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Opto-electronic semiconductor technology continues to grow at an 

accelerated pace, as the industry seeks to perfect devices such as light emitting 

diodes for purposes of optical processing and communication.  A strive for 

greater efficiency with shrinking device dimensions, continually pushes the 

technology from both a design and materials aspect.  Nanosystems such a 

quantum dots, also face new material engineering challenges as they enter the 

realm of quantum mechanics, with each system and material having markedly 

different electronic properties. 

 Traditionally, the semiconductor industry has focused on materials such 

Group II-VI and III-V compounds as the basis material for future opto-electronic 

needs.  Unfortunately, these material systems can be expensive and have 

difficulties integrating into current Si-based technology.  The industry is reluctant 

to leave silicon due in part to silicon’s high quality oxide, and the enormous 

amount of research invested into silicon based circuit fabrication.  Although 

recently materials such as GaN are starting to dominate the electro-optical 

industry since a Si-based substitute has not been found. 

 The purpose of the dissertation was to examine several promising 

systems that could be easily integrated into current Si-based technology and also 

be produced using simple inexpensive fabrication techniques such ion 

implantation.  The development of optically active nano-sized precipitates in silica 



to form the active layer of an opto-electronic device was achieved with ion 

implantation and thermal annealing.  Three material systems were investigated.  

These systems consisted of carbon, silicon and metal silicide based 

nanocrystals.  The physical morphology and electronic properties were monitored 

using a variety of material characterization techniques. Rutherford 

backscattering/channeling were used to monitor elemental concentrations, 

photoluminescence was used to monitor the opto-electronic properties and 

transmission electron microscopy was used to study the intricate morphology of 

individual precipitates.  The electronic properties and the morphology were 

studied as a function of implant dose, anneal times and anneal temperatures. 
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CHAPTER 1 INTRODUCTION 

There are currently a variety of optical materials used in the production of 

photonic devices, most of which can not be readily incorporated into silicon-based 

technology, and can require the use of exotic materials or structures, or require difficult 

fabrication techniques. The majority of efficient light emitting materials are direct 

bandgap but some indirect bandgap materials, such as silicon carbide (SiC) and gallium 

phosphide (GaP), are used. In the case of indirect semiconductors, impurities are used 

to tailor the states within the bandgap to increase light efficiency by the formation of 

radiative traps. Each material has its advantages and disadvantages, yet all of the 

materials used today are difficult if not impossible to incorporate into silicon-based 

systems. 

 The necessity for direct and tunable bandgap semiconductors for opto-

electronics has resulted in considerable efforts to develop new optical materials which 

can be easily integrated into silicon-based microelectronics. A class of materials known 

as semiconducting silicides, which are binary or ternary compounds involving silicon 

and transition metals, have the potential to provide a solution to this problem. Such 

silicides are thermally stable, are able to withstand the chemicals normally encountered 

during the fabrication process, and can be easily passivated by thermal oxidation to 

form a layer of silicon dioxide (SiO2). Many metal silicides, such as cobalt disilicide 

(CoSi2), nickel disilicide (NiSi2) and titanium disilicide (TiSi2) have long been used in Si-

based microelectronics as interconnects and gates in metal-oxide-semiconductor 

(MOS). However, thirteen silicides are semiconducting with bandgaps ranging from 

0.07-0.12 eV. Of these, Os2Si3, and Ru2Si3 are some of the least studied of the 
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semiconducting silicides; the former is predicted to have a bandgap in the visible range 

and the latter in the infrared. In this dissertation they will be referred to MaSib systems 

where the M represents the metal. Both of these silicides, phases are isostructural, 

which allows for substantial modification of the band gap by metal alloying forming 

ternary alloys, Ru2-xOsxSi3, over a wide compositional range.  

One of the most exciting applications for optically active silicides is their potential 

as a solid state white light source. The establishment of the Next-Generation Lighting 

Initiative in the Energy Policy Act of 2002 set a roadmap for the development of solid-

state lighting (SSL)1,2. By replacing current fluorescent and incandescent bulbs with 

more efficient solid-state lighting, the nation’s electricity consumption for lighting can be 

reduced by 50%, which corresponds to a 20% reduction in the total consumption3. The 

economic and environmental rewards for developing an inexpensive white SSL are 

staggering. Other applications include integration of light emitting silicon based systems 

into optical processing and communications, as well as detectors. Silicon remains the 

dominant material for microelectronics fabrication in the semiconductor industry. Silicide 

compounds and nanocrystaline silicon-based materials can be easily integrated into 

existing silicon-based technology and, hopefully, eliminate high production costs 

associated with similar exotic compounds and structures. 

Additionally, new approaches have demonstrated that light emission can be 

achieved by tailoring the size and/or morphology of the emitting structure to alter the 

distribution and density of electronic states. Examples of these are quantum wells and 

quantum dots. Often called “artificial atoms”, quantum dots can have high quantum 

efficiencies and are easy to fabricate using ion beam synthesis techniques, which is the 



 3

subject of this dissertation. As dimensions approach those of the Bohr radius in a 

particular material, quantum effects due to the low dimensionality produce a discrete set 

of states which radically affects the emission spectrum (over that associated with the 

bulk material). Highly-luminescent, nanostructured materials have been successfully 

formed in silica by ion implantation of a variety of semiconducting elements4. Such 

approaches provide an alternative to using bulk, direct band gap materials in fabricating 

optical devices. These materials may also be mixed and matched with other 

nanocrystaline systems or metal silicide systems in order to tailor the emitted spectrum. 

While such engineered systems have been explored in the past, there is still 

considerable debate as to the nature of the mechanism for luminescence emitted from 

these materials. 

This dissertation reports the results of a study of optical properties of several 

different silicon-based materials, including direct bandgap, semiconducting metal 

silicides, as well as silicon (Si) and carbon (C) quantum-confined dots. In all cases, the 

materials were formed by ion beam synthesis using high-dose ion implantation followed 

by high-temperature annealing to segregate the desired phase/morphology from the 

implanted host. In the case of Si and C, a nanostructured material is formed by the 

segregation of elemental precipitates within the silica host with a morphology controlled 

by implantation and post-implantation annealing conditions. While Si and C 

nanocrystals have been previously shown to have intense luminescence properties, the 

exact nature of the luminescence is not fully understood, especially in the carbon 

system. Both systems were studied to examine the similarities and differences, which 
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will be detailed in each of the nanostructured systems, as well as their dependence on 

implantation and hydrogen passivation conditions.  

Also, the present research focused on the luminescent properties of Os silicide 

formed by co-implantation of silicon and the metal ions.  In the case of metal-ion 

implantation, Si in excess of the amount in silica was provided by implantation.  Results 

will be provided demonstrating the importance of the relative dose of the metal/Si ions in 

forming various silicide phases, i.e. metal-rich or silicon-rich. Band structure plots 

calculated using an ab initio style, Density Functional Theory based simulator were 

used to estimate the bulk electronic properties. Material synthesis and ion beam 

characterization were done in the Ion Beam Modification and Analysis Laboratory 

(IBMAL) at the University of North Texas (UNT). These materials were chosen in an 

effort to investigate material systems, which are optically active over a wide range of the 

entire visible spectrum and compatible with Si-based materials processing.  The ion 

bean analysis techniques included Rutherford backscattering spectrometry (RBS) / 

channeling, elastic recoil detection analysis (ERDA), and particle induced x-ray 

emission (PIXE). Additional analysis was done using photoluminescence (PL) to explore 

optical emission from the samples, x-ray diffraction (XRD) to determine the phase of the 

synthesized material, and transmission electron microscopy (TEM) for structural 

determination.  

 In this dissertation three optical systems were investigated, carbon and silicon 

nanocrystals, and metal silicide precipitates. Silicon, although studied extensively in the 

literature, was used as a starting point. Silicon nanocrystals (Si-nc), exhibit a 

phenomenon not seen in similar systems; that is Si-nc exhibit strong visible 
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photoluminescence at room temperature, but as the system is cooled to 30K, the 

photoluminescence drops off substantially. This process was investigated and 

compared to some of the previously proposed models. Carbon based nanocrystals (C-

nc), fashioned similarly to Si-nc, also exhibit bright photoluminescence, however they 

appear to be unaffected by temperature. This dissertation has also shown that the 

spectral output of C-nc can be tailored to cover a wide range of the visible spectrum, by 

controlling parameters such as implant energy, anneal times and the passivation of 

defects. Results also indicate precipitate size is important in determining the spectral 

output which could be varied over a range of 2.7 eV-1.9 eV.  The development of Os2Si3 

precipitates in SiO2 was also investigated, demonstrating the importance of implant 

dose and the metal/silicon ratio for phase formation.  Difficulties were encountered in 

forming the metal silicide using the techniques in this dissertation; however, a weak 

visible luminescent signal was detected from the fabricated metal silicide samples. To 

the best of the author’s knowledge, this is the first ever report of luminescence from 

Os2Si3.  
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CHAPTER 2 BAND STRUCTURE THEORY 

The origin of a band gap in semiconductor materials is rooted in a quantum 

mechanical description of multi-atom systems, and ultimately necessitates solving the 

Schrödinger equation to determine the nature of the electronic states, i.e. the band 

structure.  There are many techniques and approximations used to accomplish this task. 

This chapter discusses some of the basics techniques used to solve simple systems, 

and gives an overview of density functional theory (DFT), which can be used to solve 

more complex systems. Since the focus of this dissertation is not DFT, only a summary 

is presented of some of the basic principles required for operating CASTEP, an ab initio 

style, DFT-based code for calculating the ground state electronic configurations.  

 

2.1 Diffraction and the Reciprocal Lattice 

 Before one can discuss the band gap of a crystalline material, it is important to 

understand the basics of wave diffraction in a crystal lattice, which ultimately gives rise 

to the band gap. Max von Laue was awarded the Nobel Prize in 1914 for his discovery 

of the diffraction of X-rays by crystals during scattering of X-rays by a copper sulfate 

crystal. In 1915, W. H. Bragg and his son W. L. Bragg won a Nobel Prize for discovering 

the basic relationship of how X-rays would diffract from a crystal lattice, revealing 

information about the inter-atomic spacing, d. This simplest way of relating the 

diffraction of waves in crystalline materials is using Braggs Law, 

 

 λ=θ nsin d2  Equation 2.1 
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which relates the scattering angle θ to the wavelength of incident radiation λ, where n is 

an integer giving the scattering order. Over a decade later Davison and Germer 

discovered the diffraction of electrons in crystals, and Davison along with G. Thompson, 

who verified the results, received a Nobel Prize in 1937 for their work. While Bragg’s 

equation gives the diffraction condition for waves traveling through crystalline materials 

in real space, it is inconvenient for describing a host of properties that can be directly 

related to the crystal structure.  For this, it is necessary to introduce the concept of the 

reciprocal lattice defined by the three vectors A, B,and C where 

A, B,and C are given in terms of the primitive lattice vectors, a, b, and c. The concept of 

reciprocal space has been attributed to many, including J. Willard Gibbs1, and P.P. 

Ewald, but ultimately many participated in developing the mathematics and extending 

the concept to crystal diffraction.  The primitive vectors, a, b and c, define the lattice 

structure in real space and also define the smallest possible volume or unit cell that will 

exactly reproduce the lattice2,3.  

The relationship between the wave vector, k, and the intensity of an elastically 

scattered wave far from the scattering center is given by  
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⎦

⎤
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⎣

⎡
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r
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, where k0 is the incident wave vector, f(r) is the form 

factor which contains information about the details of 

the scattering potential and the scattered wave, and ω 

and t are angular frequency and time, respectively4. 

Figure 2.1 demonstrates graphically the relationship.  

Let Rm be a vector that defines the location of a 

particular scattering center. Assuming sufficiently large 

r, then k0[r-R]≈k0r-k0(r/r)·R and by definition of an 

elastically scattered wave, then k=k0(r/r),i.e. k and k0 are different in direction, but have 

equal magnitudes. Generalize the scattered wave to come from any scattering point, 

and let G=k0-k. Summing all the scattered waves from a multitude of scattering centers, 

equation 2.3 is then transformed into  

 

The fundamental condition, G•R=2πm, which relates incident and diffracted beams, 

follows immediately from these arguments. . The set of vectors G exhaust the possible 

wave vectors that satisfy the diffraction conditions from those available as given by the 

reciprocal lattice5. The relationship between the reciprocal lattice and the wave vector, 

provide a powerful explanation not only for the diffraction of photons in crystals, but also 

describes the diffraction of electrons within semiconducting crystals, which ultimately 

relates directly to the band structure. Since the wavelength of the electrons are on the 

order of the lattice spacing in semiconductor materials, the effects of the lattice spacing 

play an important role in determination of band structure.  
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Figure 2.1 Plane wave 
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 2.2 Free Electron Model 

To understand the origin of the 

band gap in semiconductors, it is 

standard practice to start with the free 

electron model and then progress to 

more realistic models.  In the free 

electron model, only one electron is 

considered and all other interactions 

are lumped in the potential term of the 

Hamiltonian.  These include the 

electron interactions with the positive 

ion cores, and electron-electron 

interactions.  Equation 2.5 gives the 

one-electron Schrödinger equation 

(SE), where the term in brackets is the Hamiltonian, and ψ  is the wave function of the 

eigenstate corresponding to an eigenenergy of ε. 

In the free-electron model the potential term is set to zero and the plane wave 

solution to the SE is simply, ψ=Ceik•r, with eigenvalues corresponding to ε= ħ2k2/(2m).  

For simplicity, we limit ourselves to the 1D case and since there are no boundary 

conditions, with which to restrict k, we get a continuous graph of energy with respect to 

the wave vector, Figure 2.2 shows the extended zone and reduced zone schemes.  The 
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first Brillouin zone has a selected range, -π/a to π/a.  The reason for selecting this 

range will be more apparent when a periodic potential is added.  The reduced zone 

scheme is useful when considering periodic potentials, and in general band structure 

plots are reduced to the first Brillouin zone. Extending past the first Brillouin zone offers 

no new information, as the band energy in the case of a periodic potential will be a 

periodic function of k. 

 
2.3 Bloch’s Theorem 

One of the largest steps towards finding a solution to the band theory problem 

was made by Felix Bloch. Bloch realized that if a crystal were periodic then the potential 

is periodic, and that a solution to the S.E. with a periodic potential would have the form6 

of

 

It is interesting to note that the S.E. belongs to a class of mathematical equations known 

as Hill’s equations, and Floquet’s theorem requires that periodic functions of V(r) lead to 

solutions such as equation 2.6. However, when dealing with solid-state theory, they are 

called Bloch functions.7  A simple application of Bloch’s theorem is the Kronig-Penney 

model given in the next section. 

 

)iexp()(U)(ψ kk rkrr ⋅=             Equation 2.6 
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2.4 The Kronig-Penney Model 

The next step to understanding band 

structure is to add the potential term, which 

would represent the periodic potential of a 

crystal lattice.  A simple 1-D approach was 

developed by Kronig and Penney8 which 

calculated the band structure for a periodic 

square potential barrier. While the model is 

far from representing the periodic potentials 

found in real solids, it does offer a great deal of insight into band structure.  Figure 2.3 

shows the periodic potential where V0 is the barrier height and b is the barrier width.   

From equation 2.5, we can reduce the time independent Schrödinger equation to 

  

, which gives the 1-D case.  The SE is now solved in regions I and II, subject to 

boundary conditions. 

When applied to the specific regions we can reduce the S.E. to 
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Figure 2.3 Kronig-Penney Model 



 13

 

, corresponding to regions I and II respectively. By requiring Ψ and Ψ’ be continuous at 

the points x=a and x=a+b one can eliminate the unknown coefficients.  The only trick 

here is to realize that at the point x=a+b=l, we get the relationship ΨI(l)= ΨI(0)Ieikl= ΨII(0, 

where l is the length, a+b. Since we know Ψ to be a plane wave we also know it is 

invariant under displacement [Ψ(x)= Ψ(x+l) for the exponential plane wave] thus, we 

can multiply it by the phase factor, eikl, to introduce k into our equation (applying Bloch’s 

Theorem).  The result is a set of four homogenous equations, which when written in 

matrix form appear as  

. 

We find the determinant of the matrix in equation 2.10 and set it to zero. With a little 

math (a lot of manipulation!) and some assumptions we can solve for the electron 

dispersion relationship given as, 
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Eq. 2.11 is the Kronig-Penney version, where the potential barriers have been 

converted to delta functions by letting V0→∞, b→0 and setting P=lim(Vo→∞, 

b→0)[(bVo)ma/2h]. A more detailed derivation can be found in most solid-state textbooks. 

 A plot of the electron dispersion relationship (Figure 2.4) reveals energies that 

are not allowable.  This forbidden region is known as the bandgap. Here, we have 

arbitrarily selected P=2. P=0 would correspond to the free electron model seen in Figure 

2.2  

 
Figure 2.4 Electron dispersion relationship (P=2) 
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2.5 Basic Electronic Transitions 

Now that we have discussed the basic mechanism of how the bandstructure is 

formed in a bulk material, it is now important to distinguish between  two different types 

of band gaps which are very important in determining the nature of electron transitions.  

The transition of an electron between the conduction band and the valence band 

without a change in momentum is known as a direct transition.  Transitions that require 

a change in momentum are known as indirect transitions.  Whether or not a particular 

type of transition occurs within a solid depends upon the E vs. k relation that maps the 

band edge.  Materials such as gallium arsenide (GaAs) have the conduction band 

minimum located directly above the valance band maximum, which permits direct 

transitions, thus resulting in the classification of such materials as direct band gap 

semiconductors.  Materials such as Si have their conduction band minimum and the 

valence band maximum located at different points in k-space. These are known as 

indirect semiconductors.  Figure 2.5 shows a generic plot of E vs. k demonstrating the 

difference between an indirect and a direct band gap in a band structure plot.  To make 

an indirect transition in k-space, the electron is required to have a change in 

kk

Ec

Ev Ev

Ec

Direct Indirect

 
Figure 2.5 Generic Band Structure Plot of E vs k for Direct and Indirect Bandgap 

Semiconductor 
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momentum, which generally requires interaction with a phonon.  Typically, direct band 

gap semiconductors have a radiative recombination processes on the order of 105 times 

that of indirect materials.9  These are extremely simplistic band structure plots, but from 

them a lot of information about semiconductor material properties can be deduced.  The 

next section discusses techniques used to calculate these band structures in real-world 

situations. 

 

2.6 Basic Approaches to Calculating Band Structure  

There are a number of approaches that allow one to calculate band structure that 

are not as computationally intensive as the ab initio methods used in this dissertation.  

These include the popular k •p method and the tight binding approach.  These very 

basic techniques either require a substantial amount of previously determined 

experimental data or use perturbation techniques to examine only highly symmetric k-

points (in order to make calculations reasonable).  The methods are well known and 

may be found in any number of solid-state books10,11,12.  However, due to the scarcity of 

experimental data and the complex structure of the semiconductor silicides, ab intitio 

codes such as CASTEP were used, which provide more detailed information about the 

band structure and are less time consuming.  

  The next sections describe the fundamental approximations used in the ab initio 

calculations for this dissertation. Bulk crystalline Si is used to demonstrate the basic 

result achieved when performing band structure calculations using CASTEP. FeSi2, a 

metal silicide that has been studied extensively in the past by various authors is also 

presented as a comparison.  
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2.7 Ab Initio 

The Latin phrase “ab initio” means “from the beginning” and when mentioned in 

physics and chemistry, it generally refers to a technique whereby the physical and 

electronic properties of material systems are determined solely from their constituent 

parts (i.e atoms).  Ab initio techniques involve solving the Schrödinger Equation (SE) for 

a many-body system while only making basic approximations to the many body 

interactions13.  These approximations involve the electron-electron, electron-ion, and the 

ion-ion interactions, and are the primary idea behind the computational code Cambridge 

Serial Total Energy Package (CASTEP)14,15,16.  Since the wavelength of an electron is 

on the order of the separation distances of atoms in a solid, electrons must be treated 

using quantum mechanics by solving the SE. Neglecting relativistic effects, the total 

energy Hamiltonian of the many-body problem is given by  

 

The first term is the kinetic energy of the electrons, summed over all electrons, and the 

second term is the kinetic energy of the nuclei summed over all nuclei.  The third term is 

the coulomb potential between all the electrons, the fourth term is the coulomb potential 

between all nuclei, and the final term is the coulomb potential between the electrons 

and the nuclei. With a typical solid having 1025 electrons and 1024 nuclei, it is impossible 

to solve the SE for large systems with even today’s computers. Approximations must 

still be made to reduce the problem to a manageable task. 
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The first step in reducing the calculation is to make the Born-Oppenhiemer 

approximation.  Physically, the Born-Oppenhiemer approximation considers the nucleus 

fixed in space when viewed by the electrons. This is a very reasonable approximation 

as the velocities of electrons are several orders of magnitude higher than the vibrational 

movement of the nuclei.  The thermal velocity is given by the equipartition-of-energy 

theorem, vth=(3kT/m)1/2.  Thermal velocity values are around 107 cm/s for Si and Ge.17 

Separation of variables can be used to split the Hamiltonian into two parts, an electronic 

part and a nuclear part18. Since this dissertation only deals with the ground state 

electronic problem, only the electronic part, 

is presented. However, the nuclear part can be used to examine phonon modes and 

scattering, and the coupling of phonons to the optical properties. Even with the Born-

Oppenhiemer approximation, the many body problem can only be managed in the 

simplest of systems. This problem is made more tractable by assuming that the 

interactions are a function of the electron density. The technique is known as density 

functional theory, and is the subject of the next section.
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2.7.1 Density Functional Theory and CASTEP  

 
The interactions in Equation 2.13 lead to a simplified expression for the 

Hamiltonian,

  Here 

the CASTEP group has placed the nuclei interactions and external fields in the Vext term 

and placed the “electron-electron interactions” in the Veff term.  

The original concept of density functional theory is accredited to Hohenberg, 

Khon19,and Sham20 in their work to develop approximation methods for inhomogeneous 

electron systems, and ultimately led to a Nobel prize. DFT handles the interacting 

electrons by making the terms in the SE a function of the electron density, effectively 

making the system one of non-interacting electrons. The electrons no longer interact 

with individual electrons, they interact with an effective charge density. Hohenberg and 

Khon stated that the ground state properties of a system can be represented as function 

of the density, and if one can determine the ground state density then all the ground 

state properties can be determined. This concept also limits DFT to ground state 

properties only. 

   

Equation 2.15 is the CASTEP form of the Khon-Sham statement, and gives the total 

energy of the system as a function of the density, where T[ρ] is the kinetic energy, U[ρ] 

contains all the coulombic interactions (ion-ion, electron-electron, electron-ion), and 

EXC[ρ] the energy associated with the exchange-correlation.  The main problem still lies 

][E][U][T][E XCt ρ+ρ+ρ=ρ        Equation 2.15 
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in determining the Exc, discussed in detail later, as approximations still have to be used. 

In short the exchange-correlation term is the energy associated with the non-coulombic 

part of the electron-electron interactions.  The reason for pulling this term out will be 

obvious in later sections. CASTEP allows one to choose from the local density 

approximation (LDA), the generalized gradient approximation (GGA), or the screened 

exchange local density approximation (sX-LDA). The importance of choosing the best 

exchange-correlation functional is discussed later. Once a functional form for Exc has 

been chosen, CASTEP can now use an iterative procedure for solving the ground state 

density functional problem. A discussion how CASTEP solves this problem iteratively 

may be found in these references21,22,23.  The next section gives a basic overview of 

how each interaction is handled within CASTEP. 

2.7.2 Pseudopotentials  
 

While the idea of pseudopotentials (Electron-Ion Interactions) has been around 

for some time, Marder24 attributes the main idea of pseudopotentials to a paper by 

Philips and Klienman25 In the pseudopotential approximation electrons are divided into 

two regions; a core region where the electrons are tightly bound to the nucleus, and a 

valence region (outer electrons) consisting of electrons that mostly determine the 

physical properties of the system.  In essence, we chose an effective pseudopotential 

that interacts with the valence electrons in such a way as not to alter their main 

properties. The valence electrons ultimately see an effective potential that is a 

combination of the positive ion core and core electrons.  First, we note the requirement 

of orthogonallity for the wave functions of valence electrons and the core electrons.  

This keeps the matrix Hermitian making it easier to compute the pseudopotentials.  
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Suffice to say, this condition leads to wave functions that oscillate rapidly near the core 

region.  In order to accurately represent these oscillations, normally one would use a 

large basis set of plane waves, making the 

calculations extremely lengthy.   

Figure 2.626 gives a graphical 

representation of an arbitrary pseudopotential, 

where the real wave function is approximated by 

the combination of Ψps, the pseudo-wave 

function and ΨV, the wave function outside the 

cutoff radius, Rc. Vps represents the 

pseudopotential, and –Z/r is the full Coulomb 

potential.  The correct pseudopotential to use is 

that which matches with the wave function 

outside Rc.  A number of textbooks cover the 

concept of pseudopotentials, but for more 

detailed information one can refer to the 

references27,28,29.  CASTEP allows one to 

choose from norm-conserving pseudopotentials30 or ultra-soft pseudopotentials31.  

 

2.7.3 Exchange Correlation Potential  

Density functional theory has become widely used in ab initio style computational 

codes. By far the most difficult term to represent in the Hamiltonian is the electron-

electron interaction term, especially the effect of the Pauli exclusion principle. This term 

Z/r

Vps

Ψps

Ψv

Rc

 
 

Figure 2.6 Pseudopotential 
Matched to the Real Potential 
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is referred to as the exchange-correlation term.  CASTEP incorporates this term within 

the DFT approximation but it is ultimately the major source for the discrepancies 

between DFT and experimentally determined band gaps, as discussed below.  

Hartree was one of the first to develop an effective potential between an 

individual electron and the other electrons in the system. In his accomplishment, he was 

able to eliminate the relationship between the single electron and the motion of the 

other electrons in the system. The effective potential he obtained is known as the 

Hartree potential, and it describes the coulombic interactions between the single 

electron and the other electrons in the system.  However, when used in calculations, it 

fails to produce real world results in a system of many electrons. This is because the 

Hartree potential does not account for all the interactions. First he failed to account for 

the requirement of spatial separation for electrons of the same spin (i.e. Pauli exclusion 

principle). Recall from basic quantum mechanics that electrons are fermions, and the 

wave function must be antisymetric under the exchange of any two electrons. This 

reduction in the coulombic potential is known as the exchange energy and is treated 

successfully in the Hartree-Fock theory and its various approximations.  This theory 

combines the original Hartree potential and the exchange potential to give 

  

While the Hartree-Fock method is often sufficient in quantum chemistry when only 

molecules are examined, it is grossly inaccurate when determining the band structure of 

solids.  

 
XHeff VVV +=        Equation 2.16 
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There is still one interaction missing, the interaction between electrons of 

opposite spin. The best way of thinking about spatial separation of electrons with 

opposite spin is this reduction in the probability of finding an electron in the vicinity of 

another electron, also known as the correlation-hole.  It can be understood in some 

ways as being a slight positive charge in a region around the electron. All the other 

electrons do not just interact with the electron alone; they interact with the correlation 

hole and the electron as one entity. This is known at the correlation potential.  To sum 

things up, all of these interactions are lumped into something called the exchange-

correlation potential, and is very difficult to model in a many body system.  DFT reduces 

the problem to a more manageable system by making the terms a function of the 

electron density.  However, one must still define a function for the exchange-correlation 

term, which is easier said than done. For a more detailed and probably the best 

conceptual description of the exchange-correlation term, a short note produced by S. 

Jenkins, can be found in Ref. 3232 and it is where most of the previous information 

comes from. More information may also be found in the book by Inkson.33 

2.7.3.1 Local density approximation  

As stated earlier, some sort of function that represents the electron-electron 

interactions as a function of electron density is required to solve the Kohn-Sham 

problem.  Originally developed by Khon-Sham, one approximation to use is the local 

density approximation (LDA).  Figure 2.7 shows a simplified comparison of LDA with 

other forms of the functional.   

Figure 2.7 a) shows the Hartree representation that originally failed to account for 

the Pauli exclusion principle, while Hartree-Fock theory takes this into account in Figure 
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2.7 b).  Figure 2.7.c) shows LDA in its spin degenerate form where all electrons are 

treated equally, yet the exchange-correlation hole is accounted for by an average.  The 

final system in Figure 2.7 d) shows the case of a non-degenerate spin system where 

like and opposite spins are treated with different functions; note LDA in the spin 

degenerate form represents the average of this system. This non-degenerate system is 

often referred to as the local (spin) density approximation (LSD) or (LSDA). If it wasn’t 

for the simple fact that these functionals can be represented in terms of charge 

densities, DFT would not make the calculation any easier than using a pure many-body 

approach. 

2.7.3.2  Generalize Gradient Approximation  

 
 

Figure. 2.7 a) Hartree b)Hartree-Fock c) LDA and d) LSDA Functional 
Representations of the Normalized Probability Density 
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LDA assumes a uniform charge density; however, the charge densities are highly 

non-uniform around atoms.  This assumption, while completely wrong, still works well in 

a number of cases.  This proof of this is that it clearly gives reasonable results for a 

number of systems. However in some situations the charge density varies drastically. 

The generalized gradient approximation (GGA) is an improvement over the LDA system 

where the functionals have an added gradient dependence34.  GGA was used in all 

calculations throughout this dissertation except where specified. 

 

 

 

 
Figure 2.8 CASTEP Calculation of Silicon Band Structure 
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2.8 Semiconductor examples 
 

Silicon, one of the most extensively studied semiconductors, is used to 

demonstrate the CASTEP program output.  For Si, CASTEP predicts a bandgap of 

approximately 1.0 eV, compared to the known bandgap of 1.12eV as seen in Figure 2.8.  

This plot was produced using GGA to calculate the total energy of the system, and 

using sX-LDA to determine the band structure. 

The plot in Figure 2.8 represents a map of the eigenvalues along highly 

symmetric directions in the first Brillouin zone of Si.  The Γ -point lies directly at the 

center of the reciprocal lattice and has the highest degree of symmetry.  It is well known 

that the valence band maximum for silicon is located at the Γ -point, and the conduction 

band minimum is located near the X-point. While the difference between the conduction 

band and valence band may be slightly undervalued, the shape is virtually identical to 

that of the experimentally determined data given by the dark blue points. The points 

were roughly extracted from the graphs in Marder35, but the actual measurements may 

be found in these references36,37. The 

experimental values were determined 

with inversion photoemission38 or angle-

resolved photoemission, and are shown 

for comparison purposes. While these 

techniques have proven useful in simple 

systems, they are only mentioned here 

to show how closely the theoretical 
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Figure. 2.9 First Brillouin Zone of Silicon 
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bands match those measured experimentally. DFT is known to under-predict the energy 

levels for the conduction band, but give fairly accurate results for the shape of the 

bands.  Figure 2.9 is first Brillouin zone of silicon, and graphically indicates the paths 

plotted in Figure 2.8. These customary paths are chosen to exploit the most from 

symmetry insuring the plot covers most of the reciprocal lattice.   

Figure 2.10 shows the full band structure plot of silicon.  The plot has a total of 16 

bands, four occupied bands and 12 empty bands.  Each band can hold two electrons; 

one spin up and one spin down.  Recall that if the system is in the ground state, all the 

energy levels are occupied below the Fermi level.  Thus, below the bandgap all the 

bands are occupied.  These plots only show the valence electrons, consisting of 3s and 

3p orbitals.  The electronic configuration of Si is [Ne] 3s2 3p2. All other electrons are 

core electrons and are treated using the pseudopotential theory discussed earlier.  This 

explains why there are only 4 bands below the band gap.  There are 2 silicon atoms per 

primitive cell and 4 valence electrons per atom or 8 electrons per cell that participate in 

bonding and actually determine the properties of the material. 

Also plotted in Figure 2.10 is the density of states (DOS) for silicon.  This 

information is useful in determining a number of semiconductor device properties.  The 

full DOS is calculated over the entire volume of the cell.  Also shown is the full DOS at 

the Γ -point only, and it is easy to see the correspondence to the bands at the Γ-point on 

the band structure plot.  Also shown are the contributions from the s shell and p-shell 

electrons. 
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One of the most studied optically active 

silicides is β-FeSi2.  It is unusual in the 

sence that depending on who performed 

the measurements, the silicide was 

found to be either direct or indirect and 

ranged in gap value from 0.7-0.9 eV39.  

A plot of the band structure reveals why.  

The band structure of β-FeSi2 was calculated and compared well with others using 

similar techniques. β-FeSi2 belongs to the space group Cmca(#64) and the first Brillouin 

zone for a base-centered orthorhombic lattice is shown in Figure 2.11 along with the 

customarily plotted paths. Lattice parameters of the primitive cell based on the most 

recent experimental results40 are given as a=9.8792 Å, b=7.7991 Å and c=7.8388 Å.  

Table 2.1 lists the atomic positions41 where the values are given in factional units of the 

primitive translation vectors.   

 
Atom # a b c 

Fe1 0.21465 0.0 0.0 
Fe2 0.0 0.19139 0.81504 
Si1 0.37177 0.27465 0.44880 
Si2 0.12729 0.04499 0.27392 

 
Table 2.1 Atomic Positions for β-FeSi2 in 
units of Fractional Primitive Translation 
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Figure 2.11 First Brillouin Zone of β-FeSi2 and Plotted Paths 
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Figure 2.12 shows the CASTEP calculation of FeSi2 which compares well with 

one author’s calculation using the linear muffin tin orbital-atomic sphere approximation 

(LMTO-ASA)42.  The band structure plots are in good agreement.  Both plots show the 

valence band maximum to be located at the Y-point with local maxima at the Z-point.  

There appears to be a possible saddle point at Γ-point.  The band structure also 

explains why such a large discrepancy exists in the measured bandgap values of β-

FeSi2, as well as why there is still controversy over the direct or indirect nature of the 

bandgap.  There are two competing transitions, an indirect transition on the Γ-Z-line to 

the Y-point (0.70eV) and a direct transition at the Y-point (0.76 eV).  It is interesting to 
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Figure 2.12 CASTEP Calculation of FeSi2 Band Structure 
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note that none of the transitions occur at the Γ-point, thus β-FeSi2 is labeled a quasi-

direct semiconductor.  CASTEP also gives a better prediction for the bandgap than this 

particular run of LMTO, although they did use slightly different lattice parameters.  Since 

the transitions are so close in energy, slight changes in atomic positions and lattice 

parameters induced by stress change the band structure to direct. Stress is often 

induced when fabrication techniques such as molecular beam epitaxy (MBE) are 

used43or even ion implantation. In the relaxed state our calculations indicates an indirect 

transition.  An implantation technique44 similar to the methods used for this dissertation 

was also performed using β-FeSi2 and actual LEDs have been produced45. 

 

 
Figure 2.13 Total DOS Calculated by CASTEP for FeSi2 
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Figure 2.13 gives the total DOS for the β-FeSi2.  The figure indicates that valence 

band states are primarily formed from a mixing of the Fe d states and Si p states. The 

DOS was calculated with CASTEP and compared well to those calculated by Antonov46, 

using the LMTO-ASA method.  Figure 2.14 and figure 2.15 gives the partial density of 

states for the Si and Fe contribution, respectively. Hybridization of the Fe d states and 

the Si p states can also be seen in the conduction band.  More examples of band 

structures calculated using CASTEP may be found in Appendix A. 

 

 
Figure. 2.14 β-FeSi2 DOS Calculated by CASTEP (Si Contribution) 
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Figure 2.15 β-FeSi2 DOS Calculated by CASTEP (Fe Contribution) 
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2.9 Nanocrystals and Quantum Dots 

The previous discussions have been about techniques used to calculate the 

electronic properties of bulk systems, where the optical properties were directly related 

to the band gap. As a system moves from bulk to nanocrystals to quantum dots, drastic 

changes can be seen in the electronic properties of the materials.  Quantum dots which 

exhibit quantum confinement are zero dimensional and the density of states (DOS) 

leads to discrete set of energies. . 

Nanocrystals, often referred to as clusters, represent the transition region from 

bulk to quantum dots.  They demonstrate properties of quantum confinement; yet retain 

some properties that are a direct result of the symmetry in a bulk system.  One of the 

best examples is Si nanocrystals (Si-nc).  Si-nc emit light at 1.6 eV, well above the bulk 

bandgap of 1.12 eV.  However, this emission process still requires a phonon to make 

the transition (indirect), a property only seen in bulk systems due to symmetry.  

Quantum dots (q-dots) are more representative of the particle in a box problem. 

Here confinement of all three dimensions has lead to discrete states with a complete 

loss of periodic symmetry, as opposed to continuous bands seen in the bulk system. 

Figure 2.16 shows how the density of states is reduced from a continuous set of states 

to one of discreet energy states as one moves from 0D-3D confinement.  

Density 

of

States

3D 2D 1D 0D

 
 

Figure 2.16 Density of States for 3D, 2D, 1D and 0D Confinement 
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In some sense, nanocrystals and q-dots are much more difficult to model, 

because it is no longer possible to simplify the problem using the periodicity of the 

structure, since the wave functions are extending beyond and thus interact with the 

physical boundaries of the system. Here states at the boundary (edge effects), play an 

enormous role in determining the electronic properties. With large mainframes or using 

parallel computing techniques, programs such as CASTEP can be used in these 

situations to model a many atom system. Since our computational resources were 

limited, a more simplified model was chosen.  

One of the best models for nanocrystals was proposed by L.E. Brus47.  Recall 

that definition of an exciton Bohr radius is defined as the actual physical separation 

distance between an electron in the conduction band and its counterpart hole in the 

valence band, and when particle sizes reach these dimensions, quantum confinement 

begins to dominate.  Brus develops his approximation from basic analytical techniques 

used to solve the bulk model, solving the SE.  He does this for the lowest exciton state. 

The energy of the first exciton state of the nanocrystal, where Egap is the bandgap 

associated with the bulk system is given by 

 

; typically, this value is experimentally determined or when it is unknown, programs such 

as CASTEP can be used. The second term, with a R2 dependence, is the confinement 

term, and comes from solving the SE just as you would for the particle in a box problem.  

The third term is the coulombic term, sometimes referred to as the free energy term and 

accounts for the energy of attraction of the electron-hole pair.  Smaller terms such as 
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the exchange term are often ignored unless exciton fine structure is studied.  It is easy 

to see that as the nanocrystal grows smaller in size the second term begins to dominate 

in an additive fashion, hence the increase in emitted photon energy typically seen in q-

dots when compared to the material in bulk form. As R grows larger both terms go to 

zero, with the confinement term approaching zero fastest.  We are left with the energy 

of the bandgap as seen in the bulk system when these terms can be neglected. There is 

obviously a region where both the confinement term and the coulombic term both play 

an important role in determining the bandgap of the material.  This region is where 

nanocrystals reside and is one of the reasons they are difficult to model and 

understand.  
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CHAPTER 3 CALCULATED BAND STRUCTURES 

CASTEP was purchased and installed on a 3 GHz, 2 GB PC.  This was adequate 

for calculating primitive cells containing less than 40 atoms.  Band structure calculations 

for this dissertation required 12-96 hrs of processing time using the medium k-point 

setting and norm-conserving pseudopotentials. Calculations were performed using 

generalized gradient approximation (GGA) functionals. These settings were near the 

limit of the computer’s capability, both in processing power and memory. However, with 

networked machines or supercomputers, the amount of processing time can be greatly 

reduced and band structure calculations for more complex structures and supercells 

can be performed. 

 

3.1 OsSi 

The osmium silicide (OsSi) phase 

can crystallize into two structures, one 

belonging to the space group P213, 

isostructural to iron silicide (FeSi), and 

the other belonging to the space group 

Pm3m, isostructural to cesium chloride, 

CsCl1.  Only the P213 structure is known to be semiconducting with a measured 

bandgap of 0.34 eV2.  OsSi is presented here for reference. It is unlikely to be formed 

under the conditions reported in this dissertation, especially the high temperature 

anneals used to process the implanted material.  The atomic positions for input into 

CASTEP were taken from an article written by D. van der Marel3.  A geometric 

 
Atom # a b c 

Os1 0.8352 0.8352 0.8352 
Si1 0.1232 0.1232 0.1232 

 
Table 3.1 Atomic Positions for OsSi in 

Units of Fractional Primitive Translation 
Vectors 
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optimization was performed and the positions used for calculations are given in Table 

3.1.  The lattice parameters are a=b=c= 4.729 Å4.  The actual cubic cell contains four 

atoms of each species for a total of eight atoms.   

There are very few experimental or theoretical data with which to compare 

results.  Only resistivity measurements have been performed and report the band gap 

energy to be 0.34 eV.  Figure 3.1 shows the theoretical band gap calculated with 

CASTEP.  Both the valence band maximum and the conduction band minimum lie just 

to the left of the Γ-point but in slightly different location in k-space; thus, CASTEP 

predicts OsSi to be indirect.  However, it may be possible to see the same effect that is 

found in FeSi2 where stress can induce slight changes in the band structure sufficient to 

switch it from indirect to direct.  In this case CASTEP has over predicted the value of the 

-3

-2

-1

0

1

2

3

X R M R

k

En
er

gy
 (e

V)

Γ

 
Figure 3.1 OsSi Band Structure 
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band gap, 0.8 eV compared to 0.34 eV.  DFT usually under-predicts the band structure 

when heavy elements are involved.  Since there was very little information on OsSi, a 

large portion of the discrepancy could be due to lack of precise atomic positions. Figure 

3.2 shows the DOS of OsSi and the contribution from s, p and d states.  The d states of 

osmium and the p states of silicon are the main contributors to the DOS near the band 

edges.  

 
Figure 3.2 OsSi Density of States 
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3.2  OsSi2 
 

The use of OsSi2 as a 

candidate for an optically active silicide 

that emits in the visible spectrum is 

problematic.  Experimental and 

computational determination of the 

osmium germanide and silicide band 

gaps has been found to range from 1.4 

to 2.8 eV5,6,7, corresponding to wavelength of light emission between 400nm-700nm. 

There are two phases for OsSi2.  This dissertation will focus on the orthorhombic phase, 

with an experimentally determined bandgap of 1.4 eV, since the monoclinic phase is 

metastable8.  Table 3.2. lists the atomic positions9 used in calculating the band 

structure.  OsSi2 is isostructural to FeSi2, belonging to the same space group, 

Cmca(#64) and thus we map the same route around the first Brillouin zone, Figure 2.12.  

Using 21 k-points and a curve smoothing routine, the CASTEP calculated band 

structure for OsSi2 is shown in Figure 3.3. First, note that the 0.6 eV calculated band 

gap is severely underestimated compared to the experimentally measured bandgap of 

1.4eV.  It is possible that the large error is due primarily to CASTEP’s inability to 

account for correlation effects, a problem that becomes worse in systems with more 

electrons.  The CASTEP calculation also indicates the band structure to be indirect.  

However, the nature of the transition is very odd.  In Figure 3.3, the conduction band 

minimum occurs at the Γ-point, while the valence band maximum occurs between the Γ-

 
Atom 

# a b c 

Os1 0.21465 0.0 0.0 
Os2 0.0 0.1881 0.1812 
Si1 0.3699 0.2208 0.0597 
Si2 0.1280 0.0534 0.7252 

 
Table 3.2 Atomic Positions for OsSi2 in 
Units of Fractional Primitive Translation 

Vectors 
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point and the Z-point, i.e the Λ-point.  Unlike FeSi2, there is very little information 

pertaining to the OsSi2 band structure.  Van Ek indicates the valence band maximum to 

be at the Γ-point and the conduction band minimum to be at Y-point.  Yet, Migas 

indicates the conduction band minimum to be at the Y-point and the valence band 

maximum to be at the Λ-point.  All agree that the bandgap seems to be indirect; 

however the nature of the transition is still uncertain.  It may be possible to induce stress 

into the system and change the band gap to direct in an effort to make it optically active, 

similar to the effect seen in β-FeSi2.  It may also be possible to form optically active 

nanocrystals of OsSi2 , similar to systems using nanocrystaline Si.   
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Figure 3.3 OsSi2 Band Structure 



 46

Figure 3.4 shows a plot of the total DOS for OsSi2.  Hybridization of the p and d 

states is dominant towards the valence band edge.  Figure 3.4 is an average density of 

states over all crystal direction. 
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Figure 3.4 OsSi2 Density of States 
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3.3 Os2Si3 
 

 Precise atomic positions for 

Os2Si3 could not be found in the 

literature, but it is isostructural to 

Ru2Si3.  The cell parameters are 

a=11.124 Å, b=8.932 Å and 

c=5.570.Å, with a density of 11.15 

g/cm3, and is orthorhombic 

belonging to the space group 

Pbcn(60)10.  Plugging in the known cell parameters and using the atomic positions of 

Ru2Si3, CASTEP was able to predict the atomic positions using the geometric 

 
Atom # a b c 

Os1 0.2452 0.1868 0.2382
Os2 0.0 0.03749 0.25 
Os3 0.0 0.5762 0.25 
Si1 0.4261 0.2950 0.4433
Si2 0.3184 0.4365 0.0917
Si3 0.1302 0.3928 0.3966

 
Table 3.3 Atomic Positions for Os2Si3 in Units 

of Fractional Primitive Translation Vectors 

-1

-0.5

0

0.5

1

1.5

2

Z T Y S X U R

k

En
er

gy
 (e

V)

Γ

 
Figure 3.5 Os2Si3 Band Structure 
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optimization technique mentioned previously.  The atomic positions listed in units of 

primitive translation vectors are given in Table 3.3.  The band structure was then 

calculated using CASTEP, and is comparable with the latest published theoretical 

data.11,12.  Using VASP, Migas predicts a bandgap of 0.95 eV while CASTEP predicts a 

bandgap of 0.85 eV, both at the Γ-point.  However, VASP does not indicate a second 

minima in the conduction band at the Y-point, which is evident in the band structure in 

figure 3.5 produced by CASTEP.  The customary path plotted around the first Brillouin 

zone is shown in Figure 3.6.  Both theoretical predictions indicate Os2Si3 to be direct 

and a good candidate for a silicon-based, direct bandgap material.  

The experimental bandgap measurements indicate a bandgap of (2.3 ± 0.2) eV13, 

which is double the theoretical prediction.  Again, this can be attributed to DFT’s inability 

to provide a correct correlation term for materials involving heavy elements.  However, 

the experimental measurements indicate that Os2Si3 is a prime candidate for an 

optically active silicide in the visible light range. 
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Figure 3.6 First Brillouin Zone of 
Orthorhombic Structured Os2Si3 
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Figure 3.7 shows a calculation of the full DOS calculation for Os2Si3.  The 

primary contribution to the DOS is from the d states of Os and the p states of Si as seen 

in OsSi2. 
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Figure 3.7 Os2Si3 Density of States 
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3.4 Ru2Si3 
 

 There has recently been a 

substantial increase in literature on the 

optical properties of Ru2Si3.  The lattice 

parameters of Ru2Si3 are a=11.1057 Å, 

b=8.934 Å and c=5.553 Å, and the 

atomic positions are listed in Table 3.4.  

The lattice is orthorhombic in structure 

 
Atom # a b c 

Ru1 0.2472 0.1864 0.2401 
Ru2 0.0 0.0451 0.25 
Ru3 0.0 0.5748 0.25 
Si1 0.4275 0.2841 0.4537 
Si2 0.3253 0.4350 0.0934 
Si3 0.1366 0.3994 0.3946 

 
Table 3.4 Atomic Positions for Ru2Si3 in 
Units of Fractional Primitive Translation 
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belonging to the space group Pbcn(60), and the material has a density of 6.96 g/cm3.14  

It is isostructural to Os2S3.   

Previous theoretical data indicate the bandgap to range from 0.41 eV15 to 0.45 

eV16, which is in good agreement with the CASTEP calculation shown in Figure 3.8, 

indicating a direct bandgap of 0.43eV.  The plot is complarable to that calculated by 

Filonov17 and Henrion18, using the LMTO method.  Experimentally determined values of 

the Ru2Si3 band gap have shown 0.72 eV19, .8 eV20, and 1 eV21.  Again, the 

experimental values are nearly double the ab initio predicted energy gap values.  Figure 

3.9 shows the CASTEP calculated DOS for Ru2Si3.  As seen in Os2Si3 the major 

contribution near the band edges are from the Si p states and the Ru d states. 
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3.5 OsxRu(2-x)Si3 

 

Since Os2Si3 and Ru2Si3 are isotructual, varying the metal ratios to form a 

composite material allows the possiblity of tailoring the bangap from 2.3 eV to 0.43 eV.  

By forming the material in small nano-scaled precipitates and exploiting the effects of 

quantum confinement, it is possible to further increase the range over which the 

bandgap can be tailored.    

Using CASTEP, an attempt was made to see how the bandgap varied with 

changing metal ratios in a bulk system. Due to limited computational resources-the use 

of a single PC-it was necessary to retain the symmetry to keep the problem simple. In 

other words, there are only two positions where substitution of Os with Ru in the crystal 

latice would maintain the same symetry of the single metal only variety and have a 

composition of roughly half of each metal. Figure 3.10 shows the primitve cell used for 

the bandgap calculation of the composite material. Using the geometric optimization 

ability of CASTEP, a program that can relax the lattice constants and optimize the 

         
 

Figure 3.10 OsRuSi3  (a) Position One and (b) Position Two 
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atomic positions, theoretical unit cells were produced for the two composite materials. 

For position one, the lattice constants, a=11.173 Å, b=8.953 Å and c=5.578 Å, and for 

position two, a=11.167 Å, b=8.994 Å and c=5.568 Å.  More detailed information can be 

found in Appendix B, which lists the positions of each atom within the unit cell for the 

band structure calculations. The predicted band structure for the two composites are 

shown in Figure 3.11 

Of course this lattice construct is far from that present in a real alloy in which the 

Os and Ru would be distributed randomly in metal sites..  Even so, substitution of one 

metal for another and maintaining symmetry yields a datapoint to give a rough plot of 

bandgap vs. concentration. Recall that CASTEP is known to underpredict the bandgap 

when heavy elements are used by up to a factor of two or more, as shown in the 

previous sections. This is apparent when one compares the theoretical pridictions of 

CASTEP to the experimental results for Ru2Si3 and Os2Si3. To compensate for this, a 

rough assumption is that the multiplcation factor is linear from 1.5 to 2.7, for Ru2Si3 to 

Os2Si3. According to Vegard’s Law, this assumption should be justifiable since the 

 
Figure 3.11.  a) Os2Si3 with Ru Substituted for Os at Position One, and b) 

 Os2Si3 with Ru Substituted for Os at Position Two.  
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materials are isotructural and have similar properties.  Figure 3.12 shows a graph of the 

change in bandgap with concentration. The graph shows the predicted CASTEP values 

and roughly what would be expected experimentally. Future work could included a more 

detailed analysis of the bandgap as a funtion of concentration by relaxing some of the 

symmetry requirement and fashioning supercells. 
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Figure 3.12 Bandgap of Composite Material as a Function of the Ru and Os 

Concentration 
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CHAPTER 4 SAMPLE PREPARATION 

An ion-beam synthesis process was used to form the nanoparticles in various 

substrates.  In the case of silicide formation, metal (M) ions were implanted at high 

doses into a silicon (Si), germanium (Ge) or silicon dioxicde (SiO2) substrate where they 

were reacted to form the precipitates or nanocrystals.  After implantation, the target was 

annealed and/or oxidized in a high temperature furnace, forming precipitates of MaSib, in 

the case of metal silicides or Si and carbon (C) in the case of single element 

nanocrystals. In the case of silicide formation, co-implantation with metal- and Si-ions 

was done to provide both elemental constituents of the alloyed nanoparticles.  

Formation of the precipitates is temperature and concentration dependent1.  

Implantations were performed in the Ion Beam Modification and Analysis Laboratory 

(IBMAL) at the University of North Texas Physics Department. 

 

4.1 Fabrication 

Variations in the implanted concentrations and the annealing parameters were 

used to optimize the process for the selected material. To optimize the formation of 

some metal silicides, osmium silicide in particular, it was necessary to control the 

amount of implanted Si needed to react with the implanted metal.  It was necessary to 

adjust the implanted ratio in a range near the stoichiometric value to achieve the optimal 

optical efficiency.  This was due to a variety of reasons, which will be discussed later in 

the individual sections for the selected material. 
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In general, two different techniques were used for materials preparation in the 

research reported in this dissertation.  The first, which involves ion implantation of silica, 

was described in the preceding paragraph.  The other technique involves a segregation 

process, which depends upon the well-known mechanism of rejection or segregation of 

impurities at the interface of a growing oxide in silicon.  Figure 4.1 shows a schematic of 

the of the segregation process.  Initially, a high-dose of metal ions is implanted into the 

near-surface of p-type silicon, after which the sample is oxidized in a high-temperature 

furnace.  The segregation and silicidation processes occur dynamically during the 

oxidation.  The metal/metal silicide forms by reaction with the Si matrix and is then 

harvested by the segregation process into a distinct layer on the Si side of the SiO2/Si 

interface. As will be shown later, segregation in some cases is dependent upon the rate 

of oxidation.  Previous work has shown that is some cases the precipitates orient 

themselves in a manner that lowers the energy of the system2.  This tendency can be 

used to advantage in forming self-aligned silicide precipitates.  

 

Pure Si Implant Metal Oxidation / Anneal Etch Oxide  
 

Figure 4.1 Schematic of Oxidation and Anneal Process to Form Metal Silicide 
Precipitates 
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4.2 Ion Implantation Setup 
 

Ion implantation is widely used through out the semiconductor industry in device 

fabrication, and is a fairly cheap and easy process to perform.  The addition of three 

implant lines to the accelerator facilities at IBMAL during the course of my research 

activities greatly increased the ability of the lab to perform materials modification.  

Figure 4.2 shows a map of the IBMAL facilities. A high energy (low MeV range) implant 

line was added to the tandem pelletron for performing deep implants, and a low energy 
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Figure 4.2 IBMAL Accelerator Layout 
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implant line added just after the 90o magnet allows for shallow implants with an energy 

range between 10 keV-70 keV.  A third implant line was added to the Van de Graaff, 

and allows for implantation of hydrogen or helium between 0.5 MeV and 1.5 MeV. 

Since shallow implants were easier to process during the segregation step and 

beam currents are much higher after the 90o, compared to those coming out of the 

tandem due to charge state distribution, all implants for this dissertation were performed 

using the low energy implant line.  Figure 4.3 shows a larger schematic of the low 

energy implant line just after the 90o magnet.  The primary components consist of an ion 

source, referred to as the Source of Negative Ions by Cesium Sputtering (SNICS); an 
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isotope separation magnet, referred to as the 30o or source selection magnet; a set of 

scan plates for beam rastering; and target chamber to house the target and current 

measuring devices. 

Basic operation of the SNICS can be found in the NEC owner’s manual3.  The 

SNICS is the primary source used for implanting most of the available ion species; 

however, it is possible to use the alphatross if helium implantation is desired.  Since the 

SNICS is a negative ion source, implantation is limited to those elements that have a 

substantial electron affinity.  The NEC manual gives a short list of the ions and their 

respective currents that can be obtained 

using the SNICS. However, a more 

exhaustive study can be found in the 

Negative Ion Cookbook4, which gives the 

material used for making the cathode for a 

given ion, the expected ion current, and a 

mass spectrum of the sputtered material.  

While a few elements can generate high 

currents, greater than 100 μA after the 30o 

magnet, most elements will have currents 

less than 20 μA.  For this reason it is necessary to have the SNICS optimized since 2 

μA of rastered current is desired for performing high concentration implants.   

SNICS Operating Parameters 

Source Bias -55 kV 

Extraction 11 kV 

Focus 2-3 kV 

Cathode Voltage -4 kV 

Cathode Current 1-2 mA 

Ionizer Current 20-24 A 

Oven Power 20% 

Oven Temperature 180 oC 

 
Table 4.1 Typical SNICS Operating 

Parameters 



 62

Once the current in the SNICS 

has been optimized, the next step is to 

use the 30o magnet to steer and 

separate the desired isotope for use 

during implantation. After the magnet 

is allowed warm up, it is very stable 

and one can use either the power 

supply (local mode) to control the 

magnet current or the accelerator 

computer.  Figure 4.4 plots a graph of magnet rigidity vs. percent power, where E is 

energy and m is mass.  All singly-charged atomic and molecular ions will have the same 

energy, which is the sum of the source bias and the extraction voltage.  Care should be 

taken to insure there are no molecular or isotopic interferences.  These values will give 

a rough estimate of the magnet setting for a particular isotope, however, the values can 

differ slightly depending on how the SNICS focus, steering and einzel lens settings.  

The beam profile monitor and a faraday cup just after the 30o magnet allows fine-tuning 

of the beam focus. 

The 90o magnet posed the largest problem for implanting using the low energy 

line.  First the beam passes through a small section of the magnet, and even when the 

magnet is turned off there was still a residual field sufficient enough to offset the beam.  

To counter this problem, the necessary electronics were added to force the power 

supply to zero the magnetic field when it was turned on by reversing magnet current 

slightly. 
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The next step was to optimize the beam current on the target holder. The target 

holder is capable of holding four samples, but one side was left blank for beam setup.  

Once the beam was optimized on the target holder, a small aperture faraday cup, 

located just in front of the target was used to center the beam..  A beam profile monitor 

(BPM) and collimator were added just prior to the rastering plates.  Using the collimator 

it is possible to produce a well-focused, isotopical-pure beams. . 

Once the beam is centered, an oscilloscope was used to measure the current 

through a resistor placed between the target holder and ground.  With a fixed beam on 

the target, the voltage will remain constant due to constant current, but as a bias is 

applied to the scan plates, the beam begins to sweep from side to side. As the beam 

sweeps across the target, the current and voltage oscillate and the oscilloscope shows 

the formation of peaks.  The ideal scan bias is reached when the peaks no longer 

increase in height.  This is an indication that the beam is scanning completely off the 

sample.  X and Y scanning is adjusted individually so that the peaks on the oscilloscope 

are fairly symmetric.  A non-symmetric signal is an indication that the beam is not well 

centered. 

Current integration is performed directly off the target as shown in the expanded 

view of figure 4.3.  A BNC cable connects the target holder to an Ortec Digital Current 

Integrator, whose output pulses are fed to an Ortec Timer/Counter. A high voltage 

power supply is used to apply a 200 V bias to the annular plate in front of the target 

holder, which is used for electron suppression.  Adding material to a substrate using ion 

implantation is extremely precise.  Equation 4.1, given below, relates the ion dose 

D(atoms/cm2)  to the integrated charge Q (pulses recorded by counter), the scan area- 
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A(cm2), the electronic charge- e(C), and the charge per integrated pulse C(C/pulse).  

Equation 4.2 is the estimated implant time, where t(s) is time and I(A) is current.  SRIM 

calculations of implant profile scans be found in Appendix C. 

DAe/CQ =  Equation 4.1 
 

I/DAet =             Equation 4.2 
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CHAPTER 5 EXPERIMENTAL METHODS 

5.1 Rutherford Backscattering 

Rutherford backscattering spectrometry (RBS) and channeling were used to 

monitor the progress of the precipitate formation during the various stages of sample 

preparation.  RBS is a non-destructive technique that utilizes high-energy ions to 

irradiate a solid target.  The energy spectrum or histogram of the backscattered ions is 

used to quantify the amount and, in some cases, the distribution of impurities in the 

solid. Channeling is a variant of the RBS technique where the sample is aligned 

crystallographically with the incident ions.  With the sample aligned in such a geometry, 

the backscattering yield provides information, which can be used to monitor precipitate 

crystal alignment and substrate damage. 

 

5.1.1 Rutherford Backscattering Theory 

RBS is a commonly used technique 

to measure impurity concentrations in 

materials.  For the most part RBS is 

considered nondestructive and simple to 

perform, although it is limited in sensitivity. 

Typical sensitivities are on the order of 

parts per thousand, but are strongly 

dependent on the element to be analyzed and the substrate.  The technique involves 

the use of a collimated ion beam of known energy incident on a solid target.  The 

energy of the elastically scattered ions, which provides elemental information about the 

M1 M2 E2,v2

E1,v1

E0,v0

θ

 
Figure 5.1 Elastic Scattering Process 
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sample, is typically monitored using a solid-state, surface barrier detector.  Figure 5.1 

demonstrates the elastic scattering process utilized during RBS, where M1 is the mass 

of the projectile atom and M2 is the mass of the target atom.  The velocity and energy of 

the projectile prior to collision is given by v0 and E0.  E1 and v1 are the energy and 

velocity of the projectile, respectively and E2 and v2 are the energy and the velocity of 

the target atom after collision.   

Using conservation of energy and 

momentum, one can obtain a set of 

equations and solve for the kinematic 

scattering factor, K, defined as the ratio of 

the scattered energy of the projectile to 

that of its initial energy, (E1/E0).  Equation 

5.1 gives an expression for K and the 

derivation of K can be found in 

Backscattering Spectrometry1. 

Figure 5.2 graphically shows the basics of channeling and RBS.  Figure 5.3 

shows the RBS spectrum obtained using a 1.5 MeV He+ beam incident on a (100)Si 

single crystal.  The sample is first oriented at 5o with respect to the beam to obtain a 

random spectrum. The sharp edge near 900 keV in the figure corresponds to ions that 

have backscattered from the surface of the Si.  Those ions that go farther into the 
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sample loose energy on their way in and out and as expected these ions show up with 

energies less than that of the Si edge.   

The amount of energy they lose on the way in and out is given by the stopping 

power, which is characteristic to the projectile and target materials, as well as the 

projectile energy.  When a major axis of the crystalline silicon is aligned with the incident 

beam, channeling effects become apparent.  Correlated collisions with the atoms in a 

crystalline plane or string result in a gentle steering of the ion that limit its interaction 

with the atoms, thus resulting in substantial reduction in the backscattering yield as 

seen in the aligned spectrum in Fig. 5.3.  Since channeled ions are confined to the 

interstices of the crystalline lattice, they interact strongly with atoms displaced from 
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substitutional lattice sites.  Thus, channeling is sensitive to structural defects in the 

lattice, as well as interstitially located impurities.  

Concentrations and depth profile information can be deduced from the spectrum 

by approximations, such as the surface approximation or using a Monte Carlo 

approach.  The method used in this thesis for spectral analysis involved a well-known 

and proven simulation program known as SIMNRA2,3. 

Target Chamber

To Detector 
Electronics

Target

To Current 
Integrator and 
Electron Suppression 
Voltage

To Current 
Integrator

Electron 
Suppressor

Mesh for
Current
Integration

Solid State
Ion Detector

α=0

β

θ

 
 

Figure 5.4 RBS Target Chamber Set Up 
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5.1.2. Experimental Setup 

The experimental set up for RBS is shown in figure 5.4.  The basic pieces include 

a current integration scheme, a rotatable target holder, and a solid-state detector.  

Accurate current integration is critical for normalizing one spectrum to the next to a 

common number of incident ions.  Current integration is performed either directly from 

the target or from a wire mesh positioned in front of the target chamber.  Integration of 

current directly from a biased target provided the most reproducible results.  The target 

is mounted in an electrically isolated goniometer.  A positive bias of 200 V was applied 

to the target for electron suppression.  The detector and negative terminal of the battery 

are connected to the electronics shown in Figure 5.5.  A solid-state surface-barrier 

detector biased at 50V is connected to an Ortec preamp, which is connected to an 

Ortec amplifier.  A Nucleus multichannel analyzer (MCA) is used to record the 

spectrum.  The negative terminal of the battery (target bias) is connected to the current 

integrator which gates the MCA.  For RBS performed in this dissertation the incident 

beam angle was set at 5 degrees to reduce channeling, and the detector is 45o to the 

incident beam, unless stated otherwise. 
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Figure 5.5 RBS Electronics Up 
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All the RBS measurements were performed using a Van da Graaff accelerator at 

the UNT IBMAL facilities, shown in figure 4.2.  A 1500 keV He+ beam was used for RBS 

measurements. 

 
5.2  Photoluminescence 

Photoluminescence (PL) was used to measure the band gap of the metal 

silicides and nanocrystals and their light emission efficiency.  PL is a nondestructive 

process where light of a known wavelength is used to probe the energy states of 

various materials.  Electronic properties such as bandgap and carrier recombination 

times, to name a few, can be studied. 

. 

5.2.1 Photoluminescence Theory 
 

A focused light source, such a laser or a full spectrum high intensity lamp, is 

used to stimulate light emission from the samples.  A laser producing light at a single 

wavelength will interfere less in the spectral analysis and provide greater intensity at the 

desired wavelength than a conventional full spectrum light source.  Photons with energy 

greater than the band gap are capable of exciting the electrons from the valence to the 

conduction band.  Prior to recombination, the electrons and holes produced by this 

excitation quickly make their way to the lowest unoccupied states in the conduction and 

valence band, respectively.  The electrons then make a direct or indirect transition back 

to valence band.  As discussed earlier, the type of transition depends primarily on the 

alignment of the valence band maximum and the conduction band minimum in k-space.  

A direct transition results in the production of a photon of energy equivalent to the band 
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gap.  This emitted light is measured using a charge couple device CCD and 

spectrometer. 

5.2.2 Experimental Setup 
 

Figure 5.6 shows a simple photoluminescence experimental setup. A laser with 

photon energy greater than the band gap of the material is used to excite the electrons.  

A sample cooler is used to reduce the effect of non-radiative processes and increase 

the radiative process by increasing the exciton population, and reducing the phonon 

population. A lens or focusing mirror is used to direct the light into the aperture of the 

CCD and spectrometer. A computer is used to control slit and grating position, as well 

as recording the spectrum of the emitted light. Photoluminescence was preformed using 

a basic setup, with a TRIAX 350 spectrometer and HeCd laser.  Photographs of the 

experimental PL setup may be found in Appendix D. 

 
5.3 Transmission Electron Microscopy 

 Transmission electron microscopy (TEM) was performed by microscopist Tae-

Hun Lee at the Nano and Beyond Research Laboratory (NBRL), Department of Electric 
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Figure 5.6 Typical Photoluminescence Setup 
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Engineering, University of Texas at Dallas (UTD), under the supervision of Dr. Moon 

Kim, and Dr. Bruce Gnade.  TEM is a unique tool in the characterization of a material’s 

crystal structure and microstructure simultaneously by diffraction and imaging 

techniques.  In a conventional transmission electron microscope, a thin specimen is 

irradiated with an electron beam of uniform current density. Electrons are emitted from 

the electron gun and illuminate the specimen through a two or three stage condenser 

lens system. The objective lens provides the formation of either the image or diffraction 

pattern of the specimen. The electron intensity distribution behind the specimen is 

magnified with a three or four stage lens system and viewed on a fluorescent screen. 

The image can be recorded by direct exposure of a photographic emulsion or an image 

plate or digitally by a CCD camera.  

While standard RBS can provide detailed information about elemental 

concentrations as function of depth, it is ultimately limited by its resolution.  To achieve 

nanometer resolution and understand the nano-scaled morphology of the precipitates 

fashioned in this dissertation, it was necessary to use TEM. 
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CHAPTER 6 SILICON NANOCRYSTALS 
 

Silicon nanocrystals (Si-ncs) were investigated primarily to study a system which 

is well known and, therefore, would establish a baseline for understanding similar 

systems, as well as providing a check on the experimental procedures and methods 

used in these studies.  In particular, since the luminescent properties of Si-nc have been 

widely reported1,2,3  Si-ncs offer a calibration for the photoluminescence measurements 

and allow for a comparison with the spectral results of other similarly fabricated 

quantum-confined systems. 

 

6.1 The Model 

The fabrication of Si-ncs is relatively simple and cheap compared with materials 

currently used in the production of light emitting diodes (LEDs).  As described 

previously, the nanocrystals are formed by ion implantation of silica with a concentration 

of Si that depends on the implant fluence.  The samples are then placed in a furnace 

and annealed at temperatures around 1000 oC, which is sufficiently high to precipitate 

the excess Si into second-phase particles.  The concentration, anneal time and 

temperature play important roles in the size of the precipitates formed.  Also, 

uncontrollable factors including trace amounts of oxygen in the annealing furnace, 

which lead to a reduction in the concentration of excess Si and the size of the 

precipitates, will be discussed. Lastly, the methodology includes hydrogen passivation 

of defects, such as dangling bonds at the interfacial boundary of the precipitates, to 

eliminate active sites that would otherwise provide non-radiative recombination centers 

for quantum confined excitons. 
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 Several competing models have been offered to account for the luminescent 

properties of Si-ncs. One model proposes that the red luminescence, characteristic of 

Si-ncs, originates from defects at the interface between the precipitates and the silica 

substrate4,5,6.  One observation, that provides an important constraint on any proposed 

models relates to the adsorption spectrum for Si-nc.  It was reported that the absorption 

edge is at an energy that is much higher than the actual Si bandgap.  Recall that 

materials absorb light at energies higher than the bandgap, and emit light at an energy 

corresponding roughly to the bandgap size.  It was clearly shown that the absorption 

edge depends upon the nanocrystal 

size and lies in the UV-blue (200-

450nm) 7 region of the spectrum, but 

the emitted light remains fairly 

constant in a range of 700-750nm.  

This size-dependent adsorption edge 

is consistent with the anticipated 

behavior of a 3-D quantum 

confinement system, (i.e. a size dependent bandgap that increases with decreasing 

nanocrystal diameter.)  The model proposed by the group at Oak Ridge National 

Laboratory8 is illustrated by the energy-level diagram in Figure 6.1.  In this model, light 

adsorption is due to band-to-band transitions within the quantum confined system but 

relaxation follows a different pathway related to interfacial defects.  Electronic states 

associated with defects, such as dangling bonds at the interface between the 

nanoparticles and the host matrix, fall energetically within the bandgap of the Si-nc, as 

 

Si/SiO2 Interface StatesEgαD-x

 
 

Figure 6.1 One Proposed Model for the 
Luminescent Properties of Si-nc 
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shown in Fig. 6.1.  The different pathways for excitation and relaxation account for the 

observed differences in the adsorption and emission spectra.  In further support for this 

model, large recombination times of the order of 250-650 μs were measured by time-

resolved photoluminescence, which are consistent with defect-mediated recombination 

rather than band-to-band transitions within the nanocrystals9.  However, this contrasts 

with the results of another author who showed the lifetimes to be between 10-50 μs, an 

order of magnitude less.10 In this case, the small lifetimes were attributed to band-to-

band transitions within the Si-nc.  Another weakness of the Oak Ridge model, which 

attributes the PL to surface interface states, is that it does not explain the effects of 

hydrogen passivation, which increases the intensity of the luminescence11.  One would 

expect luminescence to reduce as the hydrogen passivates and, thus reduce the effects 

of surface interface states at the boundary, according to this model.  However this is not 

the case, as passivating in a hydrogen rich atmosphere during the anneal process, 

significantly increases the luminescent output12.   

Another model, proposed by the Atwater group at the California Institute of 

Technology, a recognized leader in the study of Si-nc technology, and in conjunction 

with the Institute of Atomic and Molecular Physics in Amsterdam, has attributed the PL 

emission of Si- ncs to the indirect nature of silicon through lifetime measurements13.  

Their experimental work supports the idea that the emission is due to enhanced 

exchange splitting due to quantum confinement.  This effect is similar to what is seen in 

porous silicon, where single and triplet states are formed by localized excitons within the 

nanocrystal itself14, which is in disagreement with the idea of luminescence taking place 

by surface interface states15.  The process if further complicated by the indirect nature 
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of Si, as the coulombic interactions play a larger role in exciton splitting16.  It is clear that 

studies to date have demonstrated the potential of Si-nc systems prepared by 

implantation for use in optical devices.  However, the results have not resulted in an 

unambiguous interpretation of the underlying mechanism responsible for light emission. 

 

6.2 Sample Preparation 

Silicon nanocrystals where fabricated by the ion beam synthesis process using 

the implantation and thermal annealing described earlier.  First, silica samples were 

prepared from p-type silicon wafers using a standard dry oxidation process at 1100oC. 

The silica samples were then implanted with Si ions at 70keV, with fluences of 5x1016, 

1x1017, and 2x1017atoms/cm2.  After implantation, the samples were annealed for 15, 

30, 60, 120, and 240min, at 1100oC, in a dry ultra high purity Ar gas or a forming gas 

which contains 96.2% Ar and 3.8% H.  The maximum percentage of Ar/H is 96% to 4%, 

before the gas becomes flammable.  

 

6.3 PL Measurements  

 In general, as the temperature of a typical, light emitting semiconductor material 

is decreased, phonon related transitions tend to decrease with an increase in photon 

related (light producing) transitions and, hence, an increase in the photoluminescence 

intensity.  However, the opposite behavior is exhibited by Si-ncs.  Figure 6.2 shows the 

effects of temperature as it is lowered from room temperature to 20 K in a sample 

prepared by implanting at 20 keV and annealing at 1100oC for 1 hr.  The large peak 

intensity centered near 760 nm, is about 5 times stronger at room temperature (RT).   
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Secondly, there is a smaller peak around 440 nm that slightly increases in 

intensity as the temperature decreases.  Excitation of the sample is produced using a 

325 nm wavelength laser.  Integer multiples of the wavelength must be avoided, as this 

could lead to saturation and possibly damage the CCD.  Filters may also be used here 

to eliminate this gap; however, it was decided to avoid using filters since the gap did not 

fall on the photoluminescence peaks. 

 An attempt was made to estimate the size of the nanoparticles based on the PL 

results and previously published data. This was accomplished by first examining the 

growth of the Si-ncs during the annealing process. Figure 6.3 gives the PL peak 

intensity at 760 nm as a function of anneal time for three 70 keV implants at fluences of 

5x1016, 1x1017 and 2x1017 atoms/cm2.  Each implant was annealed for 15, 30, and 60 

min in an Ar/H forming gas after which a PL spectrum was recorded.  The intensity at 

the two lowest fluences clearly peaks within the time period, while the intensity from the 

 
 

Figure 6.2 Photoluminescence Temperature Dependence of Si-nc 
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highest dose sample does not.  Typically, one would expect that precipitation and 

ripening processes would lead to a continual increase in the average size of the Si-nc 

during annealing resulting in either a saturation of the PL signal or a monotonic 

increase.  However, Figure 6.3 indicates that the intensity steadily drops off after 

reaching maximum intensity, at least at the two lower doses.  Trace amounts of oxygen 

in the annealing furnace are believed to be responsible for this effect.  This oxygen, 

derived possibly by desorption from the quartz tube of the furnace, oxidizes the Si-ncs 

leading to a reduction in their size and eventually their elimination. Thus, there are two 

competing processes during the anneal phase.  Initially, the excess Si leads to the 

formation of second-phase particles by the precipitation and ripening process resulting 

in an increase in the PL signal.  This, however, is countered by oxidation which 

progressively eliminates the precipitates and, thus, the optical activity. 
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Figure 6.3 PL Intensity of 760 nm Transition as a Function of Anneal Time; 
(Implant Fluences of 5x1016, 1x1017, and 2x1017 atoms/cm2) 



 

 81

Figure 6.4 shows the PL peak intensity at 440 nm as a function of anneal time.  

The PL reaches a maximum intensity and begins to drop off, similar to what was seen 

with the 760nm peak.  This similarity suggests that the behavior of both peaks is 

affected in a common manner by the morphological changes during annealing of the Si-

ncs.  This again is consistent with the idea that the Si-ncs are growing in size reaching a 

maximum diameter as the system runs out of excess silicon, at which point ambient 

oxygen begins to attack the surface of the Si-nc and starts a steady reduction in size.  

However, the dependence of the 440 nm peak is shifted to longer time intervals.  This is 

most clearly seen in the behavior of the two different peaks in the low dose sample.  

The PL intensity of the 760 nm peak reaches a maximum after annealing at ~15 min, 

while the 440nm signal peaks near 30 min.  The shift in the time scales between the two 

peaks strongly suggests different mechanisms are responsible for the optical activity of 

the two PL peaks.  This is further supported by the temperature dependence of the two 
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Figure 6.4 PL Intensity of the 440 nm Transition as a Function of Anneal Time;  

(Implant Fluences of 5x1016, 1x1017, and 2x1017 atoms/cm2) 
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peaks.  Unlike the 760 nm peak, the intensity of the 440 nm peak increases with 

decreasing temperature, as seen in Fig. 6.2.  It is interesting that these observations 

have not been noted in previous publications, despite the use of similar experimental 

conditions. 

One would also expect to see a shift in wavelength of the emitted light due to 

quantum confinement effects as the size of the Si-ncs varies during processing.  As the 

Si-ncs grow larger during the ripening process, a red shift should occur, while reduction 

in the size due to oxidation will lead to a blue shift of the PL peak.  Figure 6.5 shows the 

change in wavelength for the peak near 760 nm from the high-dose implanted sample.  

As the anneal time increases, the wavelength decreases montonically corresponding to 

a decrease in the average size of the Si-nc’s. Unfortunately, no data were taken during 

the first 15min where the Si-nc’s are expected to be increasing in size. It can clearly be 

seen that beyond 15min, the wavelength of the emission blue shifts (smaller 

wavelengths), consistent with the quantum confinement model for size dependence.  
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Figure 6.5 PL Wavelength as a Function of Anneal Time  

(2x1017 atoms/cm2 Si- Implant) 
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6.4 Hydrogen Passivation: Depth Profiling of Hydrogen using ERD 

Significantly different passivation results were obtained than those reported 

earlier by Withrow et al. 17  It is important to understand the role of hydrogen in 

passivation since such effects are key to understanding the mechanisms responsible for 

PL in the Si-nc system.  To this end, hydrogen profiling was performed to determine the 

relationship between the distribution of hydrogen after passivation and the implanted Si.  

Figure 6.6 shows a simulated profile of implanted Si in silica superimposed on the 

measured hydrogen profile as obtained using elastic recoil detection (ERD).  This 

particular sample was produced by implanting at 70 keV with a dose of 2x1017 Si atoms 

/cm2.  The sample was annealed for 1hr in argon hydrogen (Ar/4%H) at 1100 oC, and 

subsequently passivated using a 1hr cycle at 600 oC in Ar/4%H.  It is clear in figure 6.6 

that the hydrogen and implanted Si profiles are similarly located with their peaks 

overlapping.  However, it is also clear that the hydrogen is more narrowly distributed 

about its peak than the Si.  Therefore, there is not a high degree of correlation between 

 
Figure 6.6 Si-implant profile and H profile as a Function of Depth into the Sample 
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the two distributions.  This is at odds with the results of Withrow et. al., which showed 

the distributions to be highly correlated and consistent with a uniform coverage of 

hydrogen at the interface of the Si-ncs with the silica.  Withrow’s results lead him to 

conclude that passivation must be the result of action of hydrogen on defects at the 

interface.  Our results, showing that hydrogen is preferentially located near the peak of 

the Si concentration, seem to be at odds with this interpretation.  This seems to indicate 

that the effects of hydrogen are not related to the passivation of interfacial defects but 

rather to action within the nanoparticles- most probably related to lattice defects.  

There are, however, some notable differences between the experiment 

preformed by Withrow and the one in this dissertation.  Their implants were significantly 

deeper, with a projected range of 200 keV Si being 300 nm, and were performed at a 

lower dose, 1x1017 atoms/cm2.  This is compared to 100 nm for a 70 keV implant, with a 

dose of 2x1017 atoms/cm2.  As with most types of ion scattering analysis, resolution 

worsens as one probes deeper into the sample.  This might account for some of the 

discrepancy.  Other factors, such as exposure to ambient oxygen in the furnace during 

the annealing process could distort the size distribution and account for differences 

seen in the two experiments.  Since a detailed analysis of the correlation of the two 

distributions requires knowledge of the precipitate size and distribution, a more 

complete interpretation of the profiling results must wait until such data are available. 

 

6.5 Conclusion 

 The temperature effects seen here indicate that an indirect, band-to-band 

transition within the Si-ncs is responsible for the 760 nm PL, as other authors have 
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noted.  The wavelength shift follows quantum confinement, in that it increases as the 

size of the nanocrystals decrease.  The increase in luminescence due to passivation 

can be explained by the reduction of interfacial defects, as well as lattice defects within 

the Si-ncs, which serve as non-radiative pathways for carrier recombination. 

One may question how the optical indirect transition can be seen in Si-nc when 

they are clearly not seen in bulk silicon at room temperature.  Recall the indirect 

transition for bulk Si is 1.12 eV, in the infrared.  Even with today’s technology bulk 

silicon can not be made defect free enough for optical transitions to occur with any 

efficiency.  In bulk Si, carrier velocities and their long lifetimes allows them to find non-

radiative routes for recombination.  For Si-ncs, the carriers produced in the crystals are 

confined and are forced to take the indirect transition aided by passivation of surface 

defects, and since the individual crystals themselves are electronically isolated by the 

larger bandgap silica, any crystals containing defects are also isolated.   

 A second effect that has received little if any attention is the spacing between Si-

nc.  Does the close proximity of individual crystals allow their geometries to interact?  

Just because precipitates are electrically isolated does not mean the electric fields in 

the Si-nc do not interact. Many quantum well devices produced today exploit proximity 

(closeness) to tune the optical effects. It is entirely possible that emission from the 

indirect transition could be enhanced by controlling the spacing between the Si-nc.  One 

way to study this method would be to compare low energy (keV) implants to high energy 

(MeV) implants.  By keeping the peak concentration constant for the various energy 

implants, one would expect precipitates of similar size to form in both cases, yet have a 

greater spacing as the implant energy is increased. 
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 While the focus of this dissertation was not on Si-nc, it is clear that there are 

many unresolved issues regarding the exact nature of their optical properties.  This is 

clearly evident from the large number of publications produced yearly which continue to 

discuss the issue.  Currently the semiconductor industry is looking to exploit other 

electronic properties of Si-nc for use in PC memory; however, the unique optical 

properties have yet to be utilized in industry to any great length but are in the process of 

being explored18.  Given the industry’s strong desire to remain silicon based and convert 

to optical processing, Si-nc are certain to be around for awhile. 
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CHAPTER 7 CARBON-BASED NANOCRYSTALS 
  

The electro-optical properties of precipitates of carbon and silicon formed in silica 

have been previously studied for reasons mentioned earlier. While there are similarities 

in the fabrication process for these precipitates, their luminescent behavior is different.  

Luminescence in Si-ncs is somewhat understood, albeit down to two competing 

mechanisms, while luminescence in carbon implanted silica is more intense and 

complicated.  While a number of studies have focused on the luminescent properties of 

carbon precipitates, there is still considerable disagreement on the physical nature of 

the precipitates formed during the implantation process, and the mechanism by which 

these precipitates luminesce.  Recent reports of the photoluminescent properties of 

carbon implanted silica have demonstrated its potential as an inexpensive, optical 

system.1,2,3,4,5,6.7.  The purpose of this work was to further study luminescent properties 

of carbon precipitates formed in silica by ion implantation and annealing, with an 

emphasis on the effects of the implantation process.  Rutherford backscattering 

spectrometry (RBS) and particle induced x-ray emission spectroscopy (PIXE) were 

used to monitor the carbon concentration and photoluminescence (PL) was used to 

monitor the photonic properties as a function of anneal time and temperature.  

Transmission electron microscopy (TEM) was also used to study the morphology on a 

nano-scale.  A wide range of implantation parameters, including ion energy and dose, 

were studied, as well as the effects of hydrogen passivation on the luminescent 

properties of the nanoparticles. 
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7.1 Properties of Amorphous/Graphitic Carbon 

 A detailed accounting of the physical and electrical properties of carbon 

precipitates prior to 1986 has been given by Robertson8.  There are three distinct 

carbon bonding configurations designated as sp3, sp2, and sp1.  Figure 7.1 shows the 

physical arrangement of the bonds for two of these configurations, where the lighter 

bond corresponds to the stronger σ bonding and the darker bonds correspond to the 

weaker π bonding.  The sp3 or diamond form of carbon is composed of four equal, 

hybrid bonds arranged tetrahedrally about the carbon atoms, while the sp2 hybrid bonds 

are coplanar.  Both are found in graphite. The remaining bonding configuration is sp1 

and is extremely rare in nature. Found only in space, it consists of a linked chain of 

alternating single- and triple-bonded carbon, and is highly unstable.  

 

 The ratio of sp3 to sp2 bonding in amorphous carbon (a-C) can vary widely.9  This 

variation in bonding results in different bandgap energies in amorphous/graphitc carbon 

varying between 0 to 5 eV. Also, as stated earlier, quantum confinement effects in 

precipitates lead to an increase in the bandgap as the precipitate size decreases, 

sp3 sp2
 

 
Figure 7.1 Hybridization of Carbon-Carbon Bonding Scheme 
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according to the Brus model10.  For these reasons, one would expect to see a broad 

spectrum of light emitted by amorphous carbon precipitates. 

 Factors, such as passivation, may also play a critical role in the spectral emission 

from nano-phased carbon.  Dangling bonds, both within the precipitates and at their 

interface with the substrate, can be terminated by hydrogen.  Termination of these 

dangling bonds typically has the effect of eliminating the optical activity of such defects, 

i.e. their role as recombination sites for electron/hole pairs, recombining via non-

radiative methods. 

 

7.2 Properties of Silicon Carbide 

Since carbon was implanted into silica, the possibility of forming either silicon 

carbide (SiC) or pure carbon (C) precipitates existed.  Thus, the properties of SiC will be 

reviewed to evaluate the possibility of SiC forming during the fabrication process.  It is 

interesting to note that knowledge of implanted amorphous/graphitic carbon mostly 

comes from researchers trying to improve the luminescent efficiency of silicon carbide 

(SiC) for use in simple LEDs.  Since it is certainly possible that SiC can form during the 

C implantation of silica, a short discussion of some of the characteristics of SiC is 

presented.  

SiC is an indirect semiconductor with physical and electronic properties 

depending upon its polytype, which is determined by the manner in which the Si and C 

planes are successively stacked along the [1000] crystal direction.  As many as 200 

different polytypes exist11, but the primary polytypes are 3C, 2H, 4H, and 6H.  SiC has a 

bandgap energy that ranges from 2.2 to 3.25 eV depending on polytype, has a high 
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optical efficiency, and has been used to produce LEDs commercially.  In the early years 

of LEDs, SiC was one of the few wide bandgap materials that could be used for 

producing UV-blue LEDs.  However, more recent advances in the production of direct 

bandgap materials such as gallium nitride (GaN), have made SiC nearly obsolete for 

optical devices.  If SiC is present within the samples fabricated by ion beam synthesis, 

then it is anticipated that the PL spectrum will contain peaks at energies corresponding 

to different polytypes (2.2 to 3.25 eV) with a possible blue shift due to quantum 

confinement. 

 

7.3 Fabrication of Carbon Precipitates 

P-type silicon was first oxidized in a dry thermal oxidation process to form a 4000 

Å layer.  The oxidizes samples were then implanted with either 9, 40 or 70 keV C- ions 

at a fluence of 2x1017 atoms/cm2, respectively. Samples were then annealed in a 96% 

Ar + 4% H2 atmosphere for 15, 30, 60, 120 and 240 min at 1100 oC to form the 

precipitates.  A second 1 hr passivation anneal at 600 oC in forming gas was also 

performed. The temperature of 600 oC was chosen based on work with silicon 

nanocrystals that showed it to be the optimum for maximizing photoluminescence12.  
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7.4 Results and Discussion 

Figures 7.2 and 7.3 show the change in the PL intensity from a 70 keV C 

implanted sample as a function of anneal time13.  The spectrum shown in Figure 7.2, 

excited by 442 nm wavelength light, has a broad peak covering most of the visible 

spectrum center around 590 (2.1 eV) nm.  The same peak also shows up when excited 

at the optical wavelength of 325 nm, as shown in Figure 7.3.  It is immediately obvious 

that the intensity of the broad peak markedly increases with anneal time over the entire 

4 hour period shown. Figure 7.3 also shows several smaller peaks near the UV-blue 

part of the spectrum at 395 nm (3.14 eV), 449 nm (2.76 eV) and 480 nm (2.58 eV).  

These energies fall within a range consistent with the SiC polytype bandgaps.   

 
Figure 7.2 Photoluminescence of 70 keV Carbon Implanted Silica as a Function of 

Anneal Time (Ex=442 nm), (Reproduced with permission from Elsevier)13 
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PIXE and RBS were used to monitor the carbon concentration throughout the 

anneal process. Changes in the carbon concentration during annealing of the 70 keV 

implanted sample, as determined by PIXE, is shown in the inset of Figure 7.4.  It shows 

that carbon decreases initially by nearly half during the first 15 mins., but remains 

 

 
Figure 7.3 Photoluminescence of 70 keV Carbon Implanted Silica as a Function of Anneal 

Time (Ex=325 nm) , (Reproduced with permission from Elsevier) 13 



 95

constant thereafter. RBS spectra, acquired after the various annealing steps, are also 

shown in the figure and confirm this behavior.  The carbon concentration is determined 

in the RBS spectra by monitoring the silicon yield deficit in the region corresponding to 

scattering from silica (near the center of the figure).  The presence of carbon decreases 
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Figure 7.4 RBS Spectra and PIXE Concentration Results (insert) as a Function of 

Anneal Time, (Reproduced with permission from Elsevier) 13 
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Figure. 7.5 Experimental RBS Results Compared to Simulated SIMNRA Model, and 
SRIM Carbon Implant Profile used in Model (insert) , (Reproduced with permission 

from Elsevier) 13 
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the scattering from Si (in the silica) such that the deficit corresponds closely with the 

amount of carbon present.  Analysis of the spectra in Figure 7.4 clearly reveals that 

carbon is initially lost during annealing but remains fairly constant afterwards, consistent 

with the PIXE results.  Figure 7.5 shows an expanded view of the RBS spectrum along 

with the SRIM depth profile (insert) used to simulate the implant with SIMNRA. SRIM 

predicts a Gaussian implant profile centered around 2500 Å. This profile is in good 

agreement with the experimental spectra. 

 

This compares with the annealing results for a 40 keV implanted sample shown 

in Figs. 7.6 and 7.7.  Figure 7.7 shows the simulated implant profile is in agreement with 

the experimental RBS results. The primary difference between a 40 and 70 keV 

implantation is the location and the concentration of the implanted carbon peak due to a 

 
Figure 7.6 RBS Spectra and PIXE Concentration Results (insert) as a Function of 

Anneal time 
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smaller projected range and straggle at the lower energy. In addition to being closer to 

the surface, the peak carbon concentration is much higher at 40 keV since the 

implanted fluence was chosen to be the same at both energies.  The PIXE and RBS 

results in Figure 7.6 clearly show that the carbon concentration in the sample decreases 

rapidly over the first 15mins., levels off over the next two hours, and then decreases to 

near zero after 4 hours. Therefore, the carbon retention profile is similar over the first 

two hours of annealing in the samples implanted at different energies.  However, 

differences are apparent in the final two hours.  Significant loss occurs in the 40 keV 

sample but not at 70 keV.  It appears that this loss is related to the proximity of the 

carbon to the surface.  The following model is proposed to account for these 

observations. 
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Figure 7.7 Experimental RBS Results Compared to Simulated SIMNRA Model, and 

SRIM Carbon Implant Profile used in Model (insert) 
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Even though precautions were taken to prevent trace impurities in the furnace; 

including the use of ultra-pure gas, and outgassing/purging of the furnace tube prior to 

annealing, small amounts of oxygen within the annealing ambient were inevitable (due 

to the use of a quartz furnace tube.) Thus, the partial pressure of oxygen in the furnace 

tube leads to oxidation of the samples during annealing. Oxidation of carbon is known to 

lead to the formation of CO, which is volatile and outdiffuses from the sample at the 

surface.  As with the silicon nanocrystals seen in the previous section, there are two 

competing processes taking place. The precipitates grow as the carbon coalesces; at 

the same time, oxygen reduces the overall carbon concentration. The following scenario 

is proposed. The carbon precipitates grow to a maximum size based upon implant dose 

as carbon is fed to the precipitate. Since the oxidation rate during the annealing process 

is know to be controlled by the kinetics associated with diffusion of the oxidant through 

the existing oxide14, it requires a certain amount of time for the oxygen to encroach 

upon the implanted carbon distribution. After 2hrs of anneal oxygen is at roughly 50% of 

the surface concentration at 100 nm into the sample, compared to the 130 nm projected 

range of 40 keV C.  Thus, longer times at temperature are required to oxidize carbon 

distributed more deeply within the sample.  This is consistent with the energy 

dependence of the carbon loss, which shows that carbon is lost more rapidly in a 40 

keV implanted sample than in one implanted at higher energy.  While this explains the 

behavior of the carbon loss at longer anneal times, it does not account for the initial loss 

in both samples.  First, it should be noted by comparing the spectra in Figs. 7.4 and 7.6 

that the carbon lost from both samples during the first 15 mins. results in a decrease in 

the carbon over the entire distribution.  This is seen by noting the similar shape of the 
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deficit in the Si scattering from the annealed samples compared to the as-implanted 

sample. This is inconsistent with oxidation mechanism arising as a result of oxidant 

diffusion from a surface source, which would exhibit a strong depth dependence.  

Rather, it appears that the initial loss of carbon occurs simultaneously throughout the 

implanted profile.  The only other possible source of oxygen is the silica, which is 

comprised mostly of oxygen.  Ion implantation results in a large number of atomic 

displacements within the solid as the ions lose energy and come to rest. In this dynamic 

environment where large numbers of chemical bonds are broken and reformed, it is 

imagined that a large number of C-O bonds are formed.  Rapid out-diffusion of the CO 

formed in this manner during thermal annealing would account for the initial loss of 

carbon observed in the samples.  It is also consistent with carbon loss from the entire 

distribution rather than preferentially near the surface.    

 

 Figure 7.8 shows the PL spectra (Ex = 442 nm) taken after different annealing 

times from carbon samples implanted at 40 keV with a dose of 2x1017 cm-2. The same 

method was used for annealing as in the 70 keV implanted samples. It is clear from 

comparing results in Figs. 7.2 and 7.8 that the PL spectral distribution is substantially 

affected by the ion energy.  While the broad peak near 585 nm is similar in both figures, 

a large prominent peak near 500 nm is present at the lower energy, as seen in Fig. 7.8.  

It is also interesting to note that this peak deteriorates more rapidly than the broad peak 

near 585 nm, as seen in the 2hr spectrum.  The almost complete loss of the PL signal 

after 4 hrs is consistent with the marked loss of carbon from the sample. 
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Figure 7.8 Photoluminescence of 40 keV Carbon-Implanted Silica as a Function of 

Anneal Time (Ex=442 nm) 
 

 
Figure 7.9 Photoluminescence of 40 keV Carbon-Implanted Silica as a Function of Anneal 

Time (Ex=325 nm) 
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 Figure 7.9 shows the PL spectra (Ex = 325 nm) acquired using the same samples 

and conditions as in Fig. 7.8. A comparison of Figs. 7.8 and 7.9 yields some striking 

differences. First, the peak near 500 nm in Figure 7.8 is not nearly as pronounced in 

Fig. 7.9, where it tends to blend in with the peak near 585 nm. However, both figures 

indicate the 510 nm peak starts to reduce after 1 hr of anneal time.  The 585 nm peak 

continues growth up to 2hrs, after which there is a sudden decline in overall PL intensity 

at 4hrs. Figure 7.9 continues to show small peaks at 395 nm, 449 nm, and 480 nm, 

which were present in the 70 keV implant. After 2hrs it would appear that we are starting 

to return to the PL spectrum seen in the 70 keV implant. 

The question remains as to how could implantation energy produce such 

significant differences in the PL spectra.  It may be possible that the carbon distribution 

in the 40 keV implanted samples bifurcates into two differently sized particles with 

smaller ones near the surface and larger ones beyond, as illustrated in Figure 7.10. 

(Note: the distribution in figure 7.10 is highly exaggerated for illustration purposes.)  The 

two distinct precipitate distributions are considered to have average diameters 

separated (in wavelength) by an amount which is large compared to the size variations 

within either distribution.  This is an idealization, but TEM results will be shown later, 

which qualitatively confirm this scenario.  Such a bifurcation could account for the PL 

behavior seen in Fig. 7.8, since luminescence from the smaller precipitates would be 

blue-shifted relative to that from the large precipitates.  Thus, the two distinct PL peaks 

observed in Fig. 7.8 are the direct result of the bifurcated size distribution of the carbon 

precipitates. Also, oxidation of the smaller precipitates will extinguish their PL signal 

more rapidly than that from the larger ones located deeper within the sample, as was 
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noted in the figure.  While the reason for the bifurcation is not clear, the proximity of the 

surface to the implanted carbon profile provides a possible explanation.  Surface effects 

on precipitation phenomena are well documented. 

 
 

Figure 7.10 Hypothetical Distribution of Precipitate Size of 40 keV Carbon 
Implant after 2 hrs of Annealing, Exaggerated for Illustration Purposes and Not 

Drawn to Scale 
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Figure 7.11 shows the PL spectra of a 9 keV carbon implant as a function of 

 
Figure 7.12 Photoluminescence of 9 keV Carbon-Implanted Silica as a Function of 

Anneal Time (Ex=325 nm) 
 

 
Figure. 7.11 Photoluminescence of 9 keV Carbon-Implanted Silica as a Function of 

Anneal Time (Ex=442 nm) 
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annealing time. PL is observed only after a 15 min anneal.  The spectral distribution is 

strongly blue-shifted and much narrower than observed from samples implanted at 

higher energies (seen in Figs. 7.2 and 7.8).  Further annealing yielded no PL.  Similar 

results were obtained using a 325 nm excitation as shown in Figure 7.12.  The reason 

for the rapid loss of the PL signal in the 9 keV samples can be easily discerned from 

measurement of the carbon loss from this sample during annealing. 

Figure 7.13 shows the RBS results as a function of annealing time for the 9 keV 

carbon implant.  From the RBS, it is clear that the carbon is confined to the surface, 

which is represented as a large dip in the silicon edge. It should also be noted that 

sputtering could be a problem with this sample since it is near the surface.  Figure 7.14 

shows an expanded view of the RBS spectra and the SRIM predicted depth profile of 

the initial implant. SRIM predicts a projected range around 350 Å.  Both PIXE and RBS 

indicate that most of the carbon is gone by the end of the first 15 min anneal. The loss 

of the PL signal at longer annealing times is clearly due to the loss of carbon from the 

sample. However, the significant PL signal after the 15 min. anneal is more difficult to 

explain since both RBS and PIXE indicate little or no carbon is present within the 

sample.  It is possible that this signal is due to defects within the oxide, such as those 

resulting from a stoichiometric imbalance due to preferential sputtering of the surface.  

Oxidation responsible for the carbon loss could also lead to annealing of such defects. 
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Figure 7.13 RBS spectra and PIXE Concentration Results (insert) as a Function of 

Anneal Time 
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Figure 7.14 Experimental RBS Results Compared to Simulated SIMNRA Model, and 

SRIM Carbon Implant Profile used in Model (insert) 
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Transmission electron microscopy was performed on the 40 keV implanted 

sample after 2 hrs of annealing.  Figure 7.15 shows an image of the implant region.  

The 55 nm region agrees with the estimate of straggle predicted by SRIM.  It is evident 

from the image that the precipitates size increases going deeper into the sample.  

However, the size gradation is very nonlinear such that the distribution appears 

somewhat bifurcated as indicated earlier into small precipitates near the surface with 

larger ones beyond.  This would explain the results seen in the broad PL spectrum of 

Figure 7.6 and 7.7.  

 
 
 

 
Figure 7.15 TEM Cross-Sectional Image from a Thinned Region from a 40 keV, 

Carbon Implanted Sample 
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Inspection of Fig. 7.16 indicates the presence of lattice fringes within the image 

of some of the precipitates.  The fringe spacing corresponds to those of the diffracting 

planes, thus indicating a crystalline structure in the precipitates.  The observation of 

fringes normally requires careful alignment of the specimen in the microscope to 

Figure 7.16 Close up TEM image of the Carbon Precipitates (5nm scale) 
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achieve the appropriate diffraction condition.  Thus, some of the precipitates are 

properly aligned to produce the lattice fringes while others are not.  Their presence is 

strong evidence that the precipitates themselves are not amorphous, but have a 

crystalline structure.  It would appear from Figure 7.16 that the C-based precipitates 

toward the back of the implant region range have a diameter of ~3 nm. The precipitates 

are similar in size to those seen by Zhang15. 

 Unfortunately it was not possible to have an elemental analysis performed on the 

C- based nanocrystals.  This makes it difficult to discern their exact elemental make up.  

Previous reports have indicated the precipitates are composed of predominately carbon, 

suggesting a diamond-like precipitate16,17.  Other authors attribute these precipitates to 

the cubic form of silicon carbide, 3C-SiC18, when forming at 1200oC.  The latter report 

used an anneal temperature 1200oC, which is sufficient to produce 3C-SiC, and 

photoluminescence results were similar to those seen here. 

 
 

Figure 7.17 General Trend of Peak Intensity Carbon and Silicon Nanocrystals as 
a Function of Temperature 
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The PL temperature dependence of the nanocrystals also provides some insight 

into the physical nature of the C-based precipitates.  In a system where the emission is 

dominated by quantum confinement, one would expect temperature to have little effect 

on the luminescence.  Figure 7.17 plots the integrated PL intensity with respect to the 

temperature.  The intensity initially increases slightly and then levels off.  For 

comparison purposes, the temperature dependence of Si-ncs is included. In general C-

based nanocrystals (C-ncs) follow the general rule of increased luminosity with 

decreasing temperature characteristic of a direct bandgap or quantum confined 

transition.  Si-ncs are the exception to this rule for reasons discussed in Chapter 6.  

Figure 7.18 a) shows the change in energy (wavelength) as a function of temperature 

for both C- and Si-ncs.  The emission from C-ncs remains virtually constant at 1.95 eV, 

from room temperature to 30K.  This tends to indicate the C-nc system is highly 

quantum confined. However, Si-ncs have a blue shift of 0.05 eV over the same 

temperature range, which is characteristic typically found in bulk systems.  Figure 7.18 

b) shows the Arrhenius plot of both systems.  Again, the strait horizontal line for C-ncs 

indicates little dependence on temperature.  The Arrhenius plot of Si-ncs shows two 

distinct regions, one; where temperature plays an important role in governing the shift in 

energy (the sloped trend-line), and a second; where temperature has little effect (the 

horizontal trend-line).  This is an indication that the luminescent process for Si-ncs is 

undergoing some fundamental changes around 150 K.  
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 As discussed in the previous chapter on Si-ncs, passivation can play an 

enormous role in enhancing light emission.  However, unlike silicon nanocrystals, 

carbon nanocrystals are largely unaffected by the additional passivation at a lower 

temperature.  Figure 7.19 shows two PL spectra acquired from a sample implanted at 

40 keV with a dose of 2x1017 C/cm2 after annealing for 2hrs in an Ar +4%H2.  One 

spectrum is from a sample passivated for an extra hour at 600oC in an Ar +4%H 

atmosphere.  Virtually no difference can be seen in the PL intensity from samples with 

and without the passivation anneal. This may be indicative of a fundamental differences 

between the luminescence of Si-nc and C-nc, i.e. the radiative transitions are 

significantly faster. Time resolved photoluminescence measurements indicate this to be 

true19. More study is needed to determine the reason for this extraordinary difference.  It 

should be noted some authors indicate hydrogen plays an essential role in the formation 

of the C-based precipitates, indicating they will not precipitate unless a forming gas is 

used20. 

 

 
 

Figure 7.18. a) Energy Trend for C- and Si-ncs vs. Temperature,  
b) Arrhenius Plot of C- and Si-ncs 
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7.5 Conclusion 

Substantial differences were observed in the PL behavior from precipitates 

formed by carbon implanted silica compared to silicon implanted samples.  The PL 

response from the carbon-implanted samples was in general more intense and spanned 

a much wider range of the visible spectrum.  Furthermore, the temperature dependence 

of the PL intensity was opposite between the two different systems.  PL from the Si 

implanted samples decreases substantially at cryogenic temperatures while it increases 

in the carbon samples.  Also, passivation of the carbon implants had little or no effect on 

the PL intensity, while it leads to a substantial increase in the Si samples.  These 

differences clearly suggest that the mechanisms responsible for light emission are not 

the same in both sets of samples.  This is even more evident when plots of energy vs. 

temperature of the two systems are compared. 

 
 

Figure 7.19 Traditional Passivation at 600oC vs. Unpassivated Carbon 
Nanocrystals Formed after 2hrs of Annealing   

(40 keV, 2x1017 atoms/cm2 C- Implant)
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Optical behavior was observed in the PL spectra from the carbon implanted 

samples due to circumstances unique to the ion beam synthesis technique. Substantial 

loss of carbon is observed from the samples initially during annealing.  This loss 

appears to be the result of ion-induced displacements within the silica, which leads 

directly to the formation of CO during irradiation.  Also, it is evident that a trace amount 

of oxygen in the annealing furnace is playing an important role in the precipitate 

formation process.   

We have also shown that the luminescence of carbon nanocrystals can be 

tailored to emit a wide range of wavelengths, using ion implantation techniques.  All 

materials involved are environmentally safe and extremely cheap.  The process of ion 

implantation is widely utilized in the semiconductor industry, and this makes carbon 

nanocrystals fashioned using ion implantation extremely promising for integration into 

current optical technology.  More analysis at smaller intervals during the first 15 mins of 

all samples and the last 2hrs of the deeper implants would shed some light on this.  

More detailed TEM images for other samples at various anneal times is needed to give 

a better estimate of the size distribution of the precipitates, allowing a relation to be 

established between precipitate size and emitted wavelength. 
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CHAPTER 8 METAL SILICIDE SYSTEMS 
 

The semiconductor industry has traditionally focused on direct and tunable 

bandgap semiconductors, such as Group II-VI and III-V compounds as the basis 

material for opto-electronics.  Unfortunately, integration of these materials into current 

Si-based technology is difficult and expensive.  While the study of semiconductor 

silicides is still in its infancy, a number of promising candidates have emerged.  The 

majority of the metal silicides are metallic in nature (e.g. colbalt disilicide (CoSi2), nickel 

disilicide (NiSi2), and titanium disilicide (TiSi2)), with about thirteen silicides 

semiconducting with bandgaps ranging from a low of 0.07-0.12 eV (for hexagonal 

molybdenum disilicide (MoSi2) tungsten disilicide (WSi2) and rhenium disilicide (ReSi2) 

to a high of 2.3 eV for Os2Si3. Most of the silicides have bandgaps that are indirect in 

nature with beta- iron disilicide (β-FeSi2) reported to have a quasi-direct band gap being 

the most studied silicide1.  However, the most promising of the wide bandgap 

compounds, Os2Si3, Ir3Si5, and Ru2Si3 have predicted direct bandgaps of 2.3 eV2, 1.56 

eV3, and 0.8 eV4, respectively.  

This dissertation focuses on the formation of Os2Si3 since the bandgap is 

predicted to be well within the visible range.  The results were somewhat limited but 

promising, and much was learned about ion-beam fabrication of Os2Si3.  Both a 

segregation process and a direct implant process into silicon dioxide (SiO2) were 

employed to fabricate the precipitates.  The two methods and the results obtained are 

presented in the following sections. 
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8.1 Fabrication using a Segregation Process 
 

As detailed earlier, this technique involves direct Os+-implantation into Si 

followed by high-temperature oxidation, which both forms the silicide phase (by reaction 

of the implanted metal with the Si matrix) and segregation of the silicide phase at the 

SiO2:Si interface.  Different fluences were used to achieve peak concentrations of 

osmium both above and below the stoichiometric concentration of the metal (in Os2Si3) 

in the silicide phase.  Below the stoichiometric concentration, the metal can be thermally 

reacted to form a secondary silicide phase within Si consisting of an array of discrete 

silicide precipitates centered on the peak of the as-implanted profile.  Above the 

stoichiometric concentration, the implanted metal will react and coalesce into a 

continuous film.  Oxidation of the as-implanted material was done both to form the 

silicide phase and to eliminate ion-induced defects within the irradiated volume.  This 

process depends upon the segregation of the silicide phase at the growing oxide 

interface.  The complete rejection of many impurities during oxidation has been 

observed5,6, as well as  secondary phases such as FeSi2.7  This process has been 

previously shown capable of aligning the secondary phase with the host Si lattice and 

eliminating the ion-induce defects. Different segregation phenomena were observed 

depending upon whether the dose was above or below the stoichiometric concentration. 

All osmium implants were done at 55 keV. SRIM, a computer program for simulating 

implant profiles, determined the projected range of the ions at this energy to be 31.7 nm 

with a straggle of 7.1 nm.  The peak concentration of the implanted osmium in units of 

ions/cm2 is 6x105 Os/cm3.  A dose of 1016 cm-2 corresponds to a peak Os concentration 
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of 6x1021 cm-3, which is well below the stoichiometric value, while an implant dose of 

1017 cm-2 is well above. 

  

8.2 Analysis of Segregated Precipitates 

RBS spectra in Fig. 8.1 show the results of dry oxidation at 900oC of samples 

implanted with a dose of 1017cm-2 - a fluence yielding a peak Os concentration above 

the stoichiometric level8. Spectra are shown for three different samples: a standard as-

implanted sample to locate the Os peak (prior to oxidation), and implanted samples 

after oxidation at 80 and 180 min.  It should be mentioned that for intrinsic Si, a 

predicted SiO2 thickness of roughly 400 Ǻ is expected under these conditions. This is 

substantially less than the observed 1300 Ǻ of SiO2 formed on the implanted sample. 

This demonstrates that the presence of the silicide phase at the growing oxide interface 

 
Figure 8.1 RBS Spectra from Si(100) Implanted with a Dose of 1017 cm-2 ; An As-
Implanted Spectrum is Shown, as well as Two after Oxidation for 80 and 180min, 

(Reproduced with permission from Elsevier)8 
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substantially enhances the growth kinetics.  Such effects have been previously 

observed for a number of impurities in Si9,10.  Also, the position of the Os scattering 

peak (located ahead of the Si scattering edge) is consistent with osmium at the oxide/Si 

interface.   

The RBS spectra visibly demonstrate that the position or depth of the implanted 

Os does not remain stationary but is affected by the oxidation.  The location of the Os 

peak tracks the location of the SiO2/Si interface as the oxidation proceeds (e.g., 80 min 

to 180 min).  Clearly, this is the result of the nearly complete segregation of the osmium 

silicide layer during oxidation.  Furthermore, there is no indication of any loss of Os 

during oxidation, consistent with complete segregation of the Os layer. 

Since 1017 cm-2 is a supra-stoichiometric fluence, the Os implanted at this dose 

should be present in sufficient amounts to form a continuous layer.  Since oxidation will 

 
Figure 8.2 Comparison of Segregated Silicide in Implanted Sample after Dry 

Oxidation at 900 °C/ 180 min to a Simulated Spectra of a Sample consisting of a 
Si:OsSi2:SiO2 heterostructure;  Simulation using SIMNRA Closely Matches the 

Actual Spectrum Indicating that it is Consistent with the Formation of a Disilicide 
Phase, (Reproduced with permission from Elsevier)8 
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consume any Si at the surface after implantation, a uniform silicide layer should form 

beneath the thermal oxide.  Simulation of the spectrum after oxidation of 900 °C/ 180 

min. is shown in Fig. 8.2 compared to experimental results.  SIMNRA11,12, a computer 

routine, was used to determine the simulated spectrum.  A Si:OsxSi1-x:SiO2 

heterostructure was used in the simulation routine with the oxide thickness and 

stoichiometry of the silicide as adjustable parameters.  The best fit (not shown) between 

the spectra was achieved by use of a disilicide phase, OsSi2.  This is anticipated since 

the equilibrium phase at 900 °C should be the Si-rich, disilicide one. Previous reports 

with evaporated Os thin films on a Si substrate indicate the orthorhombic Pbcn(60) 

phase, Os2Si3, forms at 600 oC, and the orthorhombic Cmca(#64) phase, OsSi2, starts 

to form at 730 oC, becoming a single phase matrix at higher temperatures13.  It was also 

reported that the presence of oxygen trapped between the thin film and the substrate 

resulted in a multiphase polycrystalline material composed of OsSi2 and Os2Si3 at 

temperatures around 1000 oC14.  This OsSi2 phase is consistent with our results but its 

formation is unfortunate since the disilicide phase is indirect and not expected to be 

optically active.   

The RBS results were confirmed by the XRD measurements in Fig. 8.3 showing 

the intensity of the diffracted x-rays as a function of the scattering angle, 2θ.  The 

position of the peaks confirms the identification of the silicide phase as OsSi2.  No 

metal-rich Os2Si3 phase was detected.  Also, difference in peak intensities from a 

powder standard15  and the sample indicate that the OsSi2 phase has a slight preferred 

orientation.  More studies are needed to understand the orientation relation with the Si 

substrate. 
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Spectra from samples implanted at a sub-stoichiometric dose, 1016 cm-2, are 

shown in Fig. 8.4.  An as-implanted spectrum, shown for reference, is compared to a 

spectrum from an implanted sample after wet oxidation at 900°C/15 min.  It is clear from 

comparison of the Os peak in both samples, that oxidation has resulted in movement of 

the peak to lower energy (i.e. deeper within the sample) consistent with segregation 

during growth.  However, Os distribution within the oxidized sample appears to be more 

complicated than at the higher dose.  Analysis of the Os peak indicates that it straddles 

the interface between the oxide and the Si.  The signal from the oxide portion of the 

spectrum indicates that the oxide interface is extremely rough.  Furthermore, wet 

stripping of the oxide with HF does not remove any of the Os, indicating that no silicide 

 

 
Figure 8.3 X-ray Diffraction of 1017 cm-2 Implanted Osmium after Oxidation at 900°C/ 

180 min, (Reproduced with permission from Elsevier)8 
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precipitates are imbedded within the oxide.  The results suggest the following scenario.  

It appears that oxide growth penetrates the region between the silicide precipitates, 

encasing them on three sides.  This could easily occur since the growth rate on the 

heterogeneous substrate may differ depending on the underlying phase, e.g. Si or 

silicide. 

8.3 Co-implantation of Os and Si into Silica 

As stated earlier, two methods for fabricating the Os2Si3 precipitates were used. 

The second method involved the co-implantation of Os/Si in to SiO2.  In this method, the 

concentration of both reactants, Os Si, can be independently adjusted providing better 

control of the reaction.  P-type silicon was oxidized using a dry thermal process at 1100 

oC in a standard quartz tube furnace, leaving a 4000 Å silica layer. The samples were 

 
Figure 8.4 1500 keV He+ RBS Spectrum of 1x1016 atoms/cm2 as-Implanted Os on 

a <100> Si Substrate and after 900oC, 15min Wet Oxidation, (Reproduced with 
permission from Elsevier)8 

 



 122

then co-implanted with a 1:1 ratio of metal and silicon, after which they were anneal at 

1100 oC 120 min in an 96%Ar +4%H2 forming gas to form precipitates. Earlier 

investigations indicated that implantation at the Os2Si3 stoichiometric ratio and 

annealing at high temperature (1000 oC) leads to the formation of the silicon rich 

phase16 OsSi2, which has an indirect bandgap of 1.4 eV17.  As previously stated, others 

have shown that evaporation of a thin film of osmium on silicon leads to Os2Si3 at 

temperatures less than 750 oC and OsSi2 for higher temperatures.  It was also shown 

that  silicon is the primary mover, diffusing into the mostly immobile osmium18.  Another 

author shows the presence of both phases in his samples at an annealing temperature 

of 1100 oC, after a previous electro-deposition process19. In this case, there was a 

limited amount of silicon, and hence the formation of some Os2Si3 at the higher 

temperature.  This suggests that the product phase can be manipulated by controlling 

the ratio of the reactants.  Thus, implanting a 1:1 rather than a 2:3 stoichiometric, metal-

to-silicon ratio maintains a reaction metal-rich environment on the Os2Si3 side of the Os-

Si phase diagram20 to promote the formation of the semiconducting phase. 
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Photoluminescence (PL) was preformed using a basic setup, with a TRIAX 350 

spectrometer and HeCd laser.  Figure 8.5 and 8.621 show the PL spectral results using 

excitations of 325 and 442 nm wavelengths, respectively.  These results were obtained 

from a a sample co-implanted with a fluence of 2x1017 atoms/cm2, 55 keV Os- ions 

 

 
Figure 8.5. PL results at both room temperature and 20 K with 442 nm excitation. , 

(Reproduced with permission from Elsevier)21 

 
 

Figure 8.6. PL results at both room temperature and 20 K with 325 nm excitation. , 
(Reproduced with permission from Elsevier)21 
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followed by 2x1017 atoms/cm2, 20 keV Si- ions. The sample was then annealed at 1100 

oC for 1 hr in a forming gas. Both PL spectra show a faint, yet visible emission in the 

green-yellow region of the spectrum. 

Figure 8.5 show a sharp peak centered at 520 nm.  Figure 8.6 shows two peaks 

centered at wavelengths of 386 nm and 525 nm (2.36eV).  Peak A is well within the 

range of the experimentally determined bandgap of 2.3eV (+/-0.2eV) for Os2Si322, and 

thus could be due to a direct bandgap transition, as predicted by previous reports23.  

Peak B seen in figure 8.6 is more difficult to explain in terms of an active silicide phase, 

and may be related to defects within the oxide. However, this is inconsistent with PL 

results from the silicon-rich phase OsSi2, which did not exhibit these peaks.24. A more 

detailed analysis will be needed to determine the exact nature of this luminescence. For 

example, time-resolved PL could be used to measure exciton recombination times to 

 

 
Figure 8.7 RBS results of 55 keV Os- ions, 2x1017 atoms/cm2, 20 keV Si- ions 
annealed for 1hr at 1100 oC. , (Reproduced with permission from Elsevier)21 
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determine whether the transitions are direct or related to the oxide. Both figures show 

drastic improvement in luminescence at lower temperatures. If the transitions are a 

result of precipitates composed of the direct bandgap Os2Si3, non-radiative transitions 

due to defects could account for the room temperature results. 

While phase identification is problematic with RBS analysis, elemental 

concentrations in the implanted region were investigated to determine whether or not 

they were consistent with the formation of the Os2Si3 phase.  Rutherford Backscattering 

(RBS) results in figure 8.7 were obtained using a 1.5 MeV He+ beam from a Van da 

Graaff accelerator, along with a SIMNRA simulation used to extract relative 

concentrations. Figure 8.8 shows the simple model used in SIMNRA to match the 

simulated profile with that of the experimental profile. To achieve a good match to the 

experimental data, a minimum of three distinct regions were needed.  The best fit in 

Region 1 consisted of a mixture consisting of 17% Os, 45% Si and 38% O.  The ratio of 

Os:Si in this case is 0.65, extremely close to the .66 stoichiometric ratio for Os2Si3.  The 

 

Si SubstrateSiO2

38% O
45% Si
17% Os

62% O
31% Si
7% Os

Excess Metal Precipitates
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1 2 3 4

 
Figure 8.8. Target Model used in SIMNRA to Match Experimental Spectrum, 

(Reproduced with permission from Elsevier)21 
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abrupt high concentration of both Os and Si at the surface is an indication sputtering is 

an issue during the ion implantation process.  Sputtering is a well known problem at 

these implant energies and future work will need to take this factor into account.  Region 

2 contains the diffusion tails and the Gaussian nature of the implant. Here, there is 

predominantly SiO2, with a small amount of precipitated metal Os.  Region 3 is just SiO2 

from the original oxidation. 

 

8.4 Conclusion 

Faint visible luminescence was seen from the PL analysis of Os- and Si-ion-

implanted and annealed silica.  RBS indicates the likely formation of Os2Si3 precipitates 

by showing the correct ratio of Os:Si present in the near surface region.  Thus, both the 

RBS and PL measurements indicated that the optically-active Os2Si3 phase was formed 

by implantation.  If true, then this would be the first observation of light emission from 

this phase.  Future work to be published elsewhere will focus on optimizing Os2Si3 

precipitate formation and its effect on the optical activity.  The advantage of forming 

these precipitates in silica is two fold; first, it allows control of the metal-to-silicon ratio 

using ion implantation, and secondly, it provides a high bandgap material in which to 

form lower-bandgap precipitates.  One could also control the size of the precipitate via 

implant fluence allowing for tunability of the emitted spectrum, as seen in silicon 

nanocrystals fashioned with a similar method25. While more experimentation is needed 

to verify that the PL seen as a result of the direct transition predicted from Os2Si3, these 

initial results do look promising.  Future research should include a study of the 

passivation effects, and a more detailed precipitate phase analysis with TEM or XRD. 
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CHAPTER 9 CONCLUSION 
 

This dissertation examined three systems, which are potential candidates 

for forming the basis of a silicon-based opto-electronic system.  Each system 

was fabricated similarly using an ion beam synthesis technique involving 

implantation into silica to form an optically active, second phase.  The second 

phase consists of nano-particles of varying sizes distributed over the implantation 

range.  Subsequent thermal processing is done to ripen the precipitates and 

anneal the ion-induced defects.  This fabrication process is simple, inexpensive 

and commonly used, and the materials utilized integrate easily in current Si-

based technology.  Despite the similarity of the systems each exhibited 

remarkably distinct physical and optical properties that were detailed.  The 

unique optical properties exhibited by these materials are related, in part, to their 

structure that allows for quantum confinement of carriers.  

Silicon nanocrystals (Si-nc), which have been extensively studied in the 

literature, were investigated for the purpose of establishing a baseline for 

comparison with the other systems investigated.  Our results reproduced many of 

the ones previously published by other authors, which validated our experimental 

procedures and techniques.  However, some notable differences were noted.  

First, trace amounts of oxygen were detected in the furnace, which leads to 

oxidation of the samples.  Oxidation was shown to compete during thermal 

processing with the precipitation and growth of the Si nanoparticles.  Secondly, 

two distinct PL peaks associated with the Si-nc’s were observed with different 

optical properties, indicating dissimilar mechanisms.  Lastly, hydrogen 
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passivation was done to greatly enhance the PL activity in the sample.  However, 

hydrogen profiling using ERD demonstrated that the hydrogen was preferentially 

distributed after the passivation anneal near the peak of the implanted Si.  This 

result disagreed with the one previously published by S.P. Withrow, who showed 

that hydrogen was predominantly distributed at the interface of the Si-nc’s with 

the silica.  The new results bring into question the validity of models that invoke a 

role for the interfacial defects.  

 Carbon-based nanocrystals (C-nc) were shown to be highly luminescent, 

with a spectral range tunable over a wide region of the visible spectrum, 460-660 

nm.  Although a small fraction of this PL is attributed to the luminescence of 

silicon carbide (SiC) most likely formed during the initial implant process, it is 

clear from the results presented in this dissertation that the vast majority of the 

signal is from carbon based precipitates.  This dissertation also demonstrated 

that the spectrum is easily tailored by controlling implant energy, annealing time, 

and temperature.  Aside from the standard control parameters, other factors such 

as ambient oxygen from the furnace and liberated oxygen from the original 

implant affect the formation process and thus the final morphology.  As stated 

earlier a number of authors have shown PL results that cover a wide range, using 

similar fabrication techniques, but fail to mention the effects of oxygen in the 

formation process.  The results in this dissertation indicate the liberated oxygen 

and ambient oxygen the samples are exposed to during the fabrication process 

are far from negligible, especially when forming precipitates near the surface. 
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However, the results in this dissertation indicate that C-nc fashioned in silica 

appear extremely promising for a Si-based opto-electronic system. 

It was shown that implanted Osmium in Si could be segregated by using a 

low temperature oxidation cycle to form a uniform silicide film at the oxide/Si 

interface. However, it appeared that only the silicon-rich disilicide phase is 

formed at the temperature necessary to activate the segregation process.  

Unfortunately, the targeted phase, Os2Si3, which is a direct bandgap 

semiconductor, is a low-temperature phase when the limiting reagent is Os.  

Thus, the oxidation process for segregating Os in silicon is not a viable approach 

for forming the optically-active phase, Os2Si3.  However, co-implantation of 

osmium and silicon at a 1:1 ratio into SiO2 appeared to form Os2Si3 based on the 

resulting PL measurements.  To the best of the author’s knowledge this is the 

first ever published observation of the theoretically predicted direct transition from 

the material. However, due to the low luminosity, it would appear the quality of 

the material is significantly degraded.  Future work should include a 

reexamination of the Os2Si3 formation process, in the presence of limited Si 

reactant.  A better understanding of the temperature and concentration 

relationship would allow improved formation of the Os2Si3 phase. 
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MORE EXAMPLES OF BAND STRUCTURE 
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A.1 Germanium 
 

Germanium has an experimentally determined indirect bandgap of 0.66 eV.  

CASTEP predicts an indirect gap of 0.64 eV.  The computed and experimental results 

are in very good agreement.  Identical to silicon in structure and bonding, germanium 

has many properties in common with silicon.  Figure A.1 shows the band structure of 

germanium plotted along the same path in the first Brillion zone as silicon.  The valence 

band maximum is located at the Γ-point, and the conduction band minimum is located at 

the L-point.  It is also interesting to note that there is a local minimum at the Γ-point in 

the conduction band.   
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Figure A.1 Band Structure of Germanium Calculated using CASTEP;  Blue Dots 

are Experimentally Determined and Included for Comparison. 
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Like silicon, germanium bands are formed from s and p states.  The electronic 

configuration of Ge is [Ar] 3d10 4s2 4p2, and it is the loosely bound 4s and 4p electrons 

that participate in the bonding and determine the material’s characteristics.  There are 4 

bands below the bandgap for the same reasons as seen in silicon.  The experimental 

data points were extracted from graphs in Marder1, and the actual data can be found in 

this reference.2  They demonstrate CASTEP’s ability to plot accurate band structure 

shapes, and give a reasonable estimate for the band gap. 

 

A.2 Gallium Arsenide  
 

The zinc-blend structure of gallium arsenide (GaAs) is similar to that of the 

diamond structure of silicon and germanium.  GaAs involves two atoms of different 

species per primitive cell.  The same path plotted for Si and Ge around the first Brillion 
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Figure A.2 Band Structure of GaAs Calculated using CASTEP. 
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zone is plotted for GaAs.  The CASTEP calculated band structure plot is shown in 

Figure A.2, and predicts a band gap of 0.92eV.  This is a rather large deviation from the 

well known experimentally determined value of 1.42eV, and is due in part to DFT and 

the ionic nature of GaAs.  It is possible to get better result with a semiempirical 

pseudopotential method as performed by Pandey and Phillips3, who account for the 

ionic bonding of GaAs.  However, from figure A.2 we can see the direct bandgap 

located at the Γ-point, which explains why GaAs makes a good a light emitter.   

For comparison figure A.3 shows the band structure plot corrected for the error in 

DFT.  Also included are selected experimentally measured points of the energy bands 
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Figure A.3.  Band structure of GaAs calculated using CASTEP.  The blue dots are 
experimentally determined values and are included for comparison. 
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as measured by Chiang4 and Williams.5.  The shape of the band structure is in good 

agreement with experiment and indicates CASTEP can accurately predict the band 

structure of direct bandgap semiconducting materials. 
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B.1 Sample CASTEP Output Header 
 
Sample output header which contains a list of the parameters typically set for CASTEP 
calculations. 
 
License checkout of MS_castep successful 
Number of licenses checked out     1 
  
Reading continuation data from model file OsRuSi3pos1_BandStr.check                                 
  
 Pseudo atomic calculation performed for Si 3s2 3p2 
  
 Converged in 20 iterations to a total energy of -102.484512 eV 
  
  
 Pseudo atomic calculation performed for Ru 4d7 5s1 
  
 Converged in 32 iterations to a total energy of -434.860492 eV 
  
  
 Pseudo atomic calculation performed for Os 5d6 6s2 
  
 Converged in 25 iterations to a total energy of -406.103913 eV 
  
Initialising basis set for model. 
Reinitialising basis set for current geometry. 
Continuing from previous run with ground state wavefunction. 
Continuing from previous run with ground state density. 
 Info: TASK modified from SINGLEPOINT to BandStructure 
 Info: PAGE_WVFNS modified from        0 to       -1 
 Info: OPT_STRATEGY modified from DEFAULT to Memory 
 Info: BS_NEXTRA_BANDS modified from       -1 to       12 
 Info: BS_EIGENVALUE_TOL modified from    0.100000E-05 eV to    0.100000E-04 eV 
Calculation parallelised over    1 nodes. 
K-points are distributed over    1 groups, each containing    1 nodes. 
 
 ************************************ Title ************************************ 
 CASTEP calculation from Materials Studio 
 
 ***************************** General Parameters ****************************** 
   
 output verbosity                               : normal  (1) 
 write checkpoint data to                       : OsRuSi3pos1_BandStr.check 
 type of calculation                            : band structure 
 stress calculation                             : off 
 density difference calculation                 : off 
 unlimited duration calculation 
 timing information                             : on 
   
 output         length unit                     : A 
 output           mass unit                     : amu 
 output           time unit                     : ps 
 output         charge unit                     : e 
 output         energy unit                     : eV 
 output          force unit                     : eV/A 
 output       velocity unit                     : A/ps 
 output       pressure unit                     : GPa 
 output     inv_length unit                     : 1/A 
 output      frequency unit                     : cm-1 
 output force constant unit                     : eV/A**2 
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 output         volume unit                     : A**3 
   
 wavefunctions paging                           : all 
 data distribution                              : optimal for this architecture 
 optimization strategy                          : minimize memory(---) 
 
 *********************** Exchange-Correlation Parameters *********************** 
   
 using functional                               : Perdew Burke Ernzerhof 
 
 ************************* Pseudopotential Parameters ************************** 
   
 pseudopotential representation                 : reciprocal space 
 <beta|phi> representation                      : reciprocal space 
 
 **************************** Basis Set Parameters ***************************** 
   
 basis set accuracy                             : MEDIUM 
 plane wave basis set cut-off                   :   350.0000   eV 
 finite basis set correction                    : none 
 
 **************************** Electronic Parameters **************************** 
   
 number of  electrons                           :        224 
 net charge of system                           :          0 
 net spin   of system                           :          0 
 number of  up  spins                           :        112 
 number of down spins                           :        112 
 treating system as non-spin-polarized 
 number of bands                                :        116 
 
 ********************* Electronic Minimization Parameters ********************** 
   
 Method: Treating system as metallic with density mixing treatment of electrons, 
         and number of  SD  steps               :          1 
         and number of  CG  steps               :          4 
   
 total energy / atom convergence tol.           : 0.2000E-05   eV 
 eigen-energy convergence tolerance             : 0.6897E-06   eV 
 convergence tolerance window                   :          3   cycles 
 max. number of SCF cycles                      :        100 
 smearing scheme                                : Gaussian 
 smearing width                                 : 0.1000       eV 
 Fermi energy convergence tolerance             : 0.6897E-07   eV 
 
 ************************** Density Mixing Parameters ************************** 
   
 density-mixing scheme                          : Pulay 
 max. length of mixing history                  :         20 
 charge density mixing amplitude                : 0.5000     
 
 ************************** Band Structure Parameters ************************** 
   
 max. number of iterations                      :         60 
 max. CG steps in BS calc                       :         25 
 number of bands / k-point                      :        124 
 band convergence tolerance                     : 0.1000E-04   eV 
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B.2 OsxRu(2-x)Si3 Position 1 
 
Atomic positions used for the composite of Os and Ru band structure calculation, 
position 1. 

Lattice parameters(A)       Cell Angles 
a =   11.173363          alpha =   90.000000 
b =    8.953649          beta  =   90.000000 

c =    5.578209          gamma =   90.000000 
 
           xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
            x  Element    Atom        Fractional coordinates of atoms  x 
            x            Number           u          v          w      x 
            x----------------------------------------------------------x 
            x   Si         1          0.424315   0.294513   0.441927   x 
            x   Si         2          0.318879   0.437611   0.089427   x 
            x   Si         3          0.131841   0.394721   0.396180   x 
            x   Si         4          0.075685   0.205487   0.941927   x 
            x   Si         5          0.181121   0.062389   0.589427   x 
            x   Si         6          0.368159   0.105279   0.896180   x 
            x   Si         7         -0.424315   0.294513   0.058073   x 
            x   Si         8         -0.318879   0.437611   0.410573   x 
            x   Si         9         -0.131841   0.394721   0.103820   x 
            x   Si        10          0.924315   0.205487  -0.441927   x 
            x   Si        11          0.818879   0.062389  -0.089427   x 
            x   Si        12          0.631841   0.105279  -0.396180   x 
            x   Si        13         -0.424315  -0.294513  -0.441927   x 
            x   Si        14         -0.318879  -0.437611  -0.089427   x 
            x   Si        15         -0.131841  -0.394721  -0.396180   x 
            x   Si        16          0.924315   0.794513   0.058073   x 
            x   Si        17          0.818879   0.937611   0.410573   x 
            x   Si        18          0.631841   0.894721   0.103820   x 
            x   Si        19          0.424315  -0.294513   0.941927   x 
            x   Si        20          0.318879  -0.437611   0.589427   x 
            x   Si        21          0.131841  -0.394721   0.896180   x 
            x   Si        22          0.075685   0.794513   0.441927   x 
            x   Si        23          0.181121   0.937611   0.089427   x 
            x   Si        24          0.368159   0.894721   0.396180   x 
            x   Ru         1          0.000000   0.040551   0.250000   x 
            x   Ru         2          0.000000   0.576319   0.250000   x 
            x   Ru         3          0.500000   0.459449   0.750000   x 
            x   Ru         4          0.500000  -0.076319   0.750000   x 
            x   Ru         5          0.000000  -0.040551  -0.250000   x 
            x   Ru         6          0.000000  -0.576319  -0.250000   x 
            x   Ru         7          0.500000   0.540551   0.250000   x 
            x   Ru         8          0.500000   1.076319   0.250000   x 
            x   Os         1          0.245905   0.187883   0.237780   x 
            x   Os         2          0.254095   0.312117   0.737780   x 
            x   Os         3         -0.245905   0.187883   0.262220   x 
            x   Os         4          0.745905   0.312117  -0.237780   x 
            x   Os         5         -0.245905  -0.187883  -0.237780   x 
            x   Os         6          0.745905   0.687883   0.262220   x 
            x   Os         7          0.245905  -0.187883   0.737780   x 
            x   Os         8          0.254095   0.687883   0.237780   x 
            xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
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B.3 OsxRu(2-x)Si3 Position 2 
 
Atomic positions used for the composite of Os and Ru band structure calculation, 
position 2. 

 
Lattice parameters(A)       Cell Angles 

a =   11.167598         alpha =   90.000000 
b =    8.993757          beta  =   90.000000 

c =    5.568476          gamma =   90.000000 
 
           xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
            x  Element    Atom        Fractional coordinates of atoms  x 
            x            Number           u          v          w      x 
            x----------------------------------------------------------x 
            x   Si         1          0.429069   0.292357   0.446992   x 
            x   Si         2          0.320999   0.434460   0.093239   x 
            x   Si         3          0.132746   0.396977   0.398719   x 
            x   Si         4          0.070931   0.207643   0.946992   x 
            x   Si         5          0.179001   0.065540   0.593239   x 
            x   Si         6          0.367254   0.103023   0.898719   x 
            x   Si         7         -0.429069   0.292357   0.053008   x 
            x   Si         8         -0.320999   0.434460   0.406761   x 
            x   Si         9         -0.132746   0.396977   0.101281   x 
            x   Si        10          0.929069   0.207643  -0.446992   x 
            x   Si        11          0.820999   0.065540  -0.093239   x 
            x   Si        12          0.632746   0.103023  -0.398719   x 
            x   Si        13         -0.429069  -0.292357  -0.446992   x 
            x   Si        14         -0.320999  -0.434460  -0.093239   x 
            x   Si        15         -0.132746  -0.396977  -0.398719   x 
            x   Si        16          0.929069   0.792357   0.053008   x 
            x   Si        17          0.820999   0.934460   0.406761   x 
            x   Si        18          0.632746   0.896977   0.101281   x 
            x   Si        19          0.429069  -0.292357   0.946992   x 
            x   Si        20          0.320999  -0.434460   0.593239   x 
            x   Si        21          0.132746  -0.396977   0.898719   x 
            x   Si        22          0.070931   0.792357   0.446992   x 
            x   Si        23          0.179001   0.934460   0.093239   x 
            x   Si        24          0.367254   0.896977   0.398719   x 
            x   Ru         1          0.245507   0.186243   0.240150   x 
            x   Ru         2          0.254493   0.313757   0.740150   x 
            x   Ru         3         -0.245507   0.186243   0.259850   x 
            x   Ru         4          0.745507   0.313757  -0.240150   x 
            x   Ru         5         -0.245507  -0.186243  -0.240150   x 
            x   Ru         6          0.745507   0.686243   0.259850   x 
            x   Ru         7          0.245507  -0.186243   0.740150   x 
            x   Ru         8          0.254493   0.686243   0.240150   x 
            x   Os         1          0.000000   0.038294   0.250000   x 
            x   Os         2          0.000000   0.574745   0.250000   x 
            x   Os         3          0.500000   0.461706   0.750000   x 
            x   Os         4          0.500000  -0.074745   0.750000   x 
            x   Os         5          0.000000  -0.038294  -0.250000   x 
            x   Os         6          0.000000  -0.574745  -0.250000   x 
            x   Os         7          0.500000   0.538294   0.250000   x 
            x   Os         8          0.500000   1.074745   0.250000   x 
            xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
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APPENDIX C 
 

IMPLANT PROFILES 
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Implant profile calculated using Stopping and Range of Ions in Matter (SRIM), freeware 
developed by James F. Zielger, at www.srim.org. 

 
 
C.1 Implant profiles 

 

 
Figure C.1 70 keV C into SiO2 

Implant Profile 
 

 
Figure C.3 8.5 keV C into SiO2 

Implant Profile 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
Figure C.2 40 keV C into SiO2 

Implant Profile 
 

 
Figure C.4 70 keV Si into SiO2 

Implant Profile 
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Figure C.5 40 keV Si into SiO2 

Implant Profile 
 

 
Figure C.7 55 keV Os into SiO2 

Implant Profile. 
 
 
 
 
 
 
 
 
 
 

 
Figure C.6 20 keV Si into SiO2 

Implant Profile 
 

 
Figure C.8 40 keV Ru into SiO2 

Implant Profile. 
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APPENDIX D 
 

LE IMPLANT LINE AND PL SETUP 
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D.1 Low Energy Implant Line 
 
 

 
 

It was necessary to construct a low energy implant line (Figure D.1) just after the 

preanalysis magnet to perform implants for this dissertation.  The cesium sputter source 

was used as the primary ion source, and the implant line was placed so the beam 

passed strait thought the preanalysis magnet (not shown, but just to the left in the 

photo). Figure D.2 shows the electronics associated with the low energy implant line, 

consisting of a charge integration setup, raster control, and various vacuum system 

components. 

 
 
 
 

 
 

Figure D.1 Low Energy Implant Line 
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Figure D.2 Low Energy Implant Line Electronics  
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D.2 Photoluminescence Setup 
 
 
 
 

Figure D.3 show the photoluminescence setup used in for this dissertation. This is a 

basic setup consisting of helium cadmium (HeCd) laser, a TRIAX 350 YB 

Spectrometer™, and a Modified cryo-pump for sample cooling.  Figure D.4 shows an 

exposed view of the modified cryo-pump. Sample temperatures of approximately 30K 

were achievable. 
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Figure D.3 Photoluminescence Setup  
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Figure D.4 Exposed View of Modified Cryo-pump  
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APPENDIX E 
 

SELECTED PHOTOLUMINESCENCE DATA 
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E.1 Carbon PL Data  

 

 
Figure E.1 8.5 keV C into SiO2  

(15 min anneal) 
 

 
Figure E.3 8.5 keV C into SiO2  

(60 min anneal) 
 

 
Figure E.5 40 keV C into SiO2  

(15 min anneal) 
 
 

 

 
 
 
 

 
Figue E.2 8.5 keV C into SiO2  

(30 min anneal) 
 

 
Figure E.4 8.5 keV C into SiO2  

(120 min anneal) 
 

 
Figure E.6 40 keV C into SiO2  

(30 min anneal) 
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Figure E.7 40 keV C into SiO2  

(60 min anneal). 
 

 
Figure E.9 40 keV C into SiO2  

(240 min anneal). 
 

 
Figure E.11 70 keV C into SiO2  

(as-implanted). 
 
 

 
Figure E..8 40 keV C into SiO2  

(120 min anneal). 
 

 
Figure E.10 40 keV C into SiO2  

(as-implanted). 
 

 
Figure E.12 70 keV C into SiO2  

(15 min anneal). 
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Figure E.13 70 keV C into SiO2  

(30 min anneal) 
 
 

 
Figure E.15 70 keV C into SiO2  

(120 min anneal) 
 

 
Figure E.17 70 keV C into SiO2 

Temperature Dependence 
(4 hr anneal)  

 
 
 
 
 

 
Fgiure E.14 70 keV C into SiO2  

(60 min anneal) 
 
 

 
Figure E.16 70 keV C into SiO2  

(240 min anneal) 
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E.2 Silicon PL Data (70 keV Si-
implanted) 
 

 
Figure E.18 5x1016 atoms/cm2 Si into 

SiO2 (15 min anneal) 
 

 
Figure E.20 5x1016 atoms/cm2 Si into 

SiO2 (30 min anneal) 
 

 
Figure E.22 5x1016 atoms/cm2 Si into 

SiO2 (120 min anneal) 
 

 
 
 

 
Figure E.19 1x1017 atoms/cm2 Si into 

SiO2 (15 min anneal) 
 

 
Figure E.21 1x1017 atoms/cm2 Si into 

SiO2 (30 min anneal) 
 

 
Figure E.23 1x1017 atoms/cm2 Si into 

SiO2 (120 min anneal) 
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Figure E.24 2x1017 atoms/cm2 Si into 

SiO2 (15 min anneal) 
 

 
Figure E.26 2x1017 atoms/cm2 Si into 

SiO2 (30 min anneal) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
Figure E.25 2x1017 atoms/cm2 Si into 

SiO2 (120 min anneal) 
 

 
Figure E.27 70 keV C into SiO2 (4 hr 
anneal) Temperature Dependence 
 
 
 




