complementary

measurements such as elastic recoil detection (ERD) [48].
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Figure 18. Representative RBS spectra of an identical sample (57-Eu1.5Si32.806s5.6)
deposited on a) C substrate; b) Si substrate.
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3.2. Elastic Recoil Detection

ERD analysis is a complementary measurement to RBS to detect the concentration of the
lighter elements which in this case is H. The RBS and ERD measurements for this thesis
were performed at Tandetron Accelerator Laboratory located at Western University in
London Ontario, Canada, which is equipped with several beamlines. Each beamline
provides different energy distribution of the ion beam. For the ERD measurements, 2 uC
doses of “He?" ion beam with energy of 2.9 MeV is used. The incident and exit angles are
75° with a scattering angle of 30°. In ERD measurements all the matrix elements with
higher atomic masses than He are stopped by using a foil placed in front of the detector.
On the other hand, the downside of using the foil is reducing the resolution which makes

ERD less accurate compared to RBS measurements [51].

3.3. Variable Angle Spectroscopic Ellipsometry

VASE is an experimental method to detect the optical properties and the thickness of thin
films. VASE measurements are commonly performed on the as-deposited samples since it
leads to more consistency which provides a reliable comparison between different thin
films. The formation of nanoclusters in the annealed samples makes it challenging to

determine the optical properties of the annealed samples.
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Figure 19. A schematic of VASE setup indicating the linear and elliptically polarized
light, plane of the incident, and the sample position. Adapted from [52].

The principle of VASE is based on the change in the polarization of the incident light which
can be either reflected or transmitted from the sample. Error! Reference source not f
ound. shows a schematic of the VASE measurements. The derivatives from the
polarization change of the incident light are amplitude ratio, psi (), and phase difference
(Delta (A)), from rp and rs which are Fresnel’s coefficients for parallel and perpendicular

polarization light to the incident plane, respectively.

tan(¥).ed=p="2 eq.3

Ts

VASE measurement was performed at five variable angles of 55°, 60°,65°,70° and 75° to
improve the accuracy of the measurements. Simulation of the collected data was conducted
using J.A. Woollam Co., Inc. CompleteEASE package software [53]. A Cauchy model was
employed for modelling the acquired data. It is suggested that the Cauchy model is suitable
for obtaining the thickness and refractive index of thin films with the assumption of the
films being transparent [53]. Cauchy dispersion equation is given as below:
MD=A+%+% eq.4
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Where A, B, and C are the Cauchy coefficients, n is the refractive index and A is the

wavelength.

3.4. Photoluminescence

PL measurements indicate the PL intensity associated with different wavelengths. PL
measurement is based on the excitation of electrons by an excitation source that is absorbed
by the sample and can reemit by radiative recombination from the subjected material.
Minimum energy of the material’s bandgap is required to excite an electron from the
valance band to its conduction band. As the excited electron returns to its valence band
(recombination) the energy is emitted as a photon with the energy of the material’s bandgap
[43].

Prior to the PL measurements, a background spectrum is measured to be subtracted from
the samples’ measurements. In this thesis, visible PL measurements are conducted at room
temperature using a He-Cd laser with a wavelength of 325 nm as an excitation source. The
laser beam is pointed to a UV mirror from which the light beam is reflected and directed
to the sample. The PL emission from the sample is collected by collimator lens coupling
by a multimode optical fiber connected to an Ocean Optic 2000 spectrometer. Then the
signal is converted and transferred to a computer by an A/D convertor. Figure 20 shows a

simplified schematic of the PL setup.
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Figure 20. A schematic of PL setup. Adapted from [54].

3.5. X-Ray Diffraction

XRD measurements along with texture analysis and phase identification are performed to
detect and study the crystalline structures formed in the annealed samples. The principle of
XRD measurements is based on Bragg’s law (diffraction condition) which says when an
incident X-ray beam with a wavelength of A and incident angle of 0 interacts with the atoms
of the embedded crystal structure with the distance between the layers of atoms (d spacing),
the scattered beam constructively interfere, and it should follow the Bragg’s equation:

ndl =2dsinf eg.5

The XRD measurements were performed at the McMaster Analytical X-Ray Diffraction
Facility (MAX) using a Bruker D8 DISCOVER diffractometer and CuKy sealed tube
source (havg= 1.54184 A) with a graphite monochromator. The XRD patterns were
collected in four frames at 15, 35, 55 and 75°, in 20 range of 8 to 90° with 360° full rotation

in phi (¢) for each frame where the detector distance was set at 20.02 cm.
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The angles used during the measurements are shown in Figure 21. There are three angular
rotations that are essential to recognize the orientation of the sample in the diffractometer
(Figure 21 (b)): omega (), psi/Chi (y), and phi (¢) [55]. The sample is placed in the
diffractometer center (the blue circle in Figure 21 (b)). X., Y., and Z are the coordination
of the system, and the X-ray beam radiates on the X, axis which is also the rotation axis of
the diffraction cone since the X-ray beam and X, axis are two coincident lines. Azimuthal
angle (y) emanates from the opposite side of the Z,_ direction and is right-hand rotation with
respect to the opposite direction of the X-ray beam. The half apex of the forwarded
diffraction cone has the value of 20. The incident beam is (So), and (s) is the diffracted
beam. Based on Bragg’s law the incident vector (s/A) makes 8 angle with the diffracting

plane of hkl and the Hn is diffraction vector [55].
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Figure 21. A schematic of; a) Angular rotations of sample orientation where X, Y, and
Z\ are the system coordination and omega, psi and phi are the rotational angles; b)
Angles and coordination of XRD setup. (So) and (s) represent incident and diffracted
beam, respectively, where the blue circle in the center is the sample.
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3.6. Transmission Electron Microscopy

TEM captures the image of ultra-thin samples (thickness less than 100 nm) by transmitting
a primary electron beam with high voltage (higher than 100 kV) through the sample. The
contrast between the transmitted and scattered electrons is detected by and the image is
formed. Prior to the TEM measurements, a layer of Au with a thickness of 10-20 nm is
deposited on the sample in the Microscopy and Microanalysis Facility at the University of
New Brunswick. Then the sample is prepared by milling a thin layer using the focused ion
beam (FIB) technique to reach electron transparency thickness. In this study, TEM
measurements are performed using FEI Titan 80-300 Cryo-in-situ microscopes at the

Canadian Centre for Electron Microscopy (CCEM) located at McMaster University.
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Chapter 4: Optical and Compositional Analyses

This chapter starts with discussing the elemental composition of the samples. Using RBS
measurements, the concentration of Eu, O and Si is obtained while ERD analysis detects
the concentration of lighter elements which in this case is H. Meanwhile the composition
of MOP samples is compared with the IMS samples to observe the influence of the doping
technique on the concentration of Eu. The thickness and refractive index of the samples are
calculated by VASE measurements and the effect of deposition parameters on the thickness
and refractive index is discussed. The last section of this chapter studies the PL
measurement results to investigate the effect of H passivation and annealing temperature

on the luminescence properties.

4.1. Elemental Composition

Carrying out RBS measurements, Eu, O and Si atomic percentage (at. %) of all the as-
deposited thin films grown on C substrate with different deposition parameters were
calculated. H concentration cannot be detected by RBS and therefore ERD measurements
were used. For the samples in this thesis, the ERD measurements could only be analyzed
qualitatively due to a technical problem in the ERD facility center. Table 3 shows the values
for Eu, Si and O concentration with subtracting H concentration. The qualitative ERD
measurements are discussed later in this section. Eu concentration ranges from 0.2 to 6.4
at. %, O concentration ranges between 63.5 and 69.4 at. % and Si concentration is in the

range of 25.6 to 35.0 at. %. The experimental data is simulated using SMNRA package
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software where the experimental data points and simulated data should make a good fit to

assure acceptable accuracy [50]. The small values of uncertainties listed in Table 3 confirm

the reliability and considerable precision of the simulation for all the samples.
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Sometimes to obtain higher accuracy of the concentration of one certain element, one

should devote the exact accuracy of the other elements. Here the relatively higher

uncertainty of Si and O at. % compared to Eu at. % is because the focus was on the
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concentration of Eu. However, the uncertainty values of all the elements are in an
acceptable range. Figure 22 shows 60-Eus.4Si2s.7067.9 as a representative of the simulated
data for the samples studied in this thesis. Figure 22 shows that the simulated spectra (blue
line) present a good fit with the experimental data which verifies the high accuracy of the

RBS simulation.
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Figure 22. RBS spectrum of 60-Eue 4Sizs7067.9 Where the blue line is the simulated data,
and the red dots are the experimental data.

The Eu concentration of the thin films deposited using 40 sccm sputtering Ar (total number
of 7 samples) and its correlation with sputtering power is investigated and is shown in
Figure 23. At a constant Ar flow rate of 40 sccm, regardless of their SiH4 flow rate, with
an increase in the sputtering power the Eu doping level increases. Looking more closely,

using the same sputtering power of 20 and 40 W, the Eu content varies as the SiHs flow
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differs ranging between 1.5 and 2.5 sccm. The effect of different SiH4 flow rates will be

discussed later in this section.
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Figure 23. Eu at. % of the Eu-ORSO samples as a function of the sputtering power

deposited using a constant Ar flow of 40 sccm. Higher sputtering power results in higher
concentration of Eu at. %.

Since the variable deposition parameters are sputtering power, sputtering Ar flow rate and
SiH4 flow rate, the fabricated samples are generally divided into three categories including
1) Constant sputtering power and sputtering Ar flow rate to study the effect of SiH4 flow
rate; 2) Constant SiHa4 flow rate and sputtering Ar flow rate to investigate the effect of the
sputtering power; 3) Constant sputtering power and SiHa4 flow rate to examine the influence
of sputtering Ar flow rate.

To study the SiH4 role on Eu doping level, 52-Eu10Sizs5.0064.0, 57-EU15Si32.8065.6, and 58-
Eu2.1Si34.40635 are chosen which all were fabricated using 20 W sputtering power (shown

in Figure 23) and 40 sccm sputtering Ar flow rate while SiH4 flow rate was set at 2.5, 2
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and 1.5 sccm, respectively. Figure 24 (a) shows a lower SiHs flow results in a higher Eu
at. %. This is also consistent with the samples 53-Eus.4Siz6.2069.4 and 60-Eug 4Siz57067.9

fabricated with sputtering power of 40 W (shown in Figure 24 (b)).
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Figure 24. Effect of SiH4 flow on Eu at. % with a) sputtering power of 20 W and Ar flow
rate of 40 sccm; b) sputtering power of 40 W and Ar flow rate of 40 sccm.

Figure 25 shows that the influence of the sputtering power on the concentration of Eu is

more significant when SiH4 flow rate is lower, which can be easily observed in the data
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line of SiH4 flow rate of 1.5 sccm (shown in blue) in comparison with the higher SiH4 flow
rate of 2 sccm (shown in green) where the sputtering power increases from 10 to 20 W. As
previously mentioned, this is consistent with the trend of 2 sccm and 2.5 sccm SiH4 flow
rate when the sputtering power changes from 20 to 40 W. This implies that for the thin
films grown using a lower SiH4 flow rate, with increasing sputtering power more Eu

concentration can be achieved while this effect is less intense at higher SiH4 flow rates.

Eu at. %

Power (W)

Figure 25. The changes of the Eu at. % with regards to sputtering power for different
SiHa4 flow rates.

To compare the elemental composition of the MOP thin films with the IMS ones, the
deposition parameters and the thin film composition of MOP samples are provided in Table
4. Among the MOP samples, 37-Euo0Siz15306s27 can be compared to IMS samples 52-
Eu1.0Si35.0064.0 and 53-Eus.4Sizs2069.4 since all were deposited with the same deposition
parameters including 60 minutes deposition time, 25 sccm O flow rate, and 2.5 sccm SiH4

flow rate. The only difference between the MOP and the IMS samples is the approach that
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Eu is introduced to the growing layer during the deposition. As previously discussed for
the IMS samples, the higher sputtering power leads to a higher Eu percentage in the film.
However, the comparison of 37-Eug0Siz1.53068.27 With 52-Euy0Si350064.0, Which is grown
using lower sputtering power (20 W) compared to 53-Eus4Siz20e94 (With sputtering
power of 40 W), a significant difference in the Eu at. % is observed where 52-

Eu1.0Sizs.0064.0 contains a higher Eu concentration.
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Using the qualitative ERD measurements the approximate H concentration and the
influence of each variable in the deposition parameters are studied. Figure 26 shows the
ERD spectra of Kapton as a reference sample with known elemental composition, along
with the samples 53-Eus.4Si2s20694, 54-EU02Siz1.90679, 55-EU0sSiz14067.8, 59-
Euo0.3Si34.3065.4, and 60-Eus 4Sizs.7067.9 as representatives for investigating the role of SiHa
flow rate, sputtering power, and sputtering Ar flow rate. Looking at the ERD spectra of
Kapton which contains 25.6 at. % of H, it can be estimated that the H content of all the thin
films is around 5-10 at. % (shown in Figure 26).

To indicate the role of SiH4 flow rate on H concentration two sets of samples, all fabricated
using sputtering Ar flow rate of 40 sccm while one was grown with sputtering power of 40
W (53-Eu4.4Si26.2069.4 and 60-Eue 4Siz57067.9) and the other one with sputtering power of
10 W (54-Euo.2Si31.9067.9 and 59-Eug 3Siz4.30es5.4) were studied. 53-Eus.4Si2e.2069.4 and 60-
Eue.4Si25.7067.9 were grown using SiHs flow rate of 2.5 sccm and 2 sccm, respectively. The
ERD spectra in Figure 26 shows that in terms of intensity, the H concentration is almost
the same 53-Eus.4Si2.2060.4 and 60-Eue4Sizs.7067.9 (Shown in Figure 27 (a)) while the
integrated area of 53-Eu4.4Si26.2069.4 is higher than 60-Eus.4Si2s.7067.9 (Shown in Figure 27
(b)).

The second set involves 54-Euo.2Si31.0067.0 and 59-Euo.3Siz4.30es.4, Which were fabricated
using SiHs flow rate of 2 sccm and 1.5 sccm, respectively. It is observed that both
integrated area and the intensity of 54-Euo2Sis1.90e7.9 are higher compared to 59-
Euo3Sizs306s54. Therefore, as expected, a higher SiH, flow rate incorporates a higher H

concentration.
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Figure 26. ERD spectra of Kapton and samples 53-Eua 4Si26.2069.4, 54-EU0.2Si31.9067.9, 55-
Euo.sSi31.4067.8, 59-EUo.3 Siz4.306s5.4, and 60-Eue 4Sizs 7067.9. The qualitative change of H is
observed for different samples
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The role of the sputtering Ar flow rate on the H content was investigated by studying 54-
Euo.2Siz1.9067.9 and 55-EuosSis140e7.8 both fabricated using SiH4 flow rate of 2 sccm and
sputtering power of 10 W. The Ar flow rate was 40 sccm for 54-Euo 2Siz1.9067.9, and 10
sccm for 55-EuoSiz1.4067.8. 54-EU0.2Si31.9067.9 and 55-EuosSiz14067.8 Show almost the
same intensity, with 55-EuogSi31.40678 being slightly more intense. However, the
integrated area of 54-Euo 2Siz1.9067.9 is more than 55-Euo.sSiz1.4067.s.

Regarding the effect of the sputtering power on the H concentration, 54-Eup 2Si31.9067.9 and
60-EUs.4Sizs5 7067.9 With deposition parameters of 2 sccm SiHs flow rate and 40 sccm
sputtering Ar flow rate were compared. The sputtering power used to fabricate 54-
EUo0.2Si31.9067.9 and 60-Eue 4Siz5.7067.9 Was 10 W and 40 W, respectively. The result shows

a higher sputtering power is associated with a higher H concentration.

4.2. Variable Angle Spectroscopic Ellipsometry

The refractive indices and thickness of the thin films are determined by performing VASE
measurements. Table 5 shows the refractive index and thickness of each thin film. The
Complete EASE package software was used for the simulation of VASE measurements
where the Cauchy model was applied to perform the simulation of the experimental data.
More details of the simulation and setup were explained in Chapter 2. The refractive indices
range from 1.5 to 1.6 which is close to that of glass (SiO2) being 1.4. The thickness of the

samples varies between 62.2 to 110.5 nm.
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Table 5. Refractive indices, and thickness of the as-deposited IMS thin films.

IMS samples

Refractive index

Thickness (nm)

Thickness Error (nm)

52-Eu1.0Sis5.0064.0
53-EU4.4Si26.2069.4
54-Eu0.2Si31.9067.9
55-EU0.8Si31.4067.8
56-EUo.2 Siz42065.6
57-Eu15Sis2.806s5.6
58-EU2.1Si34.40635
59-EUo.3 Siz4.3065.4

60-Eue.4Si25.7067.9

As expected, Figure 28 shows the refractive index decreases with increasing SiHs flow
rate. Interestingly, at higher sputtering power, for instance, 40 W, the role of SiHs flow is
more significant compared to the lower sputtering powers of 20 and 10 W. The reason for
the observed trend can be explained in terms of the fact that with more incorporation of H,
as the consequence of higher SiHs flow rate, the density of the thin films decreases and
subsequently the refractive index decreases. Whereas with increasing the sputtering power,

and as a result of a higher Eu content, both the density and the refractive index of the

samples increase.
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Figure 28. The influence of SiH4 flow rate on the refractive index at different sputtering
powers (P) of 10 to 40 W.

Figure 29 shows the effect of SiH4 flow rate on the thickness of the thin films grown using
40 sccm Ar flow rate. The trend exhibits a direct relationship between thickness and SiH4
flow rate. Additionally, regardless of the sputtering power, either it is 10, 20 or 40 W, the
effect of SiHs on thickness seems to be of equal rate since the three lines presenting
different sputtering powers have virtually identical slope. In this matter, it should be
considered that the data line for the sputtering power of 20 W is fitted for the three data

point (shown in Figure 29).
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Figure 29. SiH4 influence on the thickness at different sputtering powers (P) of 10, 20 and
40 W. An equal growth rate of thickness as a result of SiH4 increase for all sputtering
powers is observed.

4.3. Photoluminescence

The light emission of the thin films is detected by PL measurements where a
monochromatic He-Cd laser with wavelength of 325 nm is used as the excitation source.
The photon with an energy higher than the bandgap of the thin film is radiated towards the
samples. When the photon is absorbed, the electrons in the ground state become excited
and transmit to the higher energy level and can turn back to their initial state by radiative
or non-radiative recombination. In this section the PL properties of the annealed and as-
deposited IMS thin films is discussed in details and a brief comparison with the MOP

samples is provided. It should be mentioned that as the measurements provide a PL
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intensity, which is an arbitrary unit (a. u.), as a function of wavelength. Prior to the PL
measurements of the samples, the dark spectrum at room temperature is collected and is
subtracted from the PL spectrum of the studied samples.

All the IMS thin films were subjected to the post deposition annealing for 60 minutes in a
wide range of temperatures ranging from 300°C to 1350°C and two annealing atmospheres
of pure N2 and 95% of N2 and 5% of Hz (N2+ Hz). As the PL measurements of all the thin
films annealed at temperatures of 300°C to 1200°C using annealing atmosphere of pure N2
were collected a significant PL intensity increase for all thin films annealed at 1200°C

compared to the ones annealed at lower temperatures (300 to 1000°C) was observed.
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Figure 30. PL measurements of 57-Eui 5Siz2.80es5.6 annealed at temperatures of 300 to
1200°C using N2 atmosphere for 60 minutes as the representative of low temperature PL
measurements.

Figure 30 shows a representative of the PL measurements for the samples annealed at
temperatures between 300 to 1200°C using N2 atmosphere for 60 minutes. The peak at 615

nm which is more pronounced for the lower temperatures from 300 to 1000°C is
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corresponding to the Eu®* transition. On the other hand, for the sample annealed at 1200°C,
the PL intensity significantly increases showing a combination of Eu?* (blue light) and Eu®*
(red light) related transitions. The fluctuating trend of PL intensity for the samples annealed
at different temperatures ranging between 300 to 1000°C can be ascribed to reduction of
optically active site containing Eu or some defects introduced which can lead to quenching
of luminescence centers and the abrupt increase at 1200°C can be associated with the
formation of EuxSiyO; nanocrystals. Similar fluctuating trend was previously observed for
Ce doped ORSO thin films reported by J.Li et. al [56]. However, the origin of this
luminescence behaviour is still unknown in the community, and it requires further studies
to understand the reason why at some annealing temperatures the PL intensity decreases.
It is remarkable that even at temperatures as low as 300°C the red light emission is achieved
which is in one of the ranges that benefits photosynthesis process. On the other hand, the
PL measurements of the MOP samples, 37-Euo.0Si315306s827 and 38-Euo .1Sizs.95058.61,
fabricated using analogous deposition parameters to that of IMS samples, show weak and
noise like emission at 615 nm which is corresponding to the transition of °Dg to 'F2 in Eu*®
energy level [39] (shown in Figure 31). This confirms the advantage of the use of the

sputtering method integrated with the ECR-PECVD.
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Figure 31. PL measurements of 37-Euo.0Siz1.530es.27 and 38-Euo.1Si35.950s8.61 annealed at
1200°C and N2 atmosphere for 60 minutes.

To study changes introduced by H passivation, samples annealed at 1200 and 1350°C using
annealing atmospheres of N2 and N2 +H> are compared. It is observed that H passivation
enhances the PL emission by one order of magnitude possibly due to the passivation of the
defects and dangling bonds. Figure 32 represents the PL measurements of 52-
Eu1.0Siss5.0064.0 annealed at 1200 ad 1350°C and two annealing atmospheres of N2 and

No+Ho.
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Figure 32. PL spectra of 52-Euz.0Siss.0064.0at 1200°C and 1350°C in N2 and Na+H;
atmospheres.

The PL measurements of all IMS thin films annealed at 1350°C and N2+H, atmosphere are
shown in Figure 33. In the annealing atmosphere of N>+H> with the increase of the
annealing temperature to 1350°C, a combination of Eu** and Eu’" related emission is
observed while the peak at 615 nm corresponding to Eu ' is not dominate. Instead, there
are mainly two PL emission peaks centering at wavelengths of 430 and 460 nm which are
associated with the Eu?* emission but with a variation of PL intensity where 60-
Eue.4Siz2s.7067.9 With Eu at. % of 6.4 + 0.3 is attributed to the highest PL intensity. The
Commission Internationale de I’Elcairage (CIE) chromaticity diagram of all the samples
annealed at 1350°C and N2+H> atmosphere is shown in Figure 34. Details on the x and y
positions of the CIE color coordinates are provided in Table 6 and as observed, the

emissions are positioned close to the values of blue light.
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Figure 33. PL spectra of all IMS thin films annealed at 1350°C and N>+H> atmosphere.
Two main peaks are observed at 430 nm and 460 nm where the highest peak achieved is
related to 60-Eues.4Si25.7067.9.
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Figure 34. CIE chromaticity diagram of all the IMS samples at annealing condition of
1350°C and N2+H2 atmosphere.

Table 6. CIE coordination of all the IMS samples annealed at 1350°C and N2+H>

atmosphere.

IMS samples CIEx ClEy
52-EU1.0Si35.0064.0 0.2225 0.2242
53-EU4.4Si26.2069.4 0.2472 0.2621
54-Euo.2Si31.9067.9 0.2549 0.2281
55-EU0.8Si31.4067.8 0.2369 0.2532
56-EUo.2 Siz4.2065.6 0.2765 0.2697
57-EU15Si32.8065.6 0.226 0.2429
58-EU2.1Si34.4063.5 0.2631 0.2408
59-Euo.3 Siz4.3065.4 0.1966 0.2132
60-EU6.4Si25.7067.9 0.2399 0.299
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4.3.1. Influence of Deposition Parameters on Photoluminescence

The effect of each deposition parameter, SiH4 flow rate, sputtering Ar flow rate and
sputtering power, was investigated on the IMS samples where all the deposition parameters
except one are identical in each set. A representative of each sample set annealed at 1350°C
and N2+H. atmosphere is discussed in this section and the main points are mentioned. The
effect of SiH4 flow rate on the PL was investigated by studying the PL measurements of
52-EU1.0Si350064.0, 57-EU1.5Si32.80656 and 58-Eu2.1Siz440635 all deposited using 40 sccm
sputtering Ar flow rate and sputtering power of 20 W while the SiH4 flow rate is 2.5, 2 and
1.5 scem, respectively (shown in Figure 35). The first and the second peaks positioned at
430 and 460 nm both correspond to Eu?* transition which is related to the blue emission.
The peak at 585 nm corresponding to Eu®* emission (°Do to 'F1 energy level) is slightly
hidden by the intense peaks at 460 and 430 nm. The ratio of Eu®* to Eu?* emission increases

at lower SiH4 flow rate.
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Figure 35. PL spectra of 52-Eui 0Sizs5.0064.0, 57-EU15Si3280656 and 58-Eu21Si34.4063.5
annealed at 1350°C and N2+H. atmosphere. The sputtering Ar flow rate and sputtering
power were set constant at 40 sccm and 20 W for all samples while the SiH4 flow rate

was 2.5, 2 and 1.5 sccm for 52-Eus.0Si35.0064.0, 57-EU1.5Si32.8065.6 and 58-Eu.1Si34.40635,
respectively.

The role of sputtering power was investigated by studying the PL measurements of 54-
EU0.2Si31.9067.9, 57-EU1.5Si32.8065.6 and 60-Eus 4Si25.7067.9 produced using similar deposition
parameters of 2 sccm SiHs flow rate and 40 sccm sputtering Ar flow rate while the
sputtering power was 10, 20 and 40 W, respectively (shown in Figure 36). The ratio of
Eu®* to Eu?* emission (580 nm to 430 nm) is higher at higher sputtering power which

implies 60-Eus.4Sizs.7067.9 generates the highest Eu* to Eu?* ratio.
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Figure 36. PL spectra of 54-Euo.2Si31.9067.9, 57-EU1 5Si32.8065.6 and 60-Eue 4Sizs 7067.9 at
annealing condition of 1350°C and N2+H atmosphere. The sputtering Ar flow rate and
SiH4 flow rate were kept constant at 40 sccm and 2 sccm, respectively, for all samples
while the sputtering power was 10 W for 54-Euo 2Si31.9067.9, 20 W for 57-Eu1.5Si32.806s.,
and 40 W for 60-Eue.4Si2s5 7067 9.

To investigate the role of the sputtering Ar flow rate on the PL intensity of IMS samples,
PL measurements of 56-Euo.2 Siz4.20656 and 59-Euo 3Siz4 30654 fabricated using sputtering
power of 10 W and SiH4 flow rate of 1.5 sccm is shown in Figure 37. The sputtering Ar

flow rate was 10 and 40 sccm for 56-Euo.2Siz4.206s.6 and 59-Euo 3Siz4.3065.4, respectively. It
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is observed that a higher Eu®* to Eu?* ratio is attributed to a lower sputtering Ar flow rate

which in this case is 56-Euo 2Siz4.2065.6.
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Figure 37. PL spectra of 56-Euo.2Siz4.2065.6 and 59-Euo.3Si34.306s5.4 at annealing conditions
of 1350°C and N2+H> atmosphere. The sputtering power and SiH4 flow rate were set at
10 W and 1.5 sccm for both samples while the Ar flow rate was 10 sccm for 56-
EUo.2Si34.2065.6 and 40 sccm for 59-Eug 3Siz4.306s5.4.
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Chapter 5: Structural Analysis

In this chapter, the structural properties of the IMS samples are discussed based on the
XRD measurements; and the crystalline phases in the samples are identified. In addition,
TEM analysis is performed and discussed as a complementary measurement to confirm the
formation of crystalline structures in the thin films annealed at high temperatures. The as-
deposited Eu-doped ORSO thin films are originally an amorphous structure. Post
deposition annealing process at temperatures ranging from 300 to 1350°C promotes the

formation of crystalline nanostructures within the films (shown in Figure 38).

Amorphous

ORSO thin film

After Annealing

Silicon substrate

Figure 38. Formation of Si-ncs within the thin films when subjected to post-deposition
annealing. The phase separation in the ORSO matrix occurs when the amorphous
structure of the thin film changes as the result of thermal annealing.

5.1. X-ray Diffraction

At lower annealing temperatures (approximately below 800-900°C) it was observed that
the structure remains amorphous (shown in Figure 39 (a)) since the formation of crystalline
structure requires a higher annealing temperature. However, at temperatures above 900°C

crystalline structures appear to form (shown in Figure 39 (b)), and with increasing the
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temperature, different EuxSiyO; crystalline structures are detected (shown in Figure 39 (c)

and (d)).
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Figure 39. XRD pattern of 60-Eue 4Si257067.9 annealed using N2+H2 atmosphere and at a)
800°C temperature exhibits amorphous structure; b) 1000°C shows some crystalline
structure; c) Annealed at 1200°C, and d) 1350°C temperature show distinctive EuxSiyO,

crystalline formed.

The phases detected by XRD measurements for 60-Eus4Sizs7067.9-N2+H2-1000°C are

europium oxide silicate (Eus(SiO4)30), SiO2, and gwihabaite (NH4sNOs) (shown in Figure
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40 (a)) whereas that of 60-Eue4Sizs7067.9-N2+H2-1200°C are dieuropium silicate
(Euz(Si207)) and europium silicate (Eu2Si.O7/Eu2SiOs) (shown in Figure 40 (b)). Figure
40 shows that 60-Eus.4Si25.7067.9-N2+H2-1000°C and 60-Eus.4Si2s.7067.9-N2+H2-1200°C can
be indexed to the aforementioned crystalline phases, however, they are not ideally fitted

with the crystalline phases in terms of intensity or covering at all 26 degrees.

= PDF 04-007-9208 Eu5(Si04)30 Europium Oxide Silicate
PDF 01-075-3906 SiO2 Silicon Oxide

— PDF 01-073-3456 SiO2 Hypothetical silica |Silicon Oxide

= PDF 00-047-0867 NH4NO3 Gwihabaite. syn

Intensity (a.u.)

a) Md% ok

10 20 40

b A il

50
20 (degree)

— PDF 01-076-0726 Eu2(Si207) dieuropium disilicate |Europium Silicate
— PDF 00-023-0247 Eu2Si207 Europium Silicate
PDF 00-040-0266 Eu2SiOS Europium Silicate

Intensity (a. u.)

b) 10 20 30 40 50 60 70 80 90
20 (degree)

Figure 40. XRD pattern and the phase ID of a) 60-Eue 4Si25.7067.9-N2+H2 1000°C; and b)
60-Eue 4Si257067.9-N2+H2 1200°C.

In the case of 60-Eus4Sizs7067.9-N2+H2-1350°C the matched phases are europium silicon

(EusSis), silicon nitride (SisN4), moganite (SiO.), europium oxide (Eu.0z), europium
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silicon oxide (EuxSiO.) with the dominant phase being SisN4 (shown in Figure 41). As
there has not been any N in the precursor gases during the deposition of the thin films and
the absence of N was further approved by performing RBS analysis, the main peaks in 60-
Eus.4Sizs5 7067.9-N2+H2-1350°C cannot be related to SisN4 phase and it should be originated
from another phase with a similar structure to SisN4 composed of Eu, O and/or Si. Although
N2 was used as an inert gas in the annealing process, N cannot diffuse significantly in the
sample and form SisN4 phase. This also applies to the NHsNO3 phase which was detected
for 60-Eue 4Si25.7067.9-N2+H2-1000°C.

Figure 41 shows that the reference data of SisN4 with PDF card of 00-041-0360 is well-
indexed with the 60-Eue 4Si257067.9-N2+H2-1350°C, however, as explained previously there
should be some structure similar to SisN4 formed in the samples annealed using No+H> at
1350°C. The rest of the peaks in the XRD pattern of 60-Eus 4Si2s.7067.9-N2+H2-1350°C can
be indexed to EusSis, SisN4, moganite SiO2, Eu203, and EuxSiOz. This indicates there is
lower certainty for the presence of these phases as their reference data is not as match as
the SisN4 phase with 00-041-0360 PDF card. The reason for the low certainty of most of
the phases is that the database is for Powder X-ray Diffraction in which the orientations
are fairly random, but the samples in this study are thin films, and in thin films, there is

always some level of texture and random orientation [55].
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Figure 41. XRD pattern with phase IDs included for the sample 60-Eus 4Si25.7067.9-N2+Ha-
1350°C.

The patterns of diffracted X-rays of 60-Eus.4Si25.7067.9-N2+H2 at annealing temperatures of
800, 1000, 1200, and 1350°C are shown in Figure 42. The broad bright spot which appeared
in all 2D patterns at 72 degrees is due to the single-crystal Si substrate (shown with the
green circle in Figure 42 (a)). As it can be seen when the sample 60-Eue4Sizs7067.9 is
annealed using N2+H> atmosphere at 800°C, its 2D pattern shows that there is no diffraction
pattern corresponding to the presence of crystalline phases and the structure remains
amorphous. The small bright dots (circled with blue in Figure 42 (a)) are textures but since
they are negligible, the sample is considered amorphous. The peak at 28.5 degrees is related
to the (100) plane of a single crystal of Si substrate and the one at 72 degrees is

corresponding to the (400) plane of Si crystal [57][58].
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Figure 42. Each image shows a merge of four diffracted frames, at 26 degrees of 15, 35,
55 and 75, of 60-Eue.4Si25.7067.9 using an annealing atmosphere of N2+H>. Different
annealing temperatures are presented in a) 800°C; b) 1000°C; c¢) 1200°C; and d) 1350°C.

As shown in Figure 42 (b), for the sample 60-Eus4Si2s7067.9-N2+H2-1000°C the ring
patterns show some of the aforementioned crystalline phases, and as the diffraction rings
are not uniformly distributed, it indicates that there is some intensity response variation
along with the diffraction rings [58]. This variation in the intensity response of the
diffraction rings implies that the brighter spots along the rings correlate with the preferred
orientations in the detected phase, and the phase orientation is not completely randomized.
Further analysis of this sample is not required since the diffraction lines can be observed.
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Therefore, Figure 42 (c) suggests that the diffracted frame of 60-Eus 4Sizs7067.9-N2+Ho-
1200°C is highly textured with no random orientation [55]. This can be explained in terms
of the transformation of some of the phases which appeared in 60-Eus 4Sizs7067.9-N2+Ho-
1000°C occur at 1200°C and the diffraction rings at 1200°C appear as textures rather than
uniformly distributed rings. Further analysis of this sample presents more elaborate
information on its structural properties which will be discussed qualitatively later. As
shown in Figure 42 (d) the diffraction rings for 60-Eus.4Si25.7067.9-N2+H2-1350°C appeared
as sharp and uniformly bright lines implying that all the crystalline phases at each ring are
randomly oriented and are evenly distributed with no texture structure.

The original XRD pattern of 60-Eue 4Sizs.7067.9-N2+H2-1200°C was collected at 26 degrees
of 15, 35, 55, and 75 and incident angle of psi=90 degrees. The 2D pattern in Figure 42 (c)
shows that the sample is highly textured, and the orientation distribution has deviated
compared to its ideal random orientation which is obtained from powder X-ray diffraction.
This implies that there is some preferred orientation to the crystalline phases. These
diffraction rings with preferred orientation appear as peaks in the XRD pattern while for
the highly textured samples some orientation cannot satisfy the Bragg condition, and are
not detected in the XRD pattern [58]. Thus, to detect the missing peaks, the XRD pattern
was additionally collected at psi=54 degrees. The separate XRD patterns at psi degree of
90 versus 54 are shown in Figure 43. The missing peaks at psi 90 degrees which appeared
at psi degree of 54 are at 20=30.5, 43.7, and 44.8° (shown in Figure 43). For the phase ID,

both scans at 90 and 54 psi degrees were added together (shown in Figure 40 (b)).
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Figure 43. XRD pattern of 60-Eue.4Siz5.7067.9-N2+H2-1200°C detected at psi (chi) degree
of 90 shown in red and 54 shown in black.

The XRD frame at 26 degree of 35°, psi of 54°, and full rotation of 360° phi is shown in
Figure 44 where the blue arrow represents the normal to the surface.

Peaks at 26 values of 12.5° 17.4°, and 25.2° (first three peaks from the left side shown in
Figure 39 (c)) are always present in the azimuthal angle (y) hence pole figures are not
collected for these values. To be more specific when the sample is rotating, these three
spots do not disappear from the XRD frame with the change of phi. In Figure 42 (c) the
three bright spots in the first frame (26 degree of 15) represent the 20 peaks at 12.5°, 17.4°,
and 25.2°. On the other hand, the peak at 26 degree of 44.8 did not appear in this frame
which is likely because the scan time was not sufficient to capture that peak. For the rest
of the peaks (30° and 43.6°) which could not be detected at a psi degree of 90, the pole

figures are generated and shown in Figure 45.
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The diffraction ring at 30° that did not diffract at a psi of 90 degrees is shown in Figure 45
(a). As it can be seen there is a fiber structure that does not have a perfect fiber texture
since it is patchy, and it is not uniform around the ring meaning that there is a preferred
orientation within this texture structure.

There is no fiber texture at 31.7° (Figure 45 (b)) but there are two bright spots in the vicinity
of the intense bright spots at every 90° which is due to the single crystal of Si substrate.
The two bright spots can be due to the planar twinning defects. In general, twinning occurs
when the substance is subjected to high pressure/temperature and as the result, the plane
lattice of one crystal shares lattice point with another crystal [59]. Therefore, it can imply
that the high annealing temperature of 1200°C led to the formation of these planar

twinning.

Figure 44. XRD frame of 60-Eus.4Si25.7067.9-N2+H2-1200°C at psi degree of 54, a full
rotation of 360° phi. The blue arrow demonstrates normal to the surface.
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Figure 45. Pole figures of 60-Eus.4Si2s.7067.9 annealed at 1200°C with N2+H2 atmosphere
at 20 of a) 30°; b) 31.7°; and c) 43.6°.

Similarly, in the pole figure generated at 30°, at 26 degree of 43.6, there is a fiber with
preferred orientation. In all the pole figures the intense bright spots at every 90° are related
to the single crystal of Si substrate (shown with blue circles in Figure 45 (a) and (b)). The
peak at 20 of 44.8° which is not detected in the frame likely because of low scan time,
similar to the ones at 30 and 43.6 20 degrees, comes from the same crystalline phase ID,

Eux(Si.O7) (PDF 01-076-0726). As previously discussed, the pole figures at 26 of 30° and
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43.6° both show patchy fiber structures. Since 44.8 20 degree originates from the same
crystalline phase, it may suggest that its structure is also patchy fiber.

Figure 46 shows the XRD patterns of all the IMS samples when annealed at 1350°C and
N2+H> atmosphere for 60 minutes. It is observed that identical polycrystalline phases are
formed for all the samples annealed at 1350°C using N2+H, ambient but with different
intensities. This variation in the intensity is due to the different film compositions in each
sample which consequently leads to different PL intensity (shown in Chapter 4. PL
section). For quantifying the phases, Rietveld analysis is required, but because our samples
are textured and except the SisN4 phase, the rest of the phases are not a perfect match with
Inorganic Crystal Structure Database (ICSD), performing the Rietveld measurements is not

precise and beneficial.

75



— 52-Eu, (Si;5 (Ogy

—53-Euy 4Siy ,0¢9 4

— 54-Eu,8i;, 4O¢;

[T TR TN T T N N N N |

—35-Eu¢Siy; 4O 5

| T oo

A

- — 57-Eu, 58i3; {05 6

— 38-Eu, ;Si3, 4Og; 5

39-Euy 58i3, 3045 54

—— 60-Eu, ,Si,; ;0

- r - 1 - 1 1 - 1 ° 1

10 20 30

2

Intensity (a. u.)

a3

60 70 80 90

40 50
20 (degree)

Figure 46. XRD pattern of all the IMS samples annealed at 1350°C and N2+H>
atmosphere.

Here the samples are discussed based on the ratio of the peak’s intensity. Table 7 shows

the film composition of samples 54-Euo2Sis190679, 57-EuU15Siz280656 , and 60-
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Eue.4Si25.7067.90 Which are all fabricated using SiHs flow rate of 2 sccm and sputtering Ar
flow rate of 40 sccm while the sputtering power is 10, 20, and 40 W, respectively. It can
be observed that although when the samples are annealed at 1350°C and N2+H, ambient,
they form the same crystalline structure phases regardless of their composition, the
intensity of the peaks varies (shown in Figure 47).

Looking at the elemental composition of the three samples, with increasing sputtering
power, as expected the Eu concentration increases and the Si concentration decreases,
while the O content virtually remains unchanged. The ratio of the peaks at 26 of 26.5° to
28.4° which are corresponding to EuxSiO2/ SiO2 and Eu20s, respectively, increases with
increasing Eu concentration. Therefore, the increase of the Eu content likely decreases the
Si content which implies that Eu* preferentially enters SiO; rather than forming crystalline

structures containing O alone (e.g. Eu203).

Table 7. Elemental composition of 54-Euo 2Siz1.9067.9, 57-EU15Si32.8065.6, and 60-
Eus 4Si2s.7067.9 Which were fabricated using the Ar sputtering gas flow rate of 40 sccm
and SiHa gas flow rate of 2 sccm with a variation of sputtering power ranging from 10 to
40 W; and the ratio of intensity at 26 degrees corresponding to EuxSiO2/ SiO2 and Eu203

phases.
Samples Euat.% | Siat. % Oat. % Intensity Intensity Intensity ratio
at at of 26.55°/28.42°
20=26.55° | 20=28.42°
54-EU0.2Si31.9067.9 0.2 31.8 67.8 0.29 0.137 1.93
57-Eu15Si32.8065.6 1.3 30.5 68.1 0.20 0.022 9.26
60-EU6.4Si25.7067.9 6.4 25.3 66.8 0.10 0.008 12.49
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Figure 47. XRD pattern of 54-Euo 2Si31.9067.9, 57-EU1.5Si32.8065.6 and 60-Eue 4Si25.7067.9
annealed using N2+H. atmosphere at 1350°C.
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5.2. Transmission Electron Microscopy

TEM was performed using the Talos 200X microscopes as an additional complimentary
measurement to confirm the formation of crystalline structure. The samples were prepared
using the FIB technique. Both FIB preparation and TEM measurements were conducted at
McMaster University in Canadian Centre for Electron Microscopy (CCEM). The TEM
images were taken from the cross-section view of 60-Eus.4Sizs7067.9 annealed at 1350°C
and No+H> atmosphere. In the first attempt, the sample was damaged in the FIB preparation
process and the thin film was mainly removed. This was confirmed by TEM measurements
and as shown in Figure 48 only Si substrate was detected. The top layer where the thin film

was removed is labelled with a red arrow.

Figure 48. Bright field HR-TEM image of 60-Eue 4Si257067.9 damaged in FIB preparation.
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In the second attempt, two lamellas were prepared with different thinning limits. The
scanning electron microscopy (SEM) image of the area of interest is shown in Figure 49.
The reason for preparing two lamellas with slightly different thicknesses is to provide the
advantage of having another lamella in case the other one was damaged during the FIB
preparation. Figure 50 shows the TEM image of both lamellas with a thickness of around
100 nm. The image is taken in the dark field mode where the heavier elements appear
brighter since they scatter electrons more intensely. The lamella on the right-side window
(Lamella 2) is thicker than the one on the left window (Lamella 1). Multilamellar
preparation using the FIB technique also brings the benefit of delivering a variety of

thicknesses for different applications.
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Figure 49. SEM images of the sample indicating the area where FIB preparation was

performed.
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Lamella 2

Figure 50. Cross-sectional dark-field TEM image of the two lamellas prepared using FIB
technique on 60-Eue 4Siz5.7067.9 annealed at 1350°C using N2+H> atmosphere.

Figure 51 (a) shows the zoom up of the yellow selected area in Figure 50 and Figure 51 (b)
shows the magnified image of the orange area in Figure 51 (a). Prior to the milling process
the sample a layer of tungsten (W) is deposited on the sample to prevent damaging the thin
film. The energy dispersive X-ray (EDX) image of Figure 51 (b) shows the distribution of
each element in the thin film. Figure 52 verifies that the deposited W only diffused on the

surface and did not spread deep into the thin film.
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Figure 51. a) TEM imaging of the yellow marked area in Figure 50; b) Magnified view of
the area marked in orange in Figure 51 (a).

Figure 52. EDX of Figure 51 (b) shows the elemental mapping of the sample where the
distribution of Si (blue), O (red), Eu (green), and W (yellow) are presented.

The formation of polycrystalline which was previously detected using XRD measurements

is additionally observed in the HR-TEM image of 60-Eus4Sizs.7067.9 annealed at 1350°C
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and N2+H. atmosphere. The brightfield HR-TEM imaging of the sample shows the
formation of EuxSiyO, nanoclusters formed in the SiOx host matrix. The heavier elements
appear darker in the bright field where the lighter area is the SiOx host. As shown in Figure
53 (b) the EuxSiyO; nanoclusters (the darker areas) are surrounded by the SiOy lattice

fringes.

%

s

Figure 53. The bright field HR-TEM imaging of a) Zoom up of the marked green zone in
Figure 50; b) Magnified view of the blue selected area in Figure 53 (a), where the
formation of the EuxSiyO; nanoclusters (darker spots) in the SiOx matrix (the brighter
spots) is observed.
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Chapter 6: Conclusion and Future Work

In this chapter, a summary of the significant highlights remarking the optical and structural
properties of the samples studied in this work is provided along with the potential future
work which was not possible to be performed in the limited time of a master program.

In this thesis, a set of Eu-doped ORSO thin films with different deposition parameters were
fabricated for the first time using IMS-ECR-PECVD system which is an ECR-PECVD
machine upgraded with an additional sputtering gun. The samples were accordingly
subjected to post-deposition annealing at temperatures ranging from 300 to 1350°C and
two annealing ambientes of pure N2 and Nx+H». . Using RBS measurements, it was
observed that sputtering power has an intense and direct relation with the concentration of
Eu while SiH4 flow rate is inversely proportional to Eu concentration. VASE analysis
confirmed that at a lower SiH4 flow rate, a higher refractive index is achieved due to more
incorporation of H. The thickness on the other hand increases with increasing the SiH4 flow
rate. PL measurements of the annealed samples showed that for the samples subjected to
elevated temperatures of 1200 and 1350°C, higher PL intensity is achieved in the PAR
range which is beneficial for photosynthesis applications whereas in the MOP samples
there is no PL emission at the red light wavelengths. The effect of H passivation of the
dangling bond on PL was studied by comparing the samples annealed at N2 and the ones
annealed using N>+H> atmosphere. The PL intensity is boosted by one order of magnitude
as the result of H passivation.

The structural properties of the samples were detected using XRD measurement while

TEM measurement was performed as an additional complimentary analysis to XRD. It was
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observed samples annealed at temperatures up to 900°C maintain the amorphous structure
of SiOx thin films, however, at higher temperatures polycrystalline structures are obtained
which leads to more intense PL emission at wavelengths corresponding to Eu transitions.
The TEM measurement approved the formation of polycrystalline structures and Si

nanoclusters embedded in the host matrix.

Future Works

There are a few measurements that potentially can provide more comprehensive
information about the composition (e.g. quantitative ERD measurements) and the structural
properties (e.g. Rietveld analysis and synchrotron-based high energy XRD) of the thin
films. In this thesis, only the Eu doped ORSO host matrix was studied while Si-rich SiOx
as the host matrix can be studied as well as SiN, and SiC to investigate the influence of N
and C on the structure and light emission properties. Different matrices of SiO, SiN, SiC
or a combination of these host materials, behave differently in the energy transferred to Eu
ions based on the distance between the electron donor and acceptor levels. This brings the
interest of studying these matrices and adjusting the luminescence selectivity.

One of the desired measurements is the quantitative ERD measurements to obtain the
concentration of H. Due to the change of mylar foil in the RBS-ERD facility, the ERD
simulation could not reach the desired fitting. The foil is installed on the detector to block
the heavier element thus the lighter elements can be detected. In the SIMNRA package

software, the composition of the foil has to be given to the software to proceed with the
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simulation, however, since the facility was using a new foil, its composition was unknown
and in the timeline of this master’s program, the data could not be simulated quantitatively.
In the XRD measurements, for the samples annealed at 1350°C using N2+H atmosphere,
there was a SisN4 crystalline phase detected, however, there was no N source during the
deposition and in the RBS analysis no N was detected in the thin film composition. It was
assumed that the unknown crystalline phase is some crystalline phase similar to SisN4 such
as Sis04. To confirm this assumption and indexing the unknown crystalline phase, the
samples were measured in Brockhouse X-ray Diffraction and Scattering Beamlines - Low
Energy Wiggler (BXDS-WLE) at Canadian light source (CLS). The analysis of the data
takes several months and could not be achieved during the completion of this program.

Measuring the weight percentage of the crystalline phases could provide valuable
information to consider more details on the correlation of resulted PL intensity and the
structure of the thin films. However, this also required more time for Rietveld analysis to

be performed, analyzed, and discussed which can be done as a potential future work.
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