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Abstract 

Silicon (Si) is a material extensively used in the manufacturing of electronic and 

photovoltaic devices. However, the poor light emission of the material limits its use in 

optical and optoelectronic devices. In comparison to bulk Si, silicon quantum dots (Si-QDs) 

have been shown to display improved luminescence. However, there is still a need to 

increase the light emission of Si-QDs for this material to be commercially viable. 

Therefore, the aim of this thesis is to improve the light emission of Si-QDs and to 

understand the mechanism behind it. 

In several different but interconnected parts of this thesis, the optical properties of Si-

QDs embedded in Si3N4 and the role of crystallinity on the optical properties and formation 

of Si-QDs in Al2O3 were investigated. This work examined the role of (1) annealing 

temperature and the composition of the nitride film, (2) Al doping of the host Si3N4 film, 

(3) doping Si-QDs and (4) Al and P passivation of Si-QDs on the PL intensity of Si-QDs 

embedded in Si3N4. We have found that using an annealing temperature greater than 600°C 

significantly decreases the PL intensity for Si-rich silicon nitride samples due to the loss of 

hydrogen and nitrogen from the film. Al doping of the host Si3N4 film was found to increase 

the PL intensity when an Al dose equal to or greater than 5×1014 ions/cm2 followed by 

annealing at 600°C was used. This increase in PL intensity was attributed to the formation 

of Si-Al and to a lesser extent N-Al bonds. The doping of Si-QDs was determined not to 

be influential when Al was incorporated into the Si-QDs/Si3N4 system. On the other hand, 

the passivation of Si-QDs by Al and P was found to increase the PL intensity of the system 

significantly.  
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For Al2O3 samples, we found that the growth of Si-QDs was strongly dependent on 

the crystallinity of the Al2O3 film. From XANES measurements, it was found that Si-QDs 

formed more readily in a disordered and crystalline matrix. In addition, the luminescence 

of Si-QDs was not observed due to the presence of oxygen vacancies and impurities 

dominating the luminescence. 

 

 

Keywords: Silicon, quantum dots, silicon nitride, X-ray absorption spectroscopy, positron 

annihilation spectroscopy, aluminium oxide, aluminium, phosphorus, ion implantation 
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Chapter 1 

 Introduction 

1.1 Motivation 

Silicon (Si) is a material used extensively in modern electronic and photovoltaic 

devices. However, its use in photonic and optoelectronic devices has been limited by the 

material’s poor light emitting properties. This limitation of Si is because of the material’s 

indirect band gap structure which causes the material to have a long radiative lifetime.  In 

general, the relaxation pathway of an excited carrier can either be non-radiative (no light is 

produced) or radiative (light is produced). As these two pathways are competing, the long 

radiative lifetime of Si decreases the probability of radiative recombination, which in turn 

causes the material to be a poor light emitter.  

In 1956, porous Si (por-Si) was discovered by Uhlir while he was electropolishing 

a Si wafer using a HF-based electrolyte.1 Uhlir discovered that the partial electrochemical 

dissolution of the Si wafer produced an array of narrow pores in the Si wafer. These pores 

had diameters that ranged from a few nanometers up to several micrometers and were 

micrometers deep. The pore arrangement could be either disordered or ordered depending 

on etching conditions. It was not until 1990 that Leigh Canham and his group at the Royal 

Signals and Radar Establishment in England demonstrated that visible light could be 

emitted from por-Si. This lead to intense research into the various properties of this 

material. The luminescence of por-Si was found to vary with porosity which was attributed 

to 2-D quantum confinement of the charge carriers in the por-Si.2, 3 Details on the quantum 

confinement effect can be found in section 1.2.1. But in brief it is the restriction of the 
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motion of charge carriers within the material by the placing “walls”, known as potential 

barriers, to prevent free movement in that given direction. The highly reactive surface of 

por-Si was found to be a major disadvantage as it would cause rapid aging of por-Si LEDs. 

To combat this, researchers passivated the por-Si surface which came at a tremendous loss 

of LED efficiency.4, 5 

As a result, researchers have explored the use of other nanoscale Si materials that 

would display the variable luminescence which was achieved with por-Si without the 

drawbacks that were associated with this material. Researchers have explored numerous 

methods to produce nanoscale Si particles. One popular method has been the production of 

Si quantum dots (Si-QDs) embedded in a silica (SiO2) matrix.  The name quantum dot 

comes from the fact these nanoscale Si particles are three-dimensional quantum 

confinement structures. Further details on these structures can be found in section 1.2.1.  

These Si-QDs exploit the stability provided by the Si-QD/SiO2 interface, which was 

a major issue for por-Si, while also exploiting the improved size-dependent tunable 

emission of the quantum confined Si. Though there has been intense research into the 

properties of Si-QDs embedded in SiO2 there is great concern with regard to the limited 

emission energy range as well as the difficulty for charge carriers to traverse the potential 

barrier of SiO2. This is because, even though a wide band gap material like SiO2 is needed 

for strong confinement of the charge carriers, for optoelectronic applications there is still a 

need for the potential barrier to allow for efficient charge transport without the need for an 

excessively high device bias.  

The wide band gap of SiO2 makes it difficult for carrier transport, leading to a need 

to replace it with other matrix materials. One of the reasons for exploring materials such as 

silicon nitride (Si3N4) and silicon carbide (SiC) is to lower the potential barrier of the 
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system, which is needed for producing electroluminescence (EL) as well as for 

optoelectronic applications. Our group and other researchers have demonstrated that 

amorphous Si-QDs can be produced in Si3N4 using plasma enhanced chemical vapour 

deposition and that the emission wavelength of these Si-QDs can be controlled by varying 

the composition of the sub-stoichiometric silicon nitride film.6, 7  

Though researchers have demonstrated that Si-QDs embedded in Si3N4 produce 

photoluminescence (PL) and EL.6, 7  The light emitted from Si-QDs in Si3N4 is still very 

low in intensity for commercial applications and more research is still required. To increase 

charge transport in these types of systems, researchers have explored introducing dopants 

into the system. The technique of doping has been a common method used for 

semiconductors to modify their electrical and structural properties. Dopants such as P and 

B have been explored to modify the optical and electrical properties of Si-QDs, which 

mostly stems from their common use in doping bulk Si.8-11  

Thus far the majority of work in this area has focused on Si-QDs in SiO2. With 

interest shifting to Si-QDs embedded in materials like Si3N4, studies on the optical and 

electrical properties of dopant incorporation in Si-QDs/Si3N4 systems are gaining interest. 

This thesis will explore the use of Al as a potential dopant for Si-QDs embedded Si3N4 and 

compare the optical properties of this system with that of one doped using P.  

Aluminum oxide (Al2O3) has also been explored by some researchers as an 

alternative to SiO2, but for different reasons to materials like Si3N4 and SiC. The interest in 

Al2O3 stems not from an effort to decrease the potential barrier formed by the material but 

rather from a desire to reduce device size while still maintaining the high dielectric constant 

of the host material which is needed for charge storage devices. The ideal material is one 

that can maintain a large enough potential barrier for strong confinement but also maintain 
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a high dielectric constant as the thickness of the film decreases. Al2O3 has a wide band gap 

like SiO2 and it has a dielectric constant that is twice that of SiO2. Since it has been shown 

that the effective dielectric constant of thin films decreases with decreasing thickness,12 for 

thinner storage devices the material used should have a high dielectric constant. It is for 

this reason we explore the growth of Si-QDs and their optical properties as a function of 

film crystallinity. We would like to compare our results to existing literature on this type 

of system and explore the phenomenon responsible for the growth or lack of growth of Si-

QDs and what properties hinder or enhance the luminescence of the Si-QDs in a Si-

QDs/Al2O3 system.  

Furthermore, the luminescence of Si-QDs systems can be the result of numerous 

light emitting mechanisms such as (1) quantum confinement, (2) interface interaction and 

(3) radiative recombination at defect sites.13, 14 Considering the possible mechanisms 

occurring within a Si-QD system, there is still a need to examine the role these various 

mechanisms play in the process of luminescence and explore means of improving the 

luminescence of Si-QDs systems.  

The versatility of Si-QDs and the many avenues of Si-QDs research that are still 

left to explore are the motivating factors of this thesis. This thesis is focused on the 

structure-property relationship of Si-QDs in various dielectric matrices, in particular we 

study local chemical environment in Si-QDs and their interfaces with the dielectric and 

their luminescence. We also study the factors that affect the growth of embedded Si-QDs 

in Si3N4 and Al2O3; and the use of dopant ions on the material’s optical properties.  
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1.2 Silicon Quantum Dots 

1.2.1 Luminescence of Silicon Quantum Dots 

Si is one of the most abundant bulk materials harvested from the earth's crust. Atoms 

in crystalline Si are arranged in a diamond lattice structure with a lattice constant of 

5.43Å.15 The crystal structure of a material is one factor which plays a role in the energy 

band structure of the material, which is basically a relationship between the energy (E) and 

momentum (k) of  charge carriers ( either electrons or holes) in the material. The energy 

band structure is also dependent on the type of bonding and the chemical species of the 

crystal. It is the difference in the energy band structure of materials that results in the 

differences in optical and electronic properties observed.  In semiconductors like Si, the 

valence band (VB) has a maximum at the center of the Brillouin zone (Г point where k=0). 

The lowest point of the conduction band (CB) can occur at a different wave vector in the 

Brillouin zone. The energy difference between the CB minimum and the VB maximum is 

known as the energy band gap. 

In Si, the VB maximum occurs at the Г25’ band while the CB minimum occurs near 

X point (X1) as shown in Fig.1.1.16 This type of band gap is termed an indirect band gap 

due to the difference in the k value for the VB maximum and CB minimum. Since for 

optical transitions one must conserve both energy and momentum, in indirect band gap 

materials like Si the electron momentum is transferred to a phonon (quanta of vibrational 

energy) with a momentum value that is equal but opposite to that of the CB. This is 

followed by recombination with the hole in the VB. This three-particle (electron-hole-

phonon) process is very inefficient and causes indirect band gap materials like Si to have a 

long radiative lifetime on the order of a few milliseconds.17 
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Fig.1.1:The calculated energy band structure of bulk Si with energy, E, (eV) vs wavevector 

(k). Adapted from Ref.18 based on Ref.19. 18, 19 

Luminescence is characterized by three parameters: (1) the wavelength (energy) of 

the maximum emission intensity (λ), (2) the luminescence quantum yield () or radiative 

efficiency, and (3) the excited state decay time (). The wavelength of luminescence is 

determined by the energy difference between excited and ground states. The luminescence 

quantum yield () or radiative efficiency is the ratio of the number of photons absorbed by 

a material to the number emitted. It is related to the rate constants for radiative (kr) and non-

radiative (knr) excited state processes, and therefore the quantum yield of a material is 

dependent on both the lifetime of radiative and non-radiative recombination, 
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  =

1
𝜏𝑟

1
𝜏𝑟

+
1

𝜏𝑛𝑟

 (1. 1) 

where  𝜏𝑟 = 1/𝑘𝑟 and 𝜏𝑛𝑟 = 1/𝑘𝑛𝑟 are the radiative and non-radiative recombination 

lifetimes, respectively. Based on equation 1.1, a long radiative lifetime in comparison to a 

short (several orders of magnitude shorter) non-radiative lifetime would result in a low 

luminescence quantum yield. For Si, it is well established that the radiative lifetime of the 

material is a few milliseconds while non-radiative lifetimes are of the order of pico- and 

nanoseconds. It is this significant difference between the competing recombination 

processes that is responsible for the poor emission from Si.  

For Si-QDs, the principle governing the luminescence can be understood by a basic 

understanding of the quantum size effects and the Heisenberg uncertainty principle. As the 

dimensions of the material approach the atomic scale there is a transition from classical 

laws to quantum-mechanical laws of physics to describe the material’s behavior. In 

quantum mechanics, wave-particle duality is a concept that states that every particle can be 

viewed as both a particle and a wave. A particle in the classical regime is point-like while 

in quantum mechanics a particle is viewed as wave-like. Analogous to Newton’s equations 

of motion in classical mechanics, the Schrodinger equation is used to describe the behavior 

of a particle in quantum mechanics and will be referred to later to explain the difference in 

band gap energy between bulk materials and quantum dots. 

Heisenberg established that, based on the concept of wave-particle duality, there is 

a limit to which the position (𝜎𝑥) and momentum (𝜎𝑝) of a particle can be precisely 

measured and this is known as the Heisenberg uncertainty principle which is given as:  
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 𝜎𝑥 ∙ 𝜎𝑝  ≥
ℎ

2
 (1. 2) 

where ℎ is Planck’s constant.  

Therefore, reducing the dimensions of the material decreases the position 

uncertainty of the charge carriers of the structure which in turn increases the uncertainty of 

their momenta. At the point where the dimensions of Si are reduced sufficiently enough 

that the momentum uncertainty is greater than the difference in the momentum of CB and 

VB, the material is said to possesses a quasi-direct band gap as illustrated in Fig.1.2. This 

quasi-direct band gap structure therefore increases the probability of radiative 

recombination because no phonon is required which increases the material’s radiative 

efficiency.  

 

Fig.1.2: Diagram illustrating a quasi-direct band gap, where the increase in momentum 

uncertainty is shown as red dashed circles for the charge carriers in the valence (VB) and 

conduction (CB) band. 



9 
 

To understand why different size Si-QDs emit at different energies would require 

us to briefly discuss the quantum size effect. As the size (or dimensions) of the material 

decreases to the materials exciton Bohr radius (distance between the electron and hole pair) 

quantum confinement effects are observed. As mentioned earlier, quantum confinement is 

simply a restriction of the degrees of freedom in which the charge carrier can move in either 

one, two or three dimensions (1-D, 2-D or 3-D). In the case of 3-D confinement, the 

behaviour of the charge carrier can be described by the quantum mechanical ‘particle in a 

box’. By applying the boundary condition of a 3-D infinite well, which is that at the walls 

of the well we apply an infinite potential, the energy of the charge carrier can be described 

by the following:20  

 𝐸𝑛,𝑚,𝑙 =
ℏ2𝜋2

2𝑚𝑒
 (

𝑛2

𝑎𝑥
2

+
𝑚2

𝑎𝑦
2

+
𝑙2

𝑎𝑧
2

) (1. 3) 

where ℏ is reduced Plank’s constant, me is the effective mass of the charge carrier; 𝑎𝑥 , 𝑎𝑦 

and 𝑎𝑧 are the dimensions in the x, y and z directions with n, m and l being their 

corresponding quantum numbers. From this equation, we can see that there is a strong 

dependence between the allowed energy levels of the charge carrier and the particle 

dimensions, i.e. the width of the well in the three dimensions, and that the allowed energy 

states are discrete. The difference between the equation for the band gap of the system and 

the energy of the charge carrier would be that instead of using the effective mass of the 

charge carrier we would use the effective mass of the exciton.  

The value of the effective mass of the exciton is determined by the size of the 

particle. For strong confinement, which occurs when the dimensions of the particle are less 

than the exciton Bohr radius, the reduced mass is used as the approximate mass of the 
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exciton which is simply the reciprocal of the sum of the reciprocal of the effective mass of 

the electron and hole. The consequence of this is that a correction term is added to the 

energy band gap of the bulk material where the correction term is inversely proportional to 

the radius of the particle. Therefore, as the particle becomes larger this correction term 

decreases and the material’s band gap tends to approach the bulk band gap.21 As the size of 

the particle decreases, the band gap energy would increase which causes in the emission 

energy to increase. The Brus formula relates the QD’s size to its emission energy is given 

by the following:22  

 ∆𝐸 = 𝐸𝑔(𝑏𝑢𝑙𝑘) +
ℎ2

8𝑅2
(

1

𝑚𝑒
∗

+
1

𝑚ℎ
∗ ) (1. 4) 

where 𝐸𝑔(𝑏𝑢𝑙𝑘) is the band gap of the bulk material, R is the radius of the QD while the 

effective mass of an excited electron and hole are 𝑚𝑒
∗  and 𝑚ℎ

∗ , respectively. Depending on 

the crystallinity of the Si-QDs, its emission energy is can be given by one of the following 

equations23:  

 𝐸𝑐 = 1.12𝑒𝑉 +
2.4 𝑒𝑉 𝑛𝑚2

𝑅2
 (1. 5) 

 𝐸𝑎 = 1.56𝑒𝑉 +
2.4 𝑒𝑉 𝑛𝑚2

𝑅2
 (1. 6) 

where 𝐸𝑐 is the emission energy of crystalline Si-QDs, while 𝐸𝑎 is for amorphous Si-QDs. 

For Si quantum systems, the emission wavelength usually falls in the ultraviolet-visible 

(UV-Vis) to near-infrared (NIR), i.e. 300-1200nm, spectrum range. 
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1.2.2 Overview of Fabrication Techniques for Silicon Quantum Dots 

Synthesis techniques used for producing Si-QDs can be classified as either solid-

phase or liquid-phase synthesis. Liquid-phase synthesis is commonly used to produce “free-

standing” or colloidal Si-QDs while solid-phase synthesis is commonly used for embedded 

Si-QDs. As this thesis is focused on embedded Si-QDs, we will discuss the most common 

techniques that have been used for the synthesis of embedded Si-QDs in a host material.  

 

1.2.2a Silicon Quantum Dot growth 

In order to produce embedded Si-QDs, the most common approach is to first 

produce a film with an excess of Si. This is followed by annealing the film, which causes 

a phase separation between the host matrix and the excess Si, which results in the growth 

of Si-QDs in the film. The growth of Si-QDs can be described by the classical nucleation 

and growth theory which predicts the three stages of QD growth in films with low levels 

of supersaturation. A supersaturated solid solution is one in which the amount of solute 

(e.g. excess Si) exceeds the solubility of the solution (i.e. the host matrix).  Since the Gibbs 

free energy of a supersaturated solution in general is very high, to reduce the overall energy 

of the system there is a separation of the solute from the solution. As an example, if we 

have a supersaturated solid solution of SiO2 with excess Si, then the excess Si would be 

segregated from the host SiO2 in order to reduce the overall energy of the system.  If given 

sufficient atomic mobility, the excess Si atoms then may diffuse and form clusters. It is for 

this reason that the film is annealed.  
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The stability of these clusters is dependent on them reaching a critical size which is 

necessary for them to continue to grow. This critical size is described by the following 

equation:24  

 𝑟𝑐 =  −
2𝜎

∆𝐺𝑣
, (1. 7) 

where 𝑟𝑐 is the critical radius, 𝜎 is the surface free energy per unit area and is a positive 

term, and ∆𝐺𝑣 is the change in volume free energy per unit volume and has a negative 

value. If the size of the cluster is smaller than the critical size, the cluster may disassociate. 

Clusters that are equal to or greater than the critical size will then attach surrounding Si 

atoms and continue to grow which is the second stage of the classical nucleation and growth 

theory. Clusters then enter the final and more competitive growth stage in which larger 

clusters are grown at the expense of smaller clusters. This stage is described by the theory 

of coarsening commonly known as Ostwald ripening.  

As mentioned in section 1.1, for quantum confinement to occur the size of the 

particle needs to be close to or less than the exciton Bohr radius of the material. Therefore, 

the host matrix of the QDs must then have a wide enough band gap to restrict the movement 

of the charge carriers to cause strong confinement. In addition, due to the competition 

between radiative and non-radiative processes, discussed in section 1.2.1, the host matrix 

must also help to reduce defects on the QD surface which would act as non-radiative 

recombination sites. There are a few Si-based dielectric materials which satisfy these 

criteria which include SiO2, Si3N4 and SiC but it should be noted that the dielectric material 

does not necessarily have to be a Si-based compound. Fig.1.3 shows the band alignment of 

the Si-QDs and these Si-based compounds.   
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Fig.1.3: Band gap alignment of crystalline Si (c-Si) with SiC, Si3N4 and SiO2. The band 

gap energy of c-Si is shown using red dashed lines.25  
 

 

1.2.2b  Synthesis using Plasma Enhanced Chemical Vapour Deposition  

Plasma enhanced chemical vapour deposition (PECVD) is one of the common 

techniques used to produce stoichiometric and non-stoichiometric silicon nitride films.  In 

PECVD, a radio-frequency energized electrode is used to excite the precursor gases into a 

plasma. The radicals that are produced in the gaseous phase then form a thin film on the 

desired substrate. It has been shown that the size, crystallinity and optical properties of Si-

QDs are dependent on the type of precursors used for deposition of Si-rich silicon nitride 

film.26,27 For instance, researchers have shown that the PL intensity of Si-QDs grown in 

Si3N4 thin films using SiH4 and ammonia precursors is more intense than those grown using 

SiH4 and nitrogen.27 The reason for this increase in PL was associated with the 

incorporation of more hydrogen into the deposited film which helped to reduce dangling 
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bonds at the Si-QDs/Si3N4 interface that would otherwise act as non-radiative 

recombination sites.  

PECVD has also been used to produce superlattices that after annealing have been 

shown to produce Si-QDs. As an example, Zacharias et al. was one of the first groups to 

demonstrate Si-QDs could be produced by the decomposition of a non-stoichiometric oxide 

superlattice.28 In this technique alternating layers of stoichiometric oxide and non-

stoichiometric oxide are deposited and a subsequent high temperature anneal leads to the 

excess Si forming clusters. The size of these Si-QDs is controlled by the thickness of the 

non-stoichiometric layer. The high temperature annealing treatment used on superlattice 

structures possess an issue from economical perceptive due to the higher cost that would 

be incurred to make devices.  

 

1.2.2c Synthesis using Ion Implantation 

Another common technique used to produce Si-QDs is ion implantation which is a 

technique that is compatible with existing microelectronics fabrication. The fundamentals 

of ion implantation will be explained in detail in section 2.8, but in summary ion 

implantation involves the target material being bombarded by ions to introduce them into 

the target. For producing Si-QDs, the implanted ions would be Si which would be 

implanted at a high dose in order to produce excess Si in the film. The need for this excess 

Si is outlined in section 1.2.2a.  

For Si-QDs to form, phase separation of the excess Si must occur. This phase 

separation can occur if there is sufficient atomic mobility in the matrix or by post-

implantation annealing. The annealing step is typically carried out at very high 
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temperatures (around 800°C–1100°C) for Si-QDs to grow and to repair damage caused by 

the ion implantation process. Fig.1.4 illustrates the growth process of Si-QDs after ion 

implantation and annealing. The spatial distribution of the Si atoms causes the size of Si-

QDs to vary as a function depth. The simplest approximation to an ion implantation profile 

is a Gaussian distribution. Larger Si-QDs are typically found around the peak of the 

Gaussian where the ion concentration is highest while smaller QDs are found at the 

extremes of the distribution. 

 

 

Fig.1.4: Illustration of cluster growth after ion implantation as a function of annealing 

time. After ion implantation the matrix is in a supersaturated state followed by nucleation 

as time of annealing increases. As the time of annealing increases clusters grow larger 

and larger as according to the Ostwald ripening process. 

Ion implantation has been shown to produce luminescent Si-QDs in SiO2 films as 

demonstrated by several research groups. For example, Shimizu-Iwayama et al. have 

conducted many studies on the luminescence of Si implanted silica glass and have 
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demonstrated that at high annealing temperatures (about 1100°C) optically active Si-QDs 

can be produced.29 The size of these Si-QDs has been shown to depend on implantation 

temperature as well as the post annealing time and temperature. This technique is less 

favourable to produce Si-QDs in Si3N4 as PECVD has been established as the most 

common and effective fabrication method. Ion implantation has, however, been explored 

as a technique for producing Si-QDs in other host materials such as Al2O3. However, the 

formation and emissions of Si-QDs have proven challenging for reasons that are explained 

in chapter 6 of this thesis. In general, the high temperature annealing required for Si-QDs 

growth and for the repair of implantation damage is a major drawback of ion implantation 

because it is not suitable for processing low cost devices. 

 

1.3 Fundamentals of Materials Examined 

1.3.1 PECVD Nitride 

Silicon nitride is a very important material to various industries due to its high 

dielectric constant and strength. To name a few examples, Si3N4 is used in thin film 

transistors as a gate dielectric and in solar cells as an antireflective coating. Si3N4 films 

have also been selected as a suitable host matrix for embedded Si-QDs. This selection is 

based on an effort to increase charge transport and improve EL by using the lower band 

gap energy of Si3N4 compared to SiO2.  

Si3N4 films are either amorphous or can exist in one of two common 

crystallographic forms, α or β. α-Si3N4 and β-Si3N4 are members of the P31c and P63/m 

space groups, respectively. The crystal structure of these two forms of Si3N4 are stacked 

layers of Si-N layers with α-Si3N4 consist of a layer sequence of ABCDABCD…  while 
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for β-Si3N4 these layers have a ABAB… sequence.30 The configuration of the AB and CD 

layers are shown in Fig.1.5. The lattice parameters for α-Si3N4 are a = 7.7Ǻ and c = 5.6Ǻ 

while for β-Si3N4 they are a = 7.58Ǻ and c = 2.9Ǻ.  The transformation temperature 

required for α to become β is in the range of 1573 to 1723K.31 The band gap of these two 

phases are 4.67eV and 5.25eV for α and β phases, respectively.32  In amorphous Si3N4, 

there is a lack of long range order however there is short-range order and the Si-N 

configuration is maintained.33  

 

Fig.1.5: Illustration of the crystal structure of (a) α-Si3N4 and (b) β-Si3N4 consisting of 

layer sequence ABCDAB… and ABAB… respectively. Si atoms are in dark blue and N 

atoms are in light blue. The structure of AB and CD layers are shown in (c) and (d). 

Crystal structures were made using Crystal Maker software.  
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Si3N4 thin films deposited using chemical vapour deposition (CVD) or derivatives 

of this technique such as PECVD and low pressure (LPCVD) tends to be amorphous and  

has a hydrogen content that is in the range of 10 to 25%.34 The optical band gap of 

amorphous Si3N4 is approximately 5.1 eV but can slightly decrease in samples with high 

hydrogen content.  This type of Si3N4 consists of an amorphous network that composes Si-

N, Si-H, N-H and Si-Si bonds with bond energies of 3.5eV, 3.0eV, 4.0eV and 1.83eV, 

respectively. During the deposition process structural defects can form within amorphous 

Si3N4 with the most common types of defects being Si and N dangling bonds.  

The presence of N dangling bonds has been observed by Warren et al. for 

stoichiometric and N-rich Si3N4 produced by LPCVD and PECVD respectively. In this 

report, they found that the formation of N dangling bonds was the result of post deposition 

annealing causing hydrogen evolution from the breaking of N-H bonds.35 In other work by 

Warren et al., the researchers observed that the presence of N and Si dangling bonds was 

dependent on the Si and N concentration in the hydrogenated amorphous silicon nitride (a-

SiNx:H) films. N dangling bonds were observed for x > 1.3 (N-rich Si3N4) while Si 

dangling bonds were only observed for x < 1.3 (Si-rich Si3N4).
36  

Notably, the presence of these defects in Si3N4 results in the formation of the mid-

bandgap states. There has been a substantial amount of theoretical and experimental work 

done to characterize the various defects.37-39. Fig.1.6 summarizes the energies of these 

defects.  
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Fig.1. 6: Illustration of the possible defects present in Si3N4 based on results by Mo et 

al.39   

1.3.1a Impurity Doping  

Similar to the well-established band gap engineering of semiconductor materials, 

like ZnO using impurities, researchers have also explored the use of dopants to modify the 

band gap of Si3N4. In 1999, F. Munakata et al. observed that the incorporation of Al 

impurities into single crystal β-Si3N4 introduced an interband state  of approximately 2.4 

eV.40 In addition, Z. Mao et al. demonstrated that an intermediate state at 2.65 eV was 

produced in Al-doped α-Si3N4 micron-belts based on their I-V curve measurements.41    

Later on, in 2016, Z. Huang et al. proposed that the electron transition mechanism for their 

Al-doped system was due to the formation of Al-N and Al-Si mid gap states forming. This 

resulted in an apparent band gap of 1.99 eV, which was confirmed by their PL 

measurements.42 In the study conducted by Z. Huang, the α-Si3N4 used was single 

crystalline nanowires produced through the nitriding cryomilled nanocrystalline silicon 

powder (see the details in Ref.43).43 To the author’s knowledge there currently does not 

exist any publications on the influence of Al doping of Si3N4 containing Si-QDs. But, based 
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on the publications cited above, there is great potential for Al incorporation to alter the 

emission of the Si3N4 and the Si-QDs.  

There has been a recent report on the optical and electrical properties of boron (B) 

doping Si-QDs contained in Si3N4 thin films, which has been a common candidate for 

doping Si-QDs. In a publication by J. Liu, it was shown that the Ar flow rate used during 

film deposition can be used to alter the properties of Si-QDs in B-doped Si3N4 because it 

helped to increase B incorporation into the Si-QDs.44 These studies on doped Si3N4 suggest 

that impurity doping could be used to modify the optical and electrical properties of Si3N4 

thin films and Si3N4 containing Si-QDs. This thesis will explore the influence of Al dose 

(concentration) on the optical properties of Si-QDs in Si3N4. 

 

1.3.2 Aluminum oxide 

Al2O3 is a material that is used in a wide range of applications including optics, 

electronics and metallurgy. The wide band gap (9.2eV) and high dielectric constant of this 

material make it a promising candidate as a host matrix for Si-QDs. Furthermore, the 

intrinsic defects and impurities of Al2O3 can be exploited to further expand the possible 

applications of Si-QDs systems.  

Al2O3 is a transparent inorganic material that can exist in amorphous and crystalline 

states. This thesis will examine both amorphous and crystalline Al2O3. Crystalline Al2O3 

can be subdivided into different crystalline phases with the three most common phases 

being α, θ and γ. The α-Al2O3 phase is the most thermodynamically stable phase while θ 

and γ are metastable phases. The crystal structures of the most common phases γ, θ and α 

are presented in Fig.1.7.45-47 
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Fig.1.7: Crystal structure of α-Al2O3, γ- Al2O3 and θ-Al2O3 with Al atoms in green and O 

atoms depicted in red.  

The crystal structure of γ-Al2O3 comprises of Al lattice that has octahedral and 

tetrahedral Al along with an O lattice which is face-centered cubic. θ-Al2O3 has a hexagonal 

closed packed Al and face-centered cubic O lattice structure. And finally, α-Al2O3 

comprises of hexagonal close packed O anions with octahedral interstitials of Al3+ cations. 

The processes that are used for producing α-Al2O3 involve the transition from 

intermediate metastable phases to the α phase. For instance, an aluminum hydroxides 

precursor like AlOOH can be thermally dehydrated or amorphous Al2O3 (a-Al2O3) can be 

heat treated to form crystalline α-Al2O3. There are several methods for producing a-Al2O3 

thin films, with the most common techniques being CVD and electrochemical anodization. 

As an example, a-Al2O3 thin films can be deposited on Si substrates by thermal CVD of 

aluminum tri-isopropoxide (Al[OCH(CH3)2]3) or ATI at 420°C at a pressure of 10mbar.48  

Anodization is a common technique used for producing Al2O3 coatings in order to 

increase the corrosion resistance of aluminum surfaces. Anodization is the controlled 
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oxidation of an aluminum surface to produce a continuous oxide film. Aluminum is 

connected to the positive terminal of a power supply acting as the anode in the 

electrochemical process while another metal, typically tungsten or tantalum, acts the 

cathode. The two metals are then submerged in an electrolyte such as phosphoric or 

sulphuric acid.49 The bias potential splits the water molecules in the acid into hydrogen 

cations and oxygen anions. The oxygen anions then migrate to the aluminum anode while 

the hydrogen cations move towards the metal cathode. The reaction at the two electrodes 

are described below,  

Anode: 2𝐴𝑙 + 3𝐻2𝑂 → 𝐴𝑙2𝑂3 + 6𝐻+ + 6𝑒− (1. 8) 

Cathode: 6𝐻+ + 6𝑒− → 3𝐻2 (1. 9) 

There are two types of anodic oxide films that can be formed on aluminum, shown 

in  Fig1.8.50 One type is known as barrier-type Al2O3 film were the thickness of the film is 

very uniform and typically forms in completely insoluble electrolyte solutions with a pH 

of 5-7 such as neutral boric acid and ammonium tetraborate in ethylene glycol. The other 

type of film is porous and normally forms in a slightly soluble electrolyte such as oxalic 

and phosphoric acid. 
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Fig.1.8: Illustration of (a) barrier-type Al2O3 and (b) porous Al2O3. 

For barrier-type Al2O3 films, the maximum thickness is less than 1µm while porous 

Al2O3 films can be made much thicker. The thickness of porous Al2O3 films is dependent 

on the anodization time, the electrolyte used and current density. The formation mechanism 

for porous Al2O3 is illustrated below in Fig.1.9.  

 

Fig.1.9: Schematic of the formation of porous Al2O3. (a) Starting with the formation of 

barrier-type Al2O3, followed by (b) surface fluctuations causing electric field distribution 

with electric field shown as red arrows and (c) the field-enhanced dissolution and stable 

growth of pores. 

Growth steps can be summarized in the following sequence. First a barrier film is 

formed that covers the aluminum surface, Fig.1.9(a). Then pores begin to grow due to the 

field-enhanced and/or temperature enhanced dissolution of the barrier film, as shown in 
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Fig.1.9(b). The competitive growth of pores causes some of the pores to stop growing while 

the growth of surviving pores begins to stabilize.   

 

1.4 Thesis Outline 

The focus of this thesis is to examine the luminescence of Si-QDs in Si3N4 and Al2O3. 

This thesis will examine the luminescence of Si-QDs and examine the effect: (1) different 

growth conditions have on the emission of Si-QDs in Si3N4, (2) matrix crystallinity has on 

the growth and luminescence of Si implanted Al2O3 as well as (3) impurity doping has on 

the luminescence of Si-QDs. The content of this thesis is presented as follows:  

• Chapter 2: this chapter provides details on sample fabrication and 

characterization techniques used in this thesis.  

• Chapter 3: will examine the influence of hydrogen passivation on the PL 

intensity of Si-QDs in Si3N4 and the impact which post-annealing 

temperature has on the hydrogen content of this system. This chapter 

explores how sample composition and annealing temperature impact the 

luminescence of Si-QDs formed in Si3N4.  

• Chapter 4: explores the impact of defect concentration on the light emission 

of Al implanted stoichiometric Si3N4. This chapter explores the impact of 

post-annealing temperature on the light emission of Al implanted 

stoichiometric Si3N4. It will also examine the role of dopant concentration 

on the photoluminescence spectra of this doped system.  
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• Chapter 5: focuses on the luminescence of Al and P implanted Si-rich Si3N4. 

This chapter explores the influence dopant type and concentration have on 

the luminescence of Si-QDs embedded in Si3N4.  

• Chapter 6: examines the optical properties of Si-implanted Al2O3. This 

chapter investigates the influence of Al2O3 crystallinity on the formation of 

Si-QDs in a non-Si based matrix. 

• Chapter 7: provides a summary of conclusions made in this thesis as well as 

suggestions for the follow-up research. 
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Chapter 2 

Experimental Techniques 

2.1 Photoluminescence (PL) Spectroscopy  

Photoluminescence is a contactless technique which probes the electronic 

structure of a material. The sample is illuminated by a light source with photon energy 

equal to or greater than the band gap of the material. The absorption of light promotes 

a valence electron from the ground state to an excited state. Eventually, this excited 

electron recombines with a hole in the valence band (VB). This recombination process 

can either be radiative (to produce a photon) or non-radiative (to produce a phonon).  

In semiconductors, the probability that the recombination process is radiative or 

non-radiative is strongly dependent on the band gap structure. Semiconductors can have 

a direct band gap in which the VB and conduction band (CB) occur at the same 

momentum or an indirect band gap in which the VB and CB are misaligned in reciprocal 

space. For semiconductors with an indirect band gap (such as bulk Si), the probability 

that the electron-hole pair recombines radiatively is very low due to the three-particle 

process required for a photon to be produced. This process has been discussed in section 

1.2.1. In contrast, direct band gap semiconductors (such as GaAs) have a higher 

probability for radiative recombination as no phonon is required.1 Hence, the PL 

wavelength and intensity provide information about the de-excitation processes 

occurring in the material. This information is extracted by examining the wavelength of 

emission, spectral shape and PL intensity. 
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A typical PL setup comprises of a light source with a wavelength close to the 

band gap energy of the target material. The sample is oriented such that the reflected 

incident beam and the PL emission of the sample are in different directions. A high-

pass filter can also be used to prevent scattered incident rays from entering the 

spectrometer. The emitted light from the sample is collected by the spectrometer which 

uses a diffraction grating to direct different wavelengths of the light to an array of 

photodetectors in the spectrometer. The photodetectors in the spectrometer measure the 

intensity of the different wavelengths and this information is then interpreted by a 

computer which outputs the PL spectrum of the sample being examined. 

 The PL spectra presented in this thesis were obtained at room temperature using 

an in-house PL system. The light source for PL measurements was a 405±10 nm 

wavelength laser diode with a power input of 120mW. The angle of incidence was 45° 

relative to the sample surface. The light source was band-pass filtered (405nm), and the 

emitted photons from the sample were high-pass filtered (> 450nm). PL spectra were 

collected using a Mightex HRS-BD1-200 spectrometer with a wavelength range of 300-

1050 nm and 0.9 nm resolution.  

 

2.2 Time-Resolved Photoluminescence (TRPL) 

Unlike PL which uses a continuous laser beam, time-resolved 

photoluminescence (TRPL) uses a short laser pulse for excitation. The subsequent 

decay of PL intensity as a function of time is measured when the laser is off. Since the 

light emitted during electron-hole pair recombination is composed of various transitions 

which have different PL lifetimes, TRPL can provide information about the species 

responsible for the luminescence of a given system.  TRPL spectra are analysed by 
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fitting the decay curve with a single- or multi-exponential decay function depending on 

the number of components present.  For semiconductors, the characteristic lifetime is 

dependent on the dimensions and type of material and interfaces involved and can vary 

from picoseconds to milliseconds. It is important to note that the lifetimes observed in 

the decay spectra are also dependent on the resolution of the TRPL setup used. 

Therefore, samples with very short lifetime components (on the order of picoseconds) 

require a very fast acting laser and ultra-high-speed detector in order for these short 

lifetimes to be measured.   

For time-resolved PL (TRPL) measurements, the 405nm laser diode was pulsed 

using a 3310A HP function generator. The time resolution of our setup was ~100nsec. 

Decay curves were acquired using a R7400U-20 Hamamatsu photomultiplier tube 

(PMT) with a spectral range of 300-900nm and peak sensitivity of 630nm. Decay curves 

were analysed using OriginLab® and fitted using a multi-component exponential decay 

function. 

2.3  Fourier Transform Infrared Spectroscopy (FTIR) 

Infrared (IR) spectroscopy is a vibrational spectroscopy technique that is used 

for identifying chemical compounds in a sample. In this technique, the sample is 

exposed to an IR beam, and when the energy of the IR beam matches the energy of a 

specific molecular vibration, absorption occurs.  For IR absorption to occur (i.e. for a 

molecule to be IR active) the vibrations or rotations within a molecule must cause a net 

change in the dipole moment of the molecule. There are two major types of oscillations 

that atoms can undergo which are stretching and bending modes known as the normal 

modes of vibration. The stretching mode can be symmetric or antisymmetric motion 

along the bond axis. While the bending mode occurs is when there is a change in the 
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angle between bonds. The number of normal modes of vibration for a molecule with N 

atoms is given by 3N-5 for linear molecules and 3N-6 for non-linear molecules.  Since 

different molecules absorb specific frequencies,  the IR spectrum can be used for 

identifying (fingerprinting) a sample at a molecular level.2  

An IR spectrometer can be non-dispersive (fixed wavelength selection), 

dispersive (uses a grating to vary wavelength) or Fourier transform (uses an 

interferometer to collect the IR spectrum). The most common type of infrared 

spectrometer is the Fourier transform infrared (FTIR) spectrometer. The main 

component of an FTIR spectrometer is the Michelson interferometer. In a Michelson 

interferometer, a beam passes through a beam splitter which splits the original beam 

into two beams: one passes through while the second is reflected at 90°. Each of these 

beams is then reflected by mirrors back towards the beam splitter. One of these mirrors 

is stationary while the other mirror is movable. The two beams that are reflected from 

these mirrors then merge to form one beam, which is the product of the interference 

between the two beams.  By changing the position of the movable mirror at constant 

velocity over a fixed distance, the optical path difference between the two beams is 

changed. As the mirror is moved each wavelength of the collected beam is modulated 

as a function of frequency. All the wavelengths that make up the source are collected to 

form an interferogram. This interferogram is a coded representation of the sample 

spectrum which is then decoded by applying a Fourier transformation to produce the IR 

spectrum of the sample. The main advantage of using a FTIR spectrometer is the ability 

to collect numerous average scans in a short amount of time which helps to increase the 

signal-to-noise ratio of the final spectrum. More information on the principles of FTIR 

spectrometer can be found in Ref.3. 
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2.4 X-ray Absorption Spectroscopy 

X-ray absorption spectroscopy is a very broad term which refers to several 

techniques that involve X-ray absorption. This thesis utilises two of these techniques: 

X-ray absorption near edge structure (XANES) and X-ray excited optical luminescence 

(XEOL). These measurements were conducted using synchrotron radiation at the 

Canadian Light Source (CLS). Synchrotron radiation (SR) is highly collimated 

electromagnetic radiation that is emitted tangentially due to any change in the direction 

of the relativistically travelling charged particle, typically an electron. The radiated 

power produced is defined by the Larmor equation:  

 𝑃 =  (
2

3
) (

𝑒2

𝑚2𝑐3
) (

𝑑𝑝

𝑑𝑡
)

2

 
(2. 1) 

where p is the relativistic momentum, m is the mass of the electron, c is the speed of 

light and e is electron charge. This equation can be expressed in terms of the rest mass 

of the electron and the relativistic energy E (in GeV) of the electron bent by a magnetic 

field with a radius of curvature 𝜌 as follows:4  

 𝑃 =  
2𝑒2𝑐𝐸4

3(𝑚𝑜𝑐2)2𝜌2
 

(2. 2) 

The theory behind SR can be traced back to the discovery of the electron and 

the work of Larmor in 1897. Larmor was who derived an expression for the total power 

radiated by the acceleration of a charged particle. The first observation of SR was at the 

General Electric Research Laboratory in 1947 where at the time this radiation was 

viewed as a nuisance since it caused the particles to lose energy during high-energy 

physics experiments. However, later in the 1960s, it was recognised that SR was 

superior to X-ray tubes as this type of radiation was extremely bright. Considering the 

potential use of SR, the first SR source became operational in 1968.5 This type of 
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synchrotron facility is referred to as a first generation synchrotron with synchrotron 

experiments being performed parasitically to high-energy particle physics experiments. 

The generation of a synchrotron source is determined based on the technology used to 

produce the SR. Second generation synchrotrons utilised bending magnets to produce 

SR with the first facility being built in 1980 in Daresbury, UK. The third generation of 

synchrotron sources utilises an array of magnets known as insertion devices. These 

insertion devices cause the electrons to wiggle which generates an even brighter light 

than the previous generation.6  

The CLS is referred to as a third-generation synchrotron facility as it utilizes 

these insertion devices. The layout of this facility is shown in Fig.2.1. The electrons are 

produced using an electron gun. These electrons are then accelerated to 99.999998% of 

the speed of light using a linear accelerator (LINAC). After passing from the LINAC, 

the electrons then travel to the booster ring where the energy of the electrons is raised 

to 2900MeV using a specially designed radio frequency cavity. Afterward, the electrons 

are then transferred to the storage ring where they emit light every time their path is 

bent by bending magnets at curved sections of the storage ring. In the straight section 

of the storage ring, the electrons pass through the insertion devices (such as wigglers 

and undulators) which increase the beam’s brightness before it enters the beamline. 

Wigglers and undulators are devices that consist of periodically arranged dipole 

magnets which produce an alternating magnetic field that deflects the electron beam 

sinusoidally. This oscillation of the electron beam causes the electron to emit radiation 

at every point within the device that the electron beam direction is changed. These 

emission cones then add up to increase the intensity of the beam.  
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Fig.2.1: Schematic of synchrotron facility (modified image from CLS website see ref. 

7).7 

 

2.4.1 X-ray Absorption Near-Edge Structure (XANES) 

When light interacts with matter, it can either be scattered, partially or totally 

absorbed. The absorption of light in matter is defined by Beer’s law which relates the 

incident light intensity to the amount of light transmitted through the material, see 

equation 2.3.   

 I = Ioe
-μt 

(2. 3) 

where Io is the incident light intensity, t is the thickness of the material and µ is the 

absorption coefficient.  X-ray absorption near edge structure (XANES), or near edge X-

ray absorption fine structure (NEXAFS) as it is also known, probes the change in the 

absorption coefficient as a function of the incident X-ray energy.8  When the incident 

X-ray energy is equal to or greater than the binding energy of a core electron of the 

atom of interest, there is a sharp increase in the absorption coefficient (µ). This increase 

in µ is referred to as the rising edge and is caused by the promotion of a core electron 
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to a previously unoccupied bound state, quasi-bound state, or the continuum.  The 

XANES region of the absorption spectra stretches from the rising edge to ~50eV above 

the rising edge, as shown in Fig.2.2. The region below the rising edge is referred to as 

the pre-edge region. These pre-edge features are caused by electrons transitioning to 

empty bound states. Above the XANES region (from ~50eV to ~1000+eV) is known 

as the extended X-ray absorption fine structure (EXAFS) region.  

 

Fig.2.2: Illustration of normalized X-ray absorption spectrum showing the pre-edge, 

rising edge, XANES region and EXAFS region.  

The exact location of the rising edge is dependent on many factors, one of which 

is the orbital location of the excited electron. This is because the X-ray absorption 

spectroscopy (XAS) spectrum is basically a reflection of the density of states (DOS) of 

the conduction band (CB) as core electrons are excited to the conduction band (or Fermi 

level in the case of metals). XANES, in other words, is a probe of the angular 
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momentum of unoccupied electronic states. Based on quantum selection rules there 

must be a change in orbital angular momentum quantum number:  

 ∆𝑙 = ±1 ; ∆𝑛 ≠ 0 ; ∆𝑗 = 0, ±1 
(2. 4) 

 where n is the principal quantum number; l is the orbital angular momentum quantum 

number (l = 0, 1, 2, and 3 refer to the s, p, d, and f orbitals, respectively), and j is the 

total angular momentum quantum number.  

As a consequence of these rules, we are only able to probe the partial DOS 

(PDOS). In spectroscopic notation, K, L, M, N and O edges refer to the principal 

quantum number n=1, 2, 3, 4 and 5 core levels respectively. An electron from the K- 

edge, n = 0 and l = 0 (1s orbital), would have a final state of l = 1 (2p orbital). At the L-

edge, the initial state is either the 2s or 2p orbital. For 2s transitions, the final state would 

be a p orbital which is known as the L1 -edge. On the other hand, 2p orbital spin-orbit 

coupling gives rise to the 2p1/2 and 2p3/2 level transition to s and d orbitals. This edge is 

typically referred to as the L2,3-edge as it refers to sublevels of the 2p orbitals. 

The absorption coefficient can either be measured directly by taking 

measurements in transmission mode or indirectly by measuring the electron or 

fluorescence yield, as shown in Fig.2.3.8, 9 In transmission mode both the incoming 

beam and the transmitted beam are measured and the absorption coefficient can be 

calculated using equation 2.3. For samples not suitable for transmission mode other 

modes must be used. In fluorescence yield mode, the intensity of fluorescence X-rays 

(If), which are a decay product of the absorbed incident beam, is measured using either 

Si or Ge solid-state detectors. Instead of measuring the fluorescence, the electrons 

emitted (Iey) from the material can be measured in electron yield mode. The electron 
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yield mode is very surface sensitive due to the short mean free path of the electrons in 

the solid.  

 

Fig.2.3: Schematic of different XAS detection modes (a) transmission, (b) fluorescence 

and (c) electron yield mode. 

 

2.4.2 X-ray Excited Optical Luminescence (XEOL) 

XEOL is a measure of the optical emission produced due to radiative 

recombination. This occurs after an electron is excited to the bottom of the conduction 

band (CB) by an incident X-ray. This, in turn, produces a hole in the valence band (VB). 

This electron-hole pair then recombines either radiatively to produce a photon or non-

radiatively to produce a phonon. The concept of XEOL is very similar to conventional 

PL which uses a laser instead of a synchrotron source to excite electrons. Since the X-

ray used in XEOL supplies sufficient energy to promote core electrons, the 

luminescence observed is associated with the absorption process of the core electrons. 

The tunable X-ray source used in XEOL allows for different deexcitation pathways to 

be explored. 
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2.4.3 XAS Beamlines at the Canadian Light Source Synchrotron Facility 

The results presented in this thesis were conducted at the High Resolution 

Spherical Grating Monochromator (SGM) 11ID-1 beamline, the Variable Line Spacing 

Plane Grating Monochromator (VLS PGM) 11ID-2 beamline using end station A or the 

Soft X-ray Microcharacterization Beamline (SXRMB) beamline. Schematics of these 

two beamlines are shown in Fig.2.4.10, 11   

 

Fig.2.4: Layout of (a) SGM beamline, (b) VLS-PGM and (c) SXRMB beamline at the 

CLS.11-13 
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The SGM beamline at the CLS has an energy range of 250-2000 eV, a typical 

energy resolution of 2×10-4 E/ΔE and beam size of 1000×100µm. This beamline 

features a 45mm planar undulator and three diffraction gratings: (1) low grating for 250-

700 eV, (2) medium grating for 450-1250 eV and (3) high grating for 740-2000 eV. 

XANES and XEOL measurements at the Si, Al, N and O K-edges were collected using 

the SGM beamline. For the Si and Al K-edges, the high grating (1700 lines/mm) was 

used to maximize photon flux. For the N and O K-edges, the low grating was used for 

similar reasons. For XANES measurements at the Si K-edge, we restricted our 

measurements to the total electron yield (TEY) to eliminate any signal coming from the 

Si substrates used in most of the samples studied.  

The VLS-PGM beamline has an energy range of 5-250 eV with a typical 

resolution >10000 E/ΔE and spot size of 500×~500 μm. This beamline is equipped with 

of three diffraction gratings which are: (1) low grating ranging from 5-38 eV, (2) 

medium grating for 25-120 eV and (3) high grating for 90-250 eV. On this beamline, 

the XANES spectra at the Si and Al L2,3-edges were measured. For measurements at 

the Si L2,3- edge the high grating was used, while for the Al L2,3- edge the medium 

grating was selected. The SXRMB beamline has an energy range of 1.7 – 10keV with 

a typical resolution of 3.3 × 10-4 E/ΔE and beam spot size of ~1 × 4 mm. This beamline 

was used for measuring the Si K-edge.  

 

2.5 Rutherford Backscattering Spectroscopy (RBS) 

Rutherford Backscattering spectroscopy is a non-destructive ion-beam analysis 

technique that is useful for determining film composition, stoichiometry and thickness. 

In RBS, samples are bombarded with light ions, such as H+ or He+, at an energy (E0) in 
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the MeV range, and then the energy of the backscattered ions (E1) is measured. A 

schematic of this interaction is shown in Fig.2.5.14 

 

Fig.2.5: Schematic of RBS and example of RBS spectrum for a sample with two 

elements A and B.  The RBS system consists of an incident ion of mass M1 while KB 

and KA are the kinematic factors of the elements A and B, respectively. The mass of A 

is greater than B hence the energy of the backscattered ion from A is higher than B. 

From ref. 14. 

The energy of the backscattered projectile is linearly proportional to the incident energy 

of the ion (E0):
15, 16 

 𝐸1 = 𝐾𝐸0 
(2. 5) 

 𝐾 = [
(𝑀2

2 − 𝑀1
2 sin2 𝜃)

1
2 + 𝑀1 cos 𝜃

𝑀2 + 𝑀1
]

2

 
(2. 6) 
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where K is known as the kinematic factor for RBS, M1 is the mass of the lighter incident 

ion, M2 is the mass of the target atom, and 𝜃 is the backscattering angle. The kinematic 

factor relates the mass of the incident ion to the mass of the target nucleus which allows 

for the mass of the target nucleus to be determined. Other physical concepts that need 

to be taken into account when converting the RBS spectra to a quantitative profile are: 

(1) the differential scattering cross-section, (2) the stopping power (cross-section), and 

(3) energy straggling.16  

The RBS measurements presented in this thesis were taken at the Tandetron 

Facility at the University of Western Ontario. Spectra were obtained using 500 keV 

4He+ ions, with a Si charged particle detector at 170°. In addition to the samples studied 

in this thesis, the RBS spectra for a Sb-implanted amorphous Si sample with a known 

total Sb content of 4.821015 atoms/cm2 was measured to calibrate the detector solid 

angle. RBS spectra measurements were analysed using SIMNRA software.17 

 

2.6 Elastic Recoil Detection (ERD) 

Elastic recoil detection is an ion-beam analysis technique that uses incident ions 

to forward scatter light target atoms (atomic number 1 to 9). ERD can be separated into 

two groups: (1) light ion ERD and (2) heavy ion ERD (Hi-ERD). For light incident ion 

ERD, typically low energy (~2-3MeV) 4He+ ions are used to depth profile hydrogen 

and deuterium.18 For Hi-ERD, high energy (hundreds of MeV) heavy ions such as Cl 

and Au are used. In Hi-ERD, there is also a need for a mass sensitive detector to identify 

the recoil atoms. The ERD measurements presented in this thesis are light ion ERD. 

The schematic of ERD is shown in Fig.2.6.  
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Fig.2.6: Schematic of ERD setup with incident He ions in red and detected H ions in 

blue. 

 

Like RBS, kinematics of ERD is a classic two-body collision problem and the equation 

relating the incident energy (Eo) to scattered energy (E1) is given by:  

 𝐸1 = [
(𝑀2

2−𝑀1
2 sin2 𝜃)

1
2±𝑀1 cos 𝜃

𝑀2+𝑀1
]

2

𝐸0  
(2. 7) 

when the M1< M2, we use the ‘+’ which gives us equation 2.6, for RBS. On the other 

hand, when M1>M2 then we can derive the following equations (details can be found in 

Ref. 18):18  

 𝐸1 = 𝑘𝐸0 
(2. 8) 

 
𝑘 =

4𝑀1𝑀2 cos2 𝜃

(𝑀1 + 𝑀2)2
 

(2. 9) 

where k is known as the kinematic factor for ERD.  
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ERD measurements were also conducted at the Tandetron facility at The 

University of Western Ontario. A 1.6 MeV 4He+ ion beam was used to obtain the H 

concentrations and depth profiles in samples. For ERD measurements an incident angle 

of 75o, a recoil angle of 30o and a 6.1 µm Al-coated mylar range foil was used. Kapton 

(C22H10N2O5) tape was used as a standard to determine the detector solid angle.  

 

2.7 Particle Induced X-ray Emission (PIXE) 

 PIXE utilizes high energy protons or alpha particles to eject electrons from the 

innermost shell of the target atoms.  This forms a hole in this shell which is later filled 

by an electron in an outer shell. This may result in either characteristic X-rays being 

produced or Auger electrons being emitted. PIXE is a spectrum of the emitted X-rays 

where the energy of the X-ray is equal to the difference between the binding energy of 

the inner shell electron and that of the outer shell electron. The characteristic X-ray 

produced in PIXE are collected by a highly sensitive energy dispersive detector. 

Typically, PIXE is only able to measure elements with an atomic number that is greater 

than 11. Moseley law relates the X-ray energy to the atomic number of the emitting 

atom.19 The energies of the K- and L-series X-ray lines are given by the following 

equations:    

 𝐸𝐾−𝑠𝑒𝑟𝑖𝑒𝑠 = (
3

4
) (𝑍 − 𝜎)2𝐸𝑓 

(2. 10) 

 
𝐸𝐿−𝑠𝑒𝑟𝑖𝑒𝑠 = (

5

36
) (𝑍 − 𝜎)2𝐸𝑓 

(2. 11) 

where 𝐸𝑓 = 13.6𝑒𝑉  is the ionization energy of the hydrogen atom, Z is the atomic 

number of the element in the target and σ is the screening constant. 
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2.8 Ion Implantation 

 Ion implantation is a technique that is used to introduce controlled amounts of 

impurities ions into a material. In this technique, incident ions are accelerated into the 

target material. The process of ion implantation can be divided into four parts: (1) source 

ionization, (2) ion selection, (3) ion acceleration and (4) implantation. The schematic of 

a typical ion implanter is shown in Fig.2.7.  

 

Fig.2.7: Schematic of the ion implantation system. 

Source ionization requires that the material being implanted is in the gaseous 

state. This can be done by either using a low-pressure gas source (e.g. boron trifluoride 

(BF3) gas for boron implantation) or by heating a solid ion source (e.g. phosphorus 

pentoxide (P4O10) for implanting phosphorous). In the ionization chamber of the ion 

implanter, a tungsten filament is heated under low pressure. This heated filament then 

emits electrons, which when hot enough ionize the gaseous ion source. Since other 
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secondary ions from the gas are produced in addition to the ion of interest, there is a 

need for ion selection. Ion selection is done by using a bending analyser magnet which 

selects the ion with the desired charge-to-mass ratio. This is achieved by placing an 

aperture at the end of the analyser. The desired ion can be selected based on the 

following equation:  

 𝑟0 = (
1

𝐻
) (

2𝑚𝑉𝑒

𝑞
)

1
2
 (2. 12) 

where 𝑟0 is the radius of curvature of the ion in bending analyser magnet, H is the 

magnetic field, m is the ion mass number, 𝑉𝑒 is the applied voltage, and q is the ion 

charge state. When these desired ions emerge from the analyser, they do not have 

enough energy to penetrate the sample. For these ions to gain sufficient energy, they 

must pass through the acceleration tube. The ion beam can then be focused using a 

quadrupole triplet magnet. For large implantation areas, an electromagnetic two-

dimensional beam deflector (X-Y scanner plates) is used to maintain homogeneous 

exposure of the beam.  

 

2.8.1 Stopping Power 

When ions are implanted into a target material, it gradually loses energy as it 

collides with atoms in the target and stops inside of the crystal lattice.  There are two 

stopping mechanisms which are (1) nuclear stopping and (2) electronic stopping. 

Nuclear stopping occurs when the dopant ion collides with the nuclei of a target atom 

causing this atom to recoil from its lattice position. This type of stopping produces 

lattice disorder and is responsible for most of the damage caused to the lattice structure 
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of the target material. The nuclear stopping power (𝑆𝑛 ) is given by the following 

equation:15  

 𝑆𝑛 =  
𝑑𝐸

𝑑𝑥
|

𝑛
= 𝑁 ∫ 𝑇

𝑑𝜎(𝐸)

𝑑𝑇
𝑑𝑇

𝑇𝑀

𝑇𝑚𝑖𝑛

 
(2. 13) 

where 
ⅆ𝐸

ⅆ𝑥
 is the energy-loss rate, 

ⅆ𝜎(𝐸)

ⅆ𝑇
 is the energy-transfer differential cross-section, 

𝑇𝑚𝑖𝑛 is the minimum energy-transferred, and 𝑇𝑀 =
4𝑀1𝑀2𝐸

(𝑀1+𝑀2)2  is the maximum transfer 

energy. 

Electronic stopping occurs when the dopant ion interacts with the electrons of 

the target atoms. In this type of stopping, energy is transferred through the electron 

cloud as thermal vibrations. The electronic stopping power is expressed as15  

 𝑆𝑒 =  
𝑑𝐸

𝑑𝑥
|

𝑒
 

(2. 14) 

The total stopping power of the target (S) is given by the sum of the nuclear and 

electronic stopping power. Nuclear stopping is dominant at low energy and high atomic 

number while electronic stopping takes over at high energy and low atomic number. 

 

2.8.2 Ion Range and Straggle  

The integrated distance that the dopant ion travels before stopping is known as 

the range (𝑅) while the net penetration depth into the material is called the projected 

range (𝑅𝑝). Since the process of ion stopping is stochastic, the projected range varies 

from ion to ion even when the implantation conditions are the same. This results in a 

statistically broad spread in the projected ion range referred to as the range distribution. 
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The range distribution in cm-2, 𝑁(𝑥), normalized to the ion implantation dose of 𝜙𝑖 is 

given by15  

 𝑁(𝑥) =
𝜙𝑖

∆𝑅𝑝(2𝜋)
1
2

exp [−
1

2
(

𝑥 − 𝑅𝑝

∆𝑅𝑝
)

2

]   
(2. 15) 

where 𝑅𝑝 is the projected range, ∆𝑅𝑝 is the projected range straggling (i.e. standard 

deviation of the range distribution), and the ion implantation dose 𝜙𝑖 is related to the 

ion implantation depth by15  

 𝜙𝑖 = ∫ 𝑁(𝑥)𝑑𝑥
∞

−∞

 
(2. 16) 

The peak atomic density for a given ion implantation dose can be determined 

using the following equation:15  

 𝑁(𝑥 = 𝑅𝑝) = 𝑁𝑝 =
𝜙𝑖

∆𝑅𝑝(2𝜋)
1
2

≅
0.4𝜙𝑖

∆𝑅𝑝
 

(2. 17) 

The concentration of implanted ions (𝐶𝑝) in atomic percentage at the projected range is 

related to the peak atomic density at a given dose as15  

 𝐶𝑝 =
𝑁𝑝

𝑁𝑝 + 𝑁
  

(2. 18) 

 

2.8.3 Displacements and Radiation Damage 

When the energy of an incident ion is great enough to displace an atom, the 

displaced target atom leaves a vacancy and occupies an interstitial site within the target 

lattice. This type of defect is referred to as a Frenkel defect (or a Frenkel pair). The 

displaced target atom is referred to as a primary knock-on atom (or PKA) which can, in 

turn, displace other atoms in the target lattice thus creating a collision cascade. The 
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following equation can be used to approximate the displacement per atom (𝑑𝑝𝑎) for a 

given dose (𝜙):20 

 𝑑𝑝𝑎 ≅
0.8〈𝑁ⅆ(𝐸)〉 

𝑁𝑅
𝜙  (2. 19) 

where 〈𝑁ⅆ(𝐸)〉 is the mean number of displacements, E is the energy of the incident 

ion, N is the atomic density and R is the ion range. When the energy of the PKA is 

greater than the displacement energy (Ed) but less than 2Ed, then the PKA atom would 

fill the vacant lattice site left by the displaced target atom which is known as a 

replacement collision. These replacement collisions cause greater disorder in 

polyatomic targets than in monoatomic targets.  

 

2.8.4 Defects due to Ion implantation 

As mentioned previously, ion implantation can cause disorder in the target 

material. In this section, we will briefly discuss some types of defects that can be present 

in a material which includes: point defects, line defects, planar defects and volume 

defects.  

Point Defects  

Point defects can either be intrinsic, meaning that they are formed in the material 

without any external influence such as irradiation damage or impurity-related defects 

caused by the introduction of an impurity ion into the material.  Intrinsic point defects 

can either be vacancies, which is an empty lattice site, or self-interstitial which is a 

native atom that is lodge between lattice sites. Impurity-related defects can be 

substitutional in which case the impurity is located in a lattice site, or they can occupy 

interstitial locations.21  
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Line Defects 

Line defects (or dislocations) are 1-D defects that are irregularities along a line 

in the crystal structure where there is an abrupt change in the ordering of atoms along a 

line. Dislocations can be subdivided into edge dislocations and screw dislocations. An 

edge dislocation can be described as an extra incomplete plane being inserted into the 

lattice thus atoms above the dislocation line are compressed while those below the 

dislocation line experience tensile stress.22 Unlike the edge dislocation which moves 

parallel to the shear stress, a screw dislocation moves perpendicular to the stress and 

atom displacement.  

Planar defects 

Planar defects are 2-D imperfections that are discontinuities in the crystal lattice 

across the plane.22  This occurs due to the clustering of line defects in the plane. One 

type of planar defect is a grain boundary, which is where one crystallite ends, and 

another begins. Grain boundaries can either be subdivided into tilt boundaries or twist 

boundaries. A tilt boundary arises because of an edge dislocation while a twist boundary 

is caused by screw dislocations. There are also high and low angle grain boundaries 

which are defined by the degree of disorientation with angles less than 10° for low angle 

and great than 15° for high angle grain boundaries.   

Volume defects  

Though volume defects are on a much larger scale than other defects for the sake 

of completeness, we will briefly discuss this type of defect. Volume defects are 3-D 

defects which include phase variations and voids (or pores).22 Phase defects are the 

result of impurities atoms clustering to form a different phase. Voids occur when many 

atoms are missing from a region in the lattice.  
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2.8.5 Diffusion of Implanted Ions 

During the annealing process, implanted ions would migrate from regions of 

high concentrations to regions of lower concentration. In a 1-D system, the flux of atoms 

is defined by Fick’s first law of diffusion which is expressed as follows:23  

 𝐹 = −𝐷
𝜕𝐶

𝜕𝑥
, 𝐷 = 𝐷𝑜 exp (−

𝐸𝐴

𝑘𝑇
) 

(2. 20) 

where 
𝜕𝐶

𝜕𝑥
  is the concentration gradient, D is diffusivity, 𝐷𝑜 is proportionality constant, 

k is the Boltzmann constant, T is the absolute temperature, 𝑥 is depth, and 𝐸𝐴 is the 

activation energy. Fick’s second law of diffusion in the case of constant D is expressed 

as21   

 
𝛿𝐶

𝛿𝑡
= −𝐷

𝛿2𝐶

𝛿𝑥2
 (2. 21) 

where 𝑡 is time and C is concentration. To solve the above equation the appropriate 

initial boundary conditions must be applied. There are two simplified cases of diffusion. 

The first of which is constant source diffusion in which the concentration of the dopant 

is kept constant. The second case is limited source diffusion in which the total quantity 

of dopants introduced is constant. For ion implantation, the solution of limited source 

diffusion is used and given by21  

 𝐶(𝑥, 𝑡) =
𝑄

√𝜋𝐷𝑡
exp (−

𝑥2

4𝐷𝑡
) 

(2. 22) 

where 𝑄 is the total number of dopant atoms.  
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2.8.6 Irradiation-Enhanced Diffusion 

The diffusion of dopant ions can be enhanced by ion implantation due to Frenkel 

pairs produced in this process. This is because the diffusivity is proportional to the 

defect concentration in the material. The excess vacancies produced during ion 

implantation aid in atomic motion by the interchange between atoms and neighbouring 

vacancies. The vacancy-driven atomic diffusion coefficient is defined as follows:21  

 𝐷𝑣 =
𝑓𝑣𝐶𝑣Г𝑣𝑑2

6
 (2. 23) 

where 𝑓𝑣  is the correlation factor, 𝐶𝑣  is the vacancy concentration, Г𝑣  vacancy jump 

frequency and d is the atomic jump distance. To account for the diffusion due to the 

various types of point defects, the diffusion coefficient is given by the general 

expression:21  

 𝐷 = 𝑓𝑖𝐶𝑖𝐷𝑖 +  𝑓𝑣𝐶𝑣𝐷𝑣 + ⋯  
(2. 24) 

where  𝑓𝑖 , 𝐶𝑖  and 𝐷𝑣  are correlation factor, vacancy concentration and diffusion 

coefficient related to interstitials. Based on this equation, it is clear to see that an 

increase in the number of defects caused by implantation leads to an increased diffusion.  

 

2.9 Positron Annihilation Spectroscopy (PAS) 

A positron is the antiparticle of the electron. When positron diffuse in a material 

is can be captured by trapping sites. This trapping occurs because positrons are sensitive 

to the electron density and the electron momentum distribution in the material. Since 

the electron density and momentum of defects are different to that of a perfect lattice, 

positrons provide a means of study the type and concentration of defects in a material.  
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It is possible for positrons and electrons to annihilate and have their total energy 

be transferred to photons. The main interaction between positrons and electrons is the 

two-photon annihilation. Momentum is conserved when the positron-electron pair 

annihilates by the production of two gamma rays. The energy of each of these gamma 

rays is 511keV, and they are emitted in opposite directions.24  

There are three different measuring techniques for positron annihilation 

spectroscopy (PAS) which are: (1) positron lifetime spectroscopy, (2) angular 

correlation spectroscopy and (3) Doppler broadening spectroscopy. Positron lifetime 

spectroscopy utilizes the sensitivity of positrons to the electron density of the sample. 

While angular correlation and Doppler broadening spectroscopy exploit the sensitivity 

of the positron to electron momentum distribution. For this thesis, PAS results were 

collected using the Doppler broadening method which will be discussed below. This 

section will also discuss the type of positron source used, the interaction of positrons in 

matter and the Doppler broadening method. 

  

2.9.1 Positron Source 

Conventionally, positrons for PAS are obtained from the β+-decay of radioactive 

isotopes. Typically, the isotope used is a 22Na source which gives a high positron yield. 

The decay process of this isotope is shown in Fig.2.8. To prepare the positron source, a 

solution of a sodium compound such as 22NaCl is deposited on to Kapton film.25 Once 

dried this film is then sandwiched between thin metal films. The metal films have two 

advantages the first of which is that it can prevent the leakage of activity. The other 

advantage is that the metal has a negative work function on the positron which slows 

down the fast positrons (from few hundreds of keV to a few keV). These slower 
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positrons can then be magnetically steered toward the target and electrostatically 

accelerated to produce a variable-energy positron beam which would allow for depth 

profiling.26 

 

Fig.2.8: Decay scheme of 22Na to 22Ne. 

2.9.2 Interaction of Positrons with Matter 

A positron incident on a target can either backscatter or penetrate the surface of 

the material. When the positron of a certain incident energy enters the target material, 

it will lose energy as it diffuses through the material until it annihilates. The 

implantation profile of positrons is called the Makhov profile and is defined as 

follows:27, 28  

 𝑃(𝑧, 𝐸) =  𝛼 𝑒−𝛼𝑥 , 𝛼 ≈
40

𝜌 (
𝑔

𝑐𝑚2)
𝐸(𝑘𝑒𝑉)1.6 

(2. 25) 

where 𝑃(𝑧, 𝐸) penetration profile, 𝛼 absorption coefficient, 𝜌 is the material density 

(g/cm3), E is the beam energy (keV), and z is the probing depth (nm). As shown in 

Fig.2.9, the implantation profile is much broader for high energy positrons than low 

energy positrons. In the presence of point defects within the material, the effective 

diffusion length is expressed as follows:21  
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 𝐿𝑒𝑓𝑓
+ = √

𝐷+

𝛾𝐿 + 𝐾ⅆ
 , 𝐾ⅆ = 𝜇ⅆ𝑐ⅆ 

(2. 26) 

where 𝐷+ is positron diffusivity, 𝛾𝐿 is the positron annihilation rate, 𝐾ⅆ is the trapping 

rate of positrons in the point defects, 𝜇ⅆ is the trapping coefficient, and 𝑐ⅆ is the defect 

concentration. The trapping coefficient is constant for a given defect. 

 

Fig.2.9: The penetration depth profile 𝑃(𝑧, 𝐸) for positrons with four different energies 

in Si. Dotted lines show the mean penetration depth (𝑧̅) with the associated energy 

written next to it.24   

 

2.9.3 Positronium Formation 

Positronium (Ps) is the bound state of an electron and positron. The formation 

of positronium occurs when the positron is captured by an electron before the positron 

and electron can annihilate with each other. Based on the spin orientation of the positron 
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and electron, two different positronium states are possible, which are ortho-positronium 

(o-Ps) with parallel spins and para-positronium (p-Ps) with antiparallel spins. In an 

amorphous material, the o-Ps interacts with electrons outside the positronium and 

annihilate to produce two gamma rays. This process is called ‘pick-off’ annihilation.24  

 

2.9.4 Doppler Broadening Method 

As mentioned above the Doppler broadening method relies on the sensitivity of 

the positron to the electron momentum distribution in the sample. Annihilation radiation 

is produced to conserve the momentum distribution of the electron-hole pair. The 

Doppler-broadening spectrum is produced because there is a small Doppler shift in the 

annihilation energy. The Doppler shift of the annihilation energy is given by24:  

 ∆𝐸 =
𝑝𝑧𝑐

2
 

(2. 27) 

where 𝑝𝑧 is the momentum component in the propagation direction of the 𝛾-rays and c 

is the speed of light. The collection of these annihilation events is what makes up the 

Doppler-broadening spectrum.    

In a Doppler-broadening spectrometer, the annihilation photons are collected 

using high purity Ge detectors with high energy resolution. The signal from the 

detectors is processed by the pre-amplifier that is integrated into the detectors. These 

events are then stored in the multi-channel analyser memory (MCA). To reduce 

background noise, both gamma rays are collected. The use of a second Ge detector 

improves the energy resolution by a factor of √2. A schematic of a typical Doppler 

broadening system is shown in Fig.2.10. 
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Fig.2.10: Schematic of a typical Doppler broadening setup using the coincidence 

technique. Emitted gamma rays are collected using liquid nitrogen cooled Ge detectors. 

Based on ref.29. 

To extract the information related to the defect concentration in a given sample 

the Doppler spectrum must be processed. This is carried out by analysing specific line 

shape parameters known as the S and W parameters. The S parameter is the number of 

counts in the centre of the spectral peak divided by the number of total counts,24  

 𝑆 =
𝑁𝑝

𝑁𝑡𝑜𝑡𝑎𝑙
 , 𝑁𝑝 = ∫ 𝑓(𝐸)𝑑𝐸 

𝐸0+∆

𝐸0−∆

  
(2. 28) 

where 𝐸0 =511keV, 𝑁𝑝 is the number of counts in central low-momentum part of the 

spectrum, and 𝑁𝑡𝑜𝑡𝑎𝑙  is the total number of counts. For calculating the S parameter, 

symmetric limits are chosen. Typically, limits 𝐸0 + ∆ and 𝐸0 − ∆ are select such that 

the S parameter value for a close to defect-free material is nearly 0.5.24 The W-

parameter is the number of counts in the two wings of the spectral peak divided by the 

total number of counts,24  
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 𝑊 =
𝑁𝑤1 + 𝑁𝑤2

𝑁𝑡𝑜𝑡𝑎𝑙
 , 𝑁𝑤1,𝑤2 = ∫ 𝑓(𝐸)𝑑𝐸 

𝐸2

𝐸1

 
(2. 29) 

where 𝑁𝑤1 and 𝑁𝑤2 are the number of counts under the wings as illustrated in Fig.2.11. 

The W-parameter corresponds to annihilations with core electrons. The limits 𝐸1and 𝐸2 

must be select such that there is no overlap between these limits and those selected for 

the determination of the S parameter. In other words, the centroid region used for 

calculating the S parameter cannot overlap with wing regions used calculating the W 

parameter, similar to what is illustrated in Fig.2.11. It should be noted that the S and W 

parameter values collected using different spectrometer cannot be directly compared 

due to a large statistical error between the resolution of different spectrometers.  

 

Fig.2.11: Illustration of Doppler broadening peak highlighting the regions of the 

spectrum used for determining the S and W parameters. The total number of counts (Np) 

is shown in red and is used for calculating the S parameter while the number of counts 

in the wing regions (Nw1 and Nw2) shown in blue are used for calculating the W-

parameter.  
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Chapter 3 

The influence of hydrogen passivation on the luminescence 

of Si quantum dots embedded in Si3Nx 

 

3.1 Introduction 

Silicon (Si) dominates the photovoltaic and microelectronic industries.  The poor 

light emission of bulk Si makes it unsuitable for fabricating high efficiency optoelectronic 

devices, 1 however, it has been shown that low-dimensional Si structures such as  

quantum dots (QDs) have better optical properties than bulk Si.2 The transition at the -

point in crystalline Si-QDs  occurs with a lifetime on the order of picoseconds.3 This 

phenomenon makes Si-QDs a better candidate for optoelectronic applications compared 

to bulk Si. Si-QDs also offer advantages of low cost and lack of toxicity over CdSe or 

GaAs QDs.4 

 In order to improve the luminescence of Si-QDs for the development of 

optoelectronic devices various approaches have been explored, ranging from different 

methods of Si-QD fabrication to rare earth doping. The quantum confinement effect 

(QCE) is not the only mechanism responsible for the photoluminescence (PL) of Si-QDs: 

matrix defects and radiative interface structures also contribute to the light emission.5, 6 A 

number of publications have focused on Si-QDs formed in SiO2 matrices.7-9 However, the 

fabrication of Si-QDs/SiO2 typically requires very high annealing temperatures (> 

900oC), making  it incompatible with other optoelectronic components, especially those 
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based on Si/Ge.10 On the other hand, Si-QDs in silicon nitride (Si3Nx) films can be 

fabricated at temperatures as low as 300oC.11 From an electrical perspective, Si/Si3Nx 

systems have a lower tunneling barrier (~ 1.9eV) compared to that of SiO2 (3.2eV).12, 13 

The luminescence of Si3Nx systems due to QCE in the 600-850 nm range, combined with 

defect luminescence in the green (500-570 nm) and blue (400-500 nm) bands, makes it 

possible to fabricate full-colour devices. The research presented in this chapter explores 

the optimal conditions for fabricating future light emitting devices. We show the interplay 

between the QCE and hydrogen passivation, and the effect this interplay has on the 

luminescence of Si-QDs in Si3Nx.  

 

3.2 Experimental 

3.2.1 Sample Preparation 

Si-rich silicon nitride (Si3Nx) films were deposited on As-doped (100) Si wafers 

(𝜌 = 0.001Ωcm) using plasma enhanced chemical vapour deposition (PECVD) in an 

Edwards STS310 system at 750 mTorr and 300°C. Deposition was performed under a 

constant nitrogen-diluted 5% SiH4 flow rate of 600sccm and a variation in the 99.9999% 

NH3 gas from 30 to 45sccm. Gases were ionized using a radio frequency source to form 

Si3Nx films with stoichiometries from Si3N2.72 to Si3N3.21. Si3Nx film samples were post 

annealed for 30 minutes at temperatures ranging from 400°C to 1000°C in forming gas 

(95% N2, 5% H2) in a Lindberg Blue M Thermo Scientific Furnace. The thickness of the 

Si3Nx films was estimated to be 100nm using a Woolam M2000V spectroscopic 

ellipsometer (SE). The index of refraction was found by ellipsometry to vary from 1.8 to 
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2.4 for different Si3Nx stoichiometries, which can be considered an attractive property for 

fabricating waveguides with tailored characteristics. The observed index of refraction for 

the stoichiometry Si3N4 was 1.85, which is consistent with reported values of 1.80-1.92 

for hydrogenated Si3N4.
14  

 

3.2.2 Sample Characterization 

The composition of films was determined using Rutherford backscattering 

spectroscopy (RBS), elastic recoil detection (ERD) and X-ray photoelectron spectroscopy 

(XPS). RBS and ERD measurements were conducted using He4+ at energies of 500keV 

and 1600keV respectively. RBS was performed at several locations on the surface to 

confirm the uniformity of the film thickness and composition. A Sb-implanted amorphous 

Si sample with a known total Sb content of 4.821015 atoms/cm2 was used to calibrate the 

detector solid angle. RBS and ERD data were fitted using SIMNRA15 to determine the 

elemental composition and film thickness, and to explore changes in hydrogen content for 

annealed samples. XPS analyses were performed using a Kratos Axis Ultra spectrometer 

with a monochromatic Al K(α) source (15 mA, 14 kV) at Surface Science Western. High-

resolution spectra were obtained using an analysis area of ≈300µm×700µm and either a 

10 eV or 20 eV pass energy which corresponds to an Ag 3d5/2 FWHM of 0.47 eV and 

0.55 eV, respectively. In order to perform depth-resolved analysis, the surface of the 

samples was sputtered with an Ar+ ion beam. Sputter rates were calculated based on an 

SiO2/Si(001) standard (1.5  nm/min). XPS spectra were fitted using CasaXPS software. 16 

Samples for scanning transmission electron microscopy (STEM) were prepared 

using a Zeiss NVision 40 focused ion beam system. STEM electron energy loss spectrum 
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(STEM EELS) images at the Si edge were acquired using a FEI Titan cubed system with 

a high-resolution Gatan Imaging Filter quantum energy filter. PL spectra were collected 

at room temperature using a 405±10nm wavelength laser diode with a power output of 

120mW.   The incident beam was filtered to remove wavelengths longer than 405nm and 

photons from the sample were filtered to remove wavelengths shorter than 450nm. 

Emitted photons were collected and analysed using a Mightex HRS-BD1-200 

spectrometer with a wavelength range of 300-1050nm.  

X-ray absorption near edge structure (XANES) and Fourier Transform Infrared 

Spectroscopy (FT-IR) measurements were performed to investigate the effects of thermal 

annealing on the chemical configuration of the samples. XANES measurements were 

conducted at the Canadian Light Source (CLS) using the Soft X-ray 

Microcharacterization Beamline (SXRMB) with an energy range of 1.7 to 10 keV. InSb 

(111) crystals were used as monochromatizing crystals for the Si K-edge XANES 

measurements with an energy resolution of 3.3×10-4 E/E. Detection modes were total 

electron yield (TEY) and partial fluorescence yield (PFY), which were measured 

simultaneously, and the spectra were normalized to the incident X-ray intensity (I0). TEY 

and PFY modes can track surface and bulk information from the sample because of the 

difference between the mean free paths of electrons and fluorescence photons. FT-IR 

measurements were performed using a Digilab FTS 7000 Series spectrometer in 

transmission mode for films deposited on undoped Si substrates, and otherwise prepared 

under identical conditions as those on doped Si wafers.  
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3.3 Results and Discussion 

3.3.1 Results 

 

RBS and ERD analyses revealed that as the NH3 flow rate was increased, the Si 

content of the films decreased. The hydrogen (H) content of the nitride films was 

unchanged by increasing the NH3 flow rate. The mean percentage of H in the films before 

annealing was 19±1 at%. Film compositions of Si3N2.72, Si3N3.00, Si3N3.15 and Si3N3.21 

corresponded to NH3 flow rates of 30sccm, 35sccm, 40sccm and 45sccm respectively. 

Full elemental composition of a set of similar films over a broader range of compositions 

can be found here.17  

Energy-filtered STEM images were taken for as-deposited and annealed nitride 

samples with different compositions (Si3Nx, x=2.72 – 3.21). While the crystalline 

structure of the Si substrate was imaged very clearly, the non-stoichiometric silicon 

nitride (Si3Nx) films appeared homogeneous and no individual Si-QDs were resolved. It is 

possible that the size (d = 2-3nm) and amorphous structure of the Si-QDs make them 

difficult to resolve as they may be below the detection limit of the STEM- EELS system. 

XPS analysis of the Si 2p core level was conducted to gain further insight into the 

chemical composition of films. XPS measurements were conducted on samples as-

deposited and annealed at 500°C. XPS can be used as an indicator of the presence of Si-

QDs, since the binding energy of the Si0 peak in Si-QDs is significantly lower than the 

Sin+ peak in the SiOx or Si3Nx matrix.18 Oxygen was found to be present only on the 

surface.  The Si 2p peaks corresponding to Si in an SiOx matrix were not detected after 

sputtering. Fig.3.1 shows XPS data for a Si3N3 sample annealed at 500°C, after sputtering 

9nm (red dotted line) and 45nm (blue dotted line). The spectra were fitted using 
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CasaXPS, with peaks at 99.7eV, 100.4eV, 101.1eV and 101.7eV (shown in Fig.3.1 by 

dashed red lines) corresponding to the Sin+ (n=0, 1, 2, 3) oxidation states of Si. The peak 

centered at 99.7eV corresponds to the binding energy of Si0 of Si atoms in a pure Si 

network, and is considered a signature of the presence of Si-QDs.18  It should be noted 

that Si0 was observed in both as-deposited and annealed samples. The peaks at 100.4eV 

(Si1+) and 101.1eV (Si2+) correspond to Si subnitride in Si-rich Si3Nx, while Si3+ 

corresponds to Si atoms in a Si3N4 network.19-22  

 

 

Fig.3.1: XPS Si 2p spectra from an Si3N3.00 sample annealed at 500°C. 

The PL spectra in Fig.3.2(a) shows the emission from samples annealed at 500°C. 

PL data shown in Fig.3.2 were normalized with respect to the maximum intensity of 

brightest sample. A similar trend was observed for as-deposited films. There is a shift in 

the PL maximum to longer wavelengths as the Si content is increased. The Si-QDs 
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diameter can be estimated from the PL peak position using the equation:  

 ℎ𝑐

𝜆
= 𝐸𝑔 +

𝐶

𝑑2
 

(3.1) 

where Eg is the bandgap of bulk Si, C is the confinement factor (C =  2.4eV for 

amorphous Si) and λ is the PL peak position.23, 24  As an example, the position of the PL 

maximum for the sample with composition Si3N2.72 at 707 nm (1.75 eV) can be used to 

estimate an average Si-QD diameter of D =3.9nm. We used the confinement factor 

associated with amorphous Si, due to lack of observed crystallinity for Si-QDs in TEM 

images. Fig.3.2(b) shows the change in dot size for samples with the same composition 

annealed at lower temperatures (600°C and below). The dot sizes reported in this figure 

were calculated using equation 3.1. For samples annealed above 600°C, the reduction in 

intensity, and broadening, of the PL peaks made the determination of the PL peak position 

unreliable. 
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Fig.3.2: (a) Normalized PL spectra for samples annealed at 500°C, (b) change in Si-QD 

size with annealing temperature and (c) the variation in PL intensity with annealing 

temperature. Samples not post-annealed are indicated by 300°C (growth temperature). 

We found that PL intensity was a function of both composition and annealing 

temperature. The Si3N2.72 film yielded maximum PL intensity after annealing to 400°C, 

while films of Si3N3.00 and Si3N3.15 showed maximum intensity after annealing at 600°C, 

and Si3N3.21 showed only slight variations in PL intensity for annealing temperatures 
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ranging from 400 to 600°C, as seen in Fig.3.2 (c). The PL intensity of the Si3N2.72, 

Si3N3.15 and Si3N3.00 films was significantly lower for annealing temperatures of 800°C 

and above. However, for the Si3N3.21 film, which had the highest nitrogen (N) content, the 

observed decrease in PL intensity was less dramatic, and occurred at 900°C.   

To probe changes in the total H content in the films with annealing temperature, 

ERD analysis was conducted on the Si3N3.00
 film. ERD results revealed that the amount of 

H in the film decreased monotonically with increasing annealing temperatures, as shown 

in Fig.3.3. 

 

Fig.3.3: Percentage of hydrogen remaining after annealing (blue), and PL intensity (red) 

vs annealing temperature for composition Si3N3.00. Samples not post-annealed are 

indicated by 300°C (growth temperature). 

PL intensity increased for annealing temperatures from 400°C to 600°C, and 

decreased along with the loss of hydrogen for annealing temperatures of 800°C and 
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above. It should be noted that standard ERD setups have a detection sensitivity of 

approximately 10ppm,25, 26 and therefore, it is possible that some undetected H remains in 

the film. These trends will also be explained by FT-IR results presented in Fig.3.4. 

 

 

 

Fig.3.4: (a) FT-IR spectra and (b) extracted parameters for Si3N3.00 films before and after 

annealing. 
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From Fourier Transform Infrared (FT-IR) spectroscopy measurements six major 

peaks were observed, as seen in Fig.3.4 (a) for all compositions and temperatures. These 

peaks were located at 617cm-1, 822cm-1, 1186cm-1and 2160cm-1, which correspond to the 

Si-H wagging mode, Si-N asymmetric stretching, N-H wagging and Si-H stretching 

respectively. 27-29  Fig.3.4(b) shows the relative area of Si-N asymmetric stretching, Si-H 

stretching and N-H stretching modes, as a function of annealing temperature. FT-IR 

spectra for annealed samples revealed that Si-H and N-H bonds decreased with increasing 

annealing temperature. N-H bonds completely disappeared for temperatures above 800°C.  

The Si-N bond remained constant (less 5% deviation with respect to an as-deposited 

sample) for temperatures from 400°C to 800°C, and decreased above 800°C.  

XANES measurements were performed at the Si K-edge to explore the chemical 

and electronic structure of Si in our Si3Nx films. Fig.3.5(a) shows TEY-XANES spectra 

of Si3N3.00 films annealed at various temperatures. TEY-XANES is surface and near-

surface sensitive (~ 70nm)30 due to the shallow sampling depth of the photoelectrons. 

TEY-XANES spectra of Si3N3.00 films annealed at different temperatures exhibit similar 

features to those of -Si3N4. 
31 The feature at 1846 eV corresponds to Si-N bonds, while 

that at 1848.5 eV corresponds to the Si-O bond, which is due to surface oxidation of the 

Si3Nx film or of the Si-QDs. The weak feature at 1842 eV is related to the Si-Si bond, 

which comes from the Si-QDs and is absent in the spectrum of pure Si3N4. 
31   
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A closer examination of the TEY spectra revealed that: (1) the intensity of the Si-

O resonance peak decreased with annealing temperature in the range of 400-600°C and 

significantly increased for annealing temperatures higher than 800°C (as shown in Fig.3.5 

(b)); (2) the intensity of the Si-Si resonance peak increased for annealing temperatures up 

to 600°C and then decreased for higher temperatures (as shown in Fig.3.5 (c)); and (3) the 

peak position shifted to higher energies as the annealing temperature increased.  The 

presence of the Si-O resonance peak indicates that a layer of SiOx was formed either on 

the surface of the Si-QDs or the nitride film during the synthesis process, which was 

reduced to Si0 when the sample was annealed at 600°C with the presence of H in the 

nitride film. When the sample was annealed to a temperature higher than 800°C, the 

Fig.3.5: (a) X-ray absorption near edge spectroscopy (XANES) for the Si-K edge, for 

Si3N3.00, and the normalized intensity of the (b) Si-O bond and (c) Si-Si bond, as a 

function of annealing temperature.  



78 
 

surface of the Si-QDs or of the nitride film was further oxidized. This observation is 

consistent with the PL results, in which the sample annealed at 600°C shows the strongest 

luminescence (see Fig.3.3). The bulk-sensitive FLY-XANES spectra from Si3N3.00 films 

annealed at various temperatures (see appendix A1) show features identical to those of a 

Si wafer. This is due to the deeper sampling depth of x-rays compared to electrons at the 

Si K-edge, which resulted in a much greater contribution from the Si wafer beneath the 

Si3N3.00 film.30  

 

3.3.2 Discussion 

In the literature, the origin of PL from Si-rich Si3Nx films has been attributed to 

both radiative recombination at defect sites in the Si3Nx film and the QCE.5, 11 The 

wavelength of defect-based luminescence is only dependent on the energy level of the 

particular defect and it should not change with the composition of the Si3Nx film. On the 

other hand, the QCE PL peak position is dependent on the Si-QD size, and can therefore 

be manipulated by changing the gas flow rates. 32 Fig.3.2 (a) demonstrates that the PL 

peak position red-shifts with increased Si content, providing evidence for QCE 

luminescence.  

To increase the intensity of the luminescence from QD systems, hydrogen 

passivation of dangling bonds has been used by many researchers.33, 34 The passivation of 

dangling bonds reduces the number of non-radiative sites within the system, increasing 

the internal quantum efficiency.35 Therefore, it would be expected that depletion of 

hydrogen (H) from the system would reduce the light output. Fig.3.3 shows an initial 

increase in PL intensity with annealing temperature despite a loss of H from the films, 
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which appears to contradict this expected result.  

During the deposition of Si3Nx with Si in excess, Si-Si bonds span throughout the 

nitride film resulting in a rigid and strained structure. The presence of Si-QDs in as-

deposited films is evident by the presence of an Si0 peak in XPS and PL of as-deposited 

samples. The structure of as-deposited films is dependent on a number of factors: the 

mixture of Si-Nx states present in the film, the arrival species of Si and N atoms; and the 

combination of these species on the Si substrate surface.36  

Once the nitride films are annealed, unbonded Si and N atoms in the 

neighbourhood of Si-QDs diffuse to bond to the Si-QDs. This results in a size increase of 

the Si-QDs which has been reported by Pei et al.36 The growth process is Oswald 

ripening, by which larger particles are grown at the expense of smaller particles. This 

process occurs because larger particles are thermodynamically favoured over smaller 

particles.37 In our samples we observed an increase in dot size, as shown in Fig.3.2(b), 

however this increase is not as large as was reported by Pei et al.36 The increase in size of 

Si-QDs is limited by the supply of surrounding Si atoms because the diffusivity of Si in 

the nitride films is very low. This is consistent with the larger shift in PL peak position 

after annealing for samples with higher Si content.  In addition, during the annealing 

process H is lost from the films, as shown in Fig.3.3.The following two reactions are 

possibly occurring:38 

 Si-H + N-H → Si-N + H2(g) (3.2) 

 Si-H + Si-H → Si-Si + H2(g) (3.3) 

The reaction in equation 3.2 represents the formation of Si-N bonds and H gas due 

to dissociation of Si-H and N-H bonds. According to Boeheme et al, 39 this process occurs 

faster at high temperatures. This explains the low intensity of Si-H and N-H peaks after 
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annealing to temperatures of 800oC and above, as shown in Fig.3.4 (b). In addition to this 

reaction, the disassociation of Si-H bonds to form Si-Si bonds and H gas is also possible 

(equation 3.3). This reaction is less probable than the first reaction, due to the higher 

density of N-H bonds which would surround Si-H bonds when they disassociate, however 

it is still possible in our Si-rich Si3Nx films. 40  The second reaction (equation 3.3) 

facilitates the growth of Si-QDs because the areas in the film where this process occurs 

act as nucleation sites for Si-QD growth. The formation of these Si-QDs is due to phase 

separation of excess Si in the nitride film.41, 42 The shoulder at 1842eV in XANES spectra 

(Fig.3.5 (a)) and the Si0 peak in XPS (Fig.3.1) are associated with Si-Si bonds.31, 43 Due to 

the surface-sensitive nature of TEY XANES, the native oxide present on the nitride films 

contributes to the features observed in the Si K-edge spectra. By comparing Fig.3.5 (b) 

and (c) it is evident that the native oxide contributes significantly to the XANES spectra 

for all annealing temperatures except 600°C. There is clearly a strong contribution due to 

the Si-QDs for samples annealed at 600°C, which is evident from the rise in intensity of 

the Si-Si shoulder at 1842eV (as shown in Fig.3.5 (a)). The increased intensity of this 

shoulder, and the increase in PL intensity, indicate that the increased PL is due to radiative 

recombination from the Si-QDs. For annealing temperatures above 600oC, there is also a 

significant decrease in Si-N bonds as shown in Fig.3.4(b). The decrease in Si-N bonds 

indicates that there is also a loss of N that occurs at higher annealing temperatures. A 

possible mechanism by which this occurs is the reaction:44  

 Si-H + H-SiN-H → Si-Si + NH3(g) (3.4) 

The fairly high bond strength of Si-N bonds explains why this loss of N is not 

observed at lower temperatures. The loss of both H and N from the film results in the 

formation of a large number of dangling bonds which act as non-radiative sites.45 This 
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increase in non-radiative sites increases the probability of non-radiative recombination 

and is the reason for the low PL intensity seen following annealing at higher 

temperatures.  

Based on equation 3.4, it is expected that samples with higher N content would be 

less sensitive to higher annealing temperatures. The results shown in Fig.3.2(c) support 

such an argument. It is observed that samples with higher N content have higher PL 

intensity at higher annealing temperatures than those with higher Si content. However, 

samples with a higher N content would also have smaller Si-QDs because of the lower Si 

content which would require higher excitation energies in order to luminescence.  

 

3.4   Summary and Conclusions 

We have shown that the luminescence of Si-QDs in Si3Nx depends on the interplay 

between QCE and non-radiative defects formed after desorption of hydrogen from the 

nitride film. At low annealing temperatures this interplay results in improved 

luminescence of the Si-QD system. As a result, the light output of Si-QDs increases for 

annealing temperatures from 400°C to 600°C. However, at higher annealing temperatures 

(800°C and above) the desorption of hydrogen dominates and results in an increase in the 

number of non-radiative sites, thus reducing the luminescence of the Si-QD system. We 

have also demonstrated that N-rich films are less sensitive to this reduction in PL 

intensity at high annealing temperatures. Our results ultimately show that if Si-QDs in an 

Si3Nx matrix are to be integrated in optoelectronic devices, a hydrogenated matrix is 

needed to achieve high light output.  
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Chapter 4  

Optical Properties and Defects of Al Implanted 

Stoichiometric Silicon Nitride  

4.1 Introduction 

Silicon nitride (Si3N4) is used extensively in microelectronics for various 

applications such as the dielectric material in field effect thin film transistors, and as the 

passivation material in device packaging. Si3N4 is also used as an antireflective coating in 

photovoltaic devices and has been explored as a host material for silicon quantum dots (Si-

QDs).1-4 Due to its numerous applications, there have been many studies on the various 

optical, electrical and structural properties of Si3N4, as well as the effect of growth 

temperature and growth methods on the properties of Si3N4 thin films.5-8 To modify the 

optical properties of Si-QDs researchers have explored the use of dopants such as P and B 

to modify the optical and electrical properties of Si-QDs in SiO2.
9-11 The shift to the use of 

Si3N4 host material, therefore, requires research into the impact of dopants on the optical 

properties of Si-QDs embedded in Si3N4.  

In the previous chapters, we provided motivation for the use of Si3N4 as a host 

material for Si-QDs with a focus on the optical properties of Si-rich Si3N4. In this chapter, 

we will examine the impact of incorporating Al impurities in the stoichiometric Si3N4 film 

by ion implantation to understand the effects of Al dose and annealing temperature on the 

optical properties of stoichiometric Si3N4. These results are the preface to an understanding 

of the optical properties for Si-QDs in the Si3N4 system examined in chapter 5.  
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In this chapter, we explore the optical properties of Al incorporated Si3N4 thin films 

made using plasma enhanced chemical vapour deposition (PECVD). This study seeks to 

examine the influence of Al dose and post-annealing temperature on the 

photoluminescence (PL) of Si3N4 thin films. It will also seek to determine the mechanism(s) 

responsible for the luminescence of this system. The use of ion implantation allows for 

control of both ion depth and concentration. Previous studies on Al-doped Si3N4 have 

examined Al doping at a constant concentration. For instance, one of the first studies of Al-

doped Si3N4 showed that the incorporation of Al impurities into β-Si3N4 produced midgap 

energy levels; full details can be found in ref.12.  More recent studies have examined the 

optical properties of Al-doped Si3N4 of single crystalline Si3N4 nanowires produced 

through the nitriding of cryomilled nanocrystalline silicon powder and Al-doped α-Si3N4 

micron-belts.13, 14PECVD deposition allows us to produce stoichiometric Si3N4 and Si-rich 

Si3N4 (to be discussed in chapter 5) and is a common growth method for producing Si-QDs 

embedded Si3N4 films.  As temperature plays an important role in the formation and 

annihilation of defects produced by ion implantation, we are also focused on the effects of 

annealing temperature on the optical properties of the implanted material.  

Furthermore, based on findings presented in chapter 3, the influence of hydrogen 

content on the optical properties of the stoichiometric Si3N4 will be monitored since the 

hydrogen concentration of the film will likely influence the PL of Si-rich Si3N4 samples 

examined in chapter 5. Optical properties of Al implanted Si3N4 were characterized by 

photoluminescence (PL), complemented by Fourier transform infrared spectroscopy 

(FTIR), X-ray absorption near edge spectroscopy (XANES) and positron annihilation 
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spectroscopy (PAS) to obtain information on the chemical changes and defect 

concentrations of the material.  

 

4.2 Experimental Details 

4.2.1 Sample preparation 

Silicon nitride (Si3N4) films with 200 nm thickness were deposited on Si (100) 

wafers using plasma enhanced chemical vapour deposition (PECVD) at 750 mTorr and 

300°C. The optimization of film deposition conditions is detailed in a previously published 

work.15 Si3N4 films were then implanted with Al ions at an incident energy of 50 keV at 7° 

tilt at room temperature with implantation doses ranging from 51011 to 51015 ions/cm2. 

Two sets of samples were prepared, in line with two objectives of this project, which are to 

investigate the influence of (1) Al dose and (2) post-annealing temperature on 

photoluminescence. One set of samples had different implantation doses (ranging from 

51011 to 51015 ions/cm2) followed by annealing at 600°C in forming gas (samples were 

denoted 5e11 to 5e15). The second set of samples was implanted with 51015 Al atoms/cm2 

and annealed at different temperatures. This second set was further divided into ‘ex-situ’ 

and ‘in-situ’ samples. ‘ex-situ’ samples were annealed at different temperatures (200°C, 

400°C and 600°C) in vacuum for 30mins. ‘in-situ’ samples were used to study the evolution 

of defect concentrations with annealing temperatures in comparison to those of samples 

measured after annealing. ‘in-situ’ samples were annealed on PAS sample stage in ultra-

high vacuum during the collection of positron annihilation spectroscopy measurements 

from 200°C to 600°C at 200°C intervals for 30mins at each temperature.  
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4.2.2 Sample Characterization 

All photoluminescence (PL) spectra were acquired at room temperature using a 405 

nm laser diode with a 120mW power input. The incident beam was at 45° to the sample 

surface, and spectra were collected using a Mightex HRS-BD1-200 spectrometer; see 

ref.15 for complete details of the PL setup.15 X-ray absorption near-edge spectroscopy 

(XANES) measurements were conducted at the Canadian Light Source (CLS) to study the 

electronic and chemical structure of samples. XANES spectra at the Si, N and Al K-edges 

were collected at the High Resolution Spherical Grating Monochromator (SGM) 11ID-1 

beamline. At the Si K-edge, the total electron yield (TEY) was examined to eliminate any 

signal from the Si substrate due to the penetration depth at the edge. To maximize photon 

flux, the high energy grating was used for the Si and Al K-edges while the low energy 

grating was used for the N K-edge.  XANES measurements at the Si L2,3-edge were 

collected at the variable line spacing plane grating monochromator (VLS PGM) 11ID-2 

beamline. XANES spectra taken at the Si L2,3-edge allow us to examine the bonding of 

valence electrons in our samples. Due to the short electron mean path (very surface 

sensitive ~5 nm) at this edge, the TEY measurements were not examined as the signal 

would be dominated by a SiO2 surface layer. Instead, the fluorescence yield (FLY) is 

collected, which probes ~70 nm into the film surface. This is deep enough to examine the 

implanted Si3N4 film but shallow enough to prevent a signal from the Si substrate affecting 

our measurements. All XANES spectra except for Si K-edge spectra were normalized to 

the incident X-ray intensity (I0) using Athena software. Due to beamline mirror 

contamination, the Si K-edge diode measurements were used for spectra normalization in 

order to remove absorption caused by the contamination.  
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In order to study defect concentrations, Doppler broadening positron annihilation 

spectroscopy (PAS) experiments were conducted using a low energy monoenergetic 

positron beam at the University of Western Ontario positron facility. PAS is a non-

destructive technique often applied to probe the point defects and open volumes in solid 

materials and thin films. Mono-energetic positrons are directed onto the target material and 

as the positrons travel through the material annihilation can occur from traps near the 

surface of the material or from point defects in the material.16 Due to the conservation of 

energy and momentum when the electron-positron pair annihilates, two gamma rays 

travelling in opposite directions are emitted and each has the energy approximately equal 

to the rest energy of an electron or positron (moc
2=511 keV). Since the width of the 511 

keV gamma ray line is sensitive to the electronic environment of the target material, the 

origin of the annihilation event can be inferred. The line width of the gamma rays, in high 

defect regions, is narrower than in low defect regions. The S parameter is a measure of the 

“sharpness” of the gamma ray line and has a higher value when vacancies are present.17 

The incident positron beam energy and the mean penetration depth of the positron are 

related according to the following equation:  

 
𝑃(𝑥, 𝐸) =  𝛼 𝑒−𝛼𝑥 , 𝑥 ≈

40

𝜌 (
𝑔

𝑐𝑚3)
𝐸(𝑘𝑒𝑉)1.6 

(4. 1) 

where 𝑃(𝑥, 𝐸) penetration profile, 𝛼 absorption coefficient, 𝜌 is the material density 

(g/cm3), E is the beam energy (keV) and x is the probing depth (nm). For ex-situ samples, 

PAS experiments were conducted at room temperature while for in-situ samples the 

temperatures were controlled by the heated sample stage. An incident positron beam energy 

of 2 keV (~40 nm) was used in PAS measurements. A FTS 7000 Series DigiLab Fourier 
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transform infrared (FTIR) spectrometry was used to evaluate chemical bonding. The 

characteristic IR peaks were then analysed using the integrated absorbance of FTIR spectra. 

 

4.3 Results 

The room temperature PL spectra for Si3N4 samples implanted with different doses 

of Al and annealed at 600°C in forming gas are presented in Fig.4.1. PL spectra of samples 

5e11 and 5e12 were similar to sample 5e13 and were omitted for clarity.  As shown in 

Fig.4.1, the PL spectra for samples labelled asis, annealed and 5e13 are very similar. The 

emission of these samples is very close to the noise level of our spectrometer resulting in 

some noise in the PL spectra. A significant increase in PL intensity is observed at a dose of 

51014 atoms/cm2 with the PL peak position at 615 nm (2.0eV).  When the Al dose is 

increased to 51015 atoms/cm2 (labelled 5e15 in Fig.4.1), there is a further increase in PL 

intensity, accompanied by a blue shift to around 525 nm (2.4eV).  
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Fig.4.1: Normalized photoluminescence spectra of the samples examined including Si3N4 

films before and after annealing labelled asis and annealed, respectively, implanted Si3N4 

films labelled 5e13, 5e14 and 5e15 based on the Al implantation dose. Spectra are 

normalized to a common but arbitrary scale.  

To study the effects of annealing temperature on the luminescence and defect 

concentrations samples were implanted with 51015 Al ions/cm2 then annealed at 

temperatures in the 200-600°C range. Note that annealing was done under vacuum and not 

in forming gas leading to no additional hydrogen incorporation into the Si3N4 films. This 

may affect the comparison of positron annihilation spectroscopy (PAS) results for ‘in-situ’ 

and ‘ex-situ’ samples. Fig.4.2(a) shows the integrated PL intensity and the variation in S 

parameter values for Si3N4 samples implanted with 51015 ions/cm2 of Al as a function of 

annealing temperature. As shown in Fig.4.2(a), the integrated PL intensity before annealing 
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(asis sample) is very low. PL intensity increases for implanted samples as the annealing 

temperature increases.  

 

Fig.4.2: (a) S parameter of PAS measurements (black squares) and integrated PL intensity 

(blue dots) as a function of annealing temperature for Si3N4 sample implanted with 51015 

Al atoms/cm2. The S parameter value and integrated PL intensity for the asis sample are 

included as a reference. (b) S parameter for ex-situ samples (black square), which are those 

annealed in vacuum followed by PAS measurements, are compared with in-situ samples 

(red dots), which are those heated on the PAS stage during PAS measurements. The 

uncertainty is calculated based on the S parameter value (S) and the total number of counts 

(N) and given by 𝑆(1 − 𝑆)√𝑁. 
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We know from previous studies by others and our group that higher annealing 

temperatures result in a decrease in PL intensity due to hydrogen loss from the films. It 

should be noted that the integrated PL intensity of vacuum annealed samples compared to 

those annealed in forming gas was higher (by ~ 20%). PAS measurements show a similar 

trend to PL results, where the S parameter increases as a function of annealing temperature. 

Both PL and PAS results will be discussed further in section 4.4. 

To monitor the evolution of the S parameter with annealing temperature PAS 

measurements were taken as sample temperature was raised up to 600°C. It should be noted 

that the overall temperature profile for these in-situ samples is different to ex-situ samples 

as the temperature was incrementally increased from room temperature to 600°C. 

Therefore, samples annealed at 600oC in-situ had a different thermal history to ex-situ 

samples.  From Fig.4.2(b), we observe that the S parameter value increases with annealing 

temperature for in-situ samples and is coincidentally the same at 200°C in comparison to 

ex-situ samples annealed at the same temperature.  

The difference spectrum of PAS measurements with respect to a (almost) defect-

free Si wafer was taken. The full-width half maximum of the central peak of the difference 

spectrum can be used to estimate the detector resolution. From our measurements, this 

value was found to be ~1 keV. Fig.4.3(a) shows the difference of the normalized PAS 

spectra while Fig.4.3(b) shows the area under 511 keV peak of these spectra. As we can 

see in Fig.4.3(b), the area under 511 keV peak increases as annealing temperature increases 

which suggest that the increase in S parameter may be due to changes in the positronium 

formation.  
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Fig.4.3: (a) Difference spectra for samples minus the PAS spectrum for a Si wafer. For the 

subtraction, all PAS spectra used had an equal number of total counts. (b) The integrated 

area under the middle peak of difference spectra shown in (a). In (b) the grey dashed line 

indicates the integrated area for the asis sample. The annealing temperature of 0°C is used 

to indicate an unannealed but implanted sample.   

 



98 

 
Fourier transform infrared spectroscopy (FTIR) spectra were collected to examine 

the changes in Si-H and N-H bonds at different implantation doses. A complete FTIR 

spectrum can be found in Appendix A2. Fig.4.4 shows the integrated area and absorbance 

peak positions for Si-H and N-H bonds. As seen in Fig.4.4, the integrated area for Si-H and 

N-H bonds decreases after implantation and annealing. The decrease in N-H bonds is 

continuous while for Si-H bonds the maximum decrease is observed at a 5×1012 atoms/cm2. 

At implantation doses greater than 5×1012 atoms/cm2, a slight increase is observed. It 

should be stressed that overall the Si-H bonds decrease after implantation in comparison to 

the annealed sample. The peak position of the Si-H bond increases by ~20cm-1 for the 

maximum implantation dose. For N-H bonds, the integrated absorbance and peak position 

both decreases with increasing implantation dose.  
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Fig.4.4: Integrated absorbance (black dots) and wavenumber (blue squares) of the (a) Si-H 

and (b) N-H absorbance peak as a function implantation dose. Error bars for integrated 

absorbance is 9% based on the signal-to-noise ratio while the error bars for wavenumber 

are ±0.5cm-1. 

XANES measurements were carried out to examine the change in chemical 

composition for samples implanted with different doses of Al. The FLY XANES spectra at 

the Si L-edge is shown in Fig.4.5(a) with the Si-N peak located at 104.8 eV and Fig.4.5(b) 

shows the first derivative of the XANES spectra for samples annealed, 5e13, 5e14 and 

5e15. In Fig.4.5(a), we observe that after annealing Si3N4 (sample annealed) there is a slight 
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upshift in the Si-N peak location to 104.9 eV. We use our annealed sample as our reference 

as it allows us to isolate changes due to annealing from those caused by Al.   

 

Fig.4.5: (a) FLY XANES spectra at the Si L2,3-edge from 99 to 106.5 eV for asis, annealed, 

and implanted (implanted with Al doses of 5×1013, 5×1014  and 5×1015 atom/cm2 ) silicon 

nitride samples. (b) 1st derivative of the normalized spectra that are shown in (a).  

As shown in Fig.4.5(a), we observe that the Si-N signal decreases for samples 5e13, 

5e14 and 5e15 in comparison to the annealed and unimplanted sample (denoted annealed). 
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The increase in implantation dose corresponds to a decrease in the Si-N signal. A gradual 

downshift in the Si-N peak position is also observed with increasing Al dose from 104.9eV 

(for sample annealed) to 104.7eV (for sample 5e15).  

The XANES spectra at the N K-edge in TEY mode are shown in Fig.4.6. As shown 

in Fig.4.6, the Si-N peak is located around 405 eV and there is a decrease in Si-N bonds 

after Al implantation. Also highlighted in Fig.4.6 is a feature attributed to the presence of 

SiOxNy on the surface of the films which decreases with implantation dose.18  

 

Fig.4.6: TEY XANES spectra at the N K-edge for annealed Si3N4 and Si3N4 films 

implanted with Al doses of 5×1013, 5×1014  and 5×1015 atom/cm2. 

XANES measurements at the Al K-edge were collected for samples 5e11, 5e13 and 

5e15, in order to examine the changes in composition at the lowest, median and highest 
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doses of Al. Fig.4.7(a) shows the normalized absorption spectra for sample 5e15 while 

Fig.4.7(b) shows the absorption spectra for samples 5e11 and 5e13. The sample with the  

highest dose (sample 5e15) dose displays a very distinct peak around 1565eV.  No Al 

related features are observed for samples 5e11 and 5e13. 

 

Fig.4.7: (a) Normalized XANES spectra of Si3N4 implanted with 51015 ions/cm2 of Al. 

(b) Raw XANES spectra at the Al K-edge for Si3N4 implanted with a dose of 51011 and 

51013 ions/cm2 of Al. 
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4.4 Discussion 

The relatively wide bandgap of stoichiometric Si3N4 makes it an inherently poor light 

emitter. This is shown in Fig.4.1 by the nearly zero light emission from our ‘asis’ and 

‘annealed’ stoichiometric Si3N4 samples. This lack of PL is also observed in samples 

implanted with Al doses ranging from 51011 to 51013 atoms/cm2. In Fig.4.1, we observe 

that the PL intensity increases for Si3N4 implanted with an Al dose that is equal to or greater 

than 51014 ions/cm2 followed by annealing at 600°C. 

 As the annealing temperature increases, the PL intensities for Al-implanted Si3N4 

samples, and S parameter is going up consistently. From the S parameter difference spectra 

shown in Fig.4.3, we observe that this increase in the S parameter is due to the formation 

of positronium. This increase in positronium may be due to any number of changes in the 

material including hydrogen loss and impurity related defects. The loss of hydrogen is 

expected due to the loss of Si-H and N-H bonds within the material.19 This is further 

supported by FTIR data, shown in Fig.4.4, which shows a loss of Si-H and N-H bonds after 

annealing. Other researchers have also partially attributed the increase in S parameter to 

the loss of hydrogen from the film.19  

Also observed in FTIR data is a shift in the Si-H absorbance peak for samples 

implanted with 51015 ions/cm2 of Al dose followed by 600°C annealing. The increase in 

the wavenumber of the Si-H absorbance band after Al implantation and annealing can be 

explained based on changes in local coordination and electronegativity. The fact the 

electronegativity of Al is less than that of Si causes the bond length to decrease which in 

turn causes an increase in the Si-H absorbance band frequency. Furthermore, we perform 
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a rough estimation of the location of the Si-H and Al-H stretching frequencies using the 

following equations:  

 𝑣̅ =
1

2𝜋𝑐
√

𝑘(𝑚1 + 𝑚2)

𝑚1𝑚2
 (4. 2) 

where c is the speed of light, k=5 × 105 dyne/cm is the force constant for a single bond and 

m1 and m2 are the masses of the elements in the molecule. For Si-H and Al-H we get an 

estimate of 2956 cm-1 and 2966 cm-1, respectively, for the stretching frequencies. This 

estimate indicates that the location of the Al-H vibration peak should be slightly higher in 

wavenumber than that of Si-H. This suggests that the shift in wavenumber observed in 

FTIR data is most likely the result of Al-H bond formation. The loss of Si-H after 

implantation and annealing may indicate that more Si-dangling bonds are present in the 

film. The major defects found in Si3N4 are the Si-dangling bonds back-bonded to N, known 

as K centres (Si≡N3 which can have three charge states), N- dangling bonds that are back-

bonded to Si (*N=Si2 which are known as N2 centres and have three charge states), Si-Si, 

Si- and N- dangling bonds.20, 21 Theoretical predictions made by Warren et al. indicate that 

when Si-Si bonds are present in the film they form both 𝜎∗ states close to the Si3N4 

conduction band and 𝜎 states close to the valence band. Whereas Si- dangling bonds form 

a band state in the middle of the band gap.21 The presence of this Si-dangling bond mid-

gap state has been attributed to PL peak located around 2.5±0.1 eV.5 This suggests that the 

luminescence seen at a dose of 5×1014 atoms/cm2 may partially be caused by the presence 

of Si-dangling bonds. The shift at the highest dose (5×1015 atoms/cm2) maybe partly due 

to an increased number of Al-H bonds. Other bonds which may also be contributing to 

changes in the PL spectra as implantation dose increases are Si-Al and N-Al. These bonds 
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may arise from an increasing number of dangling bonds created as a result of ion 

implantation that then maybe capped by the implanted Al.  The increase in PL intensity for 

samples annealed in vacuum compared to those annealed in forming gas may be the result 

of fewer Si-dangling bonds and a lower probability of Al-H, Si-Al and N-Al bonds being 

present in those annealed in forming gas.   

The incorporation of Al into the Si3N4 matrix is also likely responsible for the 

downshift observed in the XANES measurements at the Si L2,3-edge. The decrease in Si-N 

observed after implantation indicates a loss of Si-N bonds after implantation and annealing, 

also contributing to the increase in the S parameter. The loss of Si-N bonds further 

contributes to the formation of Si- and N- dangling bonds which increase the probability of 

recombination due to these dangling bonds. The incorporation of Al causes changes in the 

local environment around the Si-N bonds which results in the downshift seen in the Si-N 

peak with increasing Al dose that was observed in Fig.4.5. We observe that of the three Al 

doses measured at the Al K-edge, a signal was only measured for the sample with the 

highest dose (sample 5e15) which suggests that the peak observed at 1565 eV may be 

related to N-Al, Si-Al or Al-H bonds. The origin this peak will be discussed further in 

chapter 5.  

FTIR results indicate that Al-H bonds are likely present in the film. These 

measurements also indicate that after implantation and annealing a large number of Si- and 

N- dangling bonds are present in the material. Furthermore, as implantation dose increases 

the number of Si- and N- dangling bonds also increases. Therefore, the probability of Si-

Al and N-Al bonds forming in the material increases with increasing dose. 
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4.5 Conclusion 

We have examined the optical properties of Al-implanted Si3N4 with for doses in 

the 5×1011 to 5×1015 ions/cm2 range using photoluminescence (PL), positron annihilation 

spectroscopy (PAS), Fourier transform infrared spectroscopy (FTIR) and X-ray absorption 

near edge spectroscopy (XANES). We have shown that PL intensity increases for Si3N4 

implanted with Al doses equal to or greater than 5×1014 ions/cm2 followed by annealing at 

600°C. PL measurements for Si3N4 implanted with 5×1015 ions/cm2 of Al and annealed at 

different temperatures ranging from 200°C to 600°C showed an increase in PL intensity 

with an increase in annealing temperature.  

A correlation between the increase in PL intensity and increase in S parameter value 

has been observed. The loss of hydrogen from the film appears to contribute to the increase 

in positronium observed for samples annealed at different temperatures and increase in the 

PL intensity. The loss of hydrogen from the films and the damage caused by ion 

implantation is observed to increase the number of Si and N dangling bonds present in the 

films. The presence of these Si and N dangling bonds appear to play a significant role in 

the increase in PL intensity observed for samples implanted with high doses of Al.  
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Chapter 5  

Optical Properties of Al- and P- Implanted Silicon-Rich 

Silicon Nitride  

5.1 Introduction  

Silicon nitride (Si3N4) has been explored as an alternative host for silicon quantum 

dots (Si-QDs) due to its smaller bandgap in comparison to silicon dioxide (SiO2).
1, 2 

Researchers have demonstrated that Si-rich Si3N4 can be used to producing Si-QDs/Si3N4 

systems with the light emission spectrum strongly dependent on growth conditions.3-5 

While photoluminescence (PL) and, in some cases, electroluminescence (EL) can be 

obtained when Si3N4 is used as the host matrix, the emission intensity is still to low for a 

commercial product. 1, 2  As a result, various means of increasing the luminescence and 

charge carrier concentrations of this type of system has been a subject of exploration in the 

last decade. 

To increase charge carrier concentration and modify optical properties of Si-QDs 

systems, researchers have explored doping Si-QDs using n- and p-dopants. However, most 

of these studies have focused on Si-QDs/SiO2 systems doped with B and/or P.6-8 The use 

of B and P dopants is very common in these studies as these dopants are typically used for 

doping bulk Si. These studies observed that dopant-induced defects and Auger processes 

in the Si-QDs resulted in PL quenching.9-11  
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Quenching effects have also been observed in studies investigating the use of B and 

Sb dopants in Si-QDs/Si3N4 systems.12-14 Authors in these studies argue that this 

observation is evidence of Si-QD doping. As many studies have focused primarily on B 

and P dopants, there is still room to explore the effects other dopant elements would have 

on the optical properties of Si-QDs/Si3N4 systems and the mechanisms responsible for these 

observed properties.  

Here we focus on the potential for Al and P ions to be incorporated into a Si-

QDs/Si3N4 system and examine the mechanisms responsible for the changes in PL 

intensity. In chapter 4, we discussed the optical properties of stoichiometric PECVD Si3N4 

implanted with Al as a function of implantation dose as well as annealing temperature. We 

show that the luminescence of Si3N4 was significantly increased at a high implantation dose 

and an annealing temperature of 600°C. Considering these findings, we now seek to explore 

the behaviour of Si-rich Si3N4, to examine the influence Al and P ions have on the optical 

properties of Si-rich Si3N4 films.  

This chapter will examine the various mechanisms that may be contributing to the 

increased luminescence observed in our PL spectra for Al and P implanted Si-rich Si3N4.  

These include: (1) Si3N4 matrix doping, (2) doping of Si-QDs and (3) Si-QDs being 

passivated by the Al and P. The use of p-type and n-type elements will also allow us to 

examine the role the type of dopant has on the light emission of the samples.  

  

 

 



112 

 

5.2 Experimental 

Silicon-rich silicon nitride (denoted SRSN) and stoichiometric silicon nitride (SiN, 

reference) films were deposited on Si (100) wafers (ρ = 0.01-0.025 Ωcm) using plasma 

enhanced chemical vapour deposition (PECVD) in an Edwards STS310 system at 750 

mTorr and 300°C. Films were deposited using SiH4 and NH3 gas flow rates of 600:35sccm 

for SRSN films (with stoichiometry Si3N3) and 400:90 sccm for Si3N4 films. Selection of 

these growth conditions and stoichiometry of the resulting films was discussed previously.3, 

15 From our previous analysis of these films, stoichiometric composition corresponds to a 

N/Si ratio of 1.33, the H content is constant (15-20%), and the major change in properties 

is due to the N/Si ratio. Film thicknesses were measured to be 200 ± 20 nm using 

spectroscopic ellipsometry.  

For ion implantation, we selected Al and P ions, as these elements have similar 

masses and implantation profiles, but have different chemical properties, solid state 

solubility, and diffusivity. SRIM-2008 was used to estimate the displacements per atom 

(dpa) for Al and P, as well as the target damage for the ions and energies used in this study.16 

For SRIM Monte Carlo simulations, the depth of the maximum damage for Al and P-

implanted samples was found to be 44nm and 36nm respectively, with an assumed SRSN 

density of 3.00g/cm3.17, 18 At these depths using full cascade and knock-on calculations, the 

damage levels were found to be ~0.083±0.001 and ~0.095±0.001 vacancies/(Å ion). The 

percentage difference in target damage (dpa) was calculated to be ~5%, with Al- implanted 

dpa at 212 and P-implanted dpa at 201 for the implantation dose of 51015 atoms/cm2. All 

samples were implanted with Al ions using a 1.7MeV Tandem accelerator, at an incident 

energy of 50keV at 7° tilt at room temperature. The implantation doses were ranging from 
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51011 to 51015 ions/cm2 (denoted 5e11 to 5e15 which corresponds to the implantation 

dose). To compare the effects of ion bombardment on the observed optical properties, we 

also implanted SRSN samples with P ions with the same doses and implantation energy 

(denoted as SRSN_P_5e11 to SRSN_P_5e15). After implantation, all samples were 

annealed at 600°C in forming gas (95% H2: 5% N2) for 30 mins. These conditions were 

found to be optimal in our previous study of photoluminescence (PL) intensity vs. 

annealing temperature/time discussed in chapter 3.3  

Room temperature PL measurements were carried out using a 405nm laser diode 

with 120mW power input, and a Mightex HRS-BD1-200 spectrometer. Fourier transform 

infrared (FTIR) (FTS 7000 Series DigiLab) spectrometry was used to evaluate chemical 

bonding. The characteristic IR peaks were analysed using the integrated absorbance of 

FTIR spectra. 

X-ray absorption near-edge spectroscopy (XANES) measurements at the Si, N and 

Al K-edges, and Si L2,3 -edge were carried out at the Canadian Light Source (CLS). Si, N 

and Al K-edge measurements were collected using the High Resolution Spherical Grating 

Monochromator (SGM) 11ID-1 beamline with a 45mm planar undulator (E= 0.25 to 2 keV, 

and an energy resolution of 2×10-4 ΔE/E). At the Si and Al K-edges, the total electron yield 

(TEY) was collected using a high energy (1700 lines/mm) grating to maximize photon flux. 

TEY and fluorescence yield (FLY) at the N K-edge were obtained using the low energy 

(600 lines/mm) grating. FLY measurements at the Si L2,3-edge were collected using the 

variable line spacing plane grating monochromator (VLS PGM) 11ID-2 beamline. XANES 

spectra were normalized to the incident X-ray intensity (I0) using Athena software.19  
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Elastic recoil detection (ERD) measurements were conducted with 2.9MeV 4He+ 

ions at the Western Tandem accelerator. ERD spectra were collected for a dose of 3µC and 

detector angle of 30°. ERD spectra were calibrated using poly-oxydiphenylene-

pyromellitimide, (C22H10N2O5, Kapton®) tape and data was fitted using SIMNRA 

software20 to determine composition and film thickness. 

 

5.3 Results 

Fig.5.1(a) compares the PL spectra of the SRSN samples following annealing and 

implantation steps. The PL intensities shown in this figure have been normalized to a 

common but arbitrary scale. The PL peak position of our unannealed SRSN sample 

(SRSN_asis) is 2.00 eV while our annealed sample (SRSN_annealed) PL maximum shifted 

to 1.89 eV. We will use SRSN_annealed as our reference to help distinguish changes in the 

PL spectra caused by hydrogen passivation from those due to other processes. 

We observe an ~40% increase in the PL intensity for sample SRSN_5e13 in 

comparison to SRSN_annealed, with no significant change in intensity and peak locations. 

When we increase the Al dose to 51014 atoms/cm2 (sample SRSN_5e14), we observe a 

~50% increase in PL intensity compared to SRSN_annealed. At the highest dose of 51015 

atoms/cm2 (sample SRSN_5e15), PL intensity decreases compared to sample SRSN_5e14; 

however, it is still 13% greater than SRSN_annealed. 
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Fig.5.1: Photoluminescence spectra of Si-rich silicon nitride (SRSN) and stoichiometric 

silicon nitride (SiN) samples. PL intensity has been normalised to a common but arbitrary 

scale. (a) Shows the PL spectra of SRSN before and after annealing at 600°C in forming 

gas in comparison to SRSN samples that have been implanted with different doses of Al 

ranging from 51013 to 51015 ions/cm2 (labeled Al_5e13, Al_5e14 and Al_5e15, 

respectively) followed by annealing at 600°C in forming gas. (b) PL spectra of SiN samples 

after annealing at 600°C in forming gas compared to SiN samples that have been implanted 

using the same Al dose range as SRSN samples followed by annealing at 600°C in forming 

gas.  
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For comparison, we have also implanted stoichiometric Si3N4 (denoted SiN) with 

Al using the same dose range as with SRSN samples. This set of samples is discussed in 

detail in chapter 4. As we can see in Fig.5.1(b), the PL intensity of all SiN samples is very 

low compared to SRSN. From this figure, we observe that at an implantation dose of 51014 

ions/cm2 there is an increase in PL intensity with a PL peak position of 2.1 eV. A further 

improvement is observed when we increase the dose to 51015 atoms/cm2, with a shift in 

PL peak position to 2.4 eV.  

To compare the luminescence of p-type and n-type dopants, we have also implanted 

SRSN samples with P. As mentioned above the use of P ions also help us to isolate, to an 

extent, effects due to ion bombardment. The PL spectra of P implanted SRSN samples 

(spectra presented in Appendix A3) were found to have a similar shape to those of Al-

implanted samples. However, the PL intensity is different between Al and P, as presented 

in Fig.5.2, with lower PL intensity for P implanted samples compared to Al-implanted 

samples. The uncertainties presented in this plot are based on the difference of the intensity 

for several measurements taken at different regions of the same sample (~1%). 
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Fig.5.2: Maximum PL intensity for SRSN samples implanted with Al (black squares) and 

P (red dots) followed by 600°C anneal in forming gas compared to SRSN that is 

unimplanted but annealed under the same conditions (0 atoms/cm2). 

From our PL results, we observe that the incorporation of Al or P into the SRSN 

samples increases the PL intensity of the system. As shown in Fig.5.1(b) and discussed in 

chapter 4, the implantation of Si3N4 with Al ions, at a dose of 51014 and 51015 ions/cm2, 

increases the PL intensity and may be contributing to the increase in PL intensity observed 

in Si-rich Si3N4 samples. X-ray absorption near-edge spectroscopy (XANES) 

measurements were conducted to examine the influence of the implanted ions on the 

electronic structure and local chemical environment of the SRSN samples. XANES 
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measurements at the Si and N K-edges showed slight decreases in the Si-N bonds (see 

Appendix A3).  

The fluorescence yield (FLY) XANES spectra at the Si L2,3-edge is shown in 

Fig.5.3(a). In Fig.5.3(a), we observe that after annealing SiN samples (sample 

SiN_annealed) there is an upshift in the Si-N peak location to 105 eV. For implanted 

samples, we observe that there is an increase in Si-N bonds along with a downshift in the 

position of the Si-N peak.   

The FLY XANES spectra at the Si L2,3-edge for SRSN samples implanted with 

51013, 51014 and 51015 atoms/cm2 of Al and P are shown in Fig.5.3(b) and 5.3(c), 

respectively. In these figures, the XANES spectra of annealed SRSN is included as a 

reference. The Si L2,3-edge spectra of our SRSN samples all possess a pre-edge feature at 

100eV, which is attributed to Si-Si bonds and is found in literature related to Si-rich silicon 

nitride samples.21 The Si-N peak is located around ~104.9eV, as highlighted by the dotted 

grey line in Fig.5.3(b) and 5.3(c). We observe that the Si-N peak is higher for P implanted 

samples than Al implanted samples.  The Si-N peak position shifts to lower energy with 

increasing dose for both Al and P implantations.  
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Fig.5.3: Fluorescence yield (FLY)  XANES at the Si L2,3-edge for SiN and SRSN samples. 

The Si-N peak at the Si L2,3 edge is highlighted using grey dashed line, and the dose range 

of implanted samples is 51013 to 51015 atoms/cm2. (a) The FLY XANES spectra of Al 
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implanted and annealed SiN samples are compared to the unimplanted and annealed SiN. 

The XANES of (b) Al implanted and (c) P implanted SRSN samples compared to 

unimplanted and annealed SRSN.  

The XANES spectra at the Al K-edge for samples SRSN_Al_5e11, 

SRSN_Al_5e13, SRSN_Al_5e15 and SiN_5e15 are shown in Fig.5.4, and were chosen to 

compare changes at low, medium and high implantation doses. From this figure, we 

observe a pre-edge feature at ~1558eV for samples SRSN_Al_5e11 to SRSN_Al_5e13 and 

peak at ~1566 eV for all samples. At a dose of 51015atoms/cm2, we observe a significant 

decrease in this peak in addition to a shoulder around 1563eV. From XANES 

measurements carried out on SiN samples, we observed that no signal was observed for 

SiN_5e11 and SiN_5e13 (spectra are shown in chapter 4). However, an absorbance peak 

was observed for SiN_5e15, which is shown in Fig.5.4.  
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Fig.5.4: (a) The TEY XANES of  Al implanted SRSN samples and SiN implanted with Al 

dose of 51015atoms/cm2 at the Al K-edge with inset showing the peak at 1566eV. (b) The 

first derivative of XANES spectra shown in (a). 

FTIR measurements were also taken to complement XANES results. These 

measurements allow us to probe N-H, Si-H and Si-N bonds and how their concentration is 

affected by the incorporation of Al. The FTIR spectrum of SRSN_asis is shown as an 

example in Fig.5.5 (insert) where we observe the Si-N stretching mode between 700 and 

1050cm-1. The N-H bending mode is detected between 1050 and 1200cm-1. While the Si-

H stretching and N-H stretching modes are located at 2176 and 3346 cm-1, respectively. 

The FTIR spectra of Al-implanted SRSN samples do not show any Al-related absorption 
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band due to the low concentration of Al used or Al staying at interstitial sites. To estimate 

the bond density, N,  of Si-H and N-H from the FTIR absorption spectrum the following 

equation was used:22 

𝑁(𝑋 − 𝐻) = 𝐾(𝑋 − 𝐻) × ∫𝛼(𝑣)𝑑𝑣         (5.1)  

where X = Si or N, 𝛼(𝑣) is the absorption coefficient and ν is the wavenumber. The 

calibration factor 𝐾(𝑋 − 𝐻) – values of the Si–H and N–H stretching modes are 1.7 × 1020 

and 2.8 × 1020 cm-1, respectively.23 We observe that the bond density of Si-H and N-H 

decrease after samples are annealed, as shown in Fig.5.5.  

 

Fig.5.5: Bond density of Si-H (squares) and N-H (dots) for implanted and unimplanted 

samples. FTIR spectra for unimplanted and unannealed sample SRSN_Asis. (insert) The 

first point on both curves is for SRSN_Asis which is an unannealed and unimplanted SRSN 
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sample. All other points are for samples that have been annealed at 600°C in forming gas 

for 30mins. 

Elastic recoil detection (ERD) analysis results showed that the hydrogen content for 

annealed samples, whether implanted or unimplanted, were roughly the same. The ERD 

results for samples implanted with 51015 atoms/cm2 of Al and P are shown in Table.5.1, 

along with asis and annealed SRSN samples. ERD spectra can be found in Appendix A3. 

As shown in Table.5.1, the hydrogen content (in at. %) in SRSN_asis samples was 

estimated to be 23.9±1.4% and 16.4±1.0% for SRSN_annealed. For Al and P implanted 

SRSN samples annealed to 600°C, the hydrogen content was found to be 16.3±1.0% and 

16.8+1.0%, respectively.  From table.5.1, it is clear to see that the hydrogen content of all 

annealed SRSN samples, implanted and unimplanted, are equal within experimental 

uncertainty. 

Sample  HYDROGEN CONTENT  

(at. %) 

SRSN_asis 23.9 ± 1.4 

SRSN_annealed 16.4 ± 1.0 

SRSN_Al_5E15 16.3 ± 1.0 

SRSN_P_5E15 16.8 ± 1.0 

 

Table.5.1: Hydrogen content (in at. %) based on elastic recoil detection measurements 

for SRSN_asis and SRSN_annealed in comparison to SRSN samples implanted with Al 

and P. SRSN_annealed, SRSN_Al_5e15 and SRSN_P_5e15 were all annealed in forming 

gas at 600°C for 30mins.  
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5.4 Discussion  

PL results, shown in Fig.5.1(a), show a redshift between SRSN_asis and 

SRSN_annealed. This is consistent with an increase in the average Si-QDs size that has 

also been reported in the literature.24 Furthermore, evidence of the presence of Si-QDs is 

provided by XANES results taken at the Si L2,3 -edge, which shows the presence of the Si-

Si bonds located at 100 eV.  The presence of Sio phase has been used as evidence to support 

the formation of Si-QDs in Si3N4 films by other authors.21  

From PL results, we also observe an increase in the PL intensity after annealing (see 

Fig.5.1). This increase in PL intensity is a known effect caused by the reduction of Si 

dangling bonds by hydrogen passivation.3 An increase in PL intensity was observed for Al 

and P implanted samples. The following examines the role of matrix doping, the doping of 

Si-QDs and passivation on the PL intensity of implanted samples.  

 (1) Matrix doping. As shown in greater details in chapter 4, we have examined 

the band modification of Si3N4 by implanting Al of different doses and the effect of 

annealing temperatures on the optical properties of the material. PL results similar to those 

shown in Fig.5.1(b) have been reported by Huang et al.25 with the PL maximum at 2.03 eV 

(610 nm) for 1.9-2.5% Al-doped α-Si3N4 samples. This group also reported density-

functional theory (DFT) calculations for Al in substitutional and interstitial positions in a-

Si3N4, and the PL peak at 610 nm was attributed to the electron transitions from the Al-Si 

states to Al-N and Si-N states. It was shown by the same group that the substitutional Al 

defects mainly affects the relative locations of the valence band and conduction band, with 

the band-gap reduction to 1.99eV. A correlation between the decrease of Si-H and N-H 

bonds and an increase in PL intensity was observed, suggesting that an abundance of Si- 
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and N- dangling bonds play a notable role in the PL intensity of Al implanted SiN. The low 

PL intensity of Al-implanted SiN samples suggests that although matrix doping may take 

place in our implanted SRSN samples, the contribution of this process to PL intensity is 

minimal in comparison to the overall increase observed in our implanted SRSN samples.  

(2) Doping of Si-QDs. To explore the contribution of Si-QD doping to the PL 

intensity of our implanted samples, we examined theoretical studies on the doping of self-

assembled Si-QDs. In a theoretical study conducted by R. Guerra et al., which examined 

the preferential positioning of dopants and co-dopants in embedded and freestanding Si-

QDs in SiO2, the position of dopants was found to be highly dependent on the type of 

dopant introduced into the system.26 Their study shows that dopants like Al and B prefer to 

be positioned at interfacial sites while dopants such as P and As prefer to migrate into the 

core of the Si-QDs, due to the higher solid state solubility. R. Guerra’s study, therefore, 

suggests that the migration of Al into the Si-QD core is energetically unfavourable and is 

unlikely to be a contributing factor to the increase in PL intensity observed.26 Since Si-QD 

doping would cause an increase in Auger recombination, we believe that the increase in PL 

intensity means that Si-QD doping is unlikely occurring in our Al implanted system.11, 27-

29 On the other hand, Guerra’s findings, if extrapolated to a Si-QDs/Si3N4 system, do 

suggest that doping of Si-QDs is possible using P dopants. This may also explain why the 

PL intensity of P implanted is lower overall than Al implanted samples. In P doped samples, 

the competition between the PL quenching effect of Si-QD doping and radiative 

recombination processes may partially be responsible for the lower PL intensity observed 

for P implanted samples. 



126 

 

(3) Passivation. The next mechanism that may be responsible for the increase in 

PL intensity of implanted Si-QDs is impurity passivation of the Si-QDs. ERD and FTIR 

measurements were collected to investigate the role of this mechanism. The aim of these 

measurements was to determine whether there are any changes in hydrogen content 

between the implanted and unimplanted samples. The role which hydrogen passivation 

plays in increasing the PL intensity of self-assembled Si-QDs has been explored by our 

group and by other groups.3, 30, 31 It has been found that the luminescence of SRSN samples 

decreases significantly with increased annealing temperature due to a loss of hydrogen from 

the sample, details found in chapter 3.3   

If it is that the hydrogen content of implanted and unimplanted SRSN samples is 

the same even though there is an increase in PL intensity for implanted SRSN samples, 

then this helps to indirectly support the possibility that impurity passivation may be at play. 

This is because if the hydrogen content is the same, then one would expect the PL intensity 

to be roughly the same or even lower in the case of implanted samples because of 

implantation damage. If instead there is an increase in PL intensity for implanted samples 

even though the hydrogen content is the same, there must be some other element that is 

passivating the dangling bonds.  

From ERD and FTIR results of SRSN samples, we observed that the hydrogen 

content for implanted and unimplanted samples after annealing at the same temperature 

were roughly the same.  From the PL data presented in Fig.5.1 and 5.2, we observe that 

though the hydrogen content after annealing for implanted and unimplanted samples is the 

same, these samples do not have similar PL intensities. Instead, we see an increase in PL 

intensity for implanted samples which suggests that another mechanism is aiding in the 
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increase of luminescence.  By considering the findings of R. Guerra et al.26 and the 

increased luminescence of our implanted samples, we believe that some level of dopant 

passivation is occurring within our samples. Dopant passivation is further supported by D. 

I. Tetelbaum et al. who explored the influence of P and H on the PL of Si-QDs in SiO2 and  

reported that P impurities did passivate many of the Si- dangling bonds.32 This suggests 

both P and Al atoms are likely passivating the Si-QDs in our samples.  

It was also observed that P implanted samples do not obtain a PL intensity as high 

as those implanted with Al. This is likely due to more non-radiative sites present in these 

samples which were caused by damage during implantation. This is supported by the fact 

that PL intensity is a maximum at a dose of 5×1013 atoms/cm2, which is a dose ten times 

lower than for Al implanted samples. Also from SRIM calculations, the damage levels were 

found to be ~0.083±0.001 and ~0.095±0.001 vacancies/(Å ion) for Al and P implantations, 

respectively. This, in addition to the difference in chemical bonding, would explain the 

difference in PL intensity observed for the different implanted species.  

From Fig.5.4(a), we observe all Al implanted (implanted at low, medium and high 

Al doses) SRSN samples have a peak around 1566 eV, which is not the case for SiN 

samples. For SiN samples, this feature is only observed in the highest dose sample. In 

SRSN samples, we know that there is an excess amount of Si while in SiN samples there 

is not. We also know from chapter 4 that Si-H and N-H bonds are lost after implantation 

and annealing. Therefore, after implantation and annealing SiN would have a higher 

number of Si and N dangling bonds. The fact the peak in the XANES at Al K-edge is only 

observed at the highest dose for SiN suggests that the abundance of Si and N dangling 

bonds is what is interacting with the implanted Al to form Al-Si bonds, which are likely 
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what is observed in Fig.5.4(a) for the SiN sample. We argue this peak at the Al K-edge is 

observed even for SRSN samples implanted with the lowest dose of Al and the significant 

difference between SRSN and SiN sample is the concentration of Si in the film. This 

suggests that Si-Al bonds are likely being formed in SRSN samples implanted with Al. We 

infer that Si-P bonds are being formed in P implanted SRSN which causes the PL intensity 

of these samples to increase. This result helps us to attribute the peak seen in at the Al K-

edge for our high dose SiN sample to Si-Al bonds. Therefore, our XANES measurements 

taken at the Al K-edge provide evidence that Al-Si (or P-Si for P implanted SRSN) bonds 

are forming in our implanted SRSN samples. These XANES results suggest that it is likely 

that the Si-QDs undergo some level of passivation by Al (or P). We acknowledge that there 

is a probability that Al-N (or P-N) bonds may also be forming in the samples, but we do 

not have any evidence of this from our measurements.  

The shoulder seen for SRSN_Al_5e15 around 1562eV indicates that there is a 

significant change in our sample structure at the highest Al dose.  This change in sample 

structure also correlates to the decrease in PL intensity observed for sample SRSN_5e15 in 

comparison to the lower dose samples. This structural change is likely causing an increase 

in non-radiative recombination sites, which causes a decrease in this sample’s PL intensity.  
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5.5 Conclusion  

 The optical properties of Al-and P-implanted Si-rich silicon nitride (SRSN) has 

been examined using photoluminescence (PL), Fourier transfer infrared (FTIR) 

spectroscopy, X-ray absorption near-edge (XANES) spectroscopy and elastic recoil 

detection (ERD). We have shown that the PL intensity of P and Al implanted SRSN films 

increased in comparison to unimplanted SRSN samples, with larger increase for Al in 

comparison to P. We have also demonstrated that PL intensity is at a maximum using an 

Al dose of 51014 atoms/cm2, above which an increase in non-radiativative recombination 

sites causes PL intensity to decrease. For P- implanted SRSN films, the maximum PL 

intensity is achieved at a dose of  51013 atoms/cm2 and then decreases, possibily due to 

greater damage caused during the implantation of P compared to Al.  

We infer that the increase in PL intensity for Al implanted SRSN is not attributed 

to the doping of Si-QDs while for P implanted SRSN samples this possibility can not be 

ruled out. We concluded that the mechanism that is contributing the most to the increase in 

PL intensity for our implanted SRSN samples is impurity atoms passivating the Si-QDs as 

impurity atoms migrate to the Si-QDs/Si3N4 interface. Doping of the nitride matrix is not 

as significant according to our findings. Further studies on the impact of annealing 

temperature on the optical properties of Al and P implanted Si-rich nitride are needed to 

obtain optimum concentration and annealing temperatures required for effective doping of 

Si-QDs embedded in silicon nitride.  
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Chapter 6  

The Influence of Matrix Crystallinity on the Optical 

Properties of Si Implanted Aluminium Oxide 

6.1 Introduction 

Embedded silicon quantum dots (Si-QDs) in a host material have been the focus of 

many studies due to their potential use in optical and photovoltaic devices.1-5 As mentioned 

previously, to qualify as a host the band gap of the material must be large enough for 

quantum confinement while at the same time permittivity should allow for dielectric 

amplification. As mentioned in chapter 1, Si3N4 is a matrix which has gain a lot of interest 

as a host material for Si-QDs as it satisfies the above criteria. In chapter 3-5, we have 

examined properties of Si-QDs embedded in Si3N4 and doped Si3N4. 

Another dielectric satisfying these criteria is Al2O3, which has the added advantage 

of optically transparency, an important property for transparent devices.6  Unlike Si3N4, the 

publication record for Si-QDs in Al2O3 is very low because of difficulty in producing Si-

QDs in this material.7-9 The cases where Si-QDs formation has been reported, the 

luminescence from these Si-QDs has been either very low or not present. Various 

hypotheses have been proposed for both the lack of Si-QDs formation and the lack of 

luminescence observed. For instance, Kovalev et al. have researched the optical and 

structural properties of Si-QDs in crystalline and amorphous Al2O3. Kovalev et al. 

concluded that Si-QDs did not form in their crystalline Al2O3 film but did form in 

amorphous Al2O3 films. Instead of photoluminescence (PL) peaks related to Si-QDs, this 
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group observed that only oxygen defect-related PL peaks were present. Similar PL results 

were obtained by Yerci et al., who argued that the lack of PL from the Si-QDs was due to 

mechanical stress on the Si-QDs at the interface caused by lattice mismatch.8, 10 

In this chapter, we focus on effects of Al2O3 crystallinity on the growth and optical 

properties of Si-QDs. As noted in chapters 4 and 5, defects in the matrix can strongly impact 

the optical properties of the Si-QDs. Different crystallographic forms of Al2O3 were 

reviewed in section 1.3.2 of this thesis. Remarkably, crystalline Al2O3 material has optical 

properties that can be modified by introduction of defects, or colour centres. Fig.6.1 

illustrates the main types of oxygen defects, which are F (oxygen vacancies with two 

electrons, e-), F+ (oxygen vacancies with one e-), F2 (oxygen divacancies with four e-,s), F2
+ 

(oxygen divacancies with three e-,s) and F2
2+ (oxygen divacancies with two e-,s) centres.  

. 
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Fig.6.1: Structure of -Al2O3, projected on (2110) plane with oxygen monovacancies (F+ 

and F centres) and the oxygen divacancies (F2, F2
+ and F2

2+ centres). All Al (filled small 

circles) are in the plane of the paper, while the oxygen atoms are located above (thick open 

circles) or below (thin open large circles) this plane. Adapted from reference 11.11 

 

These oxygen defects can be found in the intrinsic Al2O3 film or can be introduced 

by bombarding the film with particles (such as neutrons, electrons or energetic ions).   

Furthermore, these defects have latent excitation and recombination luminescence bands 

which are summarized in table.6.1.8, 12-14   
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Table 6.1: Table of defect centres found in Al2O3 

Defect 

Center 
Description 

Luminescence 

Latent excitation 

(in nm) 

Recombination 

(in nm) 

F One oxygen vacancy with two electrons  204 413 

F+
 One oxygen vacancy with one electron 232; 256 326 

F2
 Two oxygen vacancy with four electrons 303 516 

F2
+ Two oxygen vacancy with three 

electrons 

357 380 

F2
2+ Two oxygen vacancy with two electrons 450 563 

 

To study the impact of crystallinity on the optical properties of Si-implanted Al2O3 

and the impact crystallinity has on the formation of Si-QDs, we compare anodized 

amorphous Al2O3, disordered Al2O3 produced by implanting oxygen ions into crystalline 

-Al2O3, and crystalline -Al2O3. There is an interesting interplay between defect 

luminescence channels observed in our PL and time-resolved PL (TRPL) measurements. 

Based on X-ray absorption near edge spectroscopy (XANES) and X-ray excited optical 

luminescence (XEOL) measurements, Si-QDs are less readily formed in an amorphous 

Al2O3 matrix, in comparison to disordered and crystalline Al2O3. Our findings contradict 

previous studies which showed that amorphous Al2O3 is a better candidate for Si-QDs 

formation than crystalline Al2O3.
8 We also have found the lack of luminescence from Si-

QDs is mainly due to competing de-excitation pathways provided by defects (mainly 

oxygen and Cr3+ impurities) within the matrix. However, the characteristic lifetimes of our 

samples, merit exploration for optoelectronic or radiation dosimetry devices where 

switching at characteristic lifetimes is necessary. 
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6.2 Experimental Details 

Amorphous aluminium oxide films (denoted a-Al2O3) were produced by the 

electrochemical growth of amorphous nanoporous Al2O3 in phosphoric acid. First, 

99.997% purity Al foil was electropolished in a 1:9 HClO4 (70% in ethanol)/C2H5OH 

(anhydrous) solution at 20V for 5 minutes at 10°C using a tantalum cathode. For 

anodization, a 5cm2 circular area of the Al foil was exposed to 0.4M phosphoric acid 

(H3PO4) at 10⁰C, for 5 hours at 100V, then rinsed with distilled water. To separate the 

Al2O3 film from the Al foil, the Al2O3 films were covered in two coats of a commercial 

lacquer before immersion in an etching solution (3 g of CuCl2·2H2O, 100 mL of H2O and 

100 mL of concentrated HCl) for 2 hours. Films were rinsed with distilled water then 

immersed in acetone for half an hour to remove the lacquer. To minimize PO4
3- groups 

trapped in the Al2O3 film, films were soaked in an ammonium solution then rinsed in 

distilled water. A schematic diagram of the electropolishing and anodization process is 

shown in Fig.6.2.  

 

Fig.6.2: Schematic of the (a) electropolishing, (b) anodization, and (c) Al etching processes 

used for growing the amorphous aluminium oxide film. 
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To characterize thickness and porosity, scanning electron microscope (SEM) 

images of amorphous films were taken using a LEO 1530 Field Emission Scanning 

Electron Microscope. The films were found to have a pore diameter of 85±5 nm, an 

interpore distance of 110±10 nm, and a film thickness of 400±30 nm. Fig.6.3(a) and (b) 

show cross-sectional and top views of the amorphous aluminium oxide film. To confirm 

that the anodized films were indeed amorphous, powder X-ray diffraction measurements 

were conducted. The results of XRD measurements are shown in Appendix A4. These 

measurements confirmed that the films were amorphous. 

 

Fig.6.3: Scanning electron microscopy (SEM) images of anodized nanoporous aluminium 

oxide films. (a) The cross-sectional view of the film. (b) The top view of the film with the 

outline of the pores in grey.  

Disordered samples (denoted d-Al2O3) were made by implanting single-side-polished 

crystalline Al2O3 samples with oxygen ions at an incident angle of 7°, energy of 90keV, 

and a dose of 81016 ions/cm2 at 300K. A crystalline-to-amorphous phase transition was 

achieved at this implantation condition with the surface layer (~350nm thick) becoming 
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disordered (amorphous). The diffusivity of oxygen in -Al2O3 is 4.210-20 cm2 s-1 at 

1473K, and the diffusion distance of oxygen does not exceed 2-3Å/hour. Single-side-

polished sapphire samples (-Al2O3, MTI Corporation) were also studied and are denoted 

c-Al2O3.  

All samples (a-Al2O3, d-Al2O3 and c-Al2O3) were implanted with Si ions at an 

incident angle of 7o, an energy of 90keV and dose of 81016 ions/cm2; and annealed at 

1000°C in N2 gas for 1 hour. Note that formation of Si-QDs was observed at similar 

implantation doses and annealing temperatures by Yerci, et al. and Kovalev et al.8, 9 

Additionally, the recrystallization of the damaged near-surface layer was reported at 

temperatures of 873K and higher.10 

Photoluminescence (PL) spectra were measured using a 405±10 nm wavelength laser 

diode with a power input of 120mW. The laser diode was band-pass filtered (405 nm) and 

the emitted photons from the sample were high-pass filtered (> 450 nm). In our 

experimental setup, the incident beam was at 45° to the sample, and emitted photons were 

collected normal to the sample surface using a Mightex HRS-BD1-200 spectrometer with 

a wavelength range of 300-1050 nm. PL measurements were complemented with XANES 

and XEOL measurements, conducted at the Canadian Light Source using the High 

Resolution Spherical Grating Monochromator beamline (E= 0.25 to 2 keV and an energy 

resolution of 2×10-4 E/ΔE). Details of XANES and XEOL experiments are described in 

Chapter 2. To briefly summarize here, in order to maximize photon flux, a low energy (600 

lines/mm) grating was used for Al K-edge and O K-edge measurements while a high energy 

(1700 lines/mm) grating was used for Si K-edge measurements. Partial fluorescence yield 

was measured using a four Si drift detector array. XEOL was measured with the excitation 
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energy below, on and above the absorption edge. The step at the absorption edge was 

normalized to a value of 1.0  using Athena software.15 All XANES and XEOL spectra were 

normalized to the incident photon flux collected on a refreshed Au grid (I0).   

 

6.3 Results 

Fig.6.4 shows the photoluminescence ( PL) spectra for samples a-Al2O3, d-Al2O3 and 

c-Al2O3 before and after Si implantation and annealing. We observe that all samples show 

a peak that begins at the lower end of the detection limit (450 nm) and has a tail that extends 

up to 600 nm. Comparing the PL spectra between 450 and 600 nm for blank (unimplanted 

and unannealed) samples to samples after Si implantation and annealing, we observed that 

the PL intensity in this wavelength range decreases for samples d-Al2O3 and c-Al2O3. On 

the other hand, for a-Al2O3 only the F2 centre component of the peak is reduced after 

implantation and annealing. As highlighted in Fig.6.4, this peak consists of several defect-

related peaks, which are F2
2+ and F2 centres. 

PL spectra for samples d-Al2O3 and c-Al2O3 both exhibits a sharp peak at 694 nm 

with a full width half maximum (FWHM) around 5 nm. This peak has been assigned to 

chromium (Cr3+) impurities which are typically found in Al2O3 films and emit at this 

wavelength.16 This luminescence is due to the d→d optical transition of Cr3+ impurities 

with a d3 electronic configuration. The optical transition leading to the emission is 4A2g 

←4T2g, where Cr3+ ions are sitting in vacant octahedral sites in the Al2O3 matrix or 

substitute for Al3+ in octahedral sites.17 Based on our particle-induced X-ray emission 

(PIXE) measurements (see Appendix A4), and supplier information on the α-Al2O3 

substrates used in this study, trace amounts of Cr3+ impurities are present. This suggests 
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that the peak seen in d-Al2O3 and c-Al2O3 at 694 nm is due to Cr3+. From Fig.6.1, we 

observe that the peak intensity for Cr3+ is most intense for c-Al2O3 and less intense for d-

Al2O3. No PL peak related to this impurity is observed for sample a-Al2O3. However, this 

impurity was found in the unimplanted anodized Al2O3 films (a-Al2O3(blank)) using PIXE.  

 

Fig.6.4: Photoluminescence spectra of a-Al2O3 (solid black line), d-Al2O3 (solid blue line) 

and c-Al2O3 (solid red line) samples implanted with Si ions and annealed at 1000°C (with 

a vertical offset and magnified where indicated for clarity). The matrix before implantation 

and anneal are labelled blank. 

Time-resolved PL (TRPL) measurements were taken for all samples and the TRPL 

spectra of all these samples are shown in Appendix A4. It was found that samples a-Al2O3 

and d-Al2O3 exhibited only short lifetimes, i.e., shorter than the time resolution of our 

system. Fig.6.5 shows the TRPL spectrum for sample c-Al2O3 fitted with multiple 
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exponentials decay function. The shortest lifetime component of sample c-Al2O3 was found 

to be 110 ns or shorter, i.e. the system resolution, and the longest lifetime component of the 

system was determined to be about 3 ms.  

 

Fig.6.5: PL lifetime curve for samples c-Al2O3 fitted with a multi-exponential decay 

function.   

Fig.6.6 shows the X-ray excited optical luminescence (XEOL) spectra of a-Al2O3, 

d-Al2O3 and c-Al2O3 excited at 540 eV (O K-edge), 1566 eV (Al K-edge) and 1841 eV (Si 

K-edge). In XEOL, the optical luminescence produced by either the radiative 

recombination of the electron-hole pairs or by energy transfers to defects was measured. 

We first examine the XEOL spectra between 200 and 550 nm, shown in Fig.6.6(a), (c) and 

(e). There is a broad low-intensity peak centered around 331 nm for all samples at an 
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excitation energy of 540 eV. This peak is attributed to F+ centre emission and the low 

intensity at the O K-edge indicates that transfer from O sites to F+ centres is very 

inefficient.11 

 

Fig.6.6: XEOL spectra at (a, b) 540eV and (c, d) 1566eV for samples a-Al2O3, d-Al2O3 

and c-Al2O3. In (c) the XEOL spectra for a-Al2O3 and d-Al2O3 have been magnified by a 

factor 5 for the clarity.  While at (e, f) 1841eV only the XEOL spectra for samples d-Al2O3 
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and c-Al2O3 are presented since a-Al2O3 had no XEOL emission at the Si K-edge. In (e), 

the XEOL spectra of d-Al2O3 is magnified by a factor of five for clarity. 

 

At 1566 eV (Al K-edge), there is a significant increase in the 331 nm peak intensity 

for c-Al2O3, as shown in Fig.6.6(c). A less intense peak at 422nm, which is attributed to 

the presence of F centres, was also observed.11, 13, 18 In contrast, the XEOL intensity of 

samples a-Al2O3 and d-Al2O3, between 200 and 500 nm, were lower than c-Al2O3  at the 

Al K-edge. No peak related to F centres was observed for sample d-Al2O3. When the beam 

energy was increased to 1841 eV (Si K-edge), there was a decrease in absolute XEOL 

intensity for sample c-Al2O3, which suggests that the Si K-edge de-excitation channel is 

less efficient for this sample. For this sample, it should be noted that the ratio of the two 

peaks in XEOL spectra in this wavelength range is consistent with that at the Al K-edge. 

There is also a decrease in XEOL intensity for sample d-Al2O3 when we move to the Si K-

edge. No XEOL emission was observed for a-Al2O3 at the Si K-edge, which indicates that 

there was no energy transfer to Si sites and this supports argument that no Si-QDs are 

formed in this sample.  

 We now examine the XEOL spectra between 550 and 1000 nm. In this wavelength 

range, a-Al2O3 has virtually no XEOL signal at the O K-edge (540 eV) and Si K-edge (1841 

eV) but a low intensity XEOL peak at the Al K-edge (1566 eV).  The location of the peak 

observed with excitation at 1566 eV (Al K-edge) corresponds to the wavelength of emission 

for Cr3+ impurities. This indicates that Cr3+ impurities are also present in a-Al2O3, as they 

are in d-Al2O3 and c-Al2O3, even though it was not observed in PL measurements.  
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The XEOL spectra for samples d-Al2O3 and c-Al2O3 both display a peak centred at 

726 nm at the O, Al and Si K-edges, with the highest intensity recorded at the Al K-edge. 

We have performed deconvolution on this peak (an example of this fit can be found in 

Appendix A4) and it was found to be made up of two peaks centred at 694 and 740nm. 

Based on the literature, and as seen in PL spectra, the peak located at 694nm is attributed 

to Cr3+. The peak located at 740nm in the XEOL spectra was also observed in the XEOL 

spectra of samples before Si implantation (plots are shown in Appendix A4).  This suggests 

that this peak is likely due to some matrix impurity and not due to Si nanoclusters being 

formed in the matrix. Based on the literature, the most likely impurity responsible for this 

emission is Ti.19, 20 The fact that the intensity of this peak has a maximum along the Al K-

edge, suggests that energy transfer from Al sites to Cr3+ and Ti impurities is more efficient 

than from O sites. For XEOL at the Si K-edge, a significant decrease in peak intensity is 

observed and again no XEOL is detected for sample a-Al2O3.  

XANES spectroscopy was used to examine the changes in the electronic structure 

and chemical composition of our samples. We first examine the XANES spectra at the O 

K-edge, shown in Fig.6.7(a). The O K-edge spectra originate from transitions from the O 

1s state to the unoccupied states in the conduction band formed by the mixing of O 2p states 

with Al t2g and Al eg states, and also with Al 3p, 3s and 3p states.21 The peaks at 542eV and 

546eV (labelled 1 and 2) are attributed to the transition to unoccupied states formed by the 

mixing of O 2p with Al t2g and eg states. Peaks found at 554eV and 564eV (labelled 3 and 

4) are assigned to transitions to states formed by O 2p mixing with Al 3p, 3s and 3p states. 

The presence of these spectral features is attributed to the 𝛾-Al2O3 phase, which suggests 

that samples undergo recrystallization after annealing. This is examined in more detail 
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below. For all samples, there is also a significant pre-edge feature at ~525 eV up to the 

rising edge at ~537 eV. This pre-edge is attributed to beam-induced O defects and is typical 

of O K-edge XANES taken at this beamline.22, 23 We also observed that the intensity of the 

peak at 546 eV (labelled 2) is greatest for sample d-Al2O3. It is known that the intensity of 

this peak (at 546 eV) corresponds with the concentration of oxygen in the film.24, 25 Thus 

we conclude that the increase in intensity at 546 eV for sample d-Al2O3 is due to excess 

oxygen in the film.  
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Fig.6.7: XANES spectra at (a) O K-edge, (b) Al K-edge and (c) Si K-edge, for a-Al2O3, d-

Al2O3 and c-Al2O3 implanted with Si and annealed at 1000oC.  

We also examined the XANES spectra at the Al K-edge, shown in Fig.6.7(b). We 

first examine the XANES spectrum of a-Al2O3 which has peaks at 1566, 1568 and 1572eV, 
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respectively, that are labelled 1, 2 and 3 in Fig.6.7(b). As discussed in chapter 1, Al2O3 has 

several different crystallographic phases with α and γ being most common.26, 27 The 

presence of different phases of Al2O3 change the XANES spectra. By comparing the spectra 

of different phases, the phase or mixture of phases present in our samples can be identified. 

The three peaks located around 1565, 1567 and 1571 eV are characteristic of γ-Al2O3, 

which contains both 4-coordinated (AlO4) and 6-coordinated (AlO6) Al with a 1:2 ratio.28, 

29  In contrast, the XANES spectrum of 𝛼-Al2O3 has two characteristic features found 

around 1568 and 1571 eV, which are due to the presence of only 6-coordinated Al.30 Based 

on this interpretation, our samples indicate that varying degrees of recrystallization have 

occurred in the different samples annealed at the same temperature. The presence of the 

three characteristic peaks after annealing indicates that the a-Al2O3 samples possess the 

metastable γ phase. The d-Al2O3 and c-Al2O3 samples exhibit the crystalline α phase (based 

on XANES at the Al K-edge) and γ phase (based on XANES at the O K-edge) after 

annealing. The expected transformation of the amorphous structure to the crystalline one 

occurs in the following manner:29, 31  

Al2O3

800𝑜𝐶
→    γ-Al2O3 

9500𝐶
→    γ-Al2O3 + 𝛿-Al2O3 

12000𝐶
→     α-Al2O3     (6.1) 

For XANES measurements taken at the Si K-edge, we observe that all samples 

display two peaks located at 1841 and 1847 eV, labelled 1 and 2 in Fig.6.7(c). The first 

peak is attributed to the presence of Si0 which indicates that Si-Si bonds are present in all 

three samples.32, 33 Though the intensity of this peak varies between samples, the presence 

of this peak does suggest that Si-QDs (or Si clusters) are formed.9, 34-36 The difference in 

intensity of Si0 peak indicates that the samples contain different amounts of the Si0 phase, 
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with sample a-Al2O3 containing the lowest amount even though the implantation dose was 

the same for all samples. We also observe that the Si0 phase is greatest for sample d-Al2O3 

in comparison to the other samples. For sample c-Al2O3, we observe that there was the less 

of the Si0 phase than d-Al2O3 but much greater than the a-Al2O3 median. The second peak 

in Fig.6.7(c), located at 1847eV is attributed to the presence of Si4+ phase. This phase is 

much greater in sample a-Al2O3 than the Si0 phases. 37   

 

6.4 Discussion 

Photoluminescence ( PL) results do not indicate the presence of Si-QDs as oxygen 

and impurity defects dominate the spectra.11, 38, 39   We observed that the Cr3+ impurity was 

the most intense in the PL spectra for sample c-Al2O3. The high PL intensity of Cr3+ in this 

sample may help explain why the time-resolved PL (TRPL) de-excitation curves of the 

different samples were so vastly different. As mentioned in section 6.3, the TRPL de-

excitation curves for samples a-Al2O3 and d-Al2O3 displayed very short lifetimes while 

sample c-Al2O3 possessed a long lifetime component of approximately 3ms. The origin of 

the fast lifetime observed for samples a-Al2O3 and d-Al2O3 is likely caused by  F+ center 

defects, which exhibit PL lifetimes below 70ns.40 

On the other hand, the long lifetime component exhibited by sample c-Al2O3 is 

attributed to the presence of Cr3+, for which other researchers have reported a PL lifetime 

between 3-4.3ms.41, 42 This would mean that the long lifetime observed for sample c-Al2O3 

is directly related to the dominance of Cr3+ impurities. We recognize that there may be 

other unidentified defects in the system which may also be responsible for the long lifetime 

observed in our crystalline samples as we have found other unassigned lifetime components 
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(18 µs and 100µs) in our fit. Lifetimes on the µs scale have been observed for other Si-QDs 

systems.43, 44 

Though evidence of Si-QDs emission was not observed in PL or XEOL 

measurements, evidence of the presence of Si-QDs was found in XANES spectra at the Si 

K-edge. Based on Si K-edge XANES of d-Al2O3, Si-QDs appear to form more readily in a 

disordered matrix in comparison to crystalline and amorphous matrices. This is inferred 

from the abundance of the Si0 phase in the sample. Si-QDs may more readily form in the 

disordered matrix because of the radiation-damage-enhanced diffusion of the Si atoms: a 

similar effect has been reported for Si-QDs formed in SiO2 films.45  

Also found in XANES data was the presence of the Si4+ phase. This phase is 

attributed to the formation of a SiO2 layer at the Si-QDs/Al2O3
 interface and/or the 

formation SiO2 in the film.37 The amount of interfacial verses stand-alone SiO2 would likely 

be dependent on the abundance of Si-QDs formed in the film. In films with more Si-QDs, 

SiO2 forming at the interface is more probable than with those with fewer. If we consider 

the ratio of peak intensities (at 1847 eV for SiO2 and 1841 eV for Si0) we can infer the 

likelihood of interfacial SiO2 forming.46 For sample a-Al2O3, the lack of Si-QD formation 

suggests that the SiO2 formed in this sample is likely caused by SiO2 forming in the film 

and not around the interface of Si-QDs. While for samples d-Al2O3 and c-Al2O3 the 

interfacial SiO2 and SiO2 forming in the bulk of the matrix are both probable. For sample 

d-Al2O3, the high abundance of the Si0 suggests that the likelihood of Si-O bonds forming 

at that the interface of these clusters is more probable than SiO2 forming in the bulk of the 

film. While for sample c-Al2O3, SiO2 forming in either region (interfacial or matrix) is 

equally probable. This is because the high Si4+ signal for sample c-Al2O3 may be caused by 
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many small Si clusters forming which would increase the number of interfacial Si-O bonds 

present in the film or by a few large Si clusters forming and the majority of Si-O bonds 

being formed in the matrix. Either of these scenarios is equally likely considering that no 

PL signal from cluster formation is observed in PL spectra of this sample. This would mean 

either too few Si-QDs are formed are too many small Si-QDs are formed and the incident 

energy of the laser used in PL measurements is not great enough to energize these Si-QDs. 

In addition to oxidation, the recrystallization evident in XANES at the Al K-edge 

partially explains why there are no features due to Si-QDs in the PL spectra of our samples. 

Si-QDs tend to align with the matrix, which causes stress on the Si-QDs and this has been 

hypothesized to negatively affect the luminescence of Si-QDs.8, 10 Furthermore, Si-

dangling bonds formed at the Si-QDs/Al2O3 interface can negatively impact 

luminescence.47, 48 These results, together with XEOL and PL data, suggest that though Si-

QDs can be formed in both disordered and crystalline Al2O3, the Si-QDs luminescence in 

these materials is strongly impacted by the presence of oxygen vacancies and impurity ions, 

as well as transition/interface regions between Si-QDs and the Al2O3 matrix. 

 

6.5 Conclusion 

In summary, we have found that though Si-QDs are formed in Al2O3 films of varying 

crystallinity, the process of formation is strongly dependent on the crystallinity of the 

matrix. We have observed from XANES and XEOL measurements that the formation of 

Si-QDs is least favourable in an amorphous Al2O3 matrix, in comparison to disordered and 

crystalline matrices. The formation of Si-QDs was found to be highest in our disordered 

matrix, which was enhanced by radiation damage caused during the production of this host 
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matrix. Evidence of Si-QD formation was observed based on XANES measurement taken 

at the Si K-edge.  

Though the presence of Si-QDs was observed in both our disordered and crystalline 

Al2O3 films, no luminescence from these QDs was observed in PL measurements. The lack 

of luminescence from the Si-QDs was found to be due to the presence of oxygen vacancies 

and impurities. The de-excitation pathways from these impurities and defects were found 

to be dominant, based on XEOL measurements. We note the luminescence due to Cr3+ and 

F centres in Al2O3 can be applied for instance in the areas of environmental and space 

dosimetry.49 
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Chapter 7 

Conclusion and Future Work 

7.1 Conclusion  

The focus of this thesis is to examine the optical properties of Si-QDs embedded in 

Si3N4 as well as to determine the impact of Al2O3 film crystallinity on the formation and 

optical properties of Si-QDs. For Si-QDs embedded in silicon nitride (Si3N4), the role of 

various mechanisms on the PL intensity of the system were examined including: (1) the 

effect of annealing temperature and the film composition of non-stoichiometric silicon 

nitride films, (2) the role of Al doping of the host Si3N4 film, (3) doping Si-QDs and (4) 

the role of Al and P passivation of Si-QDs.   

In chapter 3, the luminescence of Si-QDs embedded in Si3N4 was examined. To study 

the impact of sample composition and annealing temperature on the luminescence of Si-

QDs, silicon nitride films of compositions ranging from Si3N2.72 to Si3N3.21 were 

investigated. The PL intensity of Si-QDs in Si3N4 was found to be a function of both 

composition and annealing temperature. Maximum PL intensity for the Si3N2.72 film was 

achieved after annealing at 400°C, while films with a composition of Si3N3.00 and Si3N3.15 

showed maximum intensity after annealing at 600°C, and for a film composition of Si3N3.21 

only slight variations in PL intensity were observed for annealing temperatures ranging 

from 400°C to 600°C.  The reason for the increase in luminescence at lower temperatures 

(600°C or lower) for samples Si3N2.72, Si3N3.00 and Si3N3.15 was determined to be the result 

of a high Si content and hydrogen passivation of Si and N dangling bonds.  
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At high annealing temperatures (greater than 600°C), a significant decrease in the PL 

intensity of the system was observed for samples Si3N2.72, Si3N3.00 and Si3N3.15 while for 

sample Si3N3.15 (which was the sample with highest N content) this decrease was found to 

be less significant. Based on Fourier transform infrared (FTIR) spectroscopy 

measurements, it was found that there was a considerable decrease in Si-N, Si-H and N-H 

bonds at high annealing temperatures. We determined that the loss of hydrogen and 

nitrogen from the film caused the formation of Si- and N- dangling bonds within the system. 

These dangling bonds act as non-radiative recombination sites causing a decrease in the PL 

intensity of the system.  

This thesis also explored the use of Al and P dopants in the Si-QDs/Si3N4 structure 

to improve the PL intensity of Si-QDs in Si3N4. In chapter 4, we examined the impact of 

Al implantation on the PL spectra for stoichiometric Si3N4. These results are important to 

determine the extent to which matrix doping might affect the PL spectra of a Si-QD/Si3N4 

system. We found that PL intensity increased using an Al dose equal to or greater than 

5×1014 ions/cm2 followed by annealing at 600°C. A correlation between the number of Si- 

and N- dangling bonds and the increase in the PL intensity of the system was established. 

It was determined that a high number of Si-and N- dangling bonds increased the probability 

of forming Si-Al and N-Al bonds, which based on the literature is reported to be responsible 

for the formation of colour centres in Al-doped Si3N4.  

Chapter 5 was focused on the optical properties of Al and P implanted Si-rich Si3N4 

films. We found that formation of Si-Al bonds played a significant role in increasing the 

PL intensity of Al implanted stoichiometric Si3N4 and Si-rich Si3N4 films. In this chapter, 
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it was also determined that the passivation of Si-QDs by Al and P ions was primarily 

responsible for the increase in PL intensity observed for Al and P implanted Si-rich Si3N4. 

As mentioned in chapter 1, research into alternative host matrix to SiO2 has gain 

traction with Al2O3 being a viable candidate for such applications. In chapter 6, the 

influence of Al2O3 crystallinity on the formation and optical properties of Si-QDs was 

examined. We found that though Si-QDs were formed in Al2O3 films of varying 

crystallinity, the process of formation is strongly dependent on the matrix. Our XANES 

and XEOL results indicate that Si-QDs formed more readily in disordered and crystalline 

Al2O3 films. The formation of Si-QDs in our disordered matrix was concluded to be 

enhanced by transient diffusion due to radiation damage caused during the production of 

the disordered film. The results of this study appear to contradict previous studies which 

report that Si-QDs were best formed in an amorphous Al2O3 film instead of a crystalline 

one.1 Furthermore, it was found that no luminescence from Si-QDs was observed. This lack 

of luminescence from the Si-QDs was explained to be due to the presence of competitive 

radiative sites, such as oxygen vacancies and impurities. The de-excitation pathways from 

these impurities and defects dominate our XEOL and PL spectra.  
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7.2 Future Work 

The results presented in this thesis demonstrate that an increase in PL intensity is 

achieved for Al and P implanted Si-rich silicon nitride (Si3N4). These results could be 

applied to the fabrication of Si-based luminescent devices. The findings of this research 

can be used to study the electrical and electroluminescence properties of Al and P implanted 

Si-rich Si3N4 as well as combining the mechanisms studied in this thesis with other light 

enhancing mechanisms such as plasmonic enhancement. 

As discussed in this thesis, the doping of Si-QDs systems modifies the optical and 

electrical properties of the system. This modification can be advantageous for producing 

high-efficiency optoelectronic devices by increasing charge carrier concentration in the 

doped material.  This thesis has demonstrated that the doping of stoichiometric and Si-rich 

Si3N4 samples can be used to increase the material’s PL intensity. As a next step of 

understanding optical properties, an investigation into the behaviour of Al and P implanted 

Si-rich Si3N4 films at higher annealing temperatures (greater than 600°C) holds merit. This 

would allow for a study of the behaviour of these dopants in Si-rich Si3N4 films at high 

annealing temperatures. This type of study would allow for an examination of the migration 

of Al and P throughout the host matrix as well as their incorporation into the Si-QDs/Si3N4 

or even into the core of the Si-QD.  

The results presented in this thesis also open many opportunities for studies on the 

electrical properties of doped Si-QDs/Si3N4 systems. Some electrical measurements are 

included in Appendix B1 of this thesis, which shows the current-voltage characteristics of 

Al-implanted Si-rich Si3N4 films. Al implanted Si-rich Si3N4 films implanted with 5×10 14 

and 5× 1015 atom/cm2 show that the forward voltage value decreases with increasing Al 
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dose. Future work in this area can include a study on the effect of annealing temperature 

on different implantation doses, and charge mobility as a function of dose and annealing 

temperature. 

Current research in Si photonics using plasmonic materials have been with Si-QDs 

embedded in SiO2, with the majority using silver (Ag) or gold (Au) NPs.2-4 There exist far 

fewer papers exploring the use of alternative plasmonic materials.5 There have been even 

fewer papers which have examined the coupling of the luminescence of Si-QDs embedded 

Si3N4 with alternatives such as Al. The high abundance of Al makes it a very attractive 

candidate for use as a plasmonic material for luminescence enhancement. However, the 

optimization of Al nanostructure dimensions in order to observe such enhancements does 

prove a challenge. Both nanostructure shape and size need to be optimized for maximum 

PL enhancement.6  

Preliminary studies which we have carried out have demonstrated that plasmonic 

enhancement can be used to increase the PL intensity of Si-QDs in Si3N4 films. We have 

examined the use of Al nanostructures deposited on the surface of Si-QDs/Si3N4 films. In 

this preliminary study, Al nanostructures were produced by depositing Al films that were 

50 and 100nm thick through a polystyrene microsphere mask. More details can be found 

in Appendix B2. From PL measurements it was found that when 50 and 100 nm high Al 

nanostructures were deposited on the surface of Si-QDs/Si3N4 films, the PL intensity 

increased 2-fold. PL results can be found in Appendix B2.  

These results show great promise for the coupling of plasmonic effects with the 

luminescence from Si-QDs/Si3N4 films. However, there is still a need to optimize the 

deposition method of the polystyrene mask, as forming a uniform monolayer of the 
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polystyrene beads has proved difficult using our current air-liquid method. Possible 

solutions to this issue may be: (1) varying the concentration of microspheres used in the 

deposition method, (2) the deposition rate of the microspheres on to the Si3N4 surface and 

(3) optimizing microsphere adhesion to the film surface through pre-treating the film with 

some kind of tailored adhesive. Combining this plasmonic effect with the increased 

luminescence of Al or P implanted Si-rich Si3N4 merits investigation as a potential avenue 

for further increasing the luminescence of Si-QDs/Si3N4 films. 

  



168 
 

7.3 References 

[1] A. Kovalev, D. Wainstein, D. Tetelbaum, A. Mikhaylov, L. Pavesi, A. Ershov, et 

al., "The electron and crystalline structure features of ion-synthesized 

nanocomposite of Si nanocrystals in Al2O3 matrix revealed by electron 

spectroscopy," Journal of Physics: Conference Series, vol. 100, p. 072012, 2008. 
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Appendix A1 

A1.1: Partial Fluorescence Yield X-ray Absorption Near-edge (XANES) 

Spectra  

Fig.A1.1 shows the partial fluorescence yield at the Si K-edge for Si rich Si3N3.00 

samples annealed from 400 to 1000°C. Samples are denoted SiN and are not the same in 

composition as those discussed in chapter 4, where this notation was used for Si3N4 

samples.  

 

Fig.A1.1: Partial fluorescence yield X-ray absorption near edge spectroscopy (PFY-

XANES) for the Si-K edge for Si3N3.00 annealed from 400 to 1000°C. The XANES spectra 

for a Si wafer is included as a reference.  



Appendix A2  

A2.1: Raw FTIR spectra for implanted and unimplanted Si3N4  

Fig.A2.1 shows the FTIR spectra of asis Si3N4 in black and Al implanted Si3N4 using 

a dose of 5x1011 atoms/cm2. Spectra are plotted with a y-offset of 0.1 for clarity. In Fig.A2.1 

the location of the peaks are as follows: the Si-N peak at ∼870 cm-1, the Si-H peak at ∼2180 

cm-1 and the N-H peaks at ∼3360 cm-1.  

 

Fig.A2.1: FT-IR spectra for asis Si3N4 and Si3N4 implanted with 5×1011 atoms/cm2 

(labelled 5e11). For clarity, a y-offset of 0.1 is applied to the spectra.  
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A2.2: XANES spectra at Si K-edge for implanted and unimplanted Si3N4  

Fig.A2.2 shows the total electron yield (TEY) XANES spectra at the Si K-edge for 

our annealed sample and doped samples using Al doses of 5x1013, 5x1014 and 5x1015 

atoms/cm2. From this measurement, a decrease in the Si-N peak as a function of 

implantation dose is observed. No consistent trend is observed for the Si-Si feature after Al 

implantation.   

 

Fig.A2.2: XANES spectra  at the Si K-edge in TEY mode for implanted and unimplanted 

samples annealed at the same temperature.  

 



Appendix A3 

 A3.1: Photoluminescence Spectra for P implanted SRSN samples 

 

Fig.A3.1: Normalized PL spectra for annealed SRSN and P doped SRSN samples. 
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A3.2: X-ray Absorption Near-edge structure Data Si K-edge Spectra for 

SRSN Samples 

The XANES spectra of Al implanted SRSN taken at the Si K-edge are shown in 

Fig.A3.2. For clarity, the spectra for SRSN_5e11 and SRSN_5e12 are omitted from this 

plot. We examine the total electron yield (TEY) at the Si K-edge because the maximum 

sampling depth for this measurement mode is approximately 70nm.1 This helps to minimize 

any contributions from the Si(001) substrate. In Fig.A3.2, the shoulder observed around 

1840eV is due to Si-Si bonding. At the Si-Si peak, all samples have no distinguishable 

difference. As highlighted in Fig.A3.2, there are Si-N and Si-O peaks located at 1844 and 

1846eV respectively. The presence of the Si-O peak is most likely due to oxygen 

contamination on the SRSN film surface. However, there is the possibility that recoil 

oxygen atoms may have been incorporated in the film bulk during the Al implantation 

process.2 Therefore, we expect oxygen incorporation to be minimal. By monitoring the Si-

O resonance peak, we observe that the Si-O peak is unaffected by implantation or annealing 

which indicates that the Si-O resonance peak is most likely due to a thin SiO2 layer forming 

on the sample surface. The insert of Fig.A3.2 shows that the slight loss of Si-N bonds after 

implantation which is consistent with FTIR results shown in chapter 5.  
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Fig.A3.2: TEY XANES at the Si K-edge for SRSN_Annealaed,SRSN_5e13,SRSN_5e14 

and SRSN_5e15 samples. For clarity the spectra for SRSN_5e11 and SRSN_5e12 are 

omitted from this plot.   

 

A3.3: XANES spectra at Si K-edge for SiN and SRSN samples  

As a comparison, Fig.A3.3(a) shows the TEY XANES at the Si K-edge for SiN and 

SRSN samples after annealing. We observe that the rising edge of SRSN_Annealed is at a 

lower energy than SiN_Annealed. This shift in the rising edge is due to the excess Si-Si 

bonds in SRSN_Annealed in comparison to SiN_Annealed. The intensity of the Si-N peak 

is greater for SiN_Annealed than SRSN_Annealed, because SiN samples possess more Si-

N bonds than SRSN samples.3 Similar results are observed when we compare our implanted 

samples. As an example, the Si K-edge of SiN and SRSN samples implanted with 51015 
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atoms/cm2 of Al are shown in Fig.A3.3(b). We observe, in Fig.A3.3(b) a decrease in the 

Si-N peak for SiN_5e15, compared with the unimplanted sample (SiN_Annealed), which 

indicates a decrease of Si-N bonds. This may be due to Si-Al or Al-N bonds being formed 

when SiN samples were implanted. However, this decrease in Si-N bonds is not as 

significant in our implanted SRSN samples shown in Fig.A3.3(a).  

 

Fig.A3.3: TEY XANES at the Si K-edge of (a) SiN_Annealed and SRSN_Annealed are 

compared to (b) SiN_5e15 and SRSN_5e15. The spectra of SRSN samples are plotted using 

solid lines and SiN samples are plotted using dash lines. 
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A3.4: XANES Spectra at the N K-edge for SRSN Samples 

In FLY mode, there is no significant difference in the XANES spectra at the N K-

edge for implanted samples in comparison to our unimplanted sample, as shown in 

Fig.A3.4(a). We also observe that the FLY signal is weaker than our TEY signal (shown in 

Fig.A3.4(b)) this is because the Auger electron yield is typically higher than fluorescence 

yield for elements with a low atomic number. We also observe that there is an increase in 

the Si-N peak located around 405eV for P implanted samples which is likely due to matrix 

rearrangement after implantation.  

 

Fig.A3.4: The XANES spectra at the N K-edge in (a) TEY mode and (b) FLY mode for Al 

and P imlplanted SRSN samples. The spectra for Al implanted samples are plotted using 
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solid lines while for P implanted samples the spectra are plotted using dashed line. The 

XANES spectra of  our unimplanted and annealed sample is plotted for comparison. The 

spectra for samples 5e11 and 5e12 are not plotted for clarity as the N K-edge spectra for all 

implanted samples the same. 

A3.5: Elastic Recoil Detection (ERD)Spectra for SRSN Samples 

Fig.A3.5 shows the ERD spectra for implanted and unimplanted SRSN samples. 

After annealing a decrease in hydrogen content is clearly observed. The amount of 

hydrogen present in all annealed samples whether implanted or not is the same.  

 

Fig.A3.5: Elastic recoil detection spectra for SRSN samples. 



Appendix A4 

A4.1: Particle-Induced X-ray Emission Spectra  

PIXE spectra were collected at the Tandetron Facility at the University of Western 

Ontario using 1 MeV H+ at 45o incident angle. At this energy range, the ion range for 

alumina was 9.4m. Measurements were conducted using a liquid nitrogen cooled HPGe 

detector located at an angle of 90° relative to the incident beam. Fig.A4.1 shows the PIXE 

spectra for the Al film used for producing anodized alumina, as well as the anodized 

alumina film with and without the Al film attached to the back of the oxide film. Fig.A4.2 

shows the PIXE spectra for polished and unpolished sapphire films used for our disorder 

and crystalline alumina.  

 

Fig.A4.1: PIXE spectra for (a) Al2O3 film after removal from the Al film, (b) Al film, and 

(c) Al2O3 film on Al. 
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Fig.A4.2: PIXE Spectra for (a) 5×5 mm sapphire (polished side), and (b) 5×5 mm sapphire 

(unpolished side). 
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A4.2: X-ray Absorption Near-Edge Structure Spectra  

 

Fig.A4.3: XEOL spectra of c-Al2O3 before Si implantation from 200 to 650nm along the 

(a) O K-edge and from 200 to 500nm along (b) Al K-edge. 
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Fig.A4.4: XEOL spectra of c-Al2O3 prior to Si implantation from 600 to 1000nm along the 

(a) O K-edge and (b) Al K-edge. 
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Fig.A4.5: XEOL spectra of d-Al2O3 prior to Si implantation from 200 to 650nm along (a) 

O K-edge and (b) Al K-edge. 
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Fig.A4.6: XEOL spectra of d-Al2O3 before Si implantation from 600 to 1000nm along the 

(a) O K-edge and (b) Al K-edge. 
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Fig.A4.7: XEOL spectra of Si-implanted (a) a-Al2O3. (b) d-Al2O3 and (c) c-Al2O3 along 

the O K-edge.  
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Fig.A4.8: XEOL spectra of Si-implanted (a) a-Al2O3. (b) d-Al2O3 and (c) c-Al2O3 along 

the Al K-edge.  
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Fig.A4.9: XEOL spectra of Si-implanted (a) a-Al2O3 (b) d-Al2O3 and (c) c-Al2O3 along the 

Si K-edge.  
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Fig.A4.10: XEOL spectra of Si-implanted d-Al2O3 along the O K-edge. This spectrum is 

fitted using two gaussian peaks centred at 694nm and 740nm. The cumulative fit of these 

two peaks is shown with an orange dashed line. 
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A4.3: Partial Fluorescence Yield X-ray Absorption Near-edge (XANES) 

Spectra  

Fig.A4.11 shows X-ray diffraction (XRD) spectra for implanted and unimplanted 

Al2O3 compared to a reference sapphire sample. If Al2O3 films were crystalline, then the 

XRD spectra for the material would possess sharp peaks similar to those seen for our 

sapphire sample. Instead, in Fig.A4.11, we only observe broad peaks in the XRD spectra 

which indicate that the implanted and unimplanted Al2O3 films are amorphous.  

 

Fig.A4.11: X-ray diffraction spectra for unimplanted (black) and unimplanted (red) 

amorphous Al2O3 films. Sapphire reference points are included to compare the amorphous 

Al2O3 sample with crystalline Al2O3. 



189 

 

 

A4.4: Images of Al2O3 Samples Before and After Annealing 

Due to the fragile nature of amorphous Al2O3 films, to anneal the samples in the 

tube furnace these Al2O3 films needed to be sandwiched between two pieces of Quartz 

glass. Fig.A4.12 shows images of samples before and after annealing in the tube furnace.  

 

Fig.A4.12: Images of amorphousAl2O3 samples (a) before and (b) after annealing. Samples 

were supported on a Si wafer to reduce material fractures caused by annealing. 
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A4.5: Time-Resolved Photoluminescence Spectra  

Time-resolved PL (TRPL) measurements were collected using a 405 nm laser diode 

that was pulsed using a 3310A HP function generator. The time resolution of our setup was 

100 nsec. Decay curves were acquired using a R7400U-20 Hamanatsu photomultiplier tube 

(PMT) with a spectral range of 300-900 nm and peak sensitivity of 630nm. Decay curves 

were analysed using OriginLab and fitted using exponential decay curve.  

 

Fig.A4.13: PL Lifetime curve for samples a-Al2O3 (black), d-Al2O3 (blue) c-al2O3 (red). 

 

 



Appendix B1 

B1.1: Contact Mask and Contacts 

For electrical measurements, Al front contacts were deposited by depositing 100nm of Al 

through the deposition mask shown in Fig.B1.1(a). The deposition mask was designed such that 

electrical measurements, photocurrent and electroluminescence measurements could be measured 

in future work. For back contacts, silver paste was used and allowed to dry overnight.  

.  

Fig.B1.1: Schematic of (a) Al deposition mask used for depositing Al front contacts and (b) silicon 

nitride films with front Al contacts and Ag back contact. 
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B1.2: Current-Voltage Curves 

Current-voltage measurements were conducted for Si-rich silicon nitride (SRSN) samples 

that were implanted with 5×1014 and 5×1015 atoms/cm2 of Al followed by annealing at 600°C for 

30 mins in forming gas. As shown in Fig.B1.2, the resistivity for unimplanted Si-rich Si3N4 was 

very high, which was expected as Si3N4 is a dielectric material with high resistivity. On the other 

hand, for Al implanted SRSN samples there was a significant decrease in the forward voltage with 

increasing Al dose. 

 

Fig.B1.2: Current-voltage curves for Si-rich silicon nitride (SRSN) samples asis (black dash) and 

implanted samples with Al doses of 5×1014atoms/cm2 (red dash) and 5×1015atoms/cm2. 



Appendix B2  

B2.1: Al Nanostructure Fabrication  

To produce Al nanostructures, a polystyrene microsphere mask was deposited on the 

surface of Si-rich silicon nitride (Si3N4) samples using the air-liquid method. This method 

is illustrated in Fig.B2.1. In this method, a mixture of ethanol and polystyrene microspheres 

(diameter of 430 nm) suspension solution was dispersed on a water surface to produce a 

monolayer of the spheres. To push the microspheres closer together one to two drops of a 

surfactant (in our case 2% sodium dodecyl sulfate (SDS) solution) were added to the 

surface of the water. Once the microspheres were given time to disperse, the Si-rich Si3N4 

films were immersed in the water and lifted slowly to allow the microspheres to be 

deposited on the film surface.  

To maximize the adheres, Si-rich Si3N4 were cleaned using an ultrasonic acetone bath 

followed by a methanol bath and dried using purified nitrogen gas. The nitride films were 

then cleaned using an UV-Ozone system. This UV-Ozone treatment increased the 

hydrophilicity of the nitride surface.  After microspheres were deposited on the surface of 

the nitride film, the films were then allowed to dry overnight to allow for all solvents too 

dry.  
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Fig.B2.1: Diagram illustrating the fabrication of Al nanostructures. (1) Polystyrene 

microspheres are dispersed on the water surface, (2) microspheres are deposited on to the 

sample surface, (3) microsphere mask is allowed to dry and (4) Al film is deposited through 

the microsphere mask. 

After the mask was dried, the Al film was deposited using Edwards Auto500 

sputtering system at the University of Western Ontario Nanofabrication facility. After Al 

film deposition, the microsphere mask was removed by sonicating samples in ethanol. 

B2.2: Photoluminescence Results using Al nanostructures 

 Photoluminescence measurements were collected for Al nanostructures made using 

Al film thicknesses of 50±7 and 100±7 nm deposited on the surface of 400nm thick Si-

rich silicon nitride films with stoichiometry of Si3N3. As shown in Fig.B2.2, the PL 

intensity increased around 2-fold for both Al film thicknesses.  



195 
 

 

Fig.B2.2: Photoluminescence intensity of Si-rich silicon nitride sample with Al 

nanostructure deposited on the surface. Al nanostructures were produced using different Al 

film thicknesses. 

B2.3: Scanning Electron Microscope (SEM) Images 

Scanning electron microscope (SEM) images were taken using LEO (Zeiss) 1530 

SEM system. Fig.B2.3(a) shows the SEM images for Si-rich silicon nitride sample with Al 

nanostructures while Fig.B2.3(b) shows a region of the sample where the microspheres 

were not fully removed by the ethanol sonication. The major issue with producing Al 

nanostructures using our method is that a periodic monolayer of microsphere is difficult to 

produce. We can see that there were several regions where the periodicity of the 
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microsphere mask was lost. This lack of periodicity in the microsphere film has a negative 

impact on the plasmonic effect of the Al nanostructures produced. 

 

Fig.B2.3: SEM images of Si-rich silicon nitride films with Al nanostructures where (a) 

shows the region that clearly shows the type of Al nanostructures formed. In (a) we observe 

that there are regions where the microsphere film had gaps as we can observe elevated 

regions of Al. A region where microspheres were not completely removed is shown in (b). 
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