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Abstract 

A novel synthesis for gram quantities of luminescent, oxide-embedded 

and freestanding silicon nanocrystals is presented. The reductive thermal 

processing of hydrogen silsesquioxane (HSQ) yields size-controlled oxide-

embedded silicon nanocrystals, and their subsequent liberation through straight­

forward hydrofluoric (HF) acid etching procedures allows tailoring of their 

optical response throughout the visible region of the electromagnetic spectrum. 

The thermally-induced transformation of HSQ to oxide-embedded silicon 

nanocrystals occurs via a multi-step process, involving cage rearrangement, 

network decomposition to form silane-like species, in-situ silane decomposition 

to form elemental silicon clusters, and subsequent nucleation, growth and 

crystallization to form silicon nanocrystals in an SiC>2 matrix. This formation 

process was confirmed using detailed spectroscopic and microscopic 

characterization. 

The luminescence characteristics of oxide-embedded and freestanding 

silicon nanocrystals were determined using laser-based photoluminescence and 

X-ray excited optical luminescence spectroscopy. Oxide-embedded systems 

were found to exhibit two emission bands in the visible region of the 

electromagnetic spectrum: a high energy emission that is independent of 

nanocrystal size, and a size-dependent low energy emission. HF etching was 

employed to liberate the silicon nanocrystals from the encapsulating oxide in 

order to assign the origin of these emission bands. Oxide removal was 

accompanied by a loss of the green emission, indicating that it is of silicon oxide 



origin. Progressively decreasing the nanocrystal size with extended HF 

treatment was accompanied by a blue-shift in the emission energy and a 

narrowing of the emission profile, indicative of an increase in the bandgap 

energy and a narrowing of the density of states, respectively. This behavior 

establishes that the low energy emission band is a result of quantum confinement 

effects in sub-5nm silicon nanocrystals. 

It was found that HSQ is an ideal precursor for conformal coating of both 

flat and not-flat surfaces with oxide-embedded silicon nanocrystals, highlighting 

its device application potential. Patterning of luminescent sub-10 nm structures 

was also achieved by electron beam writing and subsequent thermal processing. 

The ability to produce large quantities of size-controlled oxide-embedded 

and freestanding silicon nanocrystals in bulk and thin film architectures 

demonstrates that HSQ is currently the most versatile silicon nanocrystal 

precursor available. 
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1.1. Introduction 

Materials chemistry encompasses the production, investigation, and application 

of substances with controlled physical and chemical properties. A modern branch of 

materials chemistry currently gaining momentum includes the fields of nanoscience and 

nanotechnology. Nanoscience aims to prepare and investigate materials with physical 

dimensions less than 100 nm, while nanotechnology focuses on the utilization of these 

materials for application-based technologies. As materials approach this size regime 

the surface area to volume ratio increases and novel chemical and physical properties 

emerge. These properties may be attributed to an increased number of high energy 

interfacial surface sites that lead to materials with increased catalytic activity, 

conductivity, and unique optical behavior. 

Carbon has been shown to possess significantly different physical properties 

when reduced to nanoscale dimensions. Bulk graphite (i.e., > 100 nm) has a 

conductivity and carrier density characteristic of a semimetal (Table 1.1); however, 

when reduced to nanoscale dimensions, carbon nanotubes (i.e., rolled sheets of 

graphene) have been shown to attain electron mobility's and conductivities 

characteristic of metals.1'2 Consequently, carbon nanotubes have been proposed as 

"quantum wires" in state-of-the-art microelectronic applications where traditional 

materials such as copper have impeded conductivities at this size scale due to increased 

phonon scattering.3 

The above illustrates the exciting possibilities of exploring materials on 

nanometer length-scales and highlights some of the reasons for the exponential growth 

of nanoscience. Many other interesting phenomena emerge as a result of reducing 
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materials to nanoscale dimensions. Of particular pertinence to the present thesis are the 

size-related phenomena associated with Group IV nanoscale semiconductors, 

specifically the emergence of photoluminescence (PL) from sub-5 nm silicon 

nanocrystals (Si-NCs). However, before discussing these phenomena in detail a general 

discussion of semiconductors is warranted. 

1.2. Semiconductors 

Historically, the term semiconductor was applied to materials exhibiting 

conductivities greater than those of insulators, but less than metals. This definition, 

however, is incomplete, and fails to fully differentiate semiconductors from metals and 

insulators. To fully draw a demarcation between these materials it is helpful to examine 

their conductivities as a function of temperature. As the temperature is increased in turn 

for semiconductors and metals, the conductivities increase and decrease, respectively. 

The increase in semiconductor conductivities is due to thermal promotion of charge 

carrying species across the bandgap (vide infra). In contrast, the conductivities of 

metals decrease with increasing temperature due to an increase in the number of 

collisions between charge carriers and vigorously vibrating metal atoms. As for 

insulators, increasing their temperatures commonly results in material break down 

before any significant rise in conductivity. Table 1.1 lists the typical conductivity and 

carrier density ranges for metals, semimetals, semiconductors, and insulators. 

3 



Table 1.1. Typical room temperature conductivities and carrier densities for metals, 

semimetals, semiconductors, and insulators.4 

Type of material 

Metal 

Semimetal 

Semiconductor 

Insulator 

Conductivity 

(ohm"1 cm"1) 

105-1010 

102-105 

10"9 -102 

<10"9 

Carrier density 

(cm"3) 

1022 

1017- 1021 

<101 7 

< < 1 

Example 

Au, Ag, Cu 

Graphite (C), HgTe 

Si, Ge, GaAs 

SiQ2, CaF2 

The moderate insulating character of semiconductors provides a barrier to 

isotropic charge movement which is related to the energy required to promote a charge 

carrier from a ground-state to an excited-state orbital. In a bulk crystal, the 

accumulation of many of these discrete energy states form a pseudocontinuous energy 

continuum, or band, and the energy difference between the collective occupied ground 

states and unoccupied excited states is the bandgap (Figure 1.1). 
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I Conduction 
f" Band 

Metal Semiconductor Insulator 

Figure 1.1. Schematic bandgap model for a metal, semiconductor, and insulator. 

The magnitude of the bandgap is an intrinsic material property and is dependent 

on the extent of covalent bonding between atoms. The Group IV elements silicon, 

germanium, and o t in are classified as semiconductors and have the general valence 

electron configuration Xs2Xp2, where X = 2, 3,4, and 5 for carbon (diamond), silicon, 

germanium, and tin, respectively. With 4 valence electrons, each atom may be 

described as having sp3-type hybridized bonding with 4 nearest neighbors located at 

four corners of a regular tetrahedron. The extent by which hybridization occurs is 

dependant on the energy difference between the unhybridized s and p-orbitals, which 

decreases down the group and results in more effective orbital mixing. In their 

elemental form, these materials crystallize predominantly in a diamond structure, 

consisting of an 8 atom unit cell that is dependant on the atomic radius. Table 1.2 

summarizes some key physical constants for Group IV diamond structure solids. 
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Table 1.2. The lattice constant, bandgap energy, Pauling covalent radii, and bond 

dissociation energy of Group IV elements. 

Group IV 
element 

Diamond (C) 

Silicon (Si) 

Germanium (Ge) 

Grey tin (a-Sn) 

Lattice 
constant*3 

(nm) 

0.357 

0.543 

0.566 

0.649 

Bandgap 
energy* , 

eV (k, nm) 

5.5 (230) 

1.1(1100) 

0.66 (1900) 

<0.1 (12,000) 

Pauling 
covalent 
radiusd 

(A) 

0.77 

1.17 

1.22 

1.40 

Bond 
dissociation 

energy0 

(kJ/mol) 

346 

222 

188 

146 

* Constants taken from madelung.5 

a Repeat distance, a of the cubic unit cell at 300 K, obtained from X-ray diffraction data 
b Bandgap energy at 300 K 
c Bond-dissociation energy determined from heats of atomization data.6 

d Covalent radii given as one-half of observed covalent radius.7 

Considering these elements crystallize in similar diamond structures, the 

increase in the Pauling covalent radius down the group results in a corresponding 

increase in the lattice constant. This increase in atomic separation leads to gradual, but 

pronounced changes in their bonding characteristics. As the Pauling covalent radius 

increases from carbon to tin, the extent of orbital overlap between adjacent atoms 

decreases, resulting in decreased bond strengths. The strength of a bond can also be 

correlated with the ease with which an electron can overcome the bandgap energy, and 

conduct charge. Therefore, the strong bonding observed in carbon leads to insulating 

character, while the relatively weaker bonding in silicon and germanium leads to 

semiconductor behavior. The control and manipulation of electrons is of the utmost 
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importance for devices in the "information age", and thus, silicon and germanium have 

become the most technologically relevant Group IV elements. For these elements, the 

barrier to charge movement (i.e., bandgap energy) is easily overcome by the application 

of a modest turn-on voltage (< 5 V), yet the slight insulating character reduces the 

potential for isotropic charge movement, an essential requirement for data retention in 

microelectronics. 

The use of semiconductors is not only limited to the microelectronics industry, 

but has also been extended to the field of photonics. In photonic applications, 

semiconductors may act both as the light-emitting material and as the device platform. 

This architecture leads to decreased problems associated with material compatibility as 

well as infrastructure costs associated with fabrication. The first demonstration of a 

photonic device designed purely from semiconductor materials was reported by H. J. 

Round in 1907.8 Round successfully demonstrated electroluminescence (EL) from SiC 

in what became the first proof-of-concept light emitting diode (LED). This initial work 

paved the way for the thriving LED industry and many other applications that utilize 

luminescent semiconducting materials for efficient light generation. 

It is important to note that the luminescent semiconductor materials of choice for 

most commercial applications are not based on Group IV elements, but are instead a 

combination of two or more elements that form a compound semiconductor. 

Compound semiconductors are materials engineered to mimic the electronic properties 

of their Group IV counterparts. They are typically formed by combining elements on 

either side of Group IV (i.e., Ill + V and II + VI) with the intent of producing a material 

that is isoelectronic with Group IV elements, having an average of 4 valence electrons. 

7 



For example, when gallium (Group III) is epitaxially combined with a stoichiometric 

proportion of arsenic (Group V), the resulting material has an average of 4 valence 

electrons and consequently conductivity characteristics of Group IV semiconductors. 

Varying the proportions of each component allows for precise manipulation of the 

bandgap, and since it is this bandgap that determines the energy of the light emission, 

this translates to control over the luminescence. This approach to producing well-

defined semiconductors has become extremely versatile, in part because of the 

development of techniques such as molecular beam epitaxy (MBE) that allow for finely 

controlled deposition of compound semiconductor components. As a result, the 

luminescence from compound semiconductors can be tuned to specific energies ranging 

from infrared (IR) to deep UV regions of the electromagnetic (EM) spectrum.4 

In addition to allowing for precise tuning of the emission energy from 

compound semiconductors, these materials are also superior to pure Group IV 

semiconductors with respect to luminescence quantum efficiency (i.e., the number of 

emitted photons vs. the number of absorbed photons). In bulk crystals, indirect bandgap 

Group IV semiconductors like silicon and germanium do not exhibit efficient room 

temperature PL or EL, whereas direct bandgap compound semiconductors like CdSe 

and ZnS have quantum efficiencies between 30 and 50 %.9 The reason for this stark 

contrast arises from a fundamental difference between direct and indirect bandgap 

materials. In direct bandgap materials, the top of the valence band and the bottom of 

the conduction band occur at the same momentum coordinate in reciprocal space (i.e., 

k-space). Because this transition occurs at the same point in reciprocal space, a change 

in the momentum is not necessary for a radiative transition. For indirect bandgap 
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materials however, the valence band and conduction band do not occur at the same 

momentum coordinate and therefore a simultaneous change in momentum is necessary 

to facilitate a radiative transition. As a result, for indirect bandgap semiconductors a 

phonon (i.e., lattice vibration) must occur if the vertical bandgap transition is to 

proceed. The additional requirement of a phonon to assist the radiative transition 

decreases the probability of the transition. This decreased probability manifests itself in 

a marked decrease of the photoluminescent quantum yield for indirect bandgap 

materials. Given that quantum efficiency is a key figure of merit for photonic devices, 

direct bandgap semiconductors, exhibiting high photoluminescence quantum yields, are 

the materials of choice for light generation. To date, exploitation of indirect bandgap 

semiconductors such as silicon and germanium in photonic devices has been limited. 

However, the above optical limitations of indirect materials only manifests itself in bulk 

semiconductors, and as will be shown later, these limitations may be circumvented for 

indirect bandgap semiconductors by moving to the nano-regime. 

1.3. Silicon Luminescence 

Although the radiative recombination probability in bulk silicon is extremely 

low at room temperature, it is known that cooling silicon to liquid helium temperatures 

can minimize the mechanisms associated with non-radiative recombination resulting in 

weak luminescence. The application of bulk silicon to photonic materials is 

questionable, however, due to the practical challenges associated with cooling to 

cryogenic temperatures. 
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When the particle dimension of silicon is decreased to approximately 5 nm, the 

low quantum efficiencies associated with non-radiative recombination are suppressed 

due to a transition from an indirect to a pseudo-direct bandgap material, and visible 

room temperature luminescence is observed. Leigh Canham, working at The Royal 

Signals and Radar Establishment in the United Kingdom, was the first to report this 

phenomenon in 1990.10 Canham anodically etched silicon wafers in solutions of 

hydrofluoric acid (HF) producing a porous silicon (p-Si) material that exhibited 

efficient PL upon UV illumination. The source of this emission was attributed to the 

presence of sub-5 nm "silicon wires" that formed during the etching process. Canham 

reported that the emission was due to the two dimensional quantum confinement of 

carriers which resulted in an increased bandgap of silicon. Canham suggested that 

decreasing the silicon particle size also resulted in an increase in the density of states 

(DOS). 

The DOS in a semiconductor is the number of states per unit energy that satisfy 

the time independent Schrodinger equation. All possible electronic states for a 

semiconductor are described as points in k-space by the vectors kx, ky, kz. If the 

combination of these vectors produce an integer or non-zero wave function solution 

then the electronic state is allowed. As the dimension of a semiconductor is decreased, 

one or more k-space vectors become constant and the carriers experience strong 

quantum confinement in one or more dimensions, depending on the geometry of the 

structure. Semiconductors can separated into four different dimensional configurations; 

three dimensional (bulk material), two dimensional (quantum well or slab), one 

dimensional (quantum wire), and zero dimensional (quantum dot). Electrons in bulk 
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materials do not experience strong confinement effects and are free to move in three 

directions. In the case of a quantum well, one k-space vector becomes fixed and the 

electrons are strongly confined in one direction, producing a step function DOS (Figure 

1.2). A semiconductor wire has two fixed k-space vectors and the electrons become 

strongly confined in two directions, leading to a limited number of solutions to the 

Schrodinger equation and a corresponding decrease in the DOS. Confinement in three 

directions only occurs in pseudo zero dimensional semiconductors (quantum dots) 

where all three k-space vectors are held constant and the electrons experience 

confinement in three dimensions. In this extreme case the restriction of all k-space 

vectors leads to unique solutions of the Schrodinger equation at specific energies. 

Although the DOS for a semiconductor is represented schematically in Figure 1.2, it can 

be derived easily and accurately with modern computational methods. The detailed 

mathematical derivation of the DOS function, as well as its modification as a function 

of particle size can be found in reference 4. 
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Figure 1.2. The theoretically modeled density of states for a semiconductor of 

decreasing particle dimension. 

Quantum confinement effects in semiconductor nanocrystals emerge when the 

particle size is decreased to what is referred to as the Bohr exciton radius. The Bohr 

exciton radius is the spatial extent, or distance between the electron and hole in a given 

material. It is directly proportional to the dielectric constant of the material (E) and 

inversely proportional to the reduced effective mass (^o) of the electron and hole 

(memh/(me+ mh)), and is commonly given as rex~0.529E/|j,o, where 0.529 A is the 

calculated Bohr exciton radius for hydrogen. n The absorption of an optical photon 

promotes an electron to the conduction band, consequently leaving a vacancy, or hole, 
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in the valence band. This coulombically bound electron-hole pair is called an exciton. 

From the above equation it can be seen that the Bohr exciton radius is directly 

proportional to the dielectric constant and inversely proportional to the reduced exciton 

mass. To rationalize why quantum confinement effects emerge at different size 

thresholds for different semiconductor materials, the dependence of Bohr exciton radius 

on the dielectric constant may be explained in terms of capacitance, where capacitance 

= e*area/distance. If the electron and hole are visualized as being separated by a 

dielectric material of constant area and capacitance, a specific distance would separate 

the electron and hole. If the dielectric constant of the material between the electron and 

hole increases, the distance between the electron and hole would also increase. 

Therefore, an increase in the dielectric constant leads to an increase in the electron and 

hole distance and consequently an increase in the Bohr exciton radius. Examples of 

some common semiconductor Bohr exciton radii are shown in Table 1.3. 

Table 1.3. The dielectric constants and Bohr exciton radii for common semiconductors 

Semiconductor 

Silicon 

Germanium 

Gallium 
Arsenide 

Dielectric 
constant (E) 

11.4 

15.4 

12.4 

Effective 
electron 
massb 

0.191 

0.081 

0.063 

Effective hole 
mass 

0.537 

0.284 

0.500 

Bohr exciton 
radius3 (A) 

-49 

-177 

-140 

"Effective mass approximation, where the Bohr exciton radius is given by rex~0.529e/jAo, where e is the 

dielectric constant of the material and \i0 is the reduced mass of the electron and hole, (memh/(me+ mh)). 
bEffective masses in units of free electron mass - Effective mass = mass * 9.109xl0"31 kg. Constants 

taken from reference 4. 
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As the particle size approaches its Bohr exciton radius the electron-hole pair 

experiences an enhanced coulombic interaction referred to as the exciton binding 

energy. The magnitude of this energy affects the probability of radiative recombination 

and hence the quantum yield. The binding energy may be enhanced by increasing the 

reduced mass of the exciton (\io) or by decreasing the dimensionality of the 

semiconductor. Therefore, holding the dielectric material and the exciton reduced-mass 

constant, a decrease the particle size leads to an increase in the exciton binding energy 

and a corresponding increase in the quantum yield of the system. 

After Canham's quantum confinement explanation of visible room temperature 

PL from p-Si in 1990, skepticism in the scientific community and the possibility of 

unique silicon photonic applications resulted in a tremendous interest in the origin of 

luminescence from p-Si. Between 1990 and 1997 a number of alternative luminescence 

mechanisms in addition to the quantum confinement mechanism were proposed for p-

Si, including, but not limited to adsorbed siloxenes,12'13 volume defects,14'15 and surface 

states.16 However, a subsequent review published by Canham in 1997 examined11 and 

successfully refuted all of these proposals, and provided additional support for the 

original quantum confinement mechanism. Despite the initial controversy associated 

with Canham's quantum confinement theory, it is now a well-accepted explanation for 

the origin of light emission from sub 5-nm silicon nanomaterials. 
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1.4. Preparation of low dimensional silicon 

1.4.1. Physical methods 

In light of the proposal that Si-NCs in p-Si give rise to the luminescence, new 

methods were devised to prepare low dimensional silicon. One method that quickly 

gained significant favor, due to the readily available infrastructure in the 

microelctronics industry, was the formation of oxide-embedded Si-NCs using ion 

implantation. This technique was a direct extension of existing wafer technology and 

was very similar to well-established procedures employed to dope semiconductor 

wafers. Ion implantation is a physical method that introduces energetic charged atoms 

into the surface of a substrate. The formation of oxide-embedded Si-NCs by the ion 

implantation method first necessitates the formation of a silicon rich oxide (SRO) film. 

This is typically accomplished by implanting a specific "dose" of silicon ions (i.e., Si+ 

9+ 

or Si ) into a layer of thermally grown SiC"2. After the SRO thin film is formed, the 

substrate is heated in an inert, or slightly reducing atmosphere to promote nucleation of 

the silicon ions and their crystallization into Si-NCs. This thermal processing step is 

often referred to as "annealing" in the Si-NC literature. It has been shown that the onset 

of silicon nucleation occurs between 600 - 750°C and subsequent crystallization begins 

at approximately 900°C.18'19 This crystallization process occurs through a solid-state 

diffusion process in which silicon atoms, with sufficient energy, are able to diffuse 

through the Si02 matrix to form small clusters of elemental silicon.18"20 Upon cooling, 

these clusters crystallize to form oxide-embedded Si-NCs. The size of Si-NCs 

produced by this method are predominantly dependent upon the "fluence" of silicon 

ions implanted and the peak processing temperature; increasing one or both leads to a 

larger nanocrystal diameter. This method has been shown to produce luminescent films 
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containing silicon nanocrystals that emit throughout the visible region of the 

91 

electromagnetic spectrum; however, the scale-up costs are not amenable to large scale 

production of Si-NCs. 

Thin films of oxide-embedded Si-NCs can also be produced by in vacuo thermal 

and electron beam (e-beam) evaporation. These methods involve the vapor deposition 

of a solid silicon precursor onto a substrate to produce a SRO thin film that is 

subsequently thermally processed by a method similar to the annealing procedure 

outlined above. The formation of these SRO thin films can be accomplished by the 

reactive evaporation of a silicon target in a controlled oxygen environment. A common 

variation of this method involves low pressure evaporation of a commercially available 

SiOx precursor, where (0 < X < 2). While SiOx has been shown to form Si-NCs its 
91 

exact composition and homogeneity is still a subject of debate. Recently, Wieder and 

coworkers monitored the composition of SiOx in a series of standard deposition and 
99 91 

sputtering experiments. ' Figure 1.3 shows the high resolution X-ray photoelectron 

spectra of the Si 2p region for samples of commercially available SiOx that were 

physically abraded and sputtered with argon in ultra high vacuum (UHV) in order to 

monitor any associated changes in homogeneity. The silicon 2p spectra of all SiOx 

samples clearly show the presence of elemental silicon (Si0) and Si02 (Si+4), but the 

non-zero baseline between these oxide emission peaks indicates there is also a 

significant amount of intermediate silicon oxides, such as (Si+1, Si+2, Si+3), present. 

Many of the questions and challenges associated with commercially available SiOx arise 

because of the relative concentrations of these intermediate oxides. Precise control of a 

well-defined silicon oxide species in SiOx is difficult to achieve. Compounding this 
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compositional variability are the different evaporation rates of silicon and its oxides. 

For commercially available SiOx, which is composed of all silicon oxides, this can 

cause inhomogeneous deposition of the oxides of silicon. Despite these concerns, 

deposition and subsequent thermal processing of SiOx thin films has been successfully 

used in the production of luminescent oxide-embedded Si-NCs.24 
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Figure 1.3. Silicon 2p core level spectra of SiOx ((a) fractured, (b) scratched, (c) 

sputter-cleaned sample) fitted to five peaks corresponding to different Si oxidation 

states respectively. Significant amounts of intermediate silicon oxides (Si+ , Si+ , Si+ ) 

are clearly resolved. Figure adapted from reference 21. 
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The above two physical methods have played integral roles in developing our 

current understanding of Si-NC formation and their luminescence characteristics. 

However, in addition to the aforementioned limitations these methods face a number of 

additional challenges. First, these physical deposition methods rely on line-of-sight 

techniques, and are not well suited for conformal film formation on non-flat surfaces. 

Thermal and e-beam deposition, as well as ion implantation, all involve positioning a 

substrate in the flux stream from an evaporative silicon source to obtain a SRO thin 

film. Even when in-situ substrate rotation is employed, the underside of non-flat 

surfaces (i.e., spheres, cylinders) cannot be coated using these methods. This limitation 

has been clearly demonstrated with the coating of silica sphere optical cavities with 

oxide-embedded Si-NCs.25 The e-beam deposition technique used in this investigation 

only coated the top half of the spheres resulting in a leakage of light out of the non-ideal 

optical cavity. 

The second limitation of these physical deposition techniques is their inability to 

produce tangible (ca. > 500 mg) amounts of Si-NCs necessary for subsequent 

applications and fundamental studies. The physical techniques described here can only 

produce thin films of oxide-embedded Si-NCs. Even when the substrate area is 

maximized and thick films are grown, the actual yield of Si-NCs remains very small. 

Although thin film technology encompasses a significant proportion of the photonics 

industry, using these methods to produce oxide-embedded Si-NCs restricts the true 

potential of Si-NCs as advanced luminescent materials. Therefore, in order to attain 

this goal, new solution-based routes were sought to produce tangible amounts of Si-

NCs. 

18 



1.4.2. Solution-based reduction methods 

Solution-based methods to produce Si-NCs free from an encapsulating matrix 

(i.e., freestanding) offer the possibility to simultaneous control the size, crystal 

structure, and surface chemistry of Si-NCs. Recent chemical routes of producing 

freestanding Si-NCs can be organized into two broad categories, 1) solution precursor 

reduction (both hetero- and homogeneous), and 2) precursor thermolysis and pyrolysis. 

To date, solution reduction-based routes have received the majority of attention due to 

their potential for in situ chemical modification of the nanocrystal surface. These 

methods typically rely on reducing a volatile liquid phase silicon precursor, typically 

SiCU, with an appropriate reducing agent. Heath et al. reported one of the first 

successful demonstrations of a heterogeneous solution precursor reduction in 1992.26 

The biphasic synthesis involved the simultaneous reduction of SiCU and RSiCU (R = H 

and octyl) with a dispersion of sodium metal that was carried out for 3 - 7 days in a 

high pressure (> 100 atm) bomb reactor with a constant 385°C temperature to afford 

freestanding Si-NCs. Limited size control of the freestanding Si-NCs was demonstrated 

by varying the R-group on RSiCl3. Reductions containing HSiCU produced 5 - 3000 

nm Si-NCs, whereas reductions containing octylSiCl3 produced 5.5 ± 2.5 nm Si-NCs. 

Although successful, this synthesis is limited in its practicality because of the severe 

reaction conditions employed. The resulting product also showed a myriad of surface 

species, Si-H, Si-O, and Si-Cl, indicating a low level of control over the Si-NC surface 

chemistry. A variation on this procedure was presented by Dhas and coworkers in 

1998,27 involving the reduction of TEOS, (Si(OCH2CH3)4), in the presence of sodium at 

ca. 70°C. The isolated grey product was thermally processed at 400°C in a nitrogen 
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atmosphere to yield aggregates of Si-NCs ranging in size from 2 and 5 nanometers. 

Although both Dhas and Heath successfully produced freestanding Si-NCs, their 

methods have limited practicality and do not lead to size monodisperse nanocrystals 

with predictable surface chemistry. 

Heterogeneous reduction of SiCLt by Zintl salts (ASi; A = Na, K, Mg) has been 

shown by Kauzlarich et al. to be a viable route to producing small quantities (8 - 85 

mg) of freestanding Si-NCs. The first report utilized KSi to reduce SiCU in refluxing 

solutions of glyme or THF to produce black powders containing freestanding 2 - 5 nm 

Si-NCs. Although FTIR spectroscopy identified characteristic stretching and bending 

frequencies for Si-0 and C-Hsat, suggesting methoxy (-OCH3) surface passivation, 

subsequent reactivity studies of identical materials suggested that the surface was 

terminated with Si-Cl bonds. It was concluded that the formation of methoxy-

terminated surfaces resulted from methanol addition during the isolation procedure.29 

This seemingly unexpected reaction between methanol and the nanocrystal surface 

conveniently rendered the nanocrystals hydrophobic, and facilitated straightforward 

extraction from the reaction byproducts with non-polar organic solvents. The success 

of this procedure led to the exploration of a number of alkali-metal silicides, including 

NaSi, and the less reactive Mg2Si.28 The experimental modifications necessary for the 

incorporation of these alternative reducing agents did not significantly alter the resulting 

products, and luminescent, freestanding Si-NCs were still obtained. In a following 

report by Lee and coworkers,30 ultrasonication replaced heat as a means of initiating the 

reduction of SiCU by sodium silicide. This method produced relatively large amounts 

(120 mg/batch) of size poly disperse (d = 1 - 5 nm) alkyl terminated Si-NCs that 
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exhibited PL in the visible region of the EM spectrum. In this report it was noted that 

the PL emission energy and profile were dependent on ultrasonication time, and a 

narrow blue emission band was realized when the reaction was left for 15 minutes, and 

a broad white emission band after reaction for 60 minutes. 

The initial successes with heterogeneous Zintl salt precursor reductions led to 

homogeneous reductions of SiCLt. Wilcoxon and Samara showed that in a single phase 

mixture, LiAlEL could be used to reduce SiCL to Si-NCs in the presence of a 

surfactant. ' Although yield data were not reported, this procedure gave Si-NCs with 

a broad size distribution ranging from 2 - 1 0 nm in diameter. Soon after this report, 

Tilley was able to fine tune the homogeneous reduction method to produce small and 

remarkably size monodisperse freestanding Si-NCs (d = 1.8 ± 0.2 nm) stabilized in 

trioctylammonium bromide (TOAB). Subsequent reactivity investigations involving 

the attachment of heptene and allylamine indirectly suggested that the surfaces of the 

as-prepared nanocrystals were hydride terminated. 

Employing a synthetic strategy similar to the heterogeneous Zintl salt reduction, 

Kauzlarich et al. have also produced freestanding Si-NCs by homogeneous precursor 

reduction. A homogeneous reducing agent, sodium napthalide, was employed for their 

synthesis, and work-up procedures follow the heterogeneous approach previously 

employed by these researchers. Homogeneous reductions involving sodium naphthalide 

are slightly more versatile than heterogeneous Zintl salt reductions because freestanding 

Si-NCs with various sizes and surface passivation are produced.34'35'36 An additional 

advantage of the sodium napthalide reduction is the ability to control the Si-NC 

morphology. A slight variation to the synthesis allows for the production of large (40 -
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80 nm) silicon tetrahedra. Although these large nanocrystals are not luminescent, this 

is one of the only reports that demonstrates shape-controlled freestanding Si-NCs. 

There was significant progression in the field of hetero- and homogeneous 

precursor reduction in the years following the first reports of freestanding Si-NCs. The 

harsh heterogeneous bomb reactions first employed by Heath and Dhas were replaced 

by single-phase solution syntheses that provided nearly size-monodisperse freestanding 

Si-NCs with somewhat controlled surface chemistries and crystal morphologies. 

Literature yield data indicate that these methods do not afford significant amounts (> 

500 mg/batch) of material, with the ultrasonication method by Lee having the greatest 

promise with a product yield of 120 mg/batch. For Si-NCs to achieve their full 

potential in sensing and emission-based applications it is vital that synthetic procedures 

be developed to afford multigram quantities of well-defined freestanding Si-NCs. 

Unlike the aforementioned solution reduction methods, which are limited to small batch 

sizes, synthetic methods involving precursor decomposition have been shown to 

produce gram quantities of freestanding Si-NCs. 

1.4.3. Percursor thermolysis and pyrolysis 

Precursor thermolysis and pyrolysis are among the most widely studied routes 

toward highly monodisperse nanoparticles. These methods mimic the procedure 

designed by Bawendi to produce compound semiconductor nanocrystals. They rely 

on the rapid thermal decomposition of reactive precursors, followed by immediate 

nucleation and subsequent controlled growth of the nanocrystals. The first method 

utilizing precursor thermolysis for the production of Si-NCs was reported by Korgel and 
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coworkers in 2001. This synthesis involved the thermally-induced degradation of 

diphenyl silane in a mixture of supercritical octanol and hexane to afford 1.5 - 4.0 nm 

alkoxy-capped, highly luminescent freestanding Si-NCs. Although the batch yield of 

this procedure was very low (0.07 - 1.4 mg), it did offer control over the average 

nanocrystal size and distribution. When the silicon to octanol ratio was low, the octanol 

quickly capped the Si-NCs after nucleation and arrested particle growth, resulting in 

very small (d = 1.5 nm), yet highly size monodisperse Si-NCs. If the amount of octanol 

was decreased, the growth of the nanocrystals proceeded uninhibited and larger Si-NCs 

with broad size distributions were obtained. Like the precursor reduction methods, this 

synthesis was capable of producing narrow size ranges of freestanding Si-NCs with 

controlled surface chemistry, although it is only capable of producing milligram 

quantities of material in a single batch. 

One of the most promising methods of producing tangible quantities of 

freestanding Si-NCs to date involves the laser-induced pyrolysis of silane gas. In 2003, 

Swihart et al, reported a flow through reactor that combined silane with a slightly 

reducing stream of hydrogen and helium to produce freestanding Si-NCs with mixed 

hydride and oxide surface chemistries, at a rate of 20 - 200 mg/hour, a yield previously 

not seen in the literature.39 The aerosol synthesis relies on the presence of a gaseous 

photosensitizer, SF6, with a large absorption cross-section at the emission wavelength of 

the CO2 laser, that provides the necessary energy to pyrolyze the silane gas. Opposing 

flows of helium and hydrogen in the reactor create a confined zone in which nucleation 

and particle growth occurs. The freestanding Si-NCs formed by this reaction are ca. 5 

nm in diameter, and are collected in the exhaust stream of the reactor as a fine powder. 
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The as prepared Si-NCs do not exhibit photoluminescence, but when exposed to an 

etching mixture of HF/HNO3, a bright PL emission in the visible region of the EM 

spectrum emerges. During the etching process, HF reacts with the surface oxide and 

exposes the silicon core, at which point the HNO3 reoxidizes the surface. These 

processes happen concomitantly and the nanocrystal dimension is slowly decreased to 

below the Bohr exciton radius. The etching process also eliminates the dangling bonds 

in the as prepared Si-NCs and imparts a hydride surface passivation that renders the 

resulting Si-NCs highly luminescent. Swihart's method was the first demonstration of 

methodology producing tangible amounts (500 mg/batch) of freestanding Si-NCs. It 

offered the working material necessary for fundamental post-synthesis investigations 

and also increased the potential for Si-NCs in light emitting and sensing applications. 

1.5 Silsesquioxanes 

The novel Si-NC preparation described in this thesis produces comparable 

amounts of oxide-embedded Si-NCs with respect to the Swihart synthesis, but relies on 

the reductive thermal processing of hydrogen silsesquioxane. Silsesquioxanes are a 

very interesting class of silicon materials that originated from the silicone industry. 

They were first utilized as electrical insulators for high temperature electronic 

applications, but have since been replaced by polydimethylsiloxane (PDMS). The term 

silsesquioxane encompasses all structures with an molecular formula of R8Si80i2, 

where R can be hydrogen, aryl, alkyl, arylene, aklylene, or organofunctional 

derivatives.40 Hydrogen silsesquioxane (HSQ) is one of the few completely inorganic 

silsesquioxanes, and can be synthesized in a variety of ladder, chain, and cage 
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structures. Frye and Collins were the first to synthesize HSQ oligomers by adding 

benzene solutions containing trichlorosilane to a mixture of concentrated and fuming 

sulphuric acid.41 The HSQ molecule with 8 silicon atoms at the corners of a "cube" 

(Figure 1.4) was isolated in a slightly different manner and involved the dilute-solution 

hydrolysis of trimethoxysilane in concentrated hydrochloric acid and a mixture of 

cyclohexane and acetic acid.41 

Figure 1.4. The molecular structure of hydrogen silsesquioxane (HSQ) 

Although the yield was only 13% in this first report, a significant amount of 

proprietary research by Dow Corning Corporation has increased this. HSQ is now 

commercially available from Dow Corning Corporation which produces it via a 

proprietary procedure and markets it under the trade name FOx - highlighting that it is a 

solution processable "flowable" oxide. It is currently used as a spin-on dielectric 

insulator in the microelectronics industry as it provides a highly uniform silica surface 

when thermally processed at 250 - 300°C in ambient conditions. Close inspection of 

the empirical formula of HSQ reveals it is a silicon rich oxide. In context of the 

previous discussion regarding ion implantation and thermal evaporation methods used 

to form oxide-embedded Si-NCs from SRO thin films, this suggests that HSQ and 

similar silsesquioxanes should be suitable precursors for Si-NCs. 
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1.6. Thesis outline 

This thesis presents HSQ as one of the most versatile Si-NC precursors to date. 

The second chapter briefly outlines the motivation for finding a new Si-NC precursor 

and describes the discovery and preliminary characterization that clearly demonstrates 

that reductive thermal processing of HSQ produces well-defined ca. 4 nm oxide-

embedded Si-NCs. The as prepared oxide-embedded Si-NC composites are highly 

luminescent in the NIR region of the EM spectrum, and HF etching is employed to 

tailor the PL emission throughout the visible region. Chapter 3 outlines complimentary 

spectroscopic studies aimed at providing insight into the HSQ decomposition process 

that ultimately results in nanocrystal formation, while also describing the dependence of 

Si-NC PL characteristics on processing variables. Chapter 4 is an investigation into the 

origin of luminescence from Si-NCs. It relies on the relatively new but powerful 

technique of X-ray excited optical luminescence (XEOL). This investigation 

conclusively identified quantum confinement effects as a major contributor to the 

emission characteristics of Si-NCs, but also identified a previously unobserved emission 

that is attributed to a distinct interfacial species in the transition region between the Si-

NC core and the surrounding oxide matrix. The final chapter is a series of proof-of-

concept experiments highlighting the potential for HSQ as a thin film Si-NCs precursor 

for sensing and emission applications. 

The many novel compounds synthesized for the present investigation were all 

based upon the thermal processing of HSQ composites. Systematically varying the 

heating rate, peak processing temperature, heating profile, and processing gas provided 

insight into the formation, growth, and electronic structure of the resulting Si-NCs. In 
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an effort to maintain consistency with respect to sample identification, a universal 

sample list provides the processing conditions for each HSQ derived sample described 

here in. 

Table 1.4. Universal list of compounds synthesized for the present thesis. The 
numbering scheme is consistent throughout Chapters 2-4. 

Compound 

HSQ 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 

Compound 
17 
18 
19 
20 
21 

Processing Temperature 

300 
400 
500 
600 
700 
800 
900 
1000 
1100 
1200 
1300 
1400 
1100 
1100 
1100 
1100 

Samples etched with 49%HF 
Water 

Etching Ratio 
1 
1 
1 
1 
1 

1 
1 
1 
1 
1 

1 
1 
1 
1 
1 

(°C) 

: Ethanol: 

Processing Time 
(min) 

60 
60 
60 
60 
60 
60 
60 
60 
60 
60 
60 
60 
120 
300 
600 
1440 

Etching Time 
(min) 

30 
60 
90 
120 
150 

27 



1.7. References 

(1) Liang, W.; Bockrath, M.; Bozovic, D.; Hafner, J. H.; Tinkham, M.; Park, H. 
Nature 2001, 411. 

(2) Kong, J.; Yenilmez, E.; Tombler, T. W.; Kim, W.; Dai, H.; Laughlin, R. B.; Liu, 
L.; Jayanthi, C. S.; Wu, S. Y. Phys. Rev. Lett. 2001, 87. 

(3) McEuen, P. L.; Fuhrer, M. S.; Park, H. IEEE Transactions on Nanotechnology 
2002,1, 78. 

(4) Grahn, H. T. Introduction to semiconductor physics; World Scientific: Berlin, 
1999. 
(5) Madelung, O. Landolt-Bornstein New Series; Springer-Verlag: Berlin, 

Germany, 1987; Vol. III. 
(6) Huheey, J. E. Inorganic chemistry; Harper and Row: New York, 1983. 
(7) Pauling, L. The nature of the chemical bond; Cornell university press, 1960. 
(8) Round, H. J. Electrical world 1907, 49, 308. 
(9) Dabbousi, B. O.; Rodriguez-Viejo, J.; Mikulec, F. V.; Heine, J. R.; Mattoussi, 

H.; Ober, R.; Jensen, K. F.; Bawendi, M. G. J. Phys. Chem. B 1997,101, 9463. 
Canham, L. T. Appl. Phys. Lett. 1990, 57. 
Cullis, A. G.; Canham, L. T.; Calcott, P. D. J. J. Appl. Phys. 1997, 82, 909. 
Deak, P.; Rosenbauer, M.; Stutzmann, M.; Weber, J.; Brandt, M. S. Phys. Rev. 
Lett. 1992, dP, 2531. 
Brandt, M. S.; Fuchs, H. D.; Stutzmann, M.; Weber, J.; Cardona, M. Solid State 
Commun. 1992, 81, 307. 
Kanemitsu, Y.; Uto, H.; Masumoto, Y.; Matsumoto, T.; Futagi, T.; Mimura, H. 
Phys. Rev. B: Condens. Matter 1993, 48, 2827. 
Wang, C; Gaspari, F.; Zukotynski, S. MRS Proceedings, 1993, San Francisco, 
CA, USA. 
Koch, F. Microelectron. Eng. 1995, 28, 237. 
Shimizu-Iwayama, T.; Hama, T.; Hole, D. E.; Boyd, I. W. Solid-State 
Electronics 2001, 45, 1487. 
Hofmeister, H.; Kodderitzsch, P.; Dutta, J. J. Non-Cryst. Solids 1998, 232-234, 
182. 
Shao, W. L.; Shinar, J.; Gerstein, B. C; Li, F.; Lannin, J. S. Phys. Rev. B: 
Condens. Matter 1990, 41, 9491. 
Hofmeister, H.; Dutta, J.; Hofmann, H. Phys. Rev. B: Condens. Matter 1996, 54, 
2856. 
Shimizu-Iwayama, T.; Hama, T.; Hole, D. E.; Boyd, I. W. Solid-State Electron. 
2001, 45, 1487. 
Hohl, A.; Wieder, T.; Van Aken, P. A.; Weirich, T. E.; Denninger, G.; Vidal, 
M.; Oswald, S.; Deneke, C ; Mayer, J.; Fuess, H. J. Non-Cryst. Solids 2003, 320, 
255. 
Friede, B.; Jansen, M. J. Non-Cryst. Solids 1996, 204, 202. 
Hryciw, A.; Laforge, J.; Blois, C ; Glover, M.; Meldrum, A. Adv. Mater. 2005, 
17, 845. 
Beltaos, A. M.; Meldrum, A. J. Lumin. 2007,126, 607. 
Heath, J. R. Science 1992, 258, 1131. 

28 



(27) Dhas, N. A.; Raj, C. P.; Gedanken, A. Chem. Mater. 1998,10, 3278. 
(28) Bley, R. A.; Kauzlarich, S. M. J. Am. Chem. Soc. 1996,118,12461. 
(29) Mayeri, D.; Phillips, B. L.; Augustine, M. P.; Kauzlarich, S. M. Chem. Mater. 

2001,13, 765. 
(30) Lee, S.; Cho, W. J.; Chin, C. S.; Han, I. K.; Choi, W. J.; Park, Y. J.; Song, J. D.; 

Lee, J. I. Jpn. J. Appl. Phys., Part 1 2004, 43, 784. 
(31) Wilcoxon, J. P.; Samara, G. A.; Provencio, P. N. Phys. Rev. B: Condens. Matter 

1999, 60, 2704. 
(32) Wilcoxon, J. P.; Samara, G. A. Appl. Phys. Lett. 1999, 74, 3164. 
(33) Warner, J. H.; Rubinsztein-Dunlop, H.; Tilley, R. D. J. Phys. Chem. B 2005, 

109, 19064. 
(34) Baldwin, R. K.; Pettigrew, K. A.; Ratai, E.; Augustine, M. P.; Kauzlarich, S. M. 

Chem. Commun. 2002, 8, 1822. 
(35) Baldwin, R. K.; Pettigrew, K. A.; Garno, J. C ; Power, P. P.; Liu, G. Y.; 

Kauzlarich, S. M. J. Am. Chem. Soc. 2002,124, 1150. 
(36) Zou, J.; Baldwin, R. K.; Pettigrew, K. A.; Kauzlarich, S. M. Nano Lett. 2004, 4, 

1181. 
(37) Murray, C. B.; Norris, D. J.; Bawendi, M. G. J. Am. Chem. Soc. 1993,115, 

8706. 
(38) Holmes, J. D.; Ziegler, K. J.; Doty, R. C ; Pell, L. E.; Johnston, K. P.; Korgel, B. 

A. J. Am. Chem. Soc. 2001,123, 3743. 
(39) Li, X.; He, Y.; Talukdar, S. S.; Swihart, M. T. Langmuir 2003,19, 8490. 
(40) Baney, R. H.; Itoh, M.; Sakakibara, A.; Suzuki, T. Chem. Rev. 1995, 95, 1409. 
(41) Frye, C. L.; Collins, W. T. J. Am. Chem. Soc. 1970, 92, 5586. 



Chapter 2: 

Hydrogen silsesquioxane: A molecular precursor for Si-NC/Si02 

composites and freestanding hydride surface terminated silicon 

nanocrystals 

* A version of this chapter has been published. 

Hessel, C. M.; Henderson, E. J.; Veinot, J. G. C. Chem. Mater. 2006, 18, 6139 - 6146. 
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2.1. Introduction 

Silicon nanostructures including porous silicon (p-Si),1 silicon rich oxides 

(SROs),2 and freestanding silicon nanocrystals (Si-NCs)3 have been the focus of intense 

research because of their unique chemical and optical characteristics. The electronic 

structure of the bulk silicon provides an indirect bandgap of 1.12 eV with the lowest point 

of the conduction band and the highest point in the valence band occurring at different 

coordinates in reciprocal space. This leads to a forbidden bandgap optical transition 

dipole and limits practical optoelectronic application of bulk silicon because of low 

photoluminescence intensity and slow carrier dynamics (i.e., long lived excited states). 

As the dimensions of a semiconductor particle approach the radius of an exciton in the 

bulk material (ca. 5 nm for Si), the bandgap energy increases and pseudo-continuous 

bands become discrete energy levels that are populated according to quantum mechanical 

selection rules. Consequently, quantum confinement effects emerge and 

photoluminescence blue shifts with decreasing particle size and increases in intensity.4 

Some researchers suggest that the photoluminescence (PL) observed from photo-excited 

Si nanoparticles arises because the bandgap transition becomes weakly dipole-allowed in 

this quantum confined size regime.5 Others claim photoemission originates from the 

passivation of surface traps present in bulk Si.6 Regardless of the explanation, a 

characteristic photoemission maximum at approximately 1.7 eV is seen for many Si-

based nanostructures, including the "Si quantum wires" reported by Canham et ah, Si-

NC/SiC>2 composites,2 and freestanding Si nanoparticles prepared via solution,8'9'10 

precursor pyrolysis,11'12 and physical techniques.13'1415 The unique optical properties and 

electrochemical stability of nanoscale elemental Si offer significant potential for a variety 
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of light emission applications. Furthermore, the biocompatibility of Si and SiC>2 makes 

these materials potentially useful in sensing applications where toxic, electrochemically 

active compound semiconductor nanoparticles are impractical. 

Measuring the direct effect of Si nanocrystal size on the PL spectrum of Si-

NC/Si02 composites and freestanding Si-NCs is complicated with interface effects, 

surface chemistry, and particle interactions playing key roles.18 This complexity is well 

illustrated by the optical response of ultrasmall Si particles (d ~ 1.1-1.4 nm).19 The 

experimental optical behaviour of hydride surface terminated freestanding Si-NCs of this 

size is dominated by blue emission and reports suggest either a direct or indirect gap 

transition. ' This is very different from observations previously noted for oxide 

terminated particles of equivalent size that show a red-yellow emission resulting from an 

indirect gap transition.22 Very similar observations were reported by Wolkin et al. for 

blue emitting hydride surface terminated nanocrystals in p-Si whose PL maximum red 

shifted upon oxidation.23 These data appear to contradict simple quantum confinement 

because the decrease in Si particle core size resulting from oxidation seems to cause the 

PL maximum to decrease in energy. To aid in our understanding of these complex optical 

properties, diverse theories for relating PL energy maxima to particle size have been 

proposed, including: the effective mass approximation,24 empirical tight binding band 

theory, ' empirical pseudopotential approximation, ' and ab-initio local density 

approximation.29'30 Still, the size effects and the influence of the indirect bandgap of bulk 

Si on the PL behavior of Si-NCs remains the subject of much controversy and scientific 

curiosity. 
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To facilitate a better understanding of the freestanding Si-NC optical and 

chemical response, straightforward, cost-effective, scalable methods for preparing 

materials of controlled polydispersity, size, crystal structure, and surface chemistry are 

necessary. Well-established physical techniques for preparing Si nanostructures often 

employ highly corrosive reagents (e.g., hydrofluoric acid), and specialized, highly 

technical procedures (e.g., ion implantation, ' vacuum evaporation, sputtering, and 

laser ablation35). While freestanding particles have been dislodged from />-Si surfaces,36 

published data suggest individual Si nanoparticles remain trapped in larger (i.e., s l[a,m) 

pieces of the /?-Si structure and that these methods are impractical for preparing 

macroscopic sample sizes (ca. > 500 mg).13'14'15 Similar particle liberation protocols and 

bulk preparation of Si nanoparticles from traditional thin film SRO matrices are 

impractical given extremely small sample sizes. To this end, a series of methods has 

been introduced for preparing freestanding Si-NCs. Laser induced precursor pyrolysis has 

recently been reported as an efficient method for preparing large quantities of Si 

nanoparticles from silane at rates of 20-200 mg/hour. This approach relies on specialized 

laser equipment and custom designed reactors not available in most synthetic 

laboratories.11'12 Solution-based procedures10'38'39,40'41'42'43'44'45 provide some post 

synthesis material processability, but are often plagued by wide size distributions, 

specialized reagents, small sample sizes, material purity, ill-defined particle surface 

chemistry, and limited ambient stability - all criteria crucial to the eventual application of 

these materials. 

SROs remain a promising class of nanostructured materials composed of 

luminescent, crystalline Si nanoparticles embedded in an environmentally inert SiCVlike 
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matrix. To date, one major limitation to their application in the synthesis of freestanding 

Si-NCs has been limited sample size (vide supra). One common method for preparing 

SROs employs a multi-step process; the first stage involves deposition of thin "SiO" 

precursor films using physical methods such as vapor deposition, physical sputtering, or 

e-beam evaporation to deposit films onto flat substrates.2 These recipe-based approaches 

control the Si:0 ratio by maintaining a specific oxygen flow rate (i.e., partial pressure) 

during reactive deposition of "SiO" or by controlling the co-deposition rates of Si, "SiO", 

and Si02 to produce SiOx films (0 < x < 2).46 Films are subsequently annealed at high 

temperature in a reducing atmosphere (typically 4% H2, 96% inert gas) to promote the 

formation of Si-NCs.47 Iterative variation of experimental parameters and post deposition 

micro-probe analyses have previously shown that precursor films with compositional 

ratios close to Sii.o:Oi.s produce the strongest PL upon annealing at ca. 1100°C. Still, 

fundamental questions remain regarding the mechanism for nanoparticle formation, the 

relationship between Si particle size and peak PL energy, among others.2 Unfortunately, 

the exact composition, structure, and purity of "SiO" is the subject of a longstanding 

controversy and are strongly dependent upon processing conditions.48'48'49 Further, the 

exact chemical structure of "SiOx" remains largely ill-defined.50 These uncertainties 

potentially hinder the rational study of chemical composition and its influence on the 

material properties of SRO nanoparticle composites. 

Silsesquioxanes are commercially available, solution processable, discrete, 

structurally well-defined molecules composed of silicon-oxygen frameworks with 

empirical formulae (RSiOj 5) where R may be a variety of chemical functionalities (e.g., 

H, alkyl, silyl, and aromatic). The chemistry of these compounds is well-established and 

33 



a variety of cage structures are known.51 Hydrogen silsesquioxane (HSQ, Scheme 2.1), a 

totally inorganic silsesquioxane (H8Si8012), is one of the most widely studied and has 

been investigated as a model silica surface,52'53'54,55 luminescent material,56 and a catalytic 

support.57'58 Examples of high purity silica have also been prepared from silsesquioxane 

precursors.59 It is generally accepted that upon oxidative thermal curing, the 

silsesquioxane cage structure of HSQ collapses to release SiH4
60 and a Si02-like network 

solid forms whose dielectric,61 mechanical, and processing characteristics depend on the 

curing conditions. Dielectric films produced by thermal curing of HSQ currently find 

application as spin-on, planarizing dielectric interlayers in the microchip industry.62 To 

date, no Si nanoparticle preparation employing silsesquioxanes has been reported. The 

similar composition (i.e., Sii.o:Oi.s) and thermodynamic instability of both HSQ and the 

"ideal" SiOx precursor films suggest HSQ may be a suitable molecular precursor to Si-

NC/Si02 composites upon reductive thermal curing. In addition, the structural tunability 

of HSQ should offer control over film composition and structure previously unattainable 

using existing physical methods for SiOx film preparation. Here we report the application 

of HSQ as a molecular precursor for the straightforward large scale (ca. 0.25 g) synthesis 

of Si-NC/Si02 composites and the corresponding liberation of freestanding Si-NCs that 

are photoluminescent throughout the visible spectrum. 
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Scheme 2.1. Thermal processing of hydrogen silsesquioxane (HSQ) to produce silicon 

nanocrystal/Si02 (Si-NC/Si02) nanocomposites. 

2.2. Experimental Details 

2.2.1. Reagents and Materials 

HSQ was purchased from Dow Corning (tradename F0x-12®) as a 10 weight 

percent solution in methyl isobutyl ketone. This stock solution was used as received and 

stored in subdued light and inert atmosphere prior to use. Electronic grade hydrofluoric 

acid (49% aqueous solution, J. T. Baker), HPLC grade pentane (Caledon Laboratory 

Chemicals), and reagent grade ethanol (95%, Sigma-Aldrich) were used as received. 

High purity water (18.2 MQ/cm) was obtained from a Barnstead Nanopure Diamond 

purification system. 

2.2.2. Bulk Si-NC/Si02 Composite Preparation (3-9) 

Solvent was removed from the HSQ stock solution. The resulting white solid was 

placed in a quartz crucible and transferred in inert atmosphere to a high temperature 

furnace and annealed for one hour in a 4% H2 and 96% N2 atmosphere. In the furnace, 

HSQ samples were heated at 18°C/min until the desired peak temperature was reached at 

which time the samples remained at 500, 600, 700, 800, 900, 1000, or 1100°C for 1 hour. 

35 



After cooling to room temperature, the darkened solid was removed and mechanically 

ground in a mortar and pestle to yield a fine powder whose color varied with processing 

temperature (See, Figure 2.1 and Table 2.1). To increase particle size uniformity and 

facilitate more efficient etching, the powder was shaken with glass beads using a wrist 

action shaker, suspended in distilled water and collected by vacuum filtration with 

Whatman #2 filter paper. The product yields depend slightly on processing temperature 

and are summarized in Table 2.1. 

Table 2.1. Samples of hydrogen silsesquioxane (HSQ) processed at specified 

temperatures for 1 hour in 4% H2/96% N2. All samples were processed with a heating 

rate of 18°C/min. 

Compound 

3 

4 

5 

6 

7 

8 

9 

69a 

Processing 

Temperature 

(°C) 

500 

600 

700 

800 

900 

1000 

1100 

800,1100 

Colour 

orange 

orange 

orange/brown 

orange/brown 

brown/black 

brown/black 

brown/black 

orange/brown, 

brown/black 

Yield (%) 

96 

95 

94 

94 

94 

94 

94 

94,94 

Nanocrystalline 

(yes/no) 

no 

no 

no 

no 

no 

yes 

yes 

no,yes 

a Sample 69 was thermally processed at 800°C for 1 hour (Sample 6), cooled to room 
temperature, and subsequently reprocessed to 1100°C for 1 hour(Sample 9). The sample 
was under an atmosphere of 5%H2/95%Ar for both thermal processing cycles. 
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Figure 2.1. Photographs of HSQ, 3-9 (left to right) as prepared (top) and finely ground 

(bottom). 

2.2.3. Liberation of Hydride Surface-Terminated Freestanding Si-NCs (17-21) 

A representative etching procedure involves transferring 0.3 g of the ground 9 to a 

Teflon beaker containing 10 mL of a 1:1:1 49% HF : H20 : ethanol solution. The 

mixture is stirred for 1.5 hours to remove the silica matrix to yield 0.03 g of 18 as a 

yellow powder. Once liberated, the hydrophobic, hydride terminated Si-NCs are 

extracted into two 5 ml portions of pentane and kept under inert atmosphere. Etching 

parameters for 17-21 are summarized in Table 2.2. This etching procedure is fully 

scalable. 
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Table 2.2. Etching parameters and luminescence information for samples of 9 etched for 

specified times in solutions of 1:1:1 49% HF : H20 : ethanol. 

Compound 

17 

18 

19 

20 

21 

Etch Time* 

(min) 

30 

60 

90 

120 

150 

Apparent PL 

Colour 

N/A -partially 

etched 

Red 

Orange 

Yellow 

Green 

PL Maximum 

(nm) 

N/A 

705 

812 

585 

512 

Quantum Yield 

Standard 

N/A 

[Ru(bpy)3]Cl2 

[Ru(bpy)3]Cl2 

rhodamine 590 

fluorscein 

* Etch times strongly depend on reagent concentrations and nanocomposite particle size. 

2.2.4. Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) was performed using a Perkin Elmer Pyris 1 

TGA equipped with Pyris Thermal Analysis 7.0 software. HSQ samples were 

placed in a Pt pan and heated in N2 or 4% H2: 96% N2 atmospheres from room 

temperature to 1100 °C at 10,20,50,100 °C/min 

2.2.5. X-ray Photoelectron Spectroscopy (XPS) 

A Kratos Axis Ultra instrument operating in energy spectrum mode at 210 W was 

used for XPS measurements. The base pressure and operating chamber pressure was 

maintained at <10"7 Pa. A monochromatic Al Ka source was used to irradiate the samples 
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and the spectra were obtained with an electron take-off angle of 90°. Wide survey 

spectra were collected using an elliptical spot with 2 mm and 1 mm major and minor axis 

lengths, respectively, and 160 eV pass energy with a step of 0.33 eV. Sample 

compositions were determined from the peaks of the survey spectra with subtracted linear 

background using the internal instrument values of relative sensitivity factor. Depth 

profiling was carried out using a differential Ar+ plasma system operating at P = 5xl08 

Torr, Iemission = 10 mA, Accelerating Voltage = 4 KeV. Sample charging was minimized 

using an electron gun. 

2.2.6. Material Characterization and Instrumentation 

Photoluminescence (PL) spectra of a thin film of finely powdered 9 drop-coated 

onto optical grade silica from a pentane suspension were evaluated at room temperature 

using the 325 nm line of a He-Cd laser excitation source and emission was detected with 

a fiber-optic digital charge coupled device (CCD) spectrometer whose spectral response 

was normalized using a standard black-body radiator. PL spectra of cloudy pentane 

solutions of 18-21 were obtained using a Cary Eclipse Fluorimeter. PL quantum yields 

were calculated by normalizing to appropriate standards.62 Fourier-transform infrared 

spectroscopy (FTIR) of pentane cast films of 9,18-21 was performed using a Nicolet 

Magna 750 IR spectrophotometer. Transmission electron microscopy (TEM) and energy 

dispersive x-ray (EDX) analyses were preformed using a JEOL-2010 (LaB6 filament) 

electron microscope with an accelerating voltage of 200 keV. The cross-sectional TEM 

sample was prepared by mounting a thin film of oxide-embedded Si-NCs onto a copper 

grid with a 400 îm diameter hole. The film was subsequently thinned by mechanical 
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polishing on a grinding wheel, followed by ion milling to perforation. TEM images were 

obtained from the edge of the milled hole where electron transmission was adequate. 

TEM samples of the liberated, freestanding Si nanoparticles were dropcoated from a 

pentane suspension onto carbon coated copper grids. Bulk crystallinity of Si-NC/Si02 

composites was evaluated using an INEL XRG 3000 x-ray diffractometer equipped with 

a Cu Ka radiation source. 

2.3. Results and Discussion 

Hydrogen silsesquioxane or HSQ is commercially available from Dow-Corning 

Corporation under the tradename FOx-("XX") where "XX" is a numeric notation 

describing the solution formulation (i.e., solvent and concentration). HSQ is currently 

marketed as a "flowable oxide" for use as a spin-on dielectric in the semiconductor 

industry. Here we report that when HSQ is thermally processed in a 4% H2 : 96%N2 

atmosphere, the white solid transforms into an amber-like solid whose color and 

crystallinity depend on the peak processing temperature (Figure 2.1). TEM, SAED, XPS, 

and photoluminescence spectroscopy support XRD observations confirming reductive 

thermal processing of HSQ at 1100°C yields luminescent, diamond structure, elemental 

silicon nanocrystallites encapsulated in an Si02-like matrix (vide infra). Matrix embedded 

Si-NCs are readily liberated upon exposure to hydrofluoric acid solutions that 

preferentially etch away the Si02, leaving freestanding, highly luminescent Si-NCs with 

emission maxima that are readily tuned throughout the visible region of the 

electromagnetic spectrum.63 
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2.3.1. Thermogravimetric Analysis 

Thermal processing of HSQ was evaluated using thermogravimetric analysis 

(TGA) (Figure 2.2). In a nitrogen atmosphere, thermal traces of HSQ obtained at a 

heating rate of 10°C/min show four distinct regions of weight loss (ca. 50-225 °C ; 1.8%, 

225-375 °C ; 2.1%, ca. 375-425°C ; 0.8%, ca. 507°C ; 48%). With increased heating rate 

(i.e., 10, 20, 50, 100 °C/min) we note a dramatic decrease (Figure 2.3) in the observed 

weight loss at 507°C (i.e., 10 °C/min, 48% vs. 100°C/min, 5%). TGA analysis of HSQ in 

4%H2: 96%N2 shows ca. 5% weight loss regardless of heating rate. 

0 s 

H 
fc 
W 

w a-
C/3 

* 
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99 
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0 200 400 600 800 1000 

TEMPERATURE (°C) 

Figure 2.2. Thermogravimetric analysis of HSQ heated at 10°C/min in 4% H2 : 96% N2 

atmosphere. 
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Figure 2.3. Heating rate dependence of HSQ weight loss between 25°C and 1000°C. 

Solid: nitrogen atmosphere. Dashed: 4% H2: 96% N2 atmosphere. 
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Scheme 2.2. Stages of HSQ thermal degradation in an inert atmosphere. 

The accepted stages of HSQ thermal processing in inert atmosphere (i.e., N2 or 

Ar) are summarized in Scheme 2.2 and have previously been attributed to: i) trace solvent 

loss (< 200 °C), ii) cage network redistribution with associated loss of SiH4 (ca. 250-350 

°C), iii) Si-H thermal dissociation accompanied by loss of SiH4 and H2 (350-450 °C), and 

iv) collapse of the pore structure (> 450 °C).64 The structures of low temperature (i.e., 

250°C-350 °C) thermally processed HSQ thin films have been studied spectroscopically, 

but the identity of any gas byproducts remains unknown. This is not the case for high 

temperature region of the TGA for which the loss of SiH4 and H2 has been confirmed by 

mass spectrometry.65 Consistent with our nitrogen atmosphere TGA observations, Belot 

et al. noted a decrease in SiH4 evolution and weight loss at 507 °C with increased heating 

rates and proposed, in the absence of definitive evidence, this resulted from the rapid 

thermal decomposition of SiH4 into silicon and hydrogen.66 Herein, we confirm that the 

observed trend in weight loss at ca. 450 °C, with increased heating rate, indeed results 

from the thermal decomposition of SiH4 and the formation of amorphous clusters of 
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elemental Si (vide infra). Upon rapid heating of HSQ (i.e., a 50 °C/min under N2 or & 10 

°C/min under 4% H2: 96% N2) thermally liberated SiH4 is unable to escape the rapidly 

forming silicon oxide matrix prior to decomposing. 

Currently, the specific role of hydrogen in the thermal processing atmosphere is 

unclear and is subject to further investigation in our laboratory. One possible explanation 

for the decreased weight loss may be H2-induced modifications to the HSQ 

decomposition mechanism (Scheme 2.2E). It is conceivable that low H2 concentrations in 

the thermal processing atmosphere limit, and may even prevent the dehydrogenation of 

HSQ thereby increasing the SiH4 available for thermal decomposition. 

2.3.2. X-ray Powder Diffraction (XRD) 

The crystallization of oxide-embedded Si-NCs was evaluated by XRD (Figure 

2.4). Analyses of composites 3-6 indicate that when HSQ is processed at temperatures 

below 800°C, only a broad unassigned diffraction peak arising from the amorphous Si02-

like matrix is observed and there are no characteristic reflections of diamond structure Si. 

When HSQ is thermally processed at 900°C (i.e., 7) weak, very broad diffraction signals 

corresponding to the (220) and (311) reflections are discernable above the XRD baseline 

indicating the formation of short-range nanocrystalline order (Table 2.1). The (220) and 

(311) peaks increase in intensity and narrow while a characteristic (111) reflection 

becomes prominent for composites processed at higher temperatures (i.e., 8 and 9). An 

estimate of the average nanocrystal size can be attained using the Scherrer equation, a 

relationship which relates spectral peak broadening in XRD to average crystal size 

(Equation 2.1). 
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Equation 2.1: Scherrer equation. 
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Equation 2.2: Isolation of size related instrumental broadening from total 

broadening and instrumental broadening. 

By this relationship the diameter of the crystal (D) is related to the wavelength of 

the X-ray photon source (k = 0.154 nm for Cu) and the size related spectral broadening 

(B), in radians. The broadening is measured at an intensity equal to half the maximum 

intensity, typically referred to as the full with at half maximum, FWHM. In order to 

isolate the size related spectral broadening (B) from the total spectral broadening 

(FWHMTotal), the instrumental broadening (FWHM,nstmment), obtained by measuring the 

spectral broadening of a bulk standard, is subtracted (Equation 2.2). The utilization of 

the Scherrer relationship is however applicable to sufficiently small crystals that have an 

appreciable amount of size induced crystal strain. It has been previously shown that this 

XRD analysis is a proven method to obtain accurate crystal diameters for a variety of 

materials in the nanometer size regime, however, the size related XRD spectral 

broadening becomes negligibly small for crystals greater than 100 nm.66,67,68,69 As such, 

particles with dimensions greater than 100 nm can be more accurately characterized by 

electron microscopy. 
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Employing the Scherrer relationship to the broadened (311) reflection obtained 

from the XRD of 9, a crystallite size of ca. 4 nm was obtained. The positions and 

intensities of all broadened reflections agree with the selected area electron diffraction 

obtained for composite 9 and are consistent with diamond structure Si. Samples thermally 

processed at lower temperatures (i.e., 3-6) can be reprocessed at 1100°C to produce 

similar nanocrystalline domains observed for composite 9 (Figure 2.5A). HF etching of 9 

yields freestanding Si-NCs (vide infra). XRD patterns of the freestanding Si-NCs show 

no broad diffraction arising from the amorphous composite matrix while the peaks 

characteristic of diamond structure Si remain (Figure 2.5B). 
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Figure 2.4. X-ray powder diffraction of composites 6-9 showing the peak thermal 

processing temperature dependence of Si nano-domain crystallinity. Characteristic 

reflections of a silicon powder standard presented for comparison. 
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Figure 2.5. A. X-ray powder diffraction of composites 6 (bottom) and 9 (top). 

Characteristic (111), (220), and (311) reflections of diamond structure are noted. B. X-ray 

powder diffraction of 18. Characteristic (111), (220), and (311) reflections of diamond 

structure and sample holder background peaks (*) are noted. 
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2.3.3. X-ray Photoelectron Spectroscopy 

Survey XPS analyses of 6,9 confirm the presence of only silicon and oxygen. 

High resolution scanning of the Si 2p region for composites 6 and 9 show two peaks at 

approximately 101.9 and 98.1 eV, readily assigned to oxides of silicon and elemental 

silicon, respectively (Figure 2.6). The ratio of oxide and elemental Si 2p emission peaks 

is independent of thermal processing temperature suggesting the formation of a constant 

amount of elemental Si regardless of thermal processing temperature. 

The TGA, XRD and XPS data support a multi-step thermal decomposition 

mechanism that produces Si-NCs. Thermal processing of HSQ produces silane. At rapid 

heating rates (e.g., s* 18°C/min in 4%/H2) silane decomposes and yields non-crystalline 

clusters of elemental silicon that subsequently crystallize when heated above ca. 900°C. 

Similar crystallization processes have been reported for SiOx composites.70 

49 



Binding Energy (eV) 

Figure 2.6. High-resolution X-ray photoelectron spectroscopy of the Si 2p spectral 

region of composites 6 (top) and 9 (bottom). Discernable features with binding energies 

consistent with Si02 and elemental silicon are noted for both samples. 
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2.3.4. Fourier Transform Infrared Spectroscopy 

FT-IR spectroscopy of NEAT HSQ shows a characteristic absorption at 2251 cm 

1 that is readily assigned to Si-H stretching (Figure 2.7A).71 Absorptions are also noted in 

the range of ca. 1300 to 800 cm"1 and have previously been assigned to internal vibrations 

of the Si-O-Si cage framework.72 Following reductive thermal processing at or above 

500°C the absorption arising from Si-H stretching disappears suggesting the HSQ 

molecules have crosslinked and the cage structure has collapsed (See: Figure 2.7B). We 

also observe the replacement of broad HSQ Si-O-Si vibrations with a broad featureless 

absorption centered at ca. 1096 cm"1 that we assign to Si-O-Si bending in an Si02-like 

network. Figure 2.7C shows a typical FT-IR spectrum of a pentane cast film of 17. 

Reappearance of the characteristic Si-Hx stretching at 2100 cm1 is consistent with at least 

partial hydride termination of the particles. Bending frequencies of the Si-O-Si bonding 

configuration at <, 1400 cm"1 remain a dominant spectral feature in this spectrum 

indicating incomplete liberation. As expected, a marked decrease in the intensity of the 

Si-O-Si absorptions is noted with increased HF etching time. A representative FT-IR 

spectrum of fully etched, hydride surface terminated silicon particles (21) showing 

characteristic Si-H stretching and bending frequencies is shown in Figure 2.7D. A very 

weak Si-O-Si vibration is present in this spectrum and likely results from limited surface 

oxidation that occurs during sample preparation.73 Weak C-H stretching and bending 

frequencies arising from residual pentane are also observed. 
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Figure 2.7. Infrared spectra of A) NEAT hydrogen silsesquioxane B) HSQ processed at 

1100°C, Sample 9 C) Samples of annealed HSQ (Sample 9) etched with HF for: C) 60 

minutes, Sample 18 D) 120 min, Sample 20. 
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2.3.5. Photoluminescence Spectroscopy 

HSQ shows no visible photoluminescence. Composites 3-6 exhibit no detectable 

photoluminescence upon exposure to a standard handheld UV-light. However, excitation 

with the 325 nm line of a He-Cd laser yields characteristic Si-NC/Si02 emission at ca. 

800 nm from a solid film of 9. (Figure 2.8). Upon etching with an HF solution, silicon 

crystals are liberated from the oxide matrix and become highly luminescent. The 

emission maxima of these isolated nanocrystals depend on the etching time (Figure 2.9). 

The observed blue shift in PL maximum upon extended exposure to HF is consistent with 

previous reports for etched Si-NC/Si02 nanocomposites and can be attributed to quantum 

confinement effects arising from decreased particles size. External photoluminescent 

quantum yields of isolated, hydride surface terminated Si particles are approximately 

0.04 consistent with those reported for similar systems in hydrocarbon solvents.21'74 Still, 

light scattering from the characteristically cloudy solutions of hydride terminated 

freestanding Si-NCs limit quantitative interpretation of this data. 
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Figure 2.8. Photoluminescence spectrum obtained upon excitation of a thin film of 9 

dropcoated from a pentane suspension of the finely ground powder onto optical grade 

silica using the 325 nm line of a He-Cd laser. 
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Figure 2.9. Photoluminescence spectra of pentane suspensions of 18 (red), 19 (orange), 

20 (yellow), and 21 (green). Inset: Photographs of photoluminescence observed from 

pentane suspensions of 18 - 21 upon exposure to a standard handheld UV light. 
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2.3.6. Transmission Electron Microscopy, Energy Dispersive X-ray Spectroscopy 

and Selected Area Electron Diffraction 

Figure 2.10 shows a representative bright field TEM image of a mounted piece of 

9 that has been ion milled to perforation. This image shows irregular Si-NC particles. It 

can be concluded that silicon nanoparticles are uniformly distributed throughout the 

composite, but a meaningful size distribution could not be deduced from the TEM image 

due to variations in TEM focus through the width of the sample. EDX analysis confirms 

the presence of only Si and O. Selected area electron diffraction (Figure 2.10, inset) 

shows the particles are crystalline and have the characteristic diamond structure of 

silicon, supporting present XRD analysis. TEM of HF-liberated Si-NCs on carbon-coated 

grids show discrete Si-NCs with diameters of d = 3.41 nm (2a = 1.40 nm; n = 188) and is 

consistent with Scherrer analysis of XRD signal broadening (Figure 2.11). 

55 



i ..Vhr 

,,** 

20*. nrn • 

Figure 2.10. A brightfield transmission electron micrograph of 9. (Inset: Selected area 

electron diffraction of Si-NC/Si02 thin film composite showing the characteristic (111), 

(220), and (311), reflections of diamond structure silicon.) 
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Figure 2.11. A. A representative bright-field transmission electron micrograph of 20 (bar 

= 20 nm). B. Size distribution of 20 providing average particle dimensions of d = 3.41 nm 

(2a=1.40nm;n=188). 
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2.4. Conclusion 

The present report outlines a straightforward method for preparing macroscopic 

quantities of Si-NC/Si02 composites and freestanding Si-NCs that are photoluminescent 

through the visible and near-IR regions of the electromagnetic spectrum. 

Thermogravimetric analysis indicates that sample heating rate and processing atmosphere 

influence the weight loss arising from SiH4 evolution. Transmission electron 

microscopy, selected area electron diffraction, X-ray powder diffraction and X-ray 

photoelectron spectroscopy all confirm the presence of Si-NCs. In addition, the solution 

processability, ease of handling, and chemical tunability of silsesquioxanes will facilitate 

the preparation of patterned optoelectronic films with tailored chemical response for 

incorporation into a variety of device structures including, chemical sensors, optical 

amplifiers, and waveguides. 
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Chapter 3: 

An investigation of the formation and growth of oxide-embedded 

silicon nanocrystals in hydrogen silsesquioxane derived 

nanocomposites 

* A version of this chapter has been published. 

Hessel, C. M.; Henderson, E. J.; Veinot, J. G. C. J. Phys. Chem. C 2007, 111, 6956 
9661. 
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3.1. Introduction 

Silicon structures in the form of porous silicon (p-Si), silicon rich oxides (SROs) 

and freestanding silicon nanocrystals (Si-NCs) have been shown to exhibit 

photoluminescent characteristics in the visible and near infrared (NIR) regions of the 

electromagnetic (EM) spectrum.12,3 Bulk silicon has an indirect bandgap (Eg = 1.12 eV) 

whose optical transition is dipole-forbidden; this alone significantly limits practical 

optoelectronic application of the bulk crystal due to low photoluminescence intensity and 

slow carrier dynamics. As the dimensions of semiconductor particles approach the Bohr 

exciton radius (ca. 5 nm for silicon), quantum confinement (QC) effects emerge. One 

manifestation of QC is the shift of the photoluminescence (PL) maximum into the visible 

spectrum and a concomitant increase in emission intensity. Although numerous 

explanations for the PL response of Si nanostructures have been presented,4'5 it is now 

generally accepted that this behavior results from quantum confinement.6 

Methods for preparing freestanding Si-NCs, their surface functionalization, as 

well as their optical properties were the subjects of our recent review.3 Our group,7 and 

others8 have tailored the PL maximum of freestanding Si-NCs throughout the visible 

spectrum by controlling particle dimensions. Typically, orange/red PL is observed from 

ca. 4 nm hydride surface-terminated freestanding Si-NCs.& As expected from QC 

predictions, a significant blue shift in the PL occurs with decreasing size.7'9 Blue PL has 

also been reported for silicon nanomaterials,8al0 but the emission mechanism was not 

reported. Although tailoring particle size affords some control over PL maximum, it also 

complicates material characterization and handling. To prepare easily manipulated 

nanocrystals with predictable, stable optical properties and useful electronic 
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characteristics, new experimental methods for controlling the electronic structure of 

freestanding Si-NCs must be investigated. 

As with any preparative method, solution-based procedures for preparing 

freestanding Si-NCs have associated benefits and drawbacks.3 These techniques have 

provided valuable examples of oriented crystal growth in Si nanowires,11 shape control,12 

and compositional tailoring,13 suggesting that controlling these properties may offer 

alternative methods for tuning the Si-NC PL. In addition, many technologically relevant 

Si-based nanomaterials of tailored composition and shape have been prepared using well-

established physical techniques (e.g., ion implantation,14ab vacuum evaporation,140 among 

others14de). If these materials could be obtained in tangible quantities (> 500 mg/batch), 

many optoelectronic applications such as fluorescent biological labels could be realized. 

Furthermore, other practical limitations of Si-based materials, such as low 

photoluminescence quantum yield, may be addressed.15 

In chapter 2 we demonstrated the preparation of oxide-embedded Si-NCs via the 

controlled thermally induced disproportionation of hydrogen silsesquioxane, HSQ. 

Hydride surface-terminated freestanding Si-NCs are readily liberated from the resulting 

oxide matrix via straightforward chemical etching. Here we report a detailed 

investigation into the formation, crystallization, and growth of oxide embedded silicon 

nanodomains using state-of-the-art spectroscopic and diffraction techniques. Information 

obtained from the present study facilitates an understanding and ultimate application of 

our thermolytic approach to the synthesis of oxide embedded and freestanding Si 

containing Group IV semiconductor nanomaterials of well-defined size, shape, 

crystallinity, and composition.16 

3.2. Experimental Details 
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3.2.1. Reagents and Materials 

HSQ was purchased from Dow Corning (tradename FOx-17®) as a 17 weight 

percent solution in methyl isobutyl ketone and toluene. This stock solution was used as 

received and stored in subdued light and inert atmosphere prior to use. 

3.2.2. Bulk Si-NC/Si02 Composite Preparation (1-16) 

All composites were prepared as described in chapter 2. In brief, solvent was 

removed from the stock solution to yield white, solid HSQ that was subsequently heated 

for a predetermined time in a 5% H2 and 95% Ar atmosphere. In the furnace, samples 

were heated to peak processing temperatures at 20°C/min. Processing temperatures and 

times are summarized in Table 3.1. After cooling to room temperature, the solid was 

mechanically ground and the fine powder was suspended in distilled water and 

collected/dried by vacuum filtration. The resulting powders were evaluated using XPS, 

XRD, FT-IR, Raman, and PL spectroscopy. 

68 



Table 3.1. Samples of HSQ processed at 20°C/min for specified times and temperatures 

under 5%H2/95%Ar. The Si L-edge electron binding energies for Si(0) and Si(,V) are 

presented with theoretical estimates of nanocrystal size for the corresponding samples. 

Compd. 

HSQ 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
Si 

Powder 

Processing 
Temp. (°C) 

-

300 
400 
500 
600 
700 
800 
900 
1000 
1100 
1200 
1300 
1400 
1100 
1100 
1100 
1100 

-

Processing 
Time 
(min.) 

-

60 
60 
60 
60 
60 
60 
60 
60 
60 
60 
60 
60 
120 
300 
600 
1440 

-

S i ( 0 ) 

2P3/2 
B.E. 
(eV)a 

-

-

-

-

99.3 
99.4 
99.2 
99.1 
99.1 
99.1 
99 

98.9 
98.8 
99.6 
99.5 
99.6 
99.5 

98.7 

Si(IV) 

2p3/2 
B.E. 
(eV)a 

-

-

-

-

104 
103.6 
103.6 
103.6 
103.3 
103.5 
103.6 
103.8 
103.7 
103.7 
103.5 
103.9 
103.9 

-

XRD 
Diameter 

(nm)b 

-

-

-

-

-

-

-
d 

e 

3.3 
4.2 
5.5 
8.7 
3.2 
3.4 
3.6 
3.6 

-

PL 
Diameter 

(nm)c 

-

-

-

-

-

-

-

4.1 
4.8 
4.8 
5.1 
6.0 
6.0 
5.1 
5.5 
5.9 
6.3 

-

a All spectra were calibrated to the Cls emission (284.8eV) 

b Determined using Scherrer Analysis as described in reference 22. 

c Determined using the Effective Mass Approximation as described in reference 26. 

d No diffraction was observed for samples processed at or below 900C. 

e Only weak diffraction was observed hindering application of the Scherrer 
Relationship. 

3.2.3. X-ray Photoelectron Spectroscopy (XPS) 
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All spectra were collected using a Kratos Axis Ultra instrument operating in 

energy spectrum mode at 210 W. The base pressure and operating chamber pressure was 

maintained at <10~7 Pa. A monochromatic Al Ka source was used to irradiate the samples 

and the spectra were obtained with an electron take-off angle of 90°. To control sample 

charging, the charge neutralizer filament was used during all experiments. Wide survey 

spectra were collected using an elliptical spot with 2 mm and 1 mm major and minor axis 

lengths, respectively, and a 160 eV pass energy with a step of 0.33 eV. 

3.2.4. X-ray Photoelectron Spectroscopy Analysis 

CasaXPS (Vamas) software was used to process high-resolution spectra. All 

spectra were calibrated to the Cls emission (284.8eV) arising from surface 

contamination. After calibration, the background from each spectrum was subtracted 

using a Shirley-type background to remove most of the extrinsic loss structure.17 Sample 

compositions were determined from the emission intensities of the survey spectra using 

appropriate sensitivity factors. 

The high-resolution Si 2p region of spectra collected for 1-16 were fit to Si 2p1/2 

Si 2p3/2 partner lines with spin-orbit splitting fixed at 0.6 eV and the Si 2pi/2 Si 2p3/2 

intensity ratio was set to Vi. 

3.2.5. X-ray Powder Diffraction (XRD) 
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Bulk crystallinity of finely ground 1-16 mounted on a low intensity background 

silicon (100) sample holder was evaluated using an INEL XRG 3000 X-ray 

diffractometer equipped with a Cu Ka radiation source. 

3.2.6. Optical Spectroscopy 

Fourier-transform infrared spectroscopy (FTIR) of powders was performed using 

a Nicolet Magna 750 IR spectrophotometer. Raman spectroscopy was performed using a 

Renishaw inVia Raman microscope equipped with a 785 nm diode laser and a power of 

7.94 mW on the sample. Photoluminescence (PL) spectra of finely powdered composites 

(1-16) dropcoated from a pentane suspension onto optical grade quartz were evaluated at 

room temperature using the 325 nm line of a He-Cd laser excitation source. PL emission 

was detected with a fiber-optic digital charge coupled device (CCD) spectrometer whose 

spectral response was normalized using a standard blackbody radiator. 

3.3. Results and Discussion 
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In chapter 2 we have shown that thermal processing of HSQ is a convenient and 

versatile method for preparing tangible quantities of silicon nanocrystal composites, (Si-

NC/SiOa).
7 However, the formation mechanism of the SiNCs remains unclear. A better 

understanding of the processes leading to the formation of Si-NCs obtained from the 

studies described herein will assist in controlling particle dimensionality, shape, 

crystallinity, and composition. HSQ has been processed under varied reaction conditions 

and the resulting composites (1 -16) were evaluated using XPS, XRD, FTIR, Raman, and 

PL. 

3.3.1. X-ray Photoelectron Spectroscopy 

Survey XP scans confirm that composites 1-16 contain only silicon, oxygen, and 

adventitious carbon impurities. Figures 3.1 and 3.2 show representative high-resolution 

Si 2p XP spectra collected for 1-16. Like XP spectra reported for ion implanted SROs, 

Si/Si02 interfaces, and substituted siloxane polymers,18 those obtained for 5 - 1 6 show 

two distinct spectral regions corresponding to Si(IV) and Si(0) that are separated by a non­

zero baseline. For these materials, the Si 2p region is routinely fit to Si 2p1/2 and Si 2p3/2 

partner lines for Si(1V), Si(0), and low valent Si (i.e, Si(n); n =0,1, II, III) arising from silicon 

sub-oxides, SiOx (i.e., x = 1/2, 1, 3/2 for Si20, SiO, and Si203, respectively).19 The 

structures of composites 5-16 are dominated by interfaces between Si nanodomains20 and 

an Si02-like matrix, and it is therefore reasonable that similar sub-oxides exist. However, 

it is difficult to differentiate between the influences of bulk sub-oxides from ill-defined 

interfaces between Si nanodomains and Si02 consisting of Si(-0)n (n = 1 - 3) linkages. 
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In addition, present FT-IR analysis indicates significant Si-H bonding (vide infra) which 

may complicate detailed interpretation of the XP spectra of 1-6. 
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Figure 3.1. Representative Shirley background subtracted high-resolution XP spectra of 

the Si 2p region for Si-NC/Si02 composites obtained from processing HSQ at the 

indicated temperature. This series of spectra clearly highlights the evolution of the low 

oxidation state Si emission with increased processing temperature. 
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Figure 3.2. Shirley background subtracted high-resolution XP spectrum of the Si2p 

region for Si-NC/Si02 for 9 (i.e., processing T=1100°C). For clarity only the Si 2p3/2 spin-

orbit couple partner lines are shown. 

Despite these factors, we fit XP spectra of 1 - 16 to suitable Si 2p1/2 and Si 2p3/2 

partner lines for Si(n)(n = 0 - IV). It is clear from the evolution of the Si 2p spectral 

region, shown in Figure 3.1, that increased processing temperature results in increased 

concentrations of low valent silicon. For composites prepared at or below 400°C (i.e., 1 

and 2) the Si 2p emission is readily fit to the Si 2p1/2 and Si 2p3/2 partner lines for Si(1V) and 

Si(III). Beginning at 500°C (i.e., 3) a weak, low energy emission emerges, arising from 

low valent Si. When the processing temperature is increased to 800°C, 1000°C, 1200°C, 
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and 1400°C (i.e., 6, 8, 10, 12), this new peak shifts to lower energy and increases in 

intensity with greater Si(0) contribution. Table 3.1 summarizes Si(0) and Si(IV) Si 2p3/2 

binding energies for 1-16. We observe insignificant changes in the Si(0) 2p region with 

prolonged processing at 1100°C (i.e., 9, 13 - 16). With increased processing temperature 

(4 - 12) the Si(IV) 2p3/2 emission remains constant, consistent with little or no sample 

charging. In contrast, for samples 9 - 12, a clear relationship between peak processing 

temperature and Si(0) 2p3/2 binding energy emerges. As processing temperature is 

increased above 1100°C the Si(0> 2p3/2 emission shifts to lower binding energy and 

approaches our measured value for bulk Si of 98.7 eV (See Figure 3.3). Qualitatively, 

this shift has been shown for oxide-embedded Si-NCs of increasing size.19d In summary, 

the present XPS suggests that low valent Si begins forming upon heating HSQ in a 

reducing environment at ca. 500°C. With increased processing temperature Si(0) reaches 

a maximum concentration for composites prepared at 1000°C (i.e., 8). Subsequent 

increases in processing temperatures result in Si nanodomain crystallization and crystal 

growth, which are supported by the XRD, FT-IR, Raman, and PL analyses (vide infra). 
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Figure 3.3. The relationship between Si 2p3/2 binding energy and peak processing 

temperature. 

3.3.2. X-ray Powder Diffraction 

Previously in chapter 2 we demonstrated that Si/Si02 composites obtained from 

thermally processing HSQ at < 900°C contained no detectable Si-NCs. We also showed 

that subsequent heating of low temperature processed HSQ samples at 1100°C yields Si-

NC/Si02.
7 Here we demonstrate the effect of increased processing temperature and time 

on nanodomain size and crystallinity. X-ray diffraction patterns of HSQ processed 

between 1100°C- 1400°C (Figure 3.4) show the evolution of characteristic Si reflections 

with processing temperature. Broadened peaks indexed to the (111), (220), and (311) 

crystal planes of diamond structure Si are observed for 9 and 10. After heating to 1300°C 

broadened reflections arising from the Si diamond structure (111), (220), (311), (400), 

(331), (422), (333), (440), and (531) crystal planes are observed. These reflections 
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narrow and intensify upon heating to 1400°C, indicating increased crystallinity and 

growth of oxide embedded Si-NC domains. Scherrer analyses of XRD peak broadening 

for samples 9 - 1 2 approximate crystal diameters in the range of 3.3 - 8.7 nm (Table 

3.1).21 Undetectable changes in particle dimension (i.e., d < 0.5 nm) were observed for 

prolonged heating at 1100°C, consistent with a report describing the influence of 

processing time on particle size in Si-NC/Si02 composites obtained from annealing ion 

implantation samples.22 However, we do note slight increases in peak intensity relative to 

the amorphous background, suggesting improved particle crystallinity that possibly arises 

from the elimination of defects via a thermal annealing process. 

| ,J ,J 1 rJL_j . J - l ^ -JJ 

5 25 45 65 85 105 

2 Theta 

Figure 3.4. X-ray powder diffraction patterns showing the appearance of characteristic Si 

(111), (220), (311), (400), (331), (422), (333), (440), and (531) reflections for 

composites 9,10,11, and 12. Peak processing temperatures are indicated for clarity. 
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3.3.3. Fourier Transform Infrared and Raman Spectroscopy 

FT-IR spectroscopy of HSQ shows a characteristic Si-H stretching absorption at 

2251 cm"1.7 Absorptions are also noted in the range of ca. 1300 to 800 cm'1 and have 

previously been assigned to internal vibrations of the Si-O-Si cage framework.23 The FT-

IR spectra of 1 and 2 strongly resemble that of HSQ. Products obtained from increased 

processing temperatures (i.e., 3 - 7 ) show decreased Si-H stretching intensity, Figure 3.5. 

This can be attributed to the loss of hydrogen from hydrogenated Si nanodomains. 

Samples obtained from processing at, or above 900°C (8 - 12) show no evidence of Si-H 

bonding. We also observe a replacement of HSQ cage Si-O-Si vibrations for 1 - 7 with a 

broad, featureless absorption centered at ca. 1096 cm'1 that we assign to Si-O-Si bending 

in an Si02-like network (Figure 3.5). No changes in the Si-O-Si spectral region are noted 

for 8 - 12. Raman spectra in Figure 3.6 show an increased intensity of the Si-Si optical 

phonon vibration at ca. 507 cm"1 for 1 through 7. This observation is consistent with the 

presence of more Si-Si bonds resulting from the increased concentration of Si(0) evident in 

our XPS analyses (vide supra). 
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Figure 3.5. FTIR spectra of composites 1 - 7 showing a marked decrease in Si-H 

stretching (left) and increase in Si-O-Si stretching with increased processing temperature. 

Processing temperatures are noted for clarity. 
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Figure 3.6. The Si-Si region of the Raman spectra of composites 1 - 7 showing a clear 

increase in Si-Si vibration with increased peak processing temperature. Processing 

temperatures are provided for clarity. 
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3.3.4. Photoluminescence Spectroscopy 

It is generally accepted that the major contributing factor to the photoluminescent 

behavior of Si-NCs is quantum confinement. Correspondingly, there are numerous 

reports of size dependent emission maxima. In addition there are many computational 

methods for relating PL energy to particle size, including: the effective mass 

approximation,24 empirical tight binding band theory,25 empirical pseudopotential 

approximation,26 and ab-initio local density approximation.27 It is undisputable that 

particle size strongly influences the photoluminescent properties of Si-NCs; still 

numerous factors complicate straightforward interpretation of the Si-NC PL data, 

including: interfacial sites,28 defects,29'30'31 size distribution and carrier tunneling,32 surface 

chemistry,6ab'33 and inter-particle spacing.34 

The photoluminescent responses of the present HSQ derived Si-NC/Si02 

composites were evaluated as a function of processing time (9,13 - 16) and temperature 

(7 - 12). We note that increasing processing time from 1 to 24 hours at 1100°C, results in 

a red-shift of the PL maximum from 819 to 920 nm (Figure 3.7A). The effective mass 

approximationError! Bookmark not defined- predicts this shift would result from an in increase in 

average particle diameter from ca. 5 to 7 nm. This assumes the change in PL maximum 

arises solely from the influence of quantum confinement. This prediction is not 

supported by our XRD analyses of 9, 13 - 16 (vide supra) and we conclude that another 

mechanism is responsible for the observed spectral changes. 
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Figure 3.7. Normalized PL spectra for cast films of 9, 13 - 16 (top) and 7 - 1 2 (bottom). 

* PL spectra for 8 and 9 (*) and 11 and 12 ($) are coincident. 
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Similar PL spectral shifts have been noted for Si-NC/Si02 composites annealed in 

5%H2/95%N2 for prolonged periods. These changes have been attributed to the 

enhancement of the emission from larger nanocrystals resulting from the passivation of 

volume defects.29 In this regard, our PL observations can be explained in the context of 

the distribution of defects within HSQ derived oxide-embedded Si-NCs. Larger 

crystalline silicon nanodomains are expected to contain more defects by virtue of their 

larger volume. This higher defect concentration causes the PL of larger particles to be 

preferentially quenched. With this in mind, prolonged heating in 5%H2/95%Ar at 1100°C 

is expected to remove volume defects via an annealing/passivation process that ultimately 

renders larger particles luminescent. While one may expect this process to qualitatively 

yield a straightforward broadening of the PL band, this is not the case. It was recently 

shown that nonresonant carrier tunneling to larger Si-NCs quenches the PL emanating 

from smaller nanocrystals within Si-NC/Si02 composites.32 Consequently, the PL spectra 

of Si-NC/Si02 composites are dominated by the optical response of the largest particles 

present. Of important note, our proposal of an annealing/passivation/tunneling model 

requires no significant change in particle dimensionality or particle size distribution, and 

is fully consistent with present experimental observations. 

In contrast, with increased processing temperature the resulting Si-NC/Si02 

composites exhibit a significant red-shift in PL maximum, consistent with Scherrer 

interpretation of XRD data (Figure 3.7B, Table 3.1). Particle dimensions of 9 - 11 

determined using the effective mass approximation are consistently larger than those 

predicted from our Scherrer interpretation of XRD line broadening. This apparent 

inconsistency is expected because the PL response of Si-NC/Si02 composites is 
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dominated by the largest photoluminescent particles present (vide supra). We also note 

that the PL maxima of 11 and 12 remain constant and qualitatively decrease in intensity 

with higher processing temperature. These observations may be understood in the 

context of our XRD analyses that show the nanocrystal dimensions exceed the Bohr 

exciton radius for Si (ca. 5 nm). It is expected that Si-NCs with dimensions larger than 

the Bohr exciton radius will not photoluminesce because of the appearance of bulk 

material properties. 

3.3.5. Factors Influencing Silicon Nanodomain Formation, Growth, and 

Crystallization 

The combination of diffraction and spectroscopic analyses described herein, 

effectively tracks the formation and crystallization of Si nanodomains. In summary, we 

divide the processes into three stages as illustrated in Scheme 3.1. 

1. HSQ structural changes. Processing HSQ at, or below 400°C provides no low valent 

Si (i.e., Sin+, where n<4) at the sensitivity of the present techniques. Subtle changes in 

the FTIR spectrum have been qualitatively attributed to HSQ crosslinking and cage 

rearrangement. Definitive assignments of these structural changes are beyond the 

scope of the present discussion. 

2. Formation and growth of oxide-embedded Si nanodomains. XP, Raman, and FT-IR 

spectra of 3 - 6 all support the presence of partially hydrogenated elemental Si 

nanodomains. XP analyses show increasing low oxidation state Si concentrations for 

samples 3 - 6 . Raman spectra indicate increased Si-Si emission while FT-IR exhibits a 

decrease in Si-H stretching for 3 - 6. In addition, XRD shows no evidence of long-
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range order in these samples. These data support the formation and dehydrogenation of 

noncrystalline Si nanodomains with increased heating. The exact source of the these 

nanodomains remains unclear, but our observations remain in agreement with our 

earlier proposal that they may arise from the rapid thermal decomposition of silane at 

ca. 450°C. 

XP and Raman spectra of 7 show maximum concentrations of Si(0) and Si-Si 

bonding, respectively. FT-IR shows no evidence of Si-H stretching and particle 

crystallinity is not detected at the sensitivity of our analyses. In addition, we observe a 

weak, broad photoluminescence band emerges for 7. From these observations of 7, we 

conclude that the oxide embedded nanodomains are completely dehydrogenated and 

are on the cusp of crystallization. 

3. Nanodomain crystallization and growth. XRD, PL, and XP data all confirm the 

growth and increased crystallinity of silicon nanodomains with increased processing 

temperature above 900°C (i.e., 8 - 12). In addition, prolonged heating at 1100°C also 

results in an annealing process and passivation of volume defects. 
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Scheme 3.1. Processing HSQ at: A. <400°C for 1 hour yields unidentified, crosslinked 

silsesquioxane materials. B. 500-800°C for 1 hr. provides material containing low valent 

Si, Si-H and Si-O bonding. C. 900°C-1400°C for 1 hr. induces crystallization and growth 

of Si nanodomains. 
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3.4. Conclusion 

The present report outlines a detailed, spectroscopic and diffraction study of the 

formation of oxide-embedded Si-NCs during the reductive thermal processing of 

hydrogen silsesquioxane. From this study we have identified three stages in the 

formation of oxide-embedded Si-NCs from the thermal processing of HSQ. Our data 

indicates that hydrogenated amorphous silicon nanodomains evolve into well-defined Si-

NCs upon thermal processing. The silicon-based nanocomposites are readily prepared in 

large quantities via straightforward thermal processing. In addition, nanodomain size and 

crystallinity can be tailored via careful control of processing parameters. The present 

understanding of the Si-NC/Si02 formation process will facilitate rational experimental 

design leading to the synthesis of oxide-embedded Si-NCs of controlled composition and 

shape. 
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Chapter 4: 

The origin of luminescence from silicon nanocrystals: A near edge 

X-ray absorption fine structure (NEXAFS) and X-ray excited 

optical luminescence (XEOL) study of oxide-embedded and 

freestanding systems 

A version of this chapter has been accepted for publication. 
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4.1. Introduction 

Oxide-embedded silicon nanocrystal (Si-NC) composites and freestanding Si-NCs 

are unique materials that have been shown to exhibit photoluminescence (PL) in the 

visible and near-infrared (NIR) regions of the electromagnetic (EM) spectrum.1"4 

Freestanding semiconductor nanocrystals have recently been the focus of intense research 

in the medical and biological fields due to their potential as in vivo fluorescent labels. 

Many compound semiconductor nanocrystals (e.g., CdSe, ZnS) have been shown to be 

resistant to photobleaching,5"7 to have exceptional chemical tunability, ' and can be 

selectively tailored to act purely as luminescent beacons or as photochemically active 

species with environment-dependant photophysical characteristics (i.e., sensors). 

Although compound semiconductor nanocrystals possess very fast radiative 

recombination rates (i.e., ca. 10"9 seconds) and high photoluminescence quantum yields 

(i.e., ca. 30 - 50 %) throughout the visible spectrum,11"13 both of which are desirable 

characteristics for in vivo biosensing, the challenges associated with the cytotoxicity of 

these materials may limit their eventual application.14'15 In contrast, these challenges 

have not been identified for silicon-based nanomaterials, including porous silicon, 

silicon nanowires,1718 and luminescent silica nanoparticles,19 all of which have been 

shown to be electrochemically stable and non-toxic in biological environments. The 

methodology of incorporating silica as a biocompatible interface between sensor and 

sensing media has previously been utilized to isolate CdSe/ZnS or CdS/ZnSe 

nanocrystals from biologically sensitive environments in an effort to prevent the adverse 

effects associated with Cd2+ leaching.5 Since Si-NCs are fluorescence chromophores that 

are resistant to photobleaching and do not exhibit adverse toxicological effects associated 
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with nanocrystal oxidation, they are an attractive alternative to their compound 

semiconductor counterparts. 

In order to utilize Si-NCs for labeling and sensing applications, surface-

modification is required to render the nanocrystals compatible with the sensing medium. 

Specifically, in vivo biosensing requires water-soluble fluorophores that maintain their 

emission characteristics in the sensing environment and do not aggregate. A variety of 

0C\ 00 

water-soluble Si-NCs have been prepared through surface-modification techniques, 

but in most cases the chemical functionalization resulted in unpredictable changes in 

luminescence properties, typically affecting quantum efficiency and peak emission 

energy. Although these investigations used different synthetic procedures to produce 

water-soluble Si-NCs, the functionalization methods were similar, and relied on 

attachment of the desired chemical moiety through reaction with a surface Si-H bond. 

Silicon hydride surfaces have previously been shown to be versatile platforms for a 

variety of functionalization processes on the bulk scale,23 and have also been examined to 

a limited extent on the nanoscale, both theoretically and experimentally.24"26 However, to 

realize the full potential of Si-NCs as functional materials for fluorescence labeling and 

sensing, a fundamental investigation of the origin of luminescence from oxide-embedded 

and freestanding Si-NCs is essential in order to understand how the luminescence 

characteristics evolve during the Si-NC synthesis and subsequent Si-H surface 

modification. Identifying the specific chemical species that give rise to Si-NC 

luminescence in the initial steps of the formation and hydride modification processes 

would provide a knowledge basis that would aid in predicting how subsequent chemical 

modification would alter the luminescence properties of Si-NCs. 
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X-ray excited optical luminescence (XEOL) is an information rich 

characterization method that has successfully been used to provide insight into the origins 

of emission within luminescent materials.27"30 When compared to laser-based methods, 

the advantage of this technique lies in its ability to simultaneous collect X-ray absorption 

and optical emission data as the absorption edge of a particular chemical species is 

scanned using a tunable X-ray excitation source (i.e., a synchrotron). Correlations 

between the relative quantum yield of a specific chromophore and the X-ray excitation 

energy can provide information on the local chemical and electronic structure of the 

chemical species that give rise to the luminescence within a sample. 

The impact that XEOL characterization has had on the field of silicon 

nanomaterials has been significant, with its true potential first being realized during the 

debate surrounding the origin of luminescence from porous silicon.31'32 The specificity of 

the XEOL technique was crucial in disproving an emission model based on siloxene 

compounds and provided support for the now widely accepted theory that the dominant 

emission from porous silicon is a result of small (sub-5 nm) crystallites within the 

sponge-like porous silicon network.33" XEOL has also been utilized to successfully 

determine the source of luminescence in freestanding silicon nanostructures, including 

silicon nanowires and alkyl terminated Si-NCs derived from porous silicon.39"43 

Synchrotron-based techniques have also provided unique insight into the electronic 

structure of oxidized Si-NCs formed by the pyrolyisis of silane.44 In all the 

aforementioned XEOL investigations, silicon oxide species were identified as key 

contributors to the emission characteristics of the resulting silicon nanostructures. These 

oxide species have been shown to alter the emission profile of the "as-prepared" silicon 
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nanostructures or manifested new luminescence bands in the optical spectrum. The ease 

with which bulk silicon surfaces react with ambient oxygen is further accentuated on the 

nanoscale and thus it is very difficult to obtain silicon nanostructures that are oxide free. 

Considering the influence silicon oxides have on the emission characteristics of silicon 

nanostructures, the challenges associated with the rapid oxidation of silicon on the 

nanometer scale hinder the accurate identification of the luminescent species. Therefore, 

in an effort to eliminate the effects that silicon oxide species have on the resulting 

electronic and luminescence characteristics of as-prepared silicon nanomaterials, 

hydrofluoric acid (HF) etching procedures have been employed prior to X-ray analysis. 

Not only does HF etching effectively remove the native silicon oxide from the silicon 

surface, it also passivates it with chemically versatile Si-H bonds, a convenient starting 

point for further chemical functionalization. 

Our group has recently reported the high-yield synthesis of well-defined oxide-

embedded Si-NCs with known composition and surface chemistry from the reductive 

thermal processing of hydrogen silsesquioxane (HSQ).45'46 The versatility of this 

precursor has allowed for the production of Si-NCs in a variety of 

structures/morphologies, including conformal films on flat and non-flat surfaces, sub-100 

nm patterns on insulators and semiconductors,47 bulk composites in gram quantities, and 

hydride-terminated freestanding Si-NCs that are photoluminescent throughout the visible 

and NIR regions of the EM spectrum (530 nm - 950 nm). The electronic structure and 

luminescent characteristics of these materials have been probed by X-ray photoelectron 

and laser-based PL spectroscopies, however, to date, these properties have never been 
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measured simultaneously, thus complicating the assignment of the PL emission to 

specific silicon species. 

In this report we provide an interpretation of the silicon K-shell near edge X-ray 

absorption fine structure (NEXAFS) for oxide-embedded Si-NCs produced by the 

thermal decomposition of HSQ. We also employ XEOL spectroscopy to selectively 

excite specific silicon species within our samples in order to gain insight into the species 

that are responsible for the optical photoluminescence. To determine the influence of 

surface oxidation on the overall luminescence characteristics, HF etching processes were 

used to yield oxide-free Si-NCs that were also examined by NEXAFS and XEOL 

spectroscopy. This investigation provides a report of the origin of luminescence from 

oxide-embedded and hydride-terminated freestanding Si-NCs derived from HSQ 

composites. 

4.2. Experimental Details 

4.2.1. Sample Preparation 

Oxide-embedded Si-NC composites used in this study were prepared by the rapid 

thermal processing of hydrogen silsesquioxane (HSQ), as previously described. 5' In 

brief, HSQ was purchased from Dow Corning as 17 wt% solutions (FOx-17®) and was 

used as received. To obtain solid HSQ from FOx-17® solutions, solvent was removed in 

vacuo to yield a white solid that was subsequently heated at 18°C/min to a specific 

temperature, and held for 1 hour in a flowing 5% H2/95% Ar atmosphere. Samples 

processed below 1100°C (Table 4.1, Samples 3, 5, 7, 9) show no sign of crystallinity by 
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X-ray diffraction (XRD). Increasing the peak processing temperature to 1100°C induces 

the crystallization of the amorphous silicon clusters formed by the thermally induced 

disproportionation of HSQ. Transmission electron microscopy (TEM) and XRD have 

previously shown that the ca. 4 nm diameter diamond structure Si-NCs reside in an 

encapsulating silica matrix.45 

Table 4.1: Samples of hydrogen silsesquioxane (HSQ) processed in 5% H2/95% Ar at 

specified temperatures and times with a heating rate of 18°C/min. Sample 9 was etched 

with solutions of 49% HF, water, ethanol, and for specified times to yield Samples 18 and 

20. 

Sample ID 

HSQ 
Sample 3 
Sample 5 
Sample 7 
Sample 9 

Sample 18 
Sample 20 

Processing Temperature 
(°C) 

N/A 
500 
700 
900 
1100 

Etching Conditions 
49%HF : water : ethanol 

1:1:1 
1:1:1 

Processing Time 
(hours) 

N/A 
1 
1 
1 
1 

Etching Time 
(hours) 

1 
1.5 

4.2.2. Hydrofluoric Acid Etching of Oxide-Embedded Silicon Nanocrystal 

Composites 

Oxide-embedded Si-NC composites were etched with solutions of HF to produce 

freestanding, hydride-terminated Si-NCs. All etching experiments were performed 

onsite immediately prior to analysis. Semiconductor grade 49% HF (J.T. Baker), 95% 
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ethanol (Sigma-Aldrich), HPLC grade pentane (Sigma Aldrich) and 10 MQ-cm Millipore 

water were used without further purification. The etching procedure consisted of adding 

10 mL of a 1:1:1 solution of 49% HF: water: ethanol to 300 mg of mechanically ground 

composite (Table 4.1, Sample 9) in a Teflon® beaker. Solutions were stirred for a 

predetermined time at 300 rpm (Table 4.1, Sample 18, 20) until the Si-NCs were 

liberated from the encapsulating silica matrix and the desired nanocrystal size was 

obtained. Hydrophobic, hydride-terminated Si-NCs were isolated via solvent extraction 

with two 10 mL aliquots of pentane and were drop cast onto aluminum discs under an 

inert atmosphere. Samples were quickly transferred under inert atmosphere and reduced 

temperature to the high vacuum (lxl0~8 Torr) endstation to prevent surface oxidation. 

4.2.3 X-ray Analysis 

The spherical grating monochrometer (SGM) undulator beamline 11-ID.l at the 

Canadian Light Source (CLS) located in Saskatoon, Saskatchewan provided highly 

monochromatic X-rays for both NEXAFS and XEOL analyses. The CLS is a third 

generation synchrotron source that operates at 2.9 GeV, with a 250 mA current upon 

injection. The photon flux on the high-energy optimized grating at the silicon edge (1839 

eV) was ca. 1010 photons/second and the resolution was less than 1 eV. The incident 

photon flux was monitored by an in-line nitrogen ionization chamber. The total electron 

yield (TEY) was measured by normalizing the sample drained current to the incident 

photon flux. X-ray fluorescence yield (FLY) was measured using a channel plate 

detector positioned at a 45° angle from the sample. All oxide-embedded Si-NC 

composites (Table 4.1, Samples 3, 5, 7, 9) were freshly ground and mounted on carbon 
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tape to maintain electrical connectivity, essential for TEY measurements. NEXAFS 

spectra were calibrated to a powdered silicon wafer standard by setting the first derivative 

maximum of the Si K-edge absorption to 1839 eV. XEOL measurements involved 

setting the spherical grating monochrometer to the desired excitation energy and opening 

the exit slit width to 400 u,m to maximize the X-ray photon flux. Measurements were 

made for a maximum integration time of 20 seconds to minimize the effect of beam 

exposure on the resulting spectra. Photoluminescence photons were collected though a 

lens coupled to an Ocean Optics USB4000 or QE65000 spectrometer. The results from 

both instruments were the same within experimental error. All analyses were conducted 

in vacuum (1 x 10"8 Torr). 

4.2.4 X-ray Photoelectron Spectroscopy (XPS) 

XPS measurements were performed at The Alberta Center for Surface 

Engineering and Science (ACSES). XPS spectra were collected using a Kratos Axis 

Ultra instrument operating in energy spectrum mode at 210 W. The base pressure and 

operating chamber pressure was maintained at <10~9 Torr. A monochromatic Al Ka 

source was used to irradiate the samples and the spectra were obtained with an electron 

take-off angle of 90°. To offset the effects of sample charging a charge neutralizing 

filament was used during all experiments. Wide survey spectra were collected using an 

elliptical spot with 2 mm and 1 mm major and minor axis lengths, respectively, and a 160 

eV pass energy with a step of 0.33 eV. 

4.2.5 X-ray Photoelectron Spectral Analysis 
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CasaXPS (Vamas) software was used to process high-resolution spectra. All 

spectra were calibrated to the CIs emission (284.8eV) arising from adventitious surface 

contamination. After calibration, the background from each spectrum was subtracted 

using a Shirley-type background to remove most of the extrinsic loss structure.48 The 

high-resolution Si 2p region of spectra collected for Sample 9 (Table 4.1) was fit to Si 

2pi/2 Si 2p3/2 partner lines with spin-orbit splitting fixed at 0.6 eV and the Si 2pi/2 Si 2p3/2 

intensity ratio was set to lA. 

4.3. Results and Discussion 

To understand the evolution of the silicon electronic structure resulting from the 

thermal disproportionation of HSQ, NEXAFS spectra were examined as a function of 

processing temperature. Figure 4.1 shows the normalized FLY spectra at the silicon K-

edge for samples of HSQ thermally processed from 500°C to 1100°C. The fluorescence 

spectrum for unprocessed HSQ contains a dominant edge feature at 1845 eV and a 

second feature at 1847 eV. Comparing these features to the absorption energies of silicon 

in an elemental, (1841 eV, Figure 4.1, Si standard) and fully oxidized environment, (1848 

eV, Figure 4.1, SiCh standard), it is clear that the silicon in HSQ exists predominantly as 

a silicon suboxide, SiOx (0 < x < 2). This is consistent with the empirical formula of 

HSQ (SiOuH) in which each silicon atom is ideally bonded to three oxygen atoms and 

one hydrogen atom (Figure 4.2). In accordance with these findings, silicon suboxides in 

porous silicon have been previously shown to absorb soft X-rays in the intermediate 

energy region between the silicon and silica absorption features.37 
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Figure 4.1. Normalized FLY Si K-edge NEXAFS spectra for HSQ thermally processed 

between 500°C and 1100°C for 1 hour in 5% H2/95% Ar. FLY spectra are also included 

for SiC>2 and elemental Si standards for comparison. The fluorescence maxima for Si and 

Si02, 1841 eV and 1848 eV respectively, are noted for reference. Spectra have been 

shifted vertically for clarity. 
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B) H8SL012 2 Si + 6Si02 

• • 
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Figure 4.2. A) Schematic of the thermal degradation of HSQ to form oxide-embedded 

Si-NCs. B & C) HSQ has a theoretical silicon to oxygen ratio of 1 to 1.5, and a Si K-

edge absorption maximum at 1845 eV, an energy between that of the products, elemental 

Si (1841 eV) and Si02 (1848 eV). 

The evolution of the absorption Si edge (Figure 4.1) as a function of processing 

temperature is consistent with the progression of a thermally-induced HSQ 

disproportionation reaction to form elemental Si clusters in a Si02-like matrix, Figure 

4.2. As the processing temperature is increased above 500°C, the silicon suboxide 

absorption at 1845 eV in HSQ steadily decreases in intensity while the absorption feature 

arising from silicon in a Si02-like environment (1847 eV) intensifies and shifts toward 

the theoretical absorption energy for Si02, 1848 eV. Most importantly, there is a 

concomitant emergence of an absorption feature at 1841 eV which increases in intensity 

with temperature and is consistent with the continual formation of elemental silicon. 

When HSQ is processed at 1100°C (Figure 4.1, Sample 9) the X-ray absorption spectrum 

contains only two absorption features, characteristic of elemental Si (1841 eV) and SiC>2 

(1848 eV). This verifies our previous studies that showed that processing HSQ at 

102 



elevated temperatures induces a thermal disproportionation and results in the formation 

of elemental silicon domains in a SiCVlike matrix.45 In order to examine the correlations 

between specific silicon species in the system and the optical luminescence, the exact 

energy of all absorption features on the Si K-edge is essential prior to XEOL analysis. 

As previously mentioned, XEOL is an effective method for assigning the species 

responsible for emission from luminescent silicon nanostructures with multiple chemical 

species and emission bands.39'41 As such, it is an ideal characterization technique for 

determining the origins of luminescence from oxide-embedded Si-NCs derived from 

HSQ. The selectivity of XEOL spectroscopy arises from the ability to tune incident X-

rays to the resonant absorption energy of a specific chemical species, thus maximizing its 

absorption cross-section and resulting in the preferential absorption of a majority of the 

incoming photons. If the selected species has luminescence properties, this preferential 

absorption leads to an increase in the quantum yield and results in an enhancement of the 

associated emission band. If multiple emission bands are present in the optical spectrum, 

the increase in relative quantum yield leads to an increase in the emission intensity with 

respect to other luminescence bands in the spectrum. When this relative spectral intensity 

enhancement is correlated to the incident X-ray energy, the chemical environment of the 

emitting species can be identified. Although previous studies have simultaneously 

measured the optical emission as the absorption edge energy is scanned, a technique 

known as optical X-ray absorption fine structure (optical XAFS) spectroscopy, this 

method was not employed for the present study due to sample degradation resulting from 

prolonged beam exposure. XEOL spectra were instead collected with 20 second 

integration times. Unprocessed HSQ, and samples processed at or below 900°C (Table 
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4.1, 3, 5, 7, 9) show no sign of visible luminescence upon X-ray excitation. This is 

consistent with non-luminescent amorphous silicon nanodomains previously identified in 

HSQ composites prior to Si-NC formation.46 Samples processed at 1100°C, however, 

exhibit two intense emission bands in the visible region of the EM spectrum centered at 

540 run and 780 nm, Figure 4.3. XEOL spectra were initially collected with excitation 

energies of 1836 eV and 1852 eV, energies that are below the Si absorption feature at 

1841 eV, and above the Si02 feature at 1848 eV, respectively, and will hereafter be 

referred to as "background spectra". Obtaining XEOL spectra with excitation energies 

on either side of these absorption features provides emission spectra that do not have 

biased quantum yields resulting from enhanced absorption by either silicon species. 

Excitation at an energy below the Si absorption feature (< 1841 eV) results in the non-

discriminant promotion of electrons with lower binding energies to continuum states (i.e., 

valence, Si 2p, and O Is). Optical luminescence in the visible region of the EM spectrum 

results when a fraction of these excited state electrons radiatively recombine with 

vacancies in the top of the valence band. When the XEOL spectrum is collected at an 

excitation energy of 1852 eV, above the Si K-edge absorption energy, neither silicon 

species (i.e., Si and Si02) preferentially absorb a majority of the incoming photons. The 

emission spectrum still remains indiscriminant even though the excitation threshold for 

all silicon species in the sample is surpassed, and the optical spectrum now contains 

contributions from all decay processes associated with the removal of Si Is electrons. 
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Figure 4.3. Normalized X-ray excited optical luminescence (XEOL) spectra of Sample 

9. The inset indicates the selected X-ray excitation energy for each XEOL spectrum 

with respect to the NEXAFS spectrum. The spectra are normalized to the intensity 

maximum of the 540 nm emission peak to clearly indicate how the intensity of the 

emission bands change as a function of excitation energy. 
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XEOL spectra were collected at excitation energies resonant with the Si and SiC>2 

absorption features at the Si K-edge to examine any correlations between the silicon 

species present in the sample and the two emission bands identified in the optical 

emission spectrum. When the excitation energy is set to the Si absorption at 1841 eV 

there is a dramatic increase in relative intensity for the emission band at 780 nm, with 

respect to the two background spectra, Figure 4.3. When exciting at this energy, the 

elemental Si-NCs absorb a majority of the photons, resulting in the formation of a greater 

number of valence band vacancies in the Si-NCs. The holes in the valence band are 

formed by a variety of processes after the initial absorption of an X-ray photon, including 

Auger cascades, photoemission events and inelastic energy losses from high-energy 

electrons during atomic relaxation. Therefore, the relative intensity increase in the 

emission band at 780 nm, with respect to the band at 540 nm, suggests that the emission 

at 780 nm is of elemental Si origin and results from radiative recombination of electrons 

and holes within the Si-NC core. Other forms of elemental silicon have also been shown 

to exhibit luminescence in the low energy region of the visible spectrum, with emission 

bands from porous silicon reported at 600 nm and 640 nm when excited at the silicon K 

and L-edges, respectively.35'37 When compared to the emission energy from the present 

ca. 4 nm silicon crystals formed from HSQ thermally processed at 1100°C, porous silicon 

samples emit at higher energies due to the smaller (1.5 - 2.5 nm)31 Si-NCs within the 

porous matrix. This is expected from quantum confinement theory. 

The XEOL spectrum acquired when exciting at the Si02 absorption feature (1848 

eV) shows relative intensity changes in the emission bands as a result of the shift to 

higher X-ray excitation energy. Specifically, a greater intensity is observed for the 
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emission band at 540 nm while the emission band at 780 nm is suppressed, Figure 4.3. 

Considering the spectra in Figure 4.3 are normalized to the intensity of the 540 nm 

emission band, an intensity enhancement of this band is seen as a suppression of the 780 

nm band to a level below the background spectral intensity. This intensity enhancement 

is a result of tuning the X-ray energy to the absorption cross-section maximum for silicon 

oxide species at 1848 eV, which leads to the preferential absorption of a majority of the 

incoming photons. As such, the total XEOL emission consists of a greater contribution 

from luminescent silicon oxide species. The correlation between excitation energy and 

emission intensity for the 540 nm and 780 nm emission bands suggests that the emission 

band at 540 nm has silicon oxide origins, whereas the emission band at 780 nm arises 

from elemental Si-NCs. 

The presence of a high-energy emission band in XEOL investigations of silicon 

nanomaterials is common, and is typically attributed to silicon oxide species formed by 

the rapid surface oxidation of silicon under ambient conditions. Emission bands in the 

visible and UV regions of the EM spectrum have been reported from defective silicon 

oxide,35'49 suboxides, and neutral oxide vacancies depending on the method of synthesis 

and the resulting sample homogeneity. 39'50 Considering the variety of oxide-related 

species reported to emit at visible and UV energies, it is important to note that both 

emission bands identified in the present study were observed simultaneously, and 

emerged as a result of increasing the processing temperature of HSQ from 900°C to 

1100°C, in parallel with the transition of amorphous silicon to crystalline silicon. In this 

temperature region, the clusters of elemental silicon formed by the decomposition of 

HSQ crystallize in the Si02-like matrix. Therefore the high energy emission band (540 
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nm) in the XEOL spectrum for HSQ processed at 1100°C is a direct result of the 

nanocrystal formation process and is attributed to the interface between the nanocrystal 

core and the surrounding S1O2 matrix. The local electronic information provided by the 

NEXAFS data shows only two discernable features separated by a non-zero intermediate 

region (Figure 4.1, Sample 9). This is consistent with Sample 9 containing 

predominantly Si and Si02, with a small amount of silicon suboxides, SiOx (0 < x < 2). 

These observations suggest there is a well-defined interface between the Si-NCs and the 

surrounding Si02 matrix. These findings are in accordance with previous photoemission 

and theoretical studies on Si/SiC«2 interfaces formed in controlled, high temperature 

environments that showed a defect free transition between the elemental silicon and 

surrounding oxide matrix, and contained only minimal suboxide species.51 These results 

differ from the findings of Daldosso and coworkers that reported a graded transition 

region (ca. 1 nm) between the nanocrystal core and the surrounding oxide matrix in 

samples of oxide-embedded Si-NCs.52 The preparative method reported by Daldosso 

involved the PECVD of silicon oxide to produce thin films of SiOx that were 

subsequently thermally processed in a nitrogen environment to generate oxide-embedded 

Si-NCs. Although their method differs from the present synthesis, the resulting oxide-

embedded Si-NCs appear to be very similar. To determine if the wide graded interfacial 

region identified by Daldosso is applicable to the present system, or a result of the 

preparative method, an additional XPS analysis was performed in an effort to evaluate the 

presence of intermediate oxides in samples of HSQ processed at 1100°C. Figure 4.4 

shows the high resolution XP spectrum of the Si 2p region for Sample 9. 
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Figure 4.4. Shirley background subtracted high-resolution XP spectrum of the Si 2p 

region for Sample 9. For clarity, the Si 2pi/2 spin-orbit couple partner lines have been 

omitted. All silicon oxide species, Si(n) (n = 0 - IV) are labeled for clarity. 
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The Shirley background subtracted fit contains the Si 2pi/2 and Si 2p3/2 partner 

lines for Si(n) (n = 0 - IV) however, the Si 2pi« fitting has been omitted in Figure 4.4 for 

clarity. The spectrum shows two emission peaks separated by a non-zero baseline at 99.3 

eV and 103.2 eV that are predominantly attributed to Si(0) and a combination of Si(III) and 

Si(IV), respectively. The non-zero baseline indicates there are intermediate, low oxidation 

silicon species (Si(I) & Si(II)) present, which is inevitable when transitioning from the 

elemental Si nanocrystal to the SiC>2 matrix, but the occurrence of these species are 

limited. The prevalence of Si(III) and Si(IV) species at the interface is also in accordance 

with previous theoretical and experimental investigations of the atomic population and 

depth distribution of silicon oxides at Si/SiCh interfaces.51 Therefore, the XPS data, in 

conjunction with the NEXAFS data, which also shows very minimal intermediate silicon 

oxides, indicate that the wide graded Si/SiC^ interface is inherent to the Daldosso 

synthesis and is not pertinent to the present system. The large proportion of surface 

silicon atoms relative to the number of core atoms, due to the small size of the Si-NCs, 

results in a distinct interfacial species with emission characteristics heavily influenced by 

the surrounding oxide matrix. This electronic influence causes an increase in the 

excitation energy required for the interfacial species to emit,35'43 and is likely the reason 

that the high-energy emission (540 run) was not observed during previous low energy 

(Xex = 325 nm) laser-based PL studies on identical materials.45'46 This observation alone 

highlights the need for X-ray based spectroscopy as a definitive technique when 

determining the origins of emission from luminescent materials that contain multiple 

luminescence pathways. 
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Although TEY has superior surface sensitivity over FLY, in the case of 

nanomaterials, thickness effects are not as apparent since the sizes of the structures are 

typically below the attenuation length of the X-ray fluorescence photons. The sampling 

depths for TEY and FLY measurements in silicon materials have previously been 

determined to be ca. 70 nm to several hundred nm, respectively, at Si K-shell absorption 

energies (1830 eV - 1900 eV). The oxide-embedded samples in the present study have 

grain sizes of ca. 1 - 5 urn as established by scanning electron microscopy (SEM), which 

are greater than the sampling depth of X-ray fluorescence photons in silicon materials. 

Therefore, to determine the technique best suited for detection and representation, the 

TEY and FLY for both the oxide-embedded and freestanding systems were compared. 

Figure 4.5 shows the comparison between the TEY and FLY data for mechanically 

ground HSQ processed at 1100°C (Sample 9). The signal for Si02 (1848 eV) in the TEY 

is enhanced with respect to that of the FLY, likely a result of matrix and surface oxides 

that are exposed during mechanical grinding. The comparison indicates that the TEY 

signal is notably influenced by surface species and the FLY provides accurate 

information on the electronic structure of silicon both above and below the particle 

surface. A similar comparison of the TEY and FLY for oxide-free Si-NCs (Sample 20) 

produced by HF etching of Sample 9 is also shown in Figure 4.5. Both spectra of the 

sub-5 nm freestanding Si-NCs are very similar in appearance and only show the presence 

of elemental silicon. Therefore the data for the discussion of freestanding system is 

presented in the FLY form to maintain consistency. 
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Figure 4.5. Comparison of the Si K-edge TEY (dotted trace) and FLY (solid trace) 

spectra for oxide-embedded Si-NCs (Sample 9), HF prepared freestanding Si-NCs 

(Sample 20) and, a ground silicon wafer standard. Spectra have been shifted vertically 

for clarity. 
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In order to provide additional confirmation for the assignments of the two 

emission bands in the XEOL spectra, an HF etching procedure was employed to liberate 

the Si-NCs from the oxide matrix and eliminate the influences that silicon oxides have on 

the electronic and optical characteristics of the system. HF is an effective etchant that 

reacts rapidly with SiCh and has also been shown to react with silicon.1'45 In the case of 

oxide-embedded Si-NCs, HF etching quickly (ca. 50 mins) removes the oxide matrix and 

slowly decreasing the Si-NC size during prolonged exposure. As previously mentioned, 

HF has been used with varied effectiveness in other silicon-based XEOL studies in an 

effort to obtain optical spectra free of the influences of silicon oxides.37'39 In the present 

study, ground samples of Sample 9 were etched with 1:1:1 solutions of 49% HF: water: 

ethanol to yield oxide-free hydride-terminated freestanding Si-NCs. To ensure the 

hydride-terminated nanocrystals did not oxidize after the etching process, special 

handling precautions were taken during all preparation steps. After the oxide removal 

was complete, the hydride-terminated Si-NCs were handled under a nitrogen atmosphere 

and kept at reduced temperature to prevent surface oxidation prior to introduction in the 

vacuum analysis chamber. The total time from extraction of the Si-NCs from the etching 

solution to introduction into the high vacuum (lxlO"8 torr) endstation was less than 5 

minutes. The efforts taken to prevent oxidation of freestanding Si-NCs were successful, 

as reflected by the silicon K-edge NEXAFS spectra (Figure 4.6) that show negligible 

signal for silicon oxide species. When the FLY NEXAFS spectra of the unetched oxide-

embedded Si-NCs and freestanding Si-NCs are compared, the absence of the SiCh 

absorption feature at 1848 eV in the spectrum for freestanding Si-NCs is consistent with 

the complete removal of all silicon oxide species. The absorption feature at 1841 eV, 
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attributed to elemental silicon, remains the only feature on the absorption edge to the 

sensitivity of TEY and FLY measurements (vide supra). To our knowledge, this is the 

first report in which NEXAFS and XEOL data has been successfully collected for oxide-

free Si-NCs. Eliminating the electronic effects induced by the encapsulating SiC>2 matrix 

is of extreme importance since any associated effects in the XEOL spectra resulting from 

silicon oxides are also removed. Therefore, evaluating the emission characteristics of 

oxide-free Si-NCs is a necessary step for the verification of the emission band 

assignments. 
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Figure 4.6. Normalized FLY Si K-edge NEXAFS spectra of hydride-terminated 

freestanding Si-NCs produced by etching composites of oxide-embedded silicon 

nanocrystals for specified times in solutions of HF. Spectra for Sample 9 and a silicon 

wafer standard are included for reference. The absorption maxima for Si and Si02, 1841 

eV and 1848 eV respectively, are noted for reference. Spectra have been shifted 

vertically for clarity. 
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To examine the post-etching emission characteristics of oxide-free Si-NCs, XEOL 

measurements were collected at an excitation energy of 1841 eV, the only remaining 

absorption feature on the silicon K-edge, corresponding to the absorption energy of 

elemental silicon. Figure 4.7 shows the normalized XEOL spectra of Samples 18 and 20 

that were etched in solutions of HF for 1 and 1.5 hours, respectively, to yield hydride-

terminated Si-NCs. In comparison with the optical spectrum of Sample 9 it is clear from 

the emission profile of the etched samples that the low-energy emission remains, and the 

high-energy emission previously at 540 nm is completely absent. This observation 

indicates the removal of matrix and interfacial oxides in the Si-NC samples through HF 

etching eliminated the high-energy luminescence pathway. Since it is the emission at 540 

nm that disappears upon removal of the oxide, the conclusion that this emission results 

from an oxide influenced emission process at the Si/SiC<2 interface is further 

strengthened. 

The XEOL observations from the two etched samples also provide vital 

information necessary to confirm the origin of emission of the low-energy spectral 

feature. After 1 hour in the etching solution the oxide matrix is completely removed and 

the Si-NCs are slightly reduced in size, causing the emission band to narrow and shift to a 

lower peak wavelength of 700 nm. When the Si-NCs are further reduced in size by an 

additional 0.5 hours in the etching solution, the trend in increasing emission energy with 

decreasing particle size continues, and the resulting emission shifts to 530 nm. The shift 

of the emission to higher energy and the narrowing of its profile with a concomitant 

decrease in nanocrystal size confirms that the origin of the low-energy emission is a 
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result of quantum confinement effects in sub-5 nm freestanding hydride-terminated Si-

NCs. 
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Figure 4.7. Normalized X-ray excited optical luminescence (XEOL) spectra of oxide-

embedded silicon nanocrystals (Sample 9) and hydride-terminated freestanding silicon 

nanocrystals produced by etching composites of for 1 hour (Sample 18) and 1.5 hours 

(Sample 20) with solutions of hydrofluoric acid. The inset depicts the X-ray excitation 

energy for each XEOL spectrum at 1841 eV. 
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4.4. Conclusion 

NEXAFS spectroscopy was used to monitor the thermal decomposition of HSQ 

and identified only two predominant silicon species at the peak processing temperature of 

1100°C, corresponding to elemental Si-NCs and an encapsulating Si02 matrix. It was 

also found that the interface between the nanocrystal surface and the encapsulating matrix 

was well-defined, containing minimal suboxide species. XEOL spectroscopy of oxide-

embedded Si-NCs yielded two emission bands in the visible spectrum, a low energy band 

at 780 nm and a high energy band at 540 nm that had previously not been observed with 

low energy laser-based spectroscopy. Variable excitation XEOL spectra show a 

correlated quantum yield enhancement of the low energy emission band with the 

elemental silicon absorption at 1841 eV, and an enhancement of the high-energy 

emission band at the Si02 absorption at 1848 eV. An HF etching procedure was 

employed to remove matrix and surface oxides to produce oxide-free freestanding Si-

NCs, as confirmed by post-etching NEXAFS spectra. The correlated loss of the high 

energy emission band at 540 nm as a result of oxide removal supports the assignment of 

this band to interfacial electronic effects of the encapsulating silicon oxide matrix on the 

optical properties of the Si-NCs. Hydride-terminated freestanding Si-NCs of decreasing 

size exhibited a blue-shift in the emission energy of the 780 nm emission band, 

confirming that this emission is a result of quantum confinement processes in Si-NCs. 

This report further establishes quantum confined emission processes as the governing 

radiative pathway in oxide-free, hydride terminated Si-NCs, and highlights the electronic 

influence of Si-NC surface chemistry on the resulting emission characteristics of Si-NCs. 

It also provides a fundamental understanding of the emission characteristics for hydride-
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terminated Si-NCs, a common reaction platform for further chemical modification. From 

the conclusions established in this investigation the emission characteristics associated 

with surface modification can be predicted and tailored for specific sensing 

environments. 
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Chapter 5: 

Direct patterning, conformal coating, and erbium doping of 

luminescent Si-NC/Si02 thin films from solution processable 

hydrogen silsesquioxane 

A version of this chapter has been published. 
Hessel, C. M.; Summers, M. A.; Meldrum, A.; Malac, M.; Veinot, J. G. C. Adv. Mater. 
2007,79,3513. 



5.1. Introduction 

Silicon nanomaterials such as porous silicon (p-Si), ' freestanding silicon 

nanocrystals (Si-NCs),2as well as those embedded in a silicon oxide matrix (Si-

NC/Si02)3 have been the foci of numerous investigations in recent years. Part of the 

interest in these materials stems from their potential application in photonic devices such 

as waveguide amplifiers,4 light emitting diodes (LEDs),5 or potentially a silicon 

nanocrystal laser.6 Beyond optical applications, Si-NC/SiC^ composites have also shown 

promise as a material for flash memory applications.7 

Inherent in many device fabrication methods is the requirement to pattern or locate 

the Si-NCs in the appropriate structure - a process that often involves multiple 

lithographic steps in which several problems can occur. In the present work, a new 

method overcomes many of these issues and provides a uncomplicated way to produce 

finely patterned Si-NC arrays. Furthermore, the method is compatible with the 

application of Si-NCs as sensitizers for the 1.5 (xm fluorescence of Er +, which is of 

special interest in the nascent field of silicon microphotonics.8 

Fabrication methods demonstrated to date generally involve either physical or 

chemical vapor deposition or ion implantation to produce SiO* films, which are then 

treated at or above 1000 °C to induce the nucleation, growth, and crystallization of oxide-

embedded Si-NCs. In many device structures (e.g., waveguides) the film must be 

subsequently patterned using a resist and various etching techniques. Features are often 

limited to sizes greater than a few microns, and sidewall roughness in silicon nanocrystal 

waveguides remains a significant issue.9 Additionally, none of the standard physical 

deposition methods afford straightforward coating of non-planar surfaces. In an effort to 
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exploit the benefits of solution processability, methods in which p-Si is pulverized and 

added to a spin-on or sol-gel glasses were reported.10'11 Still, these mixing procedures 

must overcome challenges such as limited chemical tunability, material inhomogeneity, 

and phase separation. 

In chapter 2 we have shown the bulk synthesis of Si-NC/SiCh composites in near 

quantitative yield via the reductive thermal processing of hydrogen silsesquioxane 

(Figure 5.1a).12 HSQ is a versatile, commercially available compound that has previously 

found application as a spin-on, interlayer dielectric. It is also a well known a high-

resolution e-beam resist that affords 20 nm resolution and feature sizes as small as 7 

nm.13 With all the added benefits associated with solution processability, commercial 

availability, and straightforward lithographic patterning, HSQ should be an excellent 

precursor for the fabrication of Si-NC thin films. In the present work, a new solution-

based procedure for preparing Si-NC/Si02 thin films enables conformal coverage of non-

planar surfaces and direct lithographic patterning. 
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Figure 5.1. a) Structure of hydrogen silsesquioxane. This material can be spin coated 

onto large wafers (b). The HSQ structure collapses upon thermal processing to form Si-

NCs in Si02, as shown in the high-resolution TEM image in (c). Panel (d) shows the 

photoluminescence spectrum (Xex = 325 nm) obtained from spin-coated films in (b). 
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5.2. Experimental Details 

5.2.1. Geometry Preparations 

Geometry 1. In a nitrogen-filled glovebox (< 0.1 ppm H20; 0.6 ppm O2). HSQ stock 

solution was spin-coated onto quartz substrates using a Laurell Technologies WS-400B-

6NPP/LITE programmable spincoater. Colorless, transparent, uniform films (ca. 80 nm) 

of HSQ were formed by dropping 0.5 ml of FOx- 17 stock solution onto the substrate 

followed by spinning at 0-5800 rpm in 5 seconds, followed by an additional 30 seconds at 

5800 rpm. Coated substrates were transferred in inert atmsosphere to a high temperature 

furnace and processed in 5% H2/95% N2. While in the furnace, the geometries were 

rapidly heated (ca. 20°C/min) to peak temperature (i.e., 1100°C) where they remained for 

1 hour. 

Geometry 2. HSQ thin films (ca. 80 nm) were spin coated onto Si (100) substrates 

using a Laurell Technologies WS-400B-6NPP/LITE programmable spincoater in a 

nitrogen filled glovebox (< 0.1 ppm H20; 0.6 ppm 02). Colorless, transparent, uniform 

films of HSQ were formed by dropping 0.5 ml of FOx-12 stock solution onto the 

substrate followed by spinning at 0-5800 rpm in 5 seconds, followed by an additional 30 

seconds at 5800 rpm. 

Patterns of HSQ were produced using a Raith 150 electron beam lithography system 

and imaged in situ. The 10 keV electron beam had an approximate spot size of 2 nm and 

produced an exposure dose of 350 uC/cm2. Following e-beam exposure, patterns were 

developed for 1 minute in a 25% tetrarnethylammonium hydroxide (TMAH) solution, 

followed by a 10 second rinse in each distilled water and isopropyl alcohol. Patterned 
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HSQ films were transferred to a high temperature furnace and processed in the same 

conditions described for Geometry 1. 

Geometry 3. The polyimide cladding was removed from silica fiber optic cable 

(Nufern (Product # 780-HP)) by submersion in boiling sulphuric acid for 10 minutes. The 

clean fibers were subsequently dipped into the HSQ stock solution, dried in inert 

atmosphere, and processed in 5% H2/95% N2 for one hour at 1100°C. 

5.2.2. Optical Characterization 

Photoluminescence (PL) spectra of Geometry 1 were obtained at room temperature 

using the 325 nm line of a He-Cd laser excitation source and a detection system 

consisting of a fiber-optic digital charge coupled device (CCD) spectrometer whose 

spectral response was normalized using a standard black-body radiator. Fluorescence 

imaging was performed by exciting the specimen with either the 405 nm line of an Hg 

lamp or with the 488-nm line of an Ar laser interfaced to a Nikon inverted microscope. 

Fluorescence imaging employed a Retiga Exifast camera equipped with a color imaging 

filter. The same microscope was used for reflection imaging. 

5.2.3. Scanning and Transmission Electron Microscopy 

SEM micrographs were obtained with a using a JEOL 630IF field-emission scanning 

electron microscope with an acceleration voltage of 5 kV. TEM imagining was done 

using a Hitachi HF 3300 300 kV transmission electron microscope equipped with cold 

field emission gun. The high resolution images were obtained in bright field mode of the 
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TEM and the electron diffraction patterns were acquired from an area about 500 nm in 

diameter. 

5.3. Results and Discussion 

A series of geometrys were prepared for the present investigation to demonstrate the 

versatility of HSQ as Si-NC/Si02 precursor (vide infra). Geometry 1 was prepared by 

spin coating approximately 0.5 ml of the HSQ stock solution onto a quartz wafer. The 

resulting transparent HSQ precursor film was thermally processed at 1100 °C for one 

hour in flowing gas (5% H2/95% N2) to yield a faintly yellow, transparent film (Figure 

5.1b). Transmission electron microscopy of the thermally processed HSQ film 

demonstrated the presence of diffraction rings unambiguously attributable to silicon, and 

high-resolution imaging (Figure 5.Id) showed randomly oriented crystalline particles 

with lattice spacings (3.1 A for (111) planes) consistent with various Si zone axes. The 

photoluminescence spectrum of processed thin films showed a broad, intense peak 

centered at ca. 800 nm, widely characteristic of Si-NCs (Figure 5.1c).14 

Having established the presence of luminescent Si-NCs in thermally processed HSQ 

thin films, it is necessary to demonstrate the fabrication of structures that exploit the 

benefits of this method. These advantages include: first, unlike for deposition-based 

methods, both thin films and macroscopic quantities of Si-NC/Si02 can be readily 

produced.12a Second, of key import for the present work, HSQ is also an electron beam 

resist, which allows the straightforward patterning of Si-NCs to form well-defined Si-

NC/Si02 structures with sub-100 nm dimensions (no separate resist and etching stages are 

needed because the nanocrystal-containing material is the resist). Third, HSQ solution 
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processability should allow for fabrication of uniform Si-NC/Si02 coatings on non-planar 

surface by a dip-coating method. 

To evaluate the ease of patterning Si-NC/Si02 thin films obtained from HSQ 

reductive processing, Geometry 2 was prepared by spin coating a 60-nm-thick HSQ layer 

onto a silicon wafer. The HSQ film was preheated to remove any residual solvent that 

may degrade patterned features, exposed using an electron beam writer, and subsequently 

developed. Following thermal processing at 1100 °C for one hour, the structures were 

evaluated using scanning electron microscopy (SEM) and fluorescence microscopy 

(Figure 5.2). The HSQ-derived Si-NC/Si02 patterns withstood high temperature 

processing with no obvious feature degradation (Figure 5.2a,d,g). The patterned Si-

NC/SiC>2 structures are readily visible using a fluorescence microscope (Figure 5.2c,f), 

with feature sizes approaching the resolution limit of the instrument. 

When compared to the extensive body of work focused on Si-NC/Si02, the present 

patterning method yields well-formed structures with obvious advantages that may 

facilitate the development of efficient silicon-nanocrystal-based waveguides, flash 

memory, and other devices in which well-defined and smooth lithographic structures are 

required. We have fabricated highly photoluminescent Si-NC/SiCh features approaching 

the smallest dimensions realized with HSQ as an e-beam resist using the present 

procedure.13 This method clearly allows for the preparation of patterns with of sub-10-nm 

features that contain luminescent nanocrystals without the tedious etching and subsequent 

oxidation of silicon pillars required when employing standard patterning methods.9 
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a. 

d. 

Figure 5.2. a) SEM micrograph of a line pattern of indicated line widths (l[xm, 100 nm, 

10 nm, 7 nm). b) Reflective optical image of the same line pattern in (a), c) PL image of 

the line pattern shown in (a) and (b). d) SEM micrograph of a more complex pattern, e) 

Reflective optical image of pattern in (d). f) PL image of the line pattern shown in (d) and 

(e). 

131 



The next objective was to demonstrate the formation of non-flat coatings of 

luminescent Si-NC/SiC>2 using HSQ. A commercially available optical fiber was used for 

this study (Geometry 3). The fiber consisted of a single-mode core with a 125-um-

diameter cladding and a thick polyimide coating with a net fiber thickness 370 pirn. The 

fiber was freed from its protective polymer coating and cleaned using the procedure 

outlined in the experimental section. The clean fiber was dipped into the HSQ stock 

solution, and subsequently thermally processed identically as for Geometries 1 and 2. 

SEM images of nanocrystal-coated fibers are shown in Figure 5.3 a-d. Thicker films (ca. 

2.6 (j,m) obtained from multiple dipping cycles crack and lift off from the fiber surface 

(Figure 5.3 a). Thinner films are smooth, conformal, and do not crack (Figure 5.3 e). 

When pumped with a blue laser (488 nm) or even a standard handheld UV lamp, the 

length of the coated fibers glowed red/orange to the naked eye and an intense red dot 

could be observed exiting the cleaved end of the fiber (Figure 5.3 f). By examining the 

fiber end-on in the fluorescence microscope, it is clear that the PL is coupled into the 

entire cross section - as expected since the Si-NC/Si02 layer coats the outer fiber 

diameter. It is reasonable that similar structures prepared using this straightforward 

procedure could find applications as gas sensors or in other devices where the Si-NC PL 

is directly coupled to the optical measurement system. 
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Figure 5.3. Panels a-d show SEM images of optical fibers with Si-NC/Si02 coatings of 

decreasing thicknesses. Thick films crack and peel from the fiber surface, (a). Thinner 

Si-NC/Si02 coatings are smooth and featureless. Panel f shows a fluorescence 

microscope image of the red-IR emission emanating from the cleaved end of the fiber 

shown upon 488-nm excitation along the side of the fiber. 
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The final objective of the present work was to show that Si-NC/Si02 produced via 

the reductive thermal processing of HSQ can sensitize the 1.5 [im emission band of 

erbium. This demonstration is important for the potential application of HSQ in silicon-

nanocrystal-based optical devices. In order to incorporate erbium into the Si nanocrystal 

films, a small amount of ErCi3 was added to the HSQ stock solution. Figure 5.4 shows 

the effect of adding erbium to the Si-NC/SiCh composite. Identical to the case for Si-NCs 

produced by standard thin film methods, a Si-NC PL band was observed along with a 1.5 

}xm emission arising from the 4Ii3/2—>4I15/2 transition of Er3+, when pumped non-resonant 

with any erbium absorption band. This is consistent with the Si-NC sensitization of the 

erbium luminescence and demonstrates that the HSQ method for fabricating Si-NC/SiCh, 

in addition to all the advantages discussed previously, can readily be extended to 

wavelengths of relevance for optical communications. 
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Figure 5.4. A photoluminescence spectrum of Er doped Si-NC/SiCh composites upon 

excitation with the 325 nm line of a He-Cd laser excitation source. This spectrum clearly 

shows the Si-NC emission as well as the characteristic 1540 nm line arising from energy 

transfer from the Si-NCs to the Er dopant. The spectra are normalized to the same height 

for clarity. 
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5.4. Conclusion 

The present work demonstrates that HSQ offers advantages when compared to status 

quo physical synthetic methods. Although the present HSQ-based procedure still requires 

films be processed at T > 1000 °C, we have shown that oxide-embedded amorphous Si 

nanoclusters form at processing temperatures as low as 500°C,12b as is the case of films 

synthesized by PVD methods.15 These amorphous materials are similarly efficient 

sensitizers of erbium and other rare earth ions.16 To conclude, the solution-based method 

for forming Si-NCs has many striking advantages over previous techniques. First, large 

wafers can be spin-coated without the need for a costly implantation or thin film system, 

or any previous processing. Second, because HSQ is an electron-beam resist, it affords all 

the advantages of nanometer-scale patterning without the need for complicated etching 

recipes. Third, it is possible to uniformly coat any (non-flat) structure that can be dipped 

into solution, and fourth, erbium doping to produce 1.5 \m\ luminescence is equally 

simple and affords all of the well-known advantages with respect to nanocrystal 

sensitization of erbium. 
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6.1. Conclusions 

Since the first report of luminescent silicon nanomaterials in 1990 there have 

emerged a variety of methods for producing oxide-embedded and freestanding Si-NCs. 

1 Criteria to evaluate the advantages/disadvantages of these many synthetic routes do 

not exist, and as such, a means to evaluated the paramount method is lacking. 

Considering that each method has its own application domain it is quite difficult to 

carry out this evaluation. For example, ion implantation is an effective method for 

producing oxide-embedded Si-NCs for non-volatile memory applications, as it is 

compatible with current device fabrication procedures,2"4 but it is an inappropriate route 

for producing large quantities of freestanding Si-NCs with controlled surface chemistry. 

The inability of a single technique to produce Si-NCs with the desired characteristics 

that span the gamut of potential applications is likely the reason why a set of criteria has 

yet to be established. However, considering the strengths of the preparative methods 

found in the literature, along with a rational approach to materials production in general, 

criteria for an ideal preparative method can be devised. 

An ideal preparative method for Si-NCs should include the following: 

1) Afford well-defined Si-NCs in tangible quantities (> 500 mg/batch). In order 

to realize the full application potential of Si-NCs, the method must produce 

enough material to fundamentally evaluate their properties, and provide the 

working material necessary for intended applications. 
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2) The precursors should be readily available. The ease by which a Si-NC 

precursor can be purchased or produced would not only streamline synthesis, but 

also increase its usage as a preferred preparative method. 

3) The synthetic procedure should be straightforward and the resulting 

nanocrystals easily incorporated into a variety of applications. Increasing the 

simplicity of the procedure by reducing the number of synthetic steps to a point 

where personnel with minimal training can produce Si-NCs would allow for the 

ubiquitous utilization of the method. 

4) Minimal investment of infrastructure. The synthetic method should run on 

inexpensive, easily obtained equipment found in typical chemistry laboratories. 

5) The procedure/precursor should be versatile and capable of producing most, if 

not all, of the Si-NC morphologies and architectures reported in the literature. If 

a single method/precursor had the ability to produce thin films of Si-NCs, oxide-

embedded Si-NCs, and freestanding Si-NCs with controlled surface chemistry, it 

would have the potential to encompass all current methods of forming Si-NCs. 

Considering these criteria, the existing strategies to produce Si-NCs may be 

evaluated. It is clear from the brief review of current methods to prepare Si-NCs 

presented in the introduction, that no single method satisfies all of the above criteria. 

The most significant limitation of these physical and solution-based reduction methods 

involves their inability to produce large quantities of Si-NCs (> 500 mg/batch). In this 

regard, Swihart's laser-based synthesis would be the superior method,5 as it provides 

tangible (20 - 200 mg/hour) amounts of reasonably well-defined material. However, 
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the custom-built reactor vital for this synthesis, the requirement for highly trained 

personnel, and the inability to produce thin films of oxide-embedded Si-NCs, could 

prevent the overall wide range acceptance of this procedure. With regard to 

architectural versatility, only the SiOx based methods have yielded thin films and bulk 

composites. However, as previously described, challenges associated with precursor 

purity and deposition homogeneity may inhibit the eventual application of this 

precursor material. The limitations associated with established methods to produce 

various architectures of Si-NCs provide the motivation to investigate new Si-NC 

precursors that satisfy the aforementioned criteria. 

The synthetic strategy for producing Si-NCs outlined in the present thesis 

demonstrates that hydrogen silsesquioxane (HSQ) satisfies many of the requirements 

outlined for an ideal Si-NC precursor. With respect to the preparation of tangible 

amounts of material, a typical bulk synthesis of oxide-embedded Si-NCs from HSQ 

reproducibly generates 4 grams of well-defined material in a single batch, with reaction 

times of approximately 4 hours. Increasing the batch yield of this synthesis could be 

easily achieved by scaling to a larger flow-through tube furnace that can accommodate 

additional precursor. In terms of precursor purity and availability, the challenges 

associated with the purity of SiOx are not present for HSQ since it is commercially 

available at purity levels that meet the standards of the microelectronics industry. It is 

also easily obtained in most microfabrication facilities given that it is typically used as a 

spin-on dielectric for device fabrication and as a common e-beam resist. The cost 

associated with HSQ is minimal. As a solid resin, HSQ costs approximately $17/gram. 
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Furthermore, if thin film architectures are not required, producing HSQ analogues via a 

straightforward sol-gel approach may eliminate the majority of this expense.6'7 

HSQ-based preparation of thin films and bulk composites of oxide-embedded 

Si-NCs has also been designed to be as straightforward as possible, requiring only 

minimal infrastructure. In its current form, the production of oxide-embedded Si-NCs 

requires an inexpensive ($4000) flow-through tube furnace which is a common piece of 

equipment in most materials chemistry laboratories. For thin film production, the costly 

and infrastructure-intensive ion implantation and thermal deposition systems are 

replaced with a standard spin-coater tube furnace. In addition, it has been demonstrated 

that conformal thin films containing oxide-embedded Si-NCs can be applied to flat and 

non-flat surfaces, a substantial advantage over line-of-sight physical deposition 

techniques. The versatility of HSQ is also highlighted by its ability to act as a single 

source precursor, producing bulk material and thin films of oxide-embedded Si-NCs. 

The presented HSQ-based technique can also be used to produce freestanding 

Si-NCs with controlled surface chemistry that emit across the visible and NIR regions 

of the electromagnetic spectrum. The development of a recipe-based etching procedure 

has led to the production of freestanding Si-NCs with predictable size, surface 

chemistry, and emission characteristics. In context of the aforementioned criteria for an 

ideal preparative method, it is apparent that utilizing HSQ as a precursor has the 

potential to revolutionize the way scientists produce Si-NCs. With this in mind, it is 

important to understand the fundamental mechanisms responsible for Si-NC formation 

from HSQ and the origin of their photo luminescence response. 
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Using a combination of diffraction and spectroscopic techniques, the thermally-

induced evolution of HSQ to oxide-embedded Si-NCs was monitored, and can be 

understood in terms of a thermal disproportionation reaction. The processes by which 

this transformation occur may be divided into 3 steps that occur in separate temperature 

regimes. 

1) HSQ cage rearrangement: 200°C - 400°C. 

The initial stages of thermal processing lead to a rearrangement of the HSQ cage 

structure and further crosslinking into a network solid. Although only subtle changes 

were observed in FTIR spectra, similar observations were interpreted in the same 

Q 

manner in a previous thermal decomposition study of HSQ. 

2) Formation and nucleation of silicon nanodomains: 400°C - 900°C. 

Throughout this temperature regime, XP and Raman spectroscopy identified the 

formation of partially hydrogenated, low oxidation state silicon clusters within the oxide 

matrix. Near-edge X-ray absorption fine structure (NEXAFS) spectroscopy also 

showed an evolution of the silicon Is absorption edge with increased processing 

temperature consistent with an HSQ disproportionation reaction. Between 500°C and 

900°C the characteristic spectral feature of the dominant Si3+ species present in HSQ 

slowly diminishes, with concomitant emergence of Si0 and Si4+ spectral signatures. The 

mechanism of cluster formation may be rationalized in the context of formation and in 

situ decomposition of silane-like species that result from the rapid (> 18°C/min) thermal 

processing of HSQ. This process continues to 900°C, where XP analysis shows an 
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unchanging Si content with increasing temperature, and FTIR spectroscopy shows the 

disappearance of a silicon hydride stretching absorption, which is indicative of a 

complete disproportionation reaction. 

3) Nanodomain crystallization: > 900°C. 

Increasing the temperature above 900°C promotes crystallization of elemental 

silicon nanodomains and leads to Si-NCs growth. The combination of TEM, XRD, and 

PL spectroscopy indicate that the photoluminescence characteristics of oxide-embedded 

Si-NCs depend strongly on synthetic processing variables. An increase in the 

processing temperature above 900°C yield Si-NCs of increasing size, accompanied by a 

decrease in the PL emission energy. This correlation of emission energy and 

nanocrystal size suggests that the PL emission is a result of quantum confinement 

effects in sub-5 nm Si-NCs. This relationship was further investigated by subsequent 

X-ray-based spectroscopic studies in order to establish causation (vide infra). A red-

shift in the emission energy was also observed after prolonged thermal processing at 

constant temperatures. However, since this PL energy shift was not accompanied by an 

increase in nanocrystals size, as confirmed by XRD, the change in luminescence 

characteristics is attributed to the passivation of volume defects in larger nanocrystals 

and subsequent tunneling proceses that result in preferential radiative recombination in 

these large nanocrystals. 

Through controlled, monotonic increases to the processing temperature, between 

900°C and 1400°C, resulting in corresponding increases in nanocrystal diameter, oxide-

embedded Si-NCs have been shown to emit between 690 - 900 nm. Additionally, when 
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the particle diameter is decreased via hydrofluoric acid etching, the emission can be 

tailored throughout the visible region, from the initial emission energy observed in the 

composite (e.g., 800 nm for HSQ processed at 1100°C), to approximately 530 nm. In 

order to understand the origin of this photophysical dependence on nanocrystal size and 

to isolate specific chemical species responsible for luminescence from oxide-embedded 

and freestanding silicon nanocrystals, X-ray excited optical luminescence (XEOL) was 

employed. XEOL spectra of oxide-embedded Si-NCs yielded two emission bands in 

the visible spectrum: a low energy band at 780 nm and a high energy band at 540 nm, 

absent from low energy laser-based spectroscopy. Variable excitation XEOL spectra 

show a correlated quantum yield enhancement of the low energy emission band with X-

ray excitation of elemental silicon, and a similar enhancement of the high-energy 

emission band upon X-ray excitation of Si02. This band assignment was further 

supported using a HF etching procedure to remove matrix and surface oxides to produce 

oxide-free freestanding Si-NCs, as confirmed by post-etching NEXAFS spectra. The 

loss of the high energy emission band at 540 nm as a result of oxide removal supports 

the assignment of this band to a silicon oxide species that is present at the interface 

between the Si-NC core and the surrounding Si02 matrix. Hydride-terminated 

freestanding Si-NCs of decreasing size exhibited a blue-shift in the energy of the 780 

nm emission band, confirming that this emission is a result of quantum confinement 

processes in Si-NCs. To our knowledge, this investigation is the first that conclusively 

establishes quantum confined emission processes as the governing radiative pathway in 

oxide-free, hydride terminated Si-NCs. 
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In addition to determining the origins of emission from oxide-embedded and 

freestanding Si-NC systems, the XEOL investigation emphasized the influence of Si-

NC surface chemistry on the resulting emission characteristics. It also demonstrated the 

procedure developed for liberating Si-NCs from oxide-embedded composites yields 

oxide-free, freestanding Si-NCs that have a hydride-terminated surface. Considering 

the versatility of silicon hydride surfaces, this provides a fundamental understanding of 

the composition and emission characteristics for hydride-terminated Si-NCs. 

Not only does this thesis describe research that thoroughly investigated a new 

and versatile route to the production of Si-NCs, it also establishes a methodology for 

forming tangible quantities of oxide-embedded nanocrystals via a thermal 

disproportionation of metal rich oxides with specific metal to oxygen ratios of 1:1.5. 

This synthetic route may be applied to a variety of alternative oxide-embedded metal 

nanocrystal systems, with the exception of elements having low crystallization 

temperatures. The applicability of this methodology already been demonstrated by 

Henderson et al. in the synthesis of well-defined, oxide-embedded germanium 

nanocrystals.9 In this report, a sol-gel route was employed to produce a germanium rich 

oxide polymer with a germanium to oxygen ratio of 1:1.5. Thermal processing of the 

polymer resulted in size monodisperse oxide-embedded germanium nanocrystals with 

size dependent photophysical properties. In addition, the ease by which HSQ can be 

used to form conformal coatings on non-flat surfaces has been utilized as a method to 

produce low loss optical cavities containing Si-NCs. In this demonstration, the clever 

incorporation of HSQ onto the inner walls of a hollow quartz capillary provided an 
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optical cavity with a Q-factor that is unsurpassed in the literature. These two reports 

exemplify the potential applicability and versatility of the HSQ methodology. 

6.2. Future direction 

Although it has been demonstrated the HSQ methodology is a versatile route to 

form Si-NCs in many morphologies there are still synthetic challenges to address. In 

particular, the formation of freestanding Si-NCs requires the use of hazardous 

hydrofluoric acid. The risks associated with the liberation procedure could be greatly 

reduced if a benign substitute for this etching reagent could be found. Converting to 

solution-based route to form freestanding Si-NCs could also alleviate the challenges 

associated with the Si-NCs liberation procedure. Applying HSQ to well-established 

solution reduction methods may yield freestanding Si-NCs, and therefore would 

eliminate the HF liberation procedure. This methodology could also alleviate the 

requirement of high thermal processing temperatures necessary for the current solid 

state synthesis. 

In addition to the characterization already reported to examine oxide-embedded 

and freestanding systems, supplementary characterization could be used to better 

understand the formation and luminescence mechanisms of these materials. In 

particular, it is essential to determine the lifetime and quantum efficiency of the 

emission band attributed to interfacial oxides in oxide-embedded systems. Preliminary 

experiments involving time-resolved XEOL have been devised and will soon be 

investigated. 
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