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Abstract 

 Group 14 semiconductor nanocrystals exhibit size-dependent optoelectronic 

properties through the influence of quantum size effects, notably intense 

photoluminescence (PL). A crucial step toward the realization of their technological 

potential is the development of effective methods to control the surface chemistry of 

freestanding nanocrystals. This thesis describes five investigations with this central 

goal in mind, based on silicon (Si) and silicon-germanium alloy (SixGe1-x) 

nanocrystals obtained from hydrogen silsesquioxane (HSQ).  

 These composite materials were etched using hydrofluoric acid (HF), to yield 

freestanding hydride-terminated nanocrystals that undergo a hydrosilylation reaction 

with terminal olefins, with thermal or near-UV initiation. This reaction produced 

well-dispersed nanocrystals with increased stability against oxidation, which degrades 

their PL.  

The use of near-UV initiation was studied in detail, based on its 

compatibility with a wide range of olefins and the observation of unique reactivity 

unseen for hydrosilylation of molecular species. This reactivity of Si nanocrystals was 

size-dependent, consistent with an exciton-mediated mechanism previously 

proposed. This observation was explored through separation of a mixture of sizes 

based on their hydrosilylation reactivity.  

Exciton-mediated reactivity was also observed in the HF etching of oxide-

embedded Si nanocrystal composites. The PL from these materials could be 

conveniently controlled by irradiating the etching solution, presenting a strategy for 



  

controlling the nanocrystal size and polydispersity; however, defect-containing 

nanocrystals were suggested to be inactive in this etching pathway.  

The origin of luminescence from Si nanocrystals functionalized using near-

UV hydrosilylation was demonstrated to arise from quantum confinement effects 

using X-ray absorption spectroscopy. These results confirm that the alkyl grafting 

does not appreciably alter the emission pathway. Oxidation caused by ambient 

exposure reduced the ensemble PL quantum yield and shift the emission maximum.  

The morphology of nanocrystals obtained from the co-reaction of HSQ and 

GeI2 solubilized with trialkylphosphines was evaluated spectroscopically and 

microscopically to be a heterogeneous mixture of Si- and Ge-rich nanocrystals. The 

trialkylphosphine used to facilitate GeI2 co-precipitation influences nanocrystal 

nucleation and growth processes. Indirect evidence was presented for the 

involvement of Ge in the emission pathway.  
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1.1 Introduction 

 When the electronic motion in a material is restricted in one or more 

dimensions to the nanometer scale, the material’s functional properties can be 

dramatically altered. Over the past 30 years, this phenomenon have been a driving 

force for tremendous development across the fields of chemistry, physics, biology and 

engineering toward the synthesis, characterization and application of nanomaterials 

(being composed of hundreds to thousands of atoms).1, 2 The influence of quantum 

effects on certain nanomaterials has led to unexpected, size-dependent and 

technologically interesting properties.  

An example of this development is the range of unique optoelectronic 

properties exhibited by graphene, a single-atom-thick layer of sp2-hybridized carbon 

arranged in a two-dimensional hexagonal lattice. Although monolayers of graphite 

have been studied since 1947,3 pioneering work by Drs. Andre Geim and Konstantin 

Novoselov (quickly followed by many other groups) demonstrated that the 

confinement of charge carriers within its planar structure gives rise to fascinating 

phenomena, such as very high intrinsic mobility, Dirac-like electronic excitations, 

and the observation of the quantum Hall effect at room temperature.4 The discovery 

of these properies has sparked a “gold rush” of potential technologies where 

graphene is viewed as a next generation material suitable for use in transistors, 

spintronics and sensing, among many others.5 In recognition of their significant 

contributions to this nascent field, Geim and Novoselov shared the 2011 Nobel 

Prize for Physics, only 7 years after their initial report.6 
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 In many cases, the fascinating properties of nanomaterials can be understood 

by considering the progression from atomic and molecular species up to macroscopic 

bulk solids. As will be discussed throughout this thesis, a classic example of this is the 

emergence of size-dependent optoelectronic properties, notably intense 

photoluminescence (PL), from semiconductor nanocrystals (NCs), also known as 

quantum dots. Their unique combination of properties has drawn significant interest 

for a wide range of applications, including optoelectronics,7, 8 biological imaging,9, 10 

and photovoltaics.11, 12 

 An archetypal example of semiconductor NCs exhibiting size-dependent PL 

is the family of II-VI NCs (e.g., CdSe, ZnS and HgS). In 1983, Dr. Louis Brus and 

his group reported an aqueous synthesis for CdS-NCs exhibiting size-dependent light 

absorption,13 an “accidental observation” as he would later describe it.14 This initial 

report sparked worldwide interest into the development of wet chemical methods to 

prepare these materials with controlled size and narrow polydispersity, enabling 

detailed characterization of their optoelectronic properties through the influence of 

size effects, generally referred to as quantum confinement.15  

 Currently there are over 1300 consumer products containing 

nanomaterials,16 and many more are expected in the near future; worldwide funding 

of nanomaterials-related research rose to $18.2 billion in 2008, and $3.1 trillion 

worth of nanomaterials-related manufactured goods are expected by 2015.17 

Semiconductor NCs have been incorporated into a number of products currently 

available in the marketplace, including light emitting diodes (LEDs) in lighting and 

display technologies, biomedical diagnostics, and flash memory devices.18  
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 Although the II-VI family of semiconductor NCs have drawn much research 

interest for their impressive optical properties, concerns have been raised regarding 

the toxicity of some of their constituent heavy metal elements (notably Cd and 

Hg).19, 20 In many regions of the world, governments have restricted the sale of 

manufactured goods containing these heavy metals to minimize risk of environmental 

and societal exposure. Notably, the Restriction of Hazardous Substances Directive 

(RoHS), enacted by the European Union in 2003, limits the use of Cd in electronic 

goods to 100 ppm of any separable component; for example, an LED containing a 

thin film of CdSe-NCs as the emissive layer would be prohibited even if the overall 

amount of Cd in the device was below the acceptable threshold.21 Other countries 

have since followed suit, using the RoHS as a model for their own legislation.22 This 

movement away from heavy metal-containing materials is a major impetus for the 

study and application of environmentally benign semiconductor NCs that can match 

the impressive quantum-confined properties of II-VI NCs. 

 The family of group 14 semiconductors (i.e., Si, Ge, Sn, SiC and SixGe1-x 

alloys) holds much promise in this regard. PL from group 14 nanostructured 

materials was first observed in porous Si by Dr. Leigh Canham in 1990.23 Although 

bulk group 14 materials exhibit extremely low PL quantum yields, many reports have 

noted a remarkable increase in PL efficiency through the influence of quantum 

confinement effects, with PL spanning the visible and near-IR spectral regions.24 As 

well, owing to silicon’s role as the workhorse material of the microelectronics 

industry, group 14 NCs might allow facile epitaxial incorporation into integrated 

circuits using existing microfabrication techniques.25 
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Many reports thus far have suggested group 14 nanomaterials, notably Si and 

SiC, exhibit minimal toxicity.26 For example, Si has been studied as an attractive 

biomaterial for human in vivo applications because it biodegrades into orthosilicic 

acid (Si(OH)4), which is naturally occurring in numerous tissues and can be easily 

excreted from the body through urine.27 

 For these reasons, group 14 NCs have attracted considerable attention 

within the luminescent semiconductor nanostructures research community. Figure 1-

1 shows the number of scientific publications per year on semiconductor NCs in 

comparison to group 14 NCs and their related porous materials. 
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Figure 1-1: Interest in semiconductor NCs in comparison to group 14 NCs 

and related porous materials, in terms of research publications per year to 2009. 

Data derived from Scopus (accessed May 22, 2011). 

 

Understanding the size-dependent properties of semiconductor NCs is 

facilitated by an appreciation of the common features that they share between 

molecular species (e.g., quasidiscrete, size-dependent energy levels) and bulk 

materials (e.g., broadband absorption, crystalline faceting).28 Therefore, before we 

consider the impact of quantum confinement on group 14 semiconductors, it is 

instructive to first discuss the underlying factors contributing to the similarities and 

differences of molecules, nanomaterials and bulk materials, starting from the atomic 

level. 
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1.2 The electronic structure of group 14 semiconductors 

 In molecular orbital (MO) theory, Group 14 elements have a half-filled 

valence shell (i.e., ns2np2, n = 2, 3, 4 and 5 for C, Si, Ge and Sn), and are therefore 

capable of forming four bonding MOs. As Si, Ge and Sn have much larger radii than 

C, they form much weaker π bonds, preferring to form σ bonds.29 Therefore, in the 

solid state, Si, Ge and α-Sn favor the diamond crystal structure (with exclusively 

tetrahedral σ bonding) while C forms both diamond and planar graphite (with both 

σ and π bonding). 

The driving force for the formation of MOs between two neighboring atoms 

comes from the stabilization of a bonding MO (resulting from the favourable 

increase in electron density between both nuclei), alongside the destabilization of an 

antibonding MO (resulting from the unfavorable decrease in electron density 

between both nuclei).30 This stabilization is proportional to the amount of orbital 

overlap, which depends on the atomic size, orbital symmetry and orbital diffuseness. 

In an extended solid, interaction between neighboring atoms is further stabilized or 

destabilized through secondary bonding or antibonding interactions with other 

orbitals from the surrounding lattice. These interactions produce an ensemble of 

MOs nearly continuous in energy, referred to collectively as a band (Figure 1-2).  

For both molecular and bulk species, their bandgap is defined as a non-zero 

gap in energy between the frontier occupied and unoccupied states. In molecular 

terminology, this is the difference in energy between the highest-occupied MO 

(HOMO) and lowest-unoccupied MO (LUMO). The bandgap of bulk materials 
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(i.e., semiconductors and insulators) corresponds to the difference in energy between 

their valence (occupied) and conduction (unoccupied) bands.  

The bandgap is of fundamental relevance for understanding the 

optoelectronic properties of a given material. It corresponds to the lowest energy of 

light absorption. According to the Pauli exclusion principle, electrons cannot move 

between filled states in the valence band but must be energetically promoted above 

the bandgap to unoccupied states for conduction to occur. Although most molecular 

species have a non-zero bandgap, bulk metals have a negligible difference between 

occupied and unoccupied states and thus present a tiny energetic barrier for electron 

promotion. Metals exhibit very low resistivity as electrons are only loosely bound to 

nuclei (on the order of 10-8 ΩΩ•m). Conversely, bulk semiconductor and insulators 

exhibit intermediate-to-high resistivity resulting from their non-zero bandgap (from 

ca. 10-9 ΩΩ•m to 102 ΩΩ•m for semiconductors and beyond for insulators).31 By 

convention, semiconductors are classified apart from insulators as materials having a 

bandgap equal to or less than ca. 4 eV. 

The bandgap of bulk semiconductors is determined by two factors: bond 

strength and the degree of secondary interactions. Increasing atomic size results in 

poorer orbital overlap and reduced energy stabilization for bonding interactions. 

Orbital diffuseness also increases, leading to a higher degree of secondary interactions 

and so increasing the width of the band (i.e., the energy range of near-continuous 

states). Together, these factors contribute to a decreasing bandgap moving down the 

group. For example, diamond C has a wide bandgap with narrow valence and 

conduction bands stemming from strong orbital overlap and reduced secondary 
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interactions, whereas α-Sn has a very small bandgap with wide valence and 

conduction bands arising from reduced orbital overlap and increased secondary 

interactions. Table 1-1 shows the correlation between atomic size, molecular bond 

strength, lattice constant and bulk bandgap.  
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 Figure 1-2: Molecular orbital model for the band structure of bulk semiconductors. 

Adapted from reference 15. 

 

Table 1-1: Group 14 periodic trends. 
 Covalent 

radius 
(pm)a 

Bond dissociation 
energy (kJ mol-1)b 

Lattice constant 
(Å)c 

Bandgap 
(eV)d 

Carbon 
(diamond, C) 

77 346 3.57 5.5 

Silicon (Si) 118 222 5.43 1.1 
Germanium 

(Ge) 
122 188  5.66 0.7 

Tin (α-Sn) 140 146 6.49 < 0.1 
a Half of the distance between bonded nuclei.32  

b Determined from heats of atomization.30 
c Determined by X-ray diffraction.30 

d Measured at 300 K. 30 
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1.2.1 Band structures 

 As its name implies, MO theory was developed primarily to describe the 

bonding for molecular species. For crystalline solids, it is necessary to employ band 

structure diagrams to more fully describe the complexity of electronic interactions 

extending in three dimensions. 

 In an extended crystalline material, the arrangement of atoms is defined by a 

periodic lattice with a characteristic spacing between repeat units (a lattice 

constant). The translational symmetry of the lattice is well described using the 

terminology of reciprocal space. Reciprocal space is also referred to as momentum 

space or k-space since these terms originate from the de Broglie equations relating a 

particle’s momentum and wave-like properties. Although the reasons for this 

transformation may appear initially non-obvious, it greatly facilitates the depiction of 

electronic band in the solid state. 

For a simplified case, consider a series of atomic orbitals (with wavefunctions 

labeled χn, n = 0, 1, 2, etc.) arranged in an infinite linear chain defined by spacing a. 

These orbitals combine to form a band continuous in energy. It can be shown that 

solutions to the Schrödinger equation for this chain, known as Bloch functions, can 

be written as:33 

  (1-1) 
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where k is an index for the irreducible representations of the system. The k-value 

helps determine if an interaction will be bonding or antibonding. For example, 

consider two contrasting k values, at k = 0 and k = π/a for a chain of s-orbitals: 

 (1-2) 

 At k = 0, the orbitals are all in phase with each other and thus form a low 

energy bonding interaction. Conversely, at k = π/a, all orbitals are out of phase with 

their neighbors and so form a high energy antibonding interaction. The band formed 

will therefore “run” up in energy from k = 0 to k = π/a. In general, the number of k 

values is equal to the number of translations available within the material (for a 

macroscopic crystal, this is very, very large). However, outside the range of |k| values 

of 0 to π/a, solutions repeat themselves. This range of unique k values is termed the 

first Brillouin zone and is the region depicted in band structure diagrams.  

In three dimensions, k values become k vectors, but the principle remains the 

same. A band structure diagram is constructed by considering the energy of each 

Bloch function as a function of k. To simplify the depiction, the band structure 

diagram focuses on certain k vectors of high symmetry and special interest (e.g., the Γ 

point at k = (0,0,0)). The degree of orbital overlap and topology of interaction 

determines the magnitude and direction of change in band energy as a function of k 

(e.g., s or p orbitals with σ- or π-interactions). 
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 Band structures are a very useful tool in understanding the optoelectronic 

properties of group 14 materials. In comparison to other compound 

semiconductors(e.g., CdSe or GaAs) used in LEDs, bulk group 14 semiconductors 

have indirect bandgaps, resulting in very low PL quantum efficiencies; bulk Si has a 

PL quantum yield of ca. 10-5 % at room temperature.34 Figure 1-3 shows a simplified 

comparison of the band structures of Si and zinc blende CdSe, which are indirect 

and direct bandgap semiconductors, respectively.28 Although both materials exhibit 

similar diamond-type symmetry, the lowest energy transition for CdSe occurs 

vertically at the Γ point whereas for Si the transition occurs from the Γ-point to the 

region marked * near the Χ (k = (1,0,0)π/a) point. In Si, the top of the valence band 

and bottom of the conduction band lie in different regions of k-space. Recall, k is 

related to momentum; in accordance with the principles of conservation of 

momentum, a transition between these states is dipole-forbidden. Participation of a 

phonon (a lattice vibration) must compensate for this change in momentum. This 

three-body transition has a much lower probability of than that of the direct 

transition (e.g., for CdSe), approximately a factor of 1000.28  
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Figure 1-3: A comparison of band structures of CdSe (direct bandgap, top) and Si 

(indirect bandgap, bottom) in the Γ to Χ regions of k-space, with a simplified 

depiction of the associated bonding interactions. Figure adapted from reference 28. 
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The indirect bandgap exhibited by group 14 semiconductors has several 

important implications. First, the low transition probability results in very long (~µs 

to ms) excited state lifetimes, during which the excited charge carriers can migrate 

over very long distances, inviting nonradiative pathways to dominate relaxation (e.g., 

Auger or defect-mediated recombination).35 Second, the absorption probability is 

also very low; absorption cross-sections of indirect bandgap materials are 100 times 

lower than their direct bandgap cousins. Finally, in a direct bandgap semiconductor, 

the transitions are fundamentally electronic, with weak sidebands arising from 

vibrational coupling. Only a small number of transitions are strongly allowed, 

resulting in an absorption spectrum exhibiting information-rich structure. In an 

indirect bandgap semiconductor, all electronic transitions are weakly allowed 

through vibrational (phonon) coupling, resulting in a congested, featureless 

absorption spectrum (Figure 1-4). 
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Figure 1-4: a) Comparison of transitions in direct and indirect semiconductors, 

showing a small number of strongly allowed transitions for the direct case, and a 

large number of weakly allowed transitions for the indirect case. b) Resulting 

qualitative absorption spectra, with the indirect semiconductor exhibiting featureless 

absorption with a much lower absorption cross-section than the direct 

semiconductor. Figure adapted from reference 28. 
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A plot of density of states (DOS) as a function of energy depicts the 

distribution of electrons across bands, analogous to MO diagrams (a DOS diagram is 

shown pictorially in Figure 1-5). In the DOS, the energy level separating occupied 

and unoccupied states (at absolute zero when no thermal energy is available for 

electron movement) is termed the Fermi level. For metals, the Fermi level occurs in 

the middle of a band, with a negligible energy barrier for electrons to access 

unoccupied conductive states. For semiconductors and insulators the Fermi level lies 

between the filled valence and empty conduction states (i.e., in the bandgap).  

The DOS of bands is not uniform throughout their entire width; rather, it is 

densest in the centre of the band. For nanomaterials, their reduced size (and thus 

reduced number of orbitals available to participate in delocalized bonding) leads to a 

“thinning” of the DOS. As a function of decreasing size, when the difference between 

energy levels within the bands is greater than the thermal energy available for 

intraband charge carrier promotion (i.e., kbT, approximately 26 meV at 300 K), the 

energy levels of the material will become quasidiscrete.28  

Because the DOS is sparsest at band edges, DOS thinning in semiconducting 

nanomaterials narrows the bands, leading to a strong modulation in bandgap as a 

function of size. Conversely, metallic nanostructures, whose Fermi level lies at the 

centre of the band (where thinning is of minimal impact), exhibit bulk-like 

optoelectronic properties, even down to very small sizes. 
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Figure 1-5: Simplified schematic of a Density of States (DOS) versus energy diagram 

as a function of size in the bulk, nanocrystalline and molecular limit for 

semiconductors (a) and metals (b). Adapted from reference 28. 
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1.2.2 Dominant factors contributing towards intense PL from group 14 

nanostructures 

Having established the basis for key differences between group 14 

nanocrystals and other nanomaterials, let us now summarize the dominant factors of 

quantum confinement suggested to produce the dramatic increase in PL quantum 

yield efficiency for these materials: 

1. Bandgap widening: As discussed above, when a reduction in size to the 

nanoscale leads to an increase in spacing between energy levels near the 

Fermi level beyond kbT, semiconductors will undergo bandgap widening, 

thus leading to a blue shifting in their PL with decreasing size. 

2. Increased exciton binding energy: When an electron is promoted from the 

valence band to the conduction band, it leaves behind a vacant state with 

positive charge, referred to as a hole (analogous to a bubble of air in an 

otherwise full glass of water).36 The electron and hole pair, classified as an 

exciton, are electrostatically attracted to each other (with a characteristic 

binding energy on the order of meV) but are prevented from immediate 

recombination through dielectric screening from the surrounding lattice 

atoms. This balance of forces leads to a characteristic physical separation 

between the electron and hole, known as the Bohr exciton radius, with 

typical distances for inorganic semiconductors ranging from 1-50 nm.37 

For bulk Si, excitons have a binding energy of 14 meV and a Bohr exciton 

radius of ca. 5 nm.35 Within a nanocrystal smaller than the Bohr exciton 

radius, the electron and hole become spatially confined and so experience 
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a greater binding energy. This effect scales approximately inversely with 

nanocrystal diameter.37 The increased binding energy increases the 

probability of exciton recombination, leading to a corresponding increase 

in PL quantum yield. For direct bandgap nanocrystals, this is thought to 

be the dominant factor in the increased quantum yields. 

3. Relaxation of the indirect selection rule: As described above, the indirect 

bandgap of group 14 bulk semiconductors severely lowers their PL 

quantum yields because radiative recombination requires phonon 

assistance. Nanoparticles consisting of only a few unit cells might lack the 

translational symmetry that give rise to the selection rules governing the 

indirect bandgap. It has been suggested group 14 NCs could exhibit direct 

bandgap PL (e.g., with a much faster radiative rate). Such an observation 

would be of enormous technological significance, as group 14 

nanostructures could be easily incorporated as the emissive material into 

existing Si-based microelectronics. Although some research on extremely 

small Si-NCs (less than ca. 1 nm) has suggested the emergence of direct 

bandgap behaviour,38 the majority of reports of nanostructured Si PL in 

the near-IR and visible spectral regions have shown millisecond to 

microsecond PL lifetimes, characteristic of an indirect bandgap.39 This 

suggests that vestiges of translational symmetry persist in nanocrystals 

down to very small sizes, and the selection rule still holds for radiative 

recombination. 
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4. Removal of nonradiative pathways: In bulk Si, the long excited state lifetimes 

arising from the indirect bandgap and relatively low exciton binding energy 

mean the electron and hole are easily separated and travel macroscopic 

distances before recombination occurs. As a result, the probability of each 

charge carrier encountering a nonradiative trap (e.g., defects at grain 

boundaries or other charge carriers resulting in Auger recombination) is 

high. Confinement of the exciton within a nanocrystal greatly suppresses 

these pathways as the volume over which the carriers can move is 

correspondingly reduced. Therefore, it has been suggested that the 

dramatic increase in PL quantum yield does not originate from an 

enhanced exciton binding energy or relaxation of the selection rule, but 

rather a consequence of the barriers to carrier mobility suppressing 

nonradiative recombination.35 Furthermore, the very high number of 

surface atoms within a nanocrystal and their increased probability over 

core atoms to contain electronically active defects (vide infra) implies that 

the effective passivation of indirect bandgap group 14 NCs must be a 

primary goal for the realization of high PL quantum yields. 
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1.3 Surface chemistry of group 14 materials 

 The surfaces of nanomaterials necessarily play a fundamental role in the 

realization of their size-dependent properties. The fraction of surface atoms has been 

estimated for a spherical nanoparticle (containing ca. 100- 10,000 atoms) to increase 

from less than 10% for a 20 nm particle up to ca. 50% for a 3 nm particle.40 These 

surface atoms are often highly reactive through coordinative unsaturation.41 In 

semiconductor NCs, strained or unsaturated surface atoms can represent 

electronically active defects which can impede the movement of charge carriers, 

resulting in a decrease in the radiative quantum yield (through competitive non-

radiative pathways) and a red shift of the PL away from the quantum-confined 

bandgap emission.42 Thus, effective surface passivation is a foremost consideration 

for the fundamental study and technological application of their size-dependent 

optoelectronic properties.  

 Freestanding nanocrystals requiring colloidal dispersibility must also be 

stabilized against sedimentation and agglomeration through the formation of 

attractive intermolecular interactions (e.g., electrostatic or van der Waals forces) 

with surrounding solvent molecules. Stabilization is frequently accomplished through 

the use of sterically bulky organic surface ligands to confer solubility in organic 

solvents. However, the large size of these ligands, which helps colloidally stabilize 

the particle, also constrains their ability to fully passivate the densely packed surface 

atoms (vide infra). As well, in many envisioned applications of group 14 

nanostructures, their surface chemistry must also be amenable toward derivatization 

to attach further functionalities (e.g., biomolecules for sensing or labeling43).  
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Understanding the arrangement of atoms at the nanoparticle surface is the 

first step in developing a successful strategy for the realization of freestanding, well-

passivated NCs with superior colloidal stability and amenability toward further 

derivatization. In classic nucleation theory, nanoparticle nucleation and growth are 

governed by a balance between increasing the nanoparticle volume 

(thermodynamically favorable) and increasing the nanoparticle surface area 

(thermodynamically unfavorable).44 A pseudospherical morphology is often observed 

because this minimizes the particle surface area (and by extension number of 

reactive, unsaturated surface atoms). Conversely, when nanoparticle growth occurs 

under conditions sufficient for crystallization (e.g., high temperatures enhancing 

atomic mobility for crystalline rearrangement), the resulting nanocrystals form 

faceted surfaces corresponding to their crystallographic planes with the densest 

packing of atoms.45 This also minimizes surface energy by minimizing surface 

tension.  

Figure 1-6 shows a depiction of a diamond-type crystal cleaved along its 

commonly encountered low-index crystal faces (labeled with their Miller indices). 

Within the “normal” (111) plane (i.e., assuming no rearrangement of surface atoms 

has taken place), each surface atom has three σ-bonds to atoms in the second layer, 

with one bond perpendicular to the surface. The (100) and (110) planes contain 

surface atoms with two σ-bonds to atoms in the second layer, presenting two bonds 

away from the surface in tetrahedral geometry.46 
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Figure 1-6: a) A Diamond-structured crystal cleaved along the (111) (red), (100) 

(green) and (110) (blue) planes. b) Top view of each plane. c) Oblique view of the 

(111) and (100) planes showing their different bonding motifs. 
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  Of the bulk group 14 elements, Si has by far the best understood surface 

chemistry, owing to its critical importance in the microelectronics industry. 

Passivation of surface species that might hinder charge carrier mobility (e.g., dangling 

bonds) is of the utmost importance in the fabrication of high quality integrated 

circuits, and is frequently carried out via etching and oxidation processing to yield an 

insulating oxide surface layer.47  

Si oxide species are readily etched in aqueous hydrofluoric acid (HF) 

solutions to form gaseous and water-soluble silicon fluoride species with overall 

stoichiometry of: 

 SiO2 + 6HF(aq) → H2SiF6 (aq) + 2 H2O   

SiO2 + 4HF(aq) → SiF4 (g) + 2 H2O 

 

The driving force for this reaction is the formation of very strong Si-F bonds 

(582 kJ mol-1).48 However, owing to the high polarity of this bond (i.e., δ+Si-Fδ-), Si-

F surface species are kinetically very labile, as the formation of one Si-F bond invites 

further nucleophilic attack from fluoride species, liberating H2SiF6 and SiF4. 

Therefore, Si surfaces exposed by HF etching of oxides are hydride-terminated. Si 

(111) surfaces are dominated by monohydride (Si-H) species, whereas dihydride 

species (Si-H2) are typically encountered for Si (100) and (110) surfaces resulting 

from their bonding motifs discussed above in Figure 1-6c.  

Further etching of the Si surface after oxide removal is generally 

accomplished through the addition of an oxidizing agent and subsequent facile 
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removal of the resulting oxide species. For example, the overall reaction for etching 

with nitric acid (HNO3) is: 

Si + HNO3 (aq) + 6HF(aq) → H2SiF6 (aq) + HNO2 (aq) + H2 (g) + H2O  

 

 Oxidation-mediated etching of the Si surface can also occur by hydroxide 

(OH-) ions. However, under alkaline conditions, this etching process can be 

anisotropic, resulting in the preferential formation of (111) facets. As (111) surface 

atoms have three bonds to other Si atoms that do not polarize the surface atoms 

towards further nucleophilic attack, these planes are slower to react than other facets 

(e.g., the (100) plane with two Si-Si bonds). Similarly, etching (111) surfaces using 

buffered HF solutions produces atomically flat monohydride surfaces with 

remarkably low defect densities (about 1 electronically active defect per 40,000,000 

surface atoms).49 Conversely, etching (100) surfaces under the same conditions leads 

to “roughening” of the surface as (111)-like facets are developed, resulting in a 

complex mixture of hydride species.50  

 Hydride termination is metastable under ambient conditions, oxidizing to 

give a ca. 3 nm thick oxide layer riddled with electronically active defects. 51 It is 

unsuited for use as a robust passivation method for microelectronic devices. Instead, 

deliberate thermal growth of a thin layer of amorphous SiO2 on Si surfaces can 

provide excellent chemical stability and low defect density, greatly enabling the use 

of Si over other semiconductors in integrated circuits. Although Ge exhibits 

favorable electronic properties that attracted much interest during the early years of 
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semiconductor electronics,52 the Ge-GeO2 interface is plagued by roughness, high 

concentration of defects, and chemical instability.53, 54  

Thermal oxidation of bulk Si surfaces is typically carried out by heating at 

700-1200°C in the presence of water vapor or molecular oxygen. This process is 

limited by the diffusivity of Si through SiO2, and therefore occurs at the Si/SiO2 

interface (importantly, away from any impurities at the substrate surface). The 

amount of Si consumed is about 44% of the final oxide thickness. Through careful 

control of processing conditions, thermal oxidation achieves the rigorous levels of 

perfection demanded for transistors and other electronic devices (i.e., less than about 

1 defect in 5000 atoms for a 15 nm thick oxide layer).47 

 However, Si oxide passivation has some drawbacks that limit its applicability 

for certain uses. For example, its insulating nature impedes direct electronic 

communication between the Si substrate and surface species (e.g., as required for a 

Si-based photoelectrode for water splitting).55, 56 Although further derivatization of 

the oxide interface (as demanded by certain applications of group 14 nanostructures) 

is achievable through hydrolysis and condensation of chloro- and alkoxysilanes (i.e., 

RSiCl3 and RSi(OR’)3, R and R’= alkyl), the resulting Si-O bonds are susceptible to 

hydrolysis, especially under basic conditions or elevated temperatures.43 For 

luminescent Si nanostructures, oxidation has been correlated with changes to the 

desired optoelectronic properties, including a significant reduction in PL quantum 

yield.57-59 As well, melting point suppression of Si nanostructures limits the 

processing temperature at which thermal oxidation might be carried out.60 
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Therefore, surface chemists have explored a variety of alternate passivation methods 

for group 14 surfaces, both bulk and nanostructured.  

In particular, exploration of the wide variety of organometallic reactions 

developed for molecular silane and germane species has proven fruitful.61 Overall, the 

key differences between Si surfaces and molecular silanes are thought to be the large 

steric encumbrance of the lattice-locked atoms, and the availability of delocalized 

low-energy orbitals which can stabilize reactive intermediates.62, 63 As will be 

discussed throughout this thesis, these considerations can substantially influence the 

reaction pathway and resulting surface coverage, and in some cases lead to the 

observation of unique reactivity. 

Passivation methods centered on the formation of a Si-C surface bond have 

drawn considerable attention because Si-C bonds are thermodynamically and 

kinetically stable, (with a bond strength of 369 kJ mol-1 and a relatively small 

difference in electronegativity, 1.9 for Si versus 2.55 for C on the Pauling scale).64 

Hydrosilylation of hydride-terminated surfaces (reacting with the unsaturated bond 

of an alkene or alkyne) is the best-studied Si-C formation process, drawing from 

decades of study on molecular substrates.  

  The first report of hydrosilylation of a bulk Si (111) surface using terminal 

alkenes by Chidsey et al. utilized a diacyl peroxide radical initiator,65 on the basis of 

the radical mechanism proposed for hydrosilylation of tris(trimethylsilyl)silane by 

Chatgilialoglu and coworkers.66 This initial observation sparked much interest in 

hydrosilylation of Si surfaces, and was quickly followed by reports that demonstrated 

monolayer formation using a variety of methods to initiate reaction.61 
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Hydrosilylation has also been demonstrated as an effective functionalization method 

for porous Si,61 freestanding Si-NCs67 and Si nanowires.68 The reaction can be 

initiated catalytically (e.g., with transition metal complexes widely utilized for 

reaction of molecular silanes, or using Lewis acids), or spontaneously under 

photochemical and thermal conditions.43 These reactions carried out in the absence 

of any chemical initiators are of particular interest, because they minimize post-

reaction processing and purification, and avoid by-products or impurities that might 

hinder effective passivation. For example, the use of Wilkinson’s catalyst 

(RhCl(PPh)3, a well-known molecular hydrosilylation catalyst) to catalyze 

hydrosilylation on porous Si surfaces has been observed to lead to PL quenching and 

deposition of a metallic film,69 likely through a galvanic displacement process.70 

 Hydrosilylation with ω-substituted olefins (e.g., undecylenic acid) produces 

well-ordered monolayers, presenting the possibility for further surface derivitization 

(e.g., coupling the resulting carboxylic acid surface groups to amines through 

carbodiimide coupling).43 However, it is worth noting that several functional groups 

can compete with the unsaturated olefin bond for addition to the Si surface, 

resulting in disrupted packing and poorer passivation. For instance, aldehydes can 

also undergo hydrosilylation chemistry, resulting in a Si-OC surface bond.71, 72 

Reports of Si-C passivation through hydrosilylation have demonstrated the 

robust nature of the resulting surfaces under a variety of harmful conditions which 

rapidly degrade hydride-terminated surfaces, including immersion in acidic and basic 

aqueous solutions, boiling aerated chloroform, concentrated HF solutions and steam 
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treatment.61 Conversely, Si-OC tethered species (formed using hydrosilylation with 

aldehydes) are susceptible towards HF attack.71  

 Other methods to introduce alkyl and aryl surface species through the 

formation of Si-C bonds include electrochemical grafting of diazonium salts or 

alkynes, or through derivatization of a reactive halogenated surface.43 Notably, 

Lewis’ group has investigated Si-C bond formation on bulk Si surfaces through 

methylation via a two-step chlorination/alkylation process.73 Photoconductivity 

measurements of these surfaces have demonstrated that the modification procedure 

introduces extremely few defects, as low as about 1 for every 1,000,000 surface 

atoms, and is very stable, maintaining this high degree of electronic passivation over 

months of operation under ambient conditions. This stability is attributed to the 

high degree of surface coverage afforded by the methylation, as the minimal steric 

footprint of a methyl group (i.e., a van der Waals radius of 2.5 Å versus 3.8 Å 

separation between adjacent Si(111) surface atoms) facilitates well-ordered, near-

complete monolayer formation. In comparison, estimation of the surface coverage of 

alkyl monolayers on bulk Si surfaces prepared by hydrosilylation is lower, ranging 

from ca. 30-50% because of the increased steric bulk of the alkyl chains (i.e., ethyl or 

larger, with a methylene van der Waals radius of 4.5Å). Photoconductivity 

measurements of a Si(111) surface functionalized with 1-hexene by Lewis acid 

catalysis estimated the initial number of defects at approximately 1 for every 13,000 

surface atoms.74 However, this value increased to 1 for every 4,300 surface atoms 

after 24 h of exposure to ambient conditions, consistent with a lower degree of 

surface coverage because of steric considerations. It is important to note methylation 
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does not allow any further derivatization of the surface and likely unable to 

colloidially stabilize freestanding nanostructures against aggregation. Depending on 

the desired application, the favorable ordered packing of longer alkyl chains within 

monolayers might provide adequate protection against oxidation to compensate for a 

lower degree of surface coverage.75 

 Efforts towards the modification of other group 14 surfaces have largely 

followed the example set for Si. Hydrogermylation on hydride-terminated Ge 

surfaces has been carried out using Lewis acid catalysis, thermal or photochemical 

initiation, lending increased stability to the modified Ge surfaces.76 Interestingly, Ge-

Hx species were observed to exhibit increased kinetic lability than the corresponding 

Si-Hx analogues, stemming from the increased diffuseness of Ge 4sp3 bonding 

orbitals. Reports on the surface modification of SixGe1-x systems have remained 

sparse; the vast majority of reports are on porous or oxide-embedded nanostructures 

(vide infra),77 and rely on the as-prepared hydride- and oxide-termination. 

Freestanding SixGe1-x NCs have been functionalized through a thermal 

hydrosilylation/hydrogermylation.78 
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1.4 Preparation of group 14 NCs  

When considering the substantial breadth of synthetic approaches reported 

for group 14 NCs, it is important to take into account their differences in 

morphology, composition, polydispersity, surface chemistry, etc. in evaluating their 

size-dependent optoelectronic properties, chemical reactivity, or toxicity effects. 

Although porous Si has played an enormous role in helping establish many 

fundamental size-dependent properties of nanostructured Si, its use as a synthetic 

route to luminescent Si-NCs since been largely superseded by other methods offering 

improvements in polydispersity, scale and the desired optoelectronic properties.  

Solution-based colloidal syntheses, extremely effective for scalable 

production of highly crystalline, near-monodisperse, II-VI, IV-VI and III-V NCs,79, 

80 have been explored for Si- and Ge-NCs, starting with the solvothermal reductions 

developed by Heath et al.81, 82 Other methods building upon this work have explored 

other precursors and reducing methods, yielding improvements in yield, size control, 

shape and surface chemistry.67 However, reports of group 14 NC solution methods 

demonstrating PL spanning the visible and near-IR spectral regions have remained 

relatively rare in the literature.83-85 This has been attributed to the high 

crystallization temperatures associated with the directional covalent bonds in these 

materials.86, 87  

 Gas phase methods hold noteworthy potential, first being investigated with 

studies of aerosol pyrolysis of disilane by Brus’ group.35, 39, 88 More recently, laser89 

and non-thermal plasma pyrolysis of silane and germane,90 by the groups of Swihart 

and Kortshagen have demonstrated large-scale production of size-controlled NCs 
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with very attractive PL properties, including silicon nanocrystals with ensemble 

quantum yields of 60%, the highest reported to date.91 

 

1.4.1 Oxide-embedded group 14 NCs 

Considerable attention has also been given to oxide-embedded group 14 

NCs, the family of materials to which the materials studied in the present thesis 

belong. These have attracted attention in particular for their potential in 

photonics25, 92 and non-volatile memory applications.93, 94 These materials are often 

prepared through the thermal processing of non-stoichiometric oxides with empirical 

compositions of MOx (0≤ x≤ 2) where M is a group 14 element. MOx precursors are 

generally prepared by physical methods including ion implantation, evaporation, 

chemical vapor deposition, molecular beam epitaxy and cosputtering. Oxide-

embedded Si-NCs,95-98 Ge-NCs99-101 and Si1-xGex alloy NCs102-106 have been prepared 

in this manner. Owing to their relative thermodynamic instability, thermal 

processing causes these intermediate oxides to undergo disproportionation into 

elemental and fully oxidized species, providing a source for elemental group 14 atoms 

for NC nucleation and growth. The average diameter of the NCs can be controlled 

through changes to the composition (x) and processing temperature.107 

 The versatility of this approach for oxide-embedded group 14 NCs can be 

extended through the use of sol-gel derived polymers with MOx composition.108 The 

sol-gel chemistry of group 14 elements has been extensively studied.109 At its 

foundation, it is based on hydrolysis and condensation reactions of RnM(OR’)4-n and 

RnMCl4-n species to give polymers with RxMO2-x stoichiometry (e.g., silicates, 
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polysiloxanes and silsesquioxanes). Through judicious choice of the reaction 

conditions, including the pH at which the reactions are performed (i.e., acid- or 

base-catalysis), the amount of solvent, use of additives such as surfactants, 

temperature, and drying process, sol-gel chemistry can yield a range of morphologies, 

including fibers and monoliths, aero- and xerogels, porous materials, thin films or 

colloidal spherical particles. Through straightforward compositional tailoring, sol-gel 

polymers with RMO1.5 stoichiometry (e.g., HSiO1.5) can be prepared, and under 

analogous thermal processing to the physical methods described above, yield oxide-

embedded group 14 NCs with controlled size. SiO2-embedded Si-NCs, SiC-NCs, 

SixGe-NCs, and GeO2-embedded Ge-NCs have been prepared in this manner.108, 110 

 For the purposes of this thesis, the thermal processing of hydrogen 

silsesquioxane (HSQ, structure shown in Figure 1-7) can be used to prepare large 

quantities (i.e., grams per batch) of Si- and SixGe1-x-NCs with promising 

optoelectronic properties. HSQ, an oligomeric silsesquioxane, has received 

substantial attention for its use as a spin-on dielectric in the microelectronics 

industry. Thermal curing of HSQ in an oxidizing atmosphere has been thoroughly 

investigated, noting collapse of the molecular cage structure, releasing SiH4, and can 

be tailored to produce high purity quartz.111 

 As shown in Figure 1-7, heating HSQ at temperatures ranging from 900-

1400°C gives broad, diamond-type Si X-ray powder diffraction (XRD) reflections, 

growing sharper and more intense as the temperature increases.112 Scherrer analysis 

of the diffraction peaks in samples processed at 1100-1400°C suggested an increase 
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in NC size from ca. 4 to 14 nm. The oxide composites exhibit PL that red shifts with 

increasing processing temperature from ca. 700 to 925 nm.113 

 

Figure 1-7: a) The cage structure of hydrogen silsesquioxane (HSQ). b) XRD 

patterns of HSQ processed from 1100-1400°C under 5% H2/ 95% Ar. The 

characteristic diamond-type reflections are noted. C) PL spectra of oxide-embedded 

Si-NCs derived from HSQ processed from 900-1400°C (λex = 325 nm). Adapted 

from reference 110. 

 

1.4.2 Liberation of freestanding group 14 NCs  

 Much of the work described in this thesis is centered around the properties 

of freestanding NCs. The scalability of HSQ makes it well-suited for this purpose, as 

etching of the oxide matrix can be achieved through the use of hydrofluoric acid 

(HF) etching, yielding hydride-terminated Si-NCs112 isolated by extraction with a 
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hydrophobic solvent. As shown in Figure 1-8, these Si-NCs exhibit PL in the visible 

region of the electromagnetic spectrum, blue shifting from red to green with etching 

time, consistent with a reduction in NC size influencing the PL through quantum 

confinement effects described above. 

 

 

Figure 1-8: PL spectra of freestanding hydride-terminated Si-NCs obtained through 

HF etching of HSQ-derived oxide composite (λex = 325 nm). Adapted from 

reference 110. 

 

1.4.3 Synthesis of SixGe1-x-NCs 

 Compositional modification of group 14 NCs has drawn considerable 

research interest, mainly toward the formation of SixGe1-x alloy NCs. Silicon and 

germanium form a continuous solid solution throughout the entire compositional 

range, and thus the alloy bandgap energy may be tuned by changing the Si:Ge ratio 

(in the bulk, this ranges from 0.66 eV to 1.1 eV).  

Unlike the 1:1 ordered composition observed for crystalline SiC, crystalline 

Si-Ge mixtures adopt a random statistical alloy. This difference can be understood in 
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terms of a balance between enthalpy and entropy; unlike Si-Ge bonds, bulk Si-C 

bonds are stronger than the average of bulk Si-Si and C-C bonds.114 Furthermore, Si 

and Ge have similar atomic radii, whereas Si and C do not (Table 1-1), and so 

macroscopic strain that might be induced via the formation of Si-Si and Ge-Ge 

species is minimized. Therefore, although it is enthalpically favorable for crystalline 

Si to form regular SiC4 and CSi4 tetrahedra, entropic considerations favor the 

formation of a SixGe1-x solid state solution. 

 Preparation of SixGe1-x alloy nanostructures has followed closely behind that 

of Si nanostructures. Reports of porous SixGe1-x prepared by anodic etching of thin 

films (formed at the desired composition by chemical vapor deposition) have shown 

efficient room temperature PL.77 Physical methods including evaporation, 

magnetron co-sputtering and molecular beam epitaxy followed by high temperature 

annealing have been used in the preparation of thin films of oxide-embedded SixGe1-x 

NCs. Non-thermal plasma pyrolysis of mixtures of silane and germane gases has also 

received attention in the preparation of freestanding SixGe1-x NCs.78 
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1.5 Synchrotron radiation and its use in X-ray absorption spectroscopy (XAS)  

 When charged particles are accelerated in a circular orbit to relativistic 

energies (close to the speed of light), they emit electromagnetic radiation at a 

tangent to their orbit. Because the discovery of this phenomenon was made at a 

synchrotron (a cyclic accelerator that uses synchronized electric and magnetic fields 

to accelerate and circulate particles) by researchers at General Electric laboratories 

in 1947,115 this is known as synchrotron radiation. Although originally thought to be 

a nuisance for the purposes of high-energy particle physics, synchrotron radiation has 

unique properties that make it an ideal light source for many areas of research 

because of its intrinsic brilliance (photons/second/area) over conventional sources 

(104 to 1012 times depending on the desired wavelength), tunable nature (ranging in 

energy from a few meV to hundreds of thousands of eV), high degree of collimation, 

coherent polarization, and pulsed structure (arising from the nature of the 

accelerating electric field).116 Synchrotron radiation has proven useful for a diverse 

range of scientific experiments. For instance, it has spurred considerable advances in 

the field of protein crystallography through significant gains in diffraction intensity, 

such that virtually all publications rely on synchrotron radiation.117 

 The maximum energy of the emitted radiation depends on the energy of the 

accelerated particles. For an electron, this can be expressed as 

    (1-3) 

where ΔE is the range of energies in keV, E is the energy of electrons in GeV and ρ is 

the radius of orbit in m.116 Modern synchrotrons operate at energies on the order of 
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2-8 GeV; the Canadian Light Source (CLS) synchrotron operates at 2.9 GeV with a 

storage ring radius of 27 m, giving an energy range of ca. 232 keV. 

 

1.5.1 X-ray absorption spectroscopy (XAS) 

X-ray absorption spectroscopy (XAS) greatly benefits from the use of 

synchrotron radiation and its history closely follows the development of modern 

synchrotron facilities to today, where it is a versatile and powerful tool for 

characterizing the local and extended chemical environment in a wide variety of 

samples. XAS encompasses several related techniques, namely near-edge X-ray 

absorption fine structure (NEXAFS, also referred to as X-ray absorption near-edge 

spectroscopy, XANES, depending on the X-ray energies examined) and extended X-

ray absorption fine structure (EXAFS).118 The versatility of XAS lies in its elemental 

selectivity, high sensitivity through the use of synchrotron radiation, and wide 

tolerance of samples (e.g., amorphous solids, gases and solutions).  

During the XAS experiment, X-rays are tuned in energy to the threshold of 

exciting a core electron for a particular element into a unoccupied (bonding) or 

continuum state. X-ray absorption can be recorded either through measuring the 

transmission of X-rays through the sample (analogous to UV-vis spectroscopy, 

following the Beer-Lambert law), or by the various relaxation pathways available to 

the excited atom (e.g., X-ray fluorescence, visible luminescence or Auger, secondary 

or photo-electron emission), as a function of incident X-ray energy.118 The excitation 

follows dipole selection rules, i.e., Δ∆l = ±1 (e.g., Si 2p → Si 3s and 3d).  
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NEXAFS/XANES experiments study X-ray energies close to the absorption 

threshold (i.e., transitions from core states to bonding orbitals just above the Fermi 

level). The energy of these transitions are sensitive to the absorbing atom’s oxidation 

state, coordination environment as well as the local partial density of unoccupied 

states (LPDOS). The sharp increase in absorption cross-section at the threshold is 

called an “edge”. As the incident X-ray energy increases (past the region typically 

studied in NEXAFS into EXAFS territory), core electrons are ejected from the atom 

as photoelectrons. These photoelectrons can undergo backscattering from 

neighboring atoms. The wave-like interaction of outgoing and backscattered 

photoelectrons produces a pattern of constructive and destructive interference 

characteristic of the local environment (e.g., interatomic distances, coordination 

number and next nearest neighbor). The XAS experiment is depicted schematically 

in Figure 1-9. 
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Figure 1-9: a) Depiction of the XAS experiment: Excitation by an incident 

X-ray (step 1, blue trace) creates a core hole, rapidly filled by electrons from outer 

shells, relaxing via X-ray fluorescence (FLY, step 2, purple trace) or Auger electron 

emission (not pictured). Relaxation eventually leads to the formation of a valence 

hole, which can stimulate visible luminescence (XEOL/PLY, step 3, green trace). b) 

Resulting FLY XAS spectra, illustrating the NEXAFS/XANES and EXAFS regions. 
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The absorption edge for a given element’s core shell can range in energy from 

soft (~<2 keV) to hard (~>2 keV) X-rays, increasing with atomic number Z and 

decreasing with principal quantum number n. Because soft X-rays are strongly 

attenuated in air, the XAS experiments performed in this thesis were carried out 

under vacuum. As well, although hard X-ray XAS is typically recorded using 

straightforward transmittance measurements, soft X-ray fluorescence yield (FLY) and 

total electron yield (TEY) detectors are employed to overcome the limited 

penetration depth of soft X-rays. These detection methods also impart surface 

sensitivity to XAS because the escape depth of electron is very shallow, increasing as 

a function of energy (as low as a few nm for Auger electron emission under 100 eV 

excitation). 

 

1.5.2 X-ray excited optical luminescence (XEOL) 

 XAS is also a valuable characterization technique for the study of 

luminescent materials. X-ray excitation in these samples will cause emission as the 

excited state core hole will rapidly relax through X-ray fluorescence and electron 

emission processes until it recombines with the excited electron at a transition in the 

visible region of the electromagnetic spectrum. By integrating the intensity of visible 

luminescence as a function of X-ray incident energy, the oxidation state and 

coordination number of the emissive species can be determined. This experiment is 

referred to as X-ray excited optical luminescence (XEOL), or PL yield (PLY). This 

experiment is analogous to acquiring an excitation spectrum in fluorescence 

spectroscopy, with the added benefit of chemical specificity owing to the use of X-
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rays rather than visible photons as an excitation source. Visible photons have a 

greater escape depth than X-rays or electrons, and therefore XEOL is considered a 

bulk-sensitive technique. 

 The utility of XEOL in characterizing nanostructured Si was first 

demonstrated by Sham’s group in the study of porous Si.119 As mentioned above, 

after Canham reported visible luminescence from porous Si, several competing 

theories on the origin of luminescence quickly arose. In particular, it was proposed 

the observed PL might arise from siloxene, a molecular species (Si6O3H6) that might 

form during anodization. By comparing the TEY and PLY spectra of porous Si with 

crystalline Si and siloxene, it was conclusively demonstrated the origin of porous Si 

luminescence was different from that of siloxene. 

 There are several caveats in interpreting XAS and XEOL spectra. First, as 

soft X-rays are strongly attenuated, FLY detection can be hampered by reabsorption 

of the fluorescent X-rays, limiting quantitative interpretation. Self-absorption  can 

sometimes be avoided through preparation of a “thin” sample (with thickness less 

than 3 times the X-ray attenuation length), although for soft X-rays this is usually 

impractical.118 Conversely, TEY detection (measured through the current needed to 

maintain a neutral sample) is often unsuitable for study of insulating materials 

because of charging effects but is less susceptible to self-absorption. Ongoing 

development in XAS detection through the use of inverted partial fluorescence yield 

(IPFY) may hold promise to avoid these issues.120  

 For PLY detection, relaxation of the excited core hole occurs on a much 

faster timescale than luminescence, during which the excited state can migrate from 
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the absorbing species to any luminescent species, potentially resulting in a loss of 

site-specificity.121 As well, PLY spectra can sometimes be distorted through “edge-

inversion” effects, arising through competition for X-ray absorption between 

luminescent and non-luminescent species, where an increase in absorption cross-

section of the non-luminescent species decreases the effective absorption cross-

section from the luminescent species, resulting in a decrease in PLY intensity 

unrelated to chemical environment.  

 

  



 

  45 

1.6 Thesis Outline 

 This thesis investigates the optoelectronic properties of Si and SixGe1-x NCs 

derived from the thermal processing of HSQ. In many anticipated applications of 

group 14 NCs, the surface chemistry of these materials must be tailored for colloidal 

dispersibility in different solvents (e.g., aqueous media for biological sensing 

applications), as well as effective electronic passivation, particularly with regards to 

resilience against oxidation (leading to a significant shift and/or loss of quantum 

confined properties). Throughout the thesis, the use of hydrosilylation to accomplish 

these goals will be critically evaluated in light of both the wide range of applications 

currently being studied for these materials and their fundamental properties.  

Chapter 2 presents the use of near-UV light to initiate hydrosilylation of Si-

NCs exhibiting size-dependent PL in the visible spectral region using a range of 

alkenes and alkynes. The near-UV light used to initiate hydrosilylation corresponds 

to a region of direct-gap light absorption by Si-NCs, and so effectively stimulates 

exciton formation. This increased absorption coefficient may be a useful 

consideration in light of the exciton-mediated mechanism proposed for this process. 

The Si-NC PL was monitored in situ in order to better understand the impact of the 

changing surface chemistry during the reaction. 

In Chapter 3, the use of near-UV hydrosilylation to functionalize larger Si-

NCs with PL in the near-IR is evaluated in comparison to thermal initiation. Larger 

Si-NCs reacted at a slower rate under near-UV conditions using PL and small-angle 

X-ray scattering, consistent with an exciton-mediated process instead of a radical 

homolysis based mechanism. A mixture of Si-NC sizes could be partially separated 
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based on their reactivity towards near-UV hydrosilylation. Interestingly, the size-

dependent reactivity was observed in reaction with phenylacetylene, an alkyne 

previously thought incompatible with the exciton-mediated mechanism proposed for 

Si-NCs. 

Chapter 4 describes an investigation into the HF etching of HSQ-derived 

oxide-embedded Si-NC composites. By adjusting the pH and HF concentration, the 

rate of oxide etching could be dramatically enhanced, facilitating the liberation of 

larger Si-NCs. As well, the etching of Si-NCs under low pH proceeded through an 

exciton-mediated process rather than an oxidize/etch pathway often used to control 

the size of Si-NCs. The use of this exciton-mediated process to narrow the Si-NC 

polydipersity was evaluated using PL and small-angle X-ray scattering. Non-radiative 

defects were demonstrated to slow the etching of non-luminescent Si-NCs; this 

could be partially overcome through a two-step etching process. 

Chapter 5 presents an XAS study into the origin of PL from Si-NCs 

functionalized using near-UV hydrosilylation. The emission process was shown to be 

consistent with quantum confinement effects using XEOL spectroscopy. A 

discussion on the role of surface species affecting the XEOL results is presented.  

In Chapter 6, the use of HSQ along with trialkylphosphine GeI2 complexes 

as a precursor system for the formation of SixGe1-x NCs is presented. The liberation 

of freestanding NCs through HF etching allowed their characterization by high-

resolution electron microscopy, demonstrating the presence of homogeneously 

alloyed, Ge-rich SixGe1-x NCs alongside a Si-rich population. These alloyed materials 

exhibited near-IR PL, red shifted from HSQ-prepared samples processed at the same 
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temperature. Qualitative evidence for the participation of Ge in the emission process 

was shown. As well, these materials were characterized using Si K- and Ge L3,2-edge 

XAS, showing the trialkylphosphine used to solubilize GeI2 significantly influences 

NC growth. XEOL characterization proved inconclusive, likely resulting from self-

absorption effects arising out of the heterogeneous nature of these materials. 

 Finally, a brief discussion outlining important implications from each 

investigation will be presented, including an outlook on future research directions 

and possible applications.  
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* A version of this chapter has been published:  

Kelly, J.A., Veinot, J.G.C., ACS Nano 2010, 4 (8), 4645–4656. 
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2.1 Introduction 

Nanostructured silicon exhibits fascinating size-dependent electronic and 

optical properties. Efficient photoluminescence (PL) in the visible and near-IR 

spectral regions has generated tremendous interest in the synthesis and 

characterization of these materials for a range of applications.1-3 In particular, 

concerns regarding the cytotoxicity of compound semiconductor NCs (e.g., CdSe, 

GaAs) for in vivo fluorescent labeling and sensing 4, 5 may be addressed through the 

use of freestanding silicon nanocrystals (Si-NCs). Although toxicity studies have 

indicated that several factors beyond the NC core can contribute significantly to 

cytotoxic effects (e.g., surface charge6 or hydrodynamic radius4), several studies have 

suggested that nanostructured Si can be biologically compatible.1, 7-11 

 Hessel et al. have developed a synthetic method for Si-NCs embedded in 

SiO2, from the thermal processing of hydrogen silsesquioxane (HSQ) under reducing 

atmosphere.12, 13 This synthesis is scalable to multigram quantities of composite 

material with relatively narrow size distribution and a well-defined oxide interface. 

These Si-NCs exhibit size-dependent PL shifts consistent with quantum 

confinement effects, with emission maxima spanning the visible and near-IR spectral 

region. The origin of luminescence in these materials was recently studied using X-

ray excited optical luminescence (XEOL), showing evidence for quantum 

confinement effects influencing the PL.14 

 A key step in the development of applications utilizing freestanding Si-NC is 

tailoring of surface groups to render the NCs dispersible in the desired medium and 

to protect the surface against oxidation. This goal is commonly achieved through 
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realization of a chemically active surface (e.g., Si-Br, Si-Cl, Si-OH, Si-H) that allows 

for further modification.15 These chemically active nanostructured Si surfaces rapidly 

oxidize under ambient conditions, resulting in undesirable changes to their solution 

dispersibility and the PL properties. Oxidation under ambient conditions impacts 

the desired electronic and optical properties of Si-NCs, even at low levels. For 

example, Wolkin and coworkers proposed that the formation of a silanone (Si=O) 

surface defect on an otherwise hydride-terminated surface leads to localized midgap 

states, leading to a red shift in the PL of Si-NCs below ca. 3 nm.16 As well, Eyre and 

coworkers predicted that other oxide species such as silanol (Si-OH) and bridging 

oxide (Si-O-Si) groups can affect Si-NC PL, leading to red or blue shifts with strong 

dependence on the surface species and degree of oxidation.17  

Of the methods reported for surface modification, hydrofluoric acid (HF) 

etching to realize surface hydride species and subsequent hydrosilylation with alkenes 

and alkynes offers several advantages for tailoring the NC surface.15, 18-20 HF etching 

of Si-NCs prepared from HSQ removes the oxide matrix and reduces the NC size, 

shifting the PL emission maxima to higher energy, from the near IR to the visible 

spectral regions.12 Hydrosilylation can be carried out under extremely mild 

conditions, with minimal reaction byproducts and toleration of a range of functional 

groups. The Si-C surface bonds formed are both thermodynamically and kinetically 

robust, limiting oxidative surface degradation under a variety of damaging 

conditions;15, 19, 21, 22 for freestanding Si-NCs, hydrosilylation helps stabilize the PL 

under conditions where hydride-terminated NCs are rapidly oxidized.23, 24 

Importantly, for many applications such as in vivo labeling which require highly 
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luminescent, water-soluble Si-NCs, hydrosilylation produces colloidal Si-NCs in 

aqueous environments, either by way of covalent attachment of a polar species (e.g., 

carboxylic acid, 2, 25, 26 amine3, 6, 23, 27, alcohol28 and polyethylene glycol29) on the 

distal end of the alkene or through the use of a dispersing agent such as a 

phospholipid micelle,7, 30 polymer,31, 32 or cosolvent.33  

Many reports of surface modification of Si-NCs have indicated a shift in the 

optical properties of Si-NCs (i.e., emission maxima and high quantum yield) during 

the modification procedures. Both blue and red shifts have been reported depending 

on the starting NC diameter and method of functionalization.34 In particular, reports 

on the origin of blue PL from Si-NCs have differed depending on the synthetic 

technique and functionalization procedure used. For example, the groups of Swihart 

and Kortshagen have shown that oxidative treatment of orange-emitting alkyl-

capped Si-NCs can “shut off” the orange emission with the concurrent appearance of 

a new emission centered in the blue.20, 35 Conversely, the groups of Kauzlarich, 

Zuilhof and Tilley have demonstrated solution-phase syntheses of Si-NCs with 

subsequent Pt-catalyzed hydrosilylation that give blue PL.3, 31, 36  

Many reports of red- to green-emitting Si-NCs have shown an indirect 

bandgap with characteristic long (µs to ms) radiative lifetimes, suggesting that the 

electronic structure of nanostructured Si is intimately related to its parent bulk 

properties. Brus suggested that the dominant factor that gives rise to efficient PL 

from Si-NCs is the removal of efficient nonradiative relaxation mechanisms such as 

Auger and deep trap processes, rather than a transition to a pseudodirect bandgap.37 
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Yet, some reports of blue-emitting Si-NCs have shown fast (ns) radiative lifetimes.3, 

20, 36 

The reported differences in the optical response of Si-NCs functionalized by 

hydrosilylation could arise through a wide range of variables, including the methods 

used to prepare and purify the Si-NCs (e.g., starting NC diameter, inherent size 

distribution, byproduct impurities), differences in the reaction conditions utilized 

(e.g., thermal, photochemical or metal-catalyzed reaction), or differences in post-

functionalization treatment. Critical evaluation of the impact of hydrosilylation on 

the electronic and optical properties is thus challenging.  

 Photochemically initiated hydrosilylation merits unique consideration for 

photoluminescent Si materials. Photochemical and thermal hydrosilylation of bulk 

surfaces has been generally regarded to follow a free-radical mechanism via homolytic 

cleavage of a hydride bond (requiring ca. 3.5 eV).19, 38 However, Stewart and Buriak 

proposed a secondary mechanism specific to nanostructured, photoluminescent Si 

that operates via the absorption of white light to form excitons (i.e., below the 

energy required for hydride cleavage).39, 40 This “white light” method occurs under 

extremely mild conditions and is compatible with a range of alkene substrates. The 

main stipulation for this proposed mechanism is that the nanostructure remains 

photoluminescent during the reaction, to facilitate a long-lived exciton that can drive 

the irreversible Si-C formation process. Although radical quenching species were 

observed to have no impact on the functionalization, energy- and charge-transfer 

species that quenched the PL resulted in a low degree of surface coverage. Low 
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surface coverage was noted in particular for alkenes and alkynes that quench 

nanostructured Si PL, such as phenylacetylene and vinylferrocene.  

Furthermore, recent controversy has emerged over the mechanism of 

photochemical hydrosilylation on Si surfaces, in particular the initiation step. New 

mechanisms have been proposed, including exciton-mediated 41, 42 and 

photoemission43 processes for bulk Si surfaces. These mechanisms hint that there 

may be a complex relationship between the wavelength of irradiation, the alkene or 

alkyne species attached, as well as quantum size effects in determining the 

mechanism of hydrosilylation. 

 Here, the investigation into the impact of near-UV photochemical 

hydrosilylation on the optical and electronic properties of Si-NCs is reported. The 

near-UV irradiating wavelength (365 nm) was chosen to study photochemical 

hydrosilylation for several reasons. First, these reactions can be carried out using 

commercially available UV-LEDs, which offer relatively high power and low heat 

output, and may present a “gentler” method for surface modification in comparison 

to other light sources (e.g., a Hg bulb for deep-UV light). As well, some alkene and 

alkyne substrates of interest absorb strongly at deep-UV wavelengths, leading to 

undesired decomposition and polymerization byproducts. Conversely, some 

substrates are expected to quench hydrosilylation via the proposed exciton-mediated 

mechanism; a near-UV source might be able to initiate functionalization through 

both the free-radical and exciton-mediated mechanism, giving a wider range of 

accessible alkene and alkynes. Near-UV light can also efficiently stimulate PL in 

these materials, because Si-NCs can absorb this spectral range by means of a direct-
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gap transition, giving a significantly larger absorption coefficient than phonon-

mediated indirect absorption at energies closer to the Si-NC bandgap.37, 44 This 

facilitates collection of the PL produced during the reaction, and allows assessment 

of the impact of the changing surface chemistry on the optical properties. Finally, the 

use of a precursor that yields freestanding Si-NCs with narrow size distribution and 

well-defined hydride surface chemistry aids evaluation of the impact of quantum size 

effects on the possible mechanisms and reactivity of hydrosilylation with near UV 

initiation. 

The influence of near UV initiated hydrosilylation with straight-chain 

alkenes was investigated because of their popularity in protecting the Si-NC surface 

from ambient oxidation and its detrimental effects on the PL. The reaction of Si-NC 

surfaces with conjugated alkynes with varied electron demand was also studied to 

better understand the interaction between the surface of Si-NCs and PL-quenching 

species. This interaction may be useful as a model for the interface between Si-NCs 

and species such as organic semiconductors. The materials were characterized by PL, 

UV-vis absorption and Fourier-transform infrared (FTIR) spectroscopies, dynamic 

light scattering (DLS), thermogravimetric analysis (TGA), high-resolution 

transmission electron microscopy (HRTEM), selected electron area diffraction 

(SAED) and energy dispersive X-ray spectroscopy (EDS). 
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2.2. Materials and methods 

2.2.1 Materials 

HSQ (Dow Corning, trade name FOx-17, sold as a solution in methyl 

isobutyl ketone and toluene), 49% hydrofluoric acid (HF, J.T. Baker, electronics 

grade), and 95% ethanol (Sigma-Aldrich) were used as received. High-purity water 

(18.2 MΩΩ/cm) was obtained from a Barnstead Nanopure Diamond purification 

system. Reagent grade toluene and methanol were obtained from Sigma Aldrich. All 

alkenes and alkynes (styrene, 1-hexene, phenylacetylene, 4-ethnylanisole, 1-ethynyl-

3-fluorobenzene, 3-ethynylthiophene) were purchased from Sigma Aldrich as the 

highest purity available (95% or greater) and were purified immediately before use by 

passing over neutral alumina to remove hydroperoxide impurities formed by reaction 

with ambient oxygen.45  

 For quantum yield measurements, 9,10-diphenylanthracence, coumarin 1 

and rhodamine 590 dissolved in spectrophotometric-grade cyclohexane, ethanol and 

toluene were obtained from Sigma Aldrich as the highest grade available. 

 

2.2.2 Synthesis and etching of Si-NCs  

Oxide-embedded Si-NC composites were prepared as previously described.12 

In brief, solvent was removed from a solution of HSQ under vacuum to yield a white 

solid. Heating at 18°C/min to 1100°C in a Lindberg Blue furnace and annealing for 

1 h under a flowing 5% H2/95% Ar atmosphere yielded a glassy brown product. 

Previous X-ray diffraction and TEM characterization are in agreement with the 

formation of ca. 3 nm diamond structured Si-NCs encapsulated in an silica matrix.  
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  To produce freestanding hydride-terminated Si-NCs, the oxide composite 

was etched using solutions of HF adapted from a previously described method.12 To 

1 g of composite (ground using a wrist-action shaker and glass beads for 15 h) in a 

Teflon beaker equipped with a stir bar was added 30 mL of a 1:1:1 solution of HF/ 

ethanol/ water. After 1 h of stirring, the dispersion changed color from brown to 

yellow, and gave Si-NCs with initial red PL (ca. 700 nm, referred to as “red” Si-NCs 

in the text). Etching for 2 h gave Si-NCs with initial green/yellow PL (ca. 580-600 

nm, referred to as “green” Si-NCs in the text). Liberated hydride-terminated Si-NCs 

were extracted with two 25 mL aliquots of toluene.  

 

2.2.3 Functionalization 

 Immediately after etching, the organic extracts were combined and added to 

a Schlenk flask equipped with a quartz insert, a stir bar and 32.5 mmol freshly 

purified alkene/alkyne. The flask was placed on a Schlenk line under an argon 

atmosphere and degassed by three freeze-pump-thaw cycles.  

Hydrosilylation functionalization was initiated using a near-UV LED light 

source. The light source consisted of two 365 nm LEDs (Nichia, model 

NCSU033A) operated at 4.5 V, mounted at 180° to each other on a water-cooled 

bracket. The measured light intensity 2 cm away from the source was 16.6 mW cm-2. 

A photograph of the light source and Schlenk flask is shown in Figure 2-1. After the 

flask was completely wrapped in aluminum foil, irradiation commenced for 15 h. 

The Si-NC emission was monitored during functionalization as described below. 
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Figure 2-1: Photochemical reactor utilizing 365 nm LEDs. 

 

2.2.4 Si-NC purification 

Following functionalization, the Si-NCs were transferred into test tubes and 

centrifuged at 3,000 rpm to remove any aggregated or unreacted material. The 

supernatant was filtered through a 250 nm PTFE filter and transferred to a round 

bottom flask equipped with a stir bar. Excess solvent and alkene/alkyne was removed 

under vacuum on a Schlenk line. The sample was redispersed in a minimum of 

toluene and purified through three cycles of solvent/anti-solvent purification. To 

accomplish this, the dispersion was transferred into centrifuge tubes and precipitated 

via the addition of methanol followed by 20 min centrifugation in a high speed 

centrifuge at 25,850 G (17,000 rpm). The supernatant was decanted and the 

redispersion, precipitation, centrifugation and decanting steps were repeated twice. 
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Following the final cycle of purification, the functionalized Si-NCs could be 

redispersed in hydrophobic organic solvents (e.g., chloroform or toluene) as desired.  

 

2.2.5 Material characterization and instrumentation 

 In order to minimize the effect of ambient oxidation, samples were freshly 

prepared for each characterization technique where possible.  

 

2.2.5.1 Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR spectra were collected using a Nicolet Magna 750 IR spectrometer on 

drop-cast films.  

 

2.2.5.2 High-resolution Transmission Electron Microscopy (HRTEM), Selected 

Area Electron Diffraction (SAED) and Energy Dispersive X-ray Spectroscopy 

(EDS) 

HRTEM was performed at the Brockhouse Institute for Materials Research 

(BIMR) at McMaster University using a Titan3 G2 60-300 TEM operating at 300 

kV. SAED and EDS were performed using a JEOL-2010 field-emission electron 

microscope operating at 200 kV. Prior to analysis, samples of functionalized Si-NCs 

were purified through two additional solvent/antisolvent cycles and resuspended in 

chloroform to fully remove any organic species that might have hindered analysis 

through electron-beam induced decomposition. Samples were dropcoated from a 

dilute chloroform dispersion onto a carbon-coated copper grid. 
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2.2.5.3 Thermogravimetric Analysis (TGA) 

TGA was performed using a Perkin-Elmer Pyris 1 TGA. Samples were 

dropcoated from a concentrated toluene dispersion into a Pt pan and evaporated 

under a N2 stream while heating at 40°C until no further weight loss was observed 

and a dried mass greater than 1 mg was obtained. The pan was then heated under N2 

from 40 to 900°C at a rate of 10°C/min.  

 

2.2.5.4 Dynamic Light Scattering (DLS) 

DLS measurements were performed using a Malvern Zetasizer Nano S series 

dynamic light scatterer using a 632 nm laser. Dilute samples in toluene were 

equilibrated to 25˚C and refiltered through a 0.45 µm PTFE syringe filter prior to 

analysis. Samples sets (of 10) were scanned three times. Intensity scans were 

converted to volume distributions using the Zetasizer software. 

 

2.2.5.5 In situ photoluminescence spectroscopy 

During the functionalization, the Si-NC PL was collected at 3 min intervals 

through an optical fibre connected to an Ocean Optics USB2000 spectrometer. The 

spectrometer’s spectral response was normalized using a blackbody radiator.  

2.2.5.6 Quantum yield determination 

The PL quantum yield of red styrene-functionalized silicon nanocrystals was 

determined through the relative approach46 using the relationship: 
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where the subscripts Si and ST denote the Si-NC sample and standard reference 

respectively, Φ is the fluorescent quantum yield, Grad the gradient from a plot of 

integrated fluorescence intensity versus absorbance over a range of absorbances from 

0 – 0.1 at the exciting wavelength, and η the refractive index of the solvent. The 

absorbances were kept very low and a range of concentrations were examined to 

avoid any self-absorption or other non-linear effects. The standards used were 9,10-

diphenylanthracence in cyclohexane (λex = 354 nm, λem = 400- 500 nm, Φ = 0.90, η 

= 1.4262), coumarin 1 in ethanol ( λex = 373 nm, λem = 400-600 nm, Φ = 0.73, η = 

1.3614) and rhodamine 590 in ethanol (λex = 524, λem = 525-600 nm, Φ = 0.95, η = 

1.3614).47 The relative quantum yields of the standards were compared and found to 

match their literature counterparts ± 10%. Fluorescence spectra of the Si-NC 

samples were acquired with excitation at 354, 373 and 450 nm in toluene (η = 

1.4969); the quantum yield of the Si-NCs stayed within 15% regardless of exciting 

wavelength. Absorbance and photoluminescence spectra of the sample in a quartz 

cuvette were collected using a Cary 400 UV/vis spectrometer and a Cary Eclipse 

fluorescence spectrophotometer. 
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2.3 Results and discussion 

2.3.1 Near-UV hydrosilylation with model alkenes/alkynes 

A common goal in functionalization of silicon nanostructures is protection of 

PL under ambient conditions. As mentioned above, hydrosilylation with straight-

chain alkenes imparts stability to Si-NC surfaces; however, some authors have 

observed shifts in the optical response during the functionalization process. Near-UV 

hydrosilylation was studied using the model molecules 1-hexene, styrene and 1-

hexyne and compared to a control sample where hydride-terminated Si-NCs were 

irradiated by the light source in toluene in the absence of any alkene/alkyne. 

Figures 2-2 and 2-3 shows representative HRTEM of red Si-NCs 

functionalized with 1-hexene, with a mean size 2.3 ± 0.6 nm and green Si-NCs 

functionalized with 1-hexene with a mean size 2.0 ± 0.5 nm. Lattice parameters and 

selected area electron diffraction were consistent with crystalline Si. EDS indicated 

the presence of Si, C and O. 
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Figure 2-2: a) HRTEM (inset: SAED), b) size distribution information (2.3 +/- 0.6 

nm, n = 328) and c) EDS of Si-NCs functionalized with 1-hexene (etched for 1 h, 

initially red emitting). The lattice fringes of the circled nanocrystal had a d-spacing of 

1.9Å, matching the (220) plane of crystalline Si.  
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Figure 2-3: a) HRTEM (inset: SAED), b) size distribution information (2.0 ± 0.5 

nm, n = 142) and c) EDS of Si-NCs functionalized with 1-hexene (etched for 2 h, 

initially green emitting). The circled NC had lattice fringes of 1.6Å matching the 311 

plane of crystalline Si. 

 

Absorption, PL and PL excitation (PLE) spectra of red Si-NCs after 

functionalization with styrene are shown in Figure 2-4. The Si-NCs exhibit 

continuous and relatively featureless absorption, characteristic of an indirect 

bandgap. Extrapolation to the x-axis gives an approximate bandgap of 2.6 eV. The 

PLE spectrum shows a broad feature centered at approximately 4 eV. These features 

can be related to the calculated absorption spectrum of bulk Si, which has an 

indirect region from 1.1 to 3.4 eV and direct-gap absorption from 3.4 to 4.4 eV.37, 48 

Absorption studies of other nanostructured Si materials show similar spectra to those 

presented here, and suggest that the direct-gap transition broadens and slightly red 
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shifts at the nanoscale.37, 44, 48 The size dependence of this direct-gap transition has 

also been investigated in detail using PL with time-correlated photon counting 

(TCPC) detection.49 Thus, a rationalization for the choice of a near UV exciting 

wavelength for photochemical hydrosilylation can be inferred. In the exciton-

mediated mechanism proposed by Stewart and Buriak, the functionalization process 

is driven by surface-localized excitons created through photoabsorption. The 

correlation of direct-gap absorption with a significant increase in intensity in the 

PLE spectrum implies that this absorption route leads to more efficient exciton 

formation over indirect-gap absorption, which requires a phonon. Therefore, more 

excitons are created which can facilitate Si-C bond formation.  
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Figure 2-4: Absorption (blue solid line), PLE (black solid line, monitoring at 640 

nm) and PL (blue dashed line, λex = 365 nm) of styrene-functionalized red Si-NCs 

after hydrosilylation in toluene. 

 

FTIR spectroscopy was used to qualitatively study the degree of Si-C bond 

formation, shown in Figure 2-5. This bond formation process is most evident in the 

formation of a Si-C=C stretch at 1600 cm-1 in Si-NCs functionalized with 1-hexyne. 

This stretch is characteristic of a silyl-bonded alkene, being red shifted by ca. 40 cm-1 

in comparison to aliphatic alkenes;39 furthermore, the absence of sp C-H and C≡C 

stretches at ca. 3300 and 2120 cm-1 is consistent with no starting material remaining.  

Immediately following HF etching, the hydride-terminated Si-NCs exhibit 

SiHx (x = 1-3) stretching bands at ca. 2100 cm-1 and scissoring bands at ca. 910 cm-1 

with little or no evidence of oxide in the 1100 and 3400 cm-1 spectral regions. Upon 
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functionalization, a broad SiHx stretching band is typically observed at reduced 

intensity in qualitative comparison to other features, consistent with other reports 

that coverage of nanostructured Si surfaces by hydrosilylation is limited by steric 

interactions between surface bonded moieties.19 Partial oxidation of SiHx surfaces 

has been observed to shift the hydride stretching band to higher energy, with a 

characteristic stretch at 2250 cm-1 for O3Si-H species indicating high levels of 

surface oxidation. Conversely, formation of Si-C bonds has been predicted to shift 

the C-SiH stretching frequency to lower energy.50 The broad feature centered at 

2100 cm-1 in the present samples is consistent with Si-C bond formation without the 

formation of the heavily oxidized O3Si-H species. Surface oxidation is observed in 

functionalized samples through the formation of Si-O-Si and Si-OH bands at ca. 

1100 and 3400 cm-1, respectively. One disadvantage of using aqueous HF etching to 

control NC size is the difficulty in eliminating any trace water from the reaction 

mixture; photochemical oxidation of the Si surface via water-related radical species is 

one possible source of this oxidation.51 Furthermore, while efforts were made to 

minimize exposure of the functionalized surfaces after reaction where possible, the 

propensity of surface hydride species to oxidize under ambient conditions makes it 

challenging to fully rule out the impact of ambient exposure on the oxide-related 

features in the FTIR spectra. 

FTIR spectra of the alkene-functionalized Si-NCs exhibit alkyl stretching 

features at ca. 2900 cm-1 (CH2 and CH3 ν stretching) and ca. 1460 and 1380 cm-1 

(CH δ deformation) consistent with alkyl species grafted during hydrosilylation. 

Styrene functionalized Si-NCs also show aromatic C-H stretching bands at ca. 3070-
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3010 cm-1 and combination and overtone bands at 2000-1650 cm-1. An FTIR 

spectrum of the control Si-NC sample also shows prominent alkyl stretching, which 

could arise from physisorbed organic species. Thus, quantitative integration of these 

signals in comparison to the Si-H features would give an artificially high degree of 

surface coverage. The Si-C ν stretching band, which would directly confirm surface 

hydrosilylation, is obscured in the fingerprint region.50, 52 However, qualitative 

comparison of the hydride to alkyl stretching regions show the styrene and 1-hexene 

functionalized samples have reduced hydride intensity, consistent with a higher 

degree of surface coverage. 
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Figure 2-5: FTIR spectra of red Si-NCs functionalized with a) styrene, b) 1-hexene 

and c) 1-hexyne. A control sample irradiated in the absence of any alkene/alkyne (d) 

is also shown. Spectra are normalized to the alkyl stretching band at ca. 2950 cm-1. 

 

Functionalization with near-UV hydrosilylation was also qualitatively 

evaluated based on the quality of dispersions (photo shown in Figure 2-6). 

Functionalization yielded Si-NCs that gave clear dispersions that could easily pass 

through a 0.45 µm filter. DLS measurements of functionalized Si-NCs in toluene 

gave hydrodynamic radii in the range of 8-15 nm, shown in Figure 2-7. The control 

(hydride-terminated) Si-NCs gave a cloudy dispersion that precipitated out of 

dispersion within minutes; DLS showed agglomerates around 100 nm. These results 

are consistent with the replacement of surface hydrides with alkyl/alkenyl groups, 
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increasing particle-solvent affinity and decreasing particle agglomeration. Reports of 

hydrodynamic radii of other functionalized NCs with 2-3 nm diameters in toluene 

are in a similar range to the present observations;53 this is dependent on the NC 

core, surface capping agent and concentration effects. 

 

 

Figure 2-6: Toluene dispersions of Si-NCs under ambient (top) and UV irradiation 

(bottom): functionalization with a) control sample (no alkene present), b) styrene, c) 

1-hexene and d) phenylacetylene. 
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Figure 2-7: Dynamic light scattering (DLS) measurements of Si-NCs (initially red 

emitting) in toluene. 

 

TGA was used to qualitatively evaluate surface coverage of red Si-NCs, 

shown in Figure 2-8. TGA has some advantages over other methods such as 

integration of FTIR band intensities39 for freestanding systems where reproducible 

integration of IR bands are challenging.18  

TGA of red-emitting Si-NCs functionalized with styrene and 1-hexene 

showed weight losses of ca. 70 and 55%, respectively; taking into account the 

molecular weight of the alkenes, this could suggest similar degrees of surface 

coverage. These results are very close to reported weight losses for deep-UV 

hydrosilylation of Si-NCs with these alkenes.18 TGA of green functionalized Si-NCs 
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with these alkenes gave similar weight losses. In comparison, TGA of 1-hexyne-

functionalized Si-NCs showed a reduced weight loss of 30%. As will be discussed 

below, functionalization with conjugated alkynes that quench the Si-NC PL also 

translates to a reduced weight loss, in the range of 20-25%.  

These observations can be explained in the context of the free-radical and 

exciton-mediated mechanisms proposed for photochemical hydrosilylation on 

nanostructured Si surfaces. If the exciton-mediated pathway is dominant at the 

exciting wavelength of 365 nm (possibly through direct-gap absorption increasing the 

cross-section for exciton formation), reaction with alkenes or alkynes that preserve 

the PL (correlated with an increased exciton lifetime) should lead to a higher degree 

of surface coverage and hence greater TGA weight loss. Quenching substrates would 

reduce the availability of excitons to react at the surface. Alternatively, they might 

only react by the free-radical route. A lower degree of surface coverage for these 

species is also supported qualitatively by the relative intensity of Si-H features in the 

FTIR spectra of functionalized samples (vide supra). Surface alkenyl groups formed 

by reaction with 1-hexyne or phenylacetylene have been observed in the literature to 

partially or fully quench Si-NC PL, also consistent with PL data during reaction 

described below. However, a complicating factor in interpreting these TGA results is 

the potential for partial decomposition of surface alkenyl groups during heating, 

which may limit the overall weight loss and skew the observed trend. A recent study 

of alkyl-capped Ge-NCs has shown the alkyl groups decompose during heating, 

forming carbonaceous residues.54  
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Figure 2-8: Thermogravimetric analysis (TGA) weight loss curves of silicon 

nanocrystals (initially red-emitting) functionalized with alkenes and alkynes. 

 

Since near-UV light can initiate exciton formation through direct gap 

absorption (and thus enable the hydrosilylation process to occur by the exciton 

mediated pathway), it can also efficiently stimulate PL in these materials. This 

increase in intensity enables observation of the PL as the surface chemistry changes 

during the reaction, making in situ comparisons of emission maxima and intensity 

possible. Direct measurement also eliminates any ambient oxidation during post-

reaction analysis that might complicate comparisons. Figure 2-9 shows in situ PL 

measurements made throughout the functionalization of Si-NCs. Initially red-

emitting samples functionalized with styrene, 1-hexene and 1-hexyne exhibit at first a 

decrease in PL intensity, followed by a blue shift of ca. 40 nm and increase in 

intensity. The rate at which these changes occur is dependent on the alkene used. 
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Functionalization with styrene and 1-hexene resulted in an increase to ca. 160-180% 

of the original PL intensity whereas reaction with 1-hexyne gave approximately 95% 

of the original intensity. In comparison, the control sample (which was irradiated in 

the absence of any alkene/alkyne) did not show any shift in the PL maxima, and a 

decrease in intensity to ca. 75% of the original PL. The QY of the styrene-

functionalized red Si-NCs was found to be 4.6 ± 0.7% , comparable to similar Si-

NCs functionalized by deep-UV hydrosilylation.35 While this QY is lower than some 

of the highest reports in the literature,55 one possible way to increase this would be 

extended annealing under H2/Ar of the Si-NC/SiO2 composites before etching, 

which reduces nonradiative defects in these materials.13 
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Figure 2-9: In situ PL measurements of a) red and b) green Si-NCs during reaction 

with styrene and 1-hexene, in comparison to control samples. Oblique (top) and 

top-down (bottom) views of the spectra are shown. 

 

Functionalization of green Si-NCs showed a decrease in intensity during the 

reaction; reaction with styrene reduced the intensity to ca. 35%, whereas 1-hexene 

reduced it to ca. 70%. This loss in intensity was accompanied by a red shift of ca. 40-
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60 nm. The green control sample showed rapid, near-complete PL quenching. 

Although FTIR spectra and TGA of the functionalized green samples did not suggest 

appreciable differences in surface coverage between the styrene and 1-hexene 

functionalized samples, the lower PL intensity observed for the styrene sample may 

result from poorer packing of the alkyl surface groups through greater solvent 

interactions, resulting in a surface more susceptible to oxidation during reaction.56 

The observed changes in intensity for these samples are a product of the 

intrinsic quantum yield and scattering of the dispersion as it changes from cloudy to 

clear. As the surface chemistry changes during the functionalization, it could 

introduce a transient reaction intermediate (such as surface radicals or cations 

produced as part of the free radical or exciton-mediated hydrosilylation mechanisms) 

or oxide-related surface states that could quench or trap NC excited states. 

Furthermore, as aggregates of nonfunctionalized Si-NCs disperse into the solvent, 

more light reaches the spectrometer, resulting in an apparent increase in PL 

intensity.  

Similar PL shifts have been observed for other nanostructured Si materials, 

and have been generally attributed to the influence of surface oxidation. The model 

of silanone defects proposed by Wolkin et al. has three size regimes relevant to the 

trapping of Si-NC excited states by metastable silanone (Si=O) species, formed 

during the oxidation of the Si surface; this species is thought to trap electrons or 

both electrons and holes depending on the size of the NC. These traps result in band 

to mid-gap state or entirely “trapped exciton” transitions respectively, and hence a 

resulting red shift.16 This model is in agreement with our observations of PL from 
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functionalized green Si-NCs; as the Si-NC size decreases as a result of HF etching, 

the conduction and valence band states “open up,” allowing the mid-gap state 

formed by oxidation during the near-UV irradiation to alter the luminescence. The 

rapid decrease of PL from the control PL sample, and overall decrease in intensity of 

the functionalized green samples suggests that oxidation also introduces nonradiative 

trap states, consistent with other reports showing a decrease in QY as a result of 

oxidation.55 

However, this does not fully explain the blue shift observed for the styrene 

and 1-hexene functionalized red Si-NCs. Pi et al. observed a blue shift of ca. 30 nm 

for Si-NCs with a mixture of Si-H, Si-C, Si-F and Si-CFx surface species, and 

attributed it to a quantum-confined related blue shift thought to arise from 

oxidation reducing the Si-NC diameter.20, 57 However this does not appear to be the 

case in the present system, as PL from the control sample irradiated without alkene, 

which also showed signs of surface oxidation, did not shift appreciably, suggesting the 

red Si-NCs lie outside the size regime where silanone defects could affect the PL. 

Similar observations of this blue shift has been made by Gupta et al. for deep-UV 

hydrosilylation,34 but an explanation was not proposed. 

One possible explanation for this behavior could be the involvement of 

surface states other than the oxide-related ones extensively studied in the literature. 

The “smart confinement” model of Si-NC luminescence first suggested that strained 

surface and/or dangling bonds (e.g., Si=Si dimers) could form trapping midgap states, 

resulting in a red shift away from a purely band-mediated transition.58, 59 It has also 

been suggested that dangling bonds formed as a result of surface reconstruction can 
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quench the Si-NC PL through the formation of deep mid-gap states. Recently, the 

role of shallow-trapping mid-gap states formed by a sub-oxide surface species was 

demonstrated in the PL of oxide-embedded Si-NCs by high-field magneto-PL.60 

Although it is a considerable challenge to conclusively determine the structure of the 

(possibly metastable) surface species responsible for this behaviour (analogous to the 

highly reactive Si=Si dimer first proposed), the concept of a shallow-trap with as-of-

yet unknown structure present in the hydride-terminated Si-NCs could explain the 

blue shift in PL observed. If trapping states were formed by surface reconstruction of 

the hydride-terminated Si-NCs during HF etching, this could result in a surface-

mediated transition red shifted from the purely quantum confined bandgap. Evidence 

for strained surface bonding is qualitatively consistent with the inhomogeneously 

broadened Si-Hx stretching region of these NCs, with linewidths significantly larger 

than that of hydride-terminated bulk Si.58 However the formation of (111) and 

(100) facets during etching might also broaden this region.61 Changing the surface 

chemistry to Si-C species during hydrosilylation could alter the structure of these 

traps or alleviate surface strain from participating in, or quenching the emission 

process, and remove their influence on the PL. This removal of surface traps would 

cause a blue shift and increase in quantum yield; qualitatively this is consistent with 

the present observations.  
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2.3.2 Near-UV hydrosilylation with conjugated alkynes 

  In addition to preservation of the Si-NC PL and tailoring particle 

dispersibility in a range of solvents, functionalization by hydrosilylation may also be 

of interest for the synthesis and study of hybrid organic/inorganic composite 

materials where the optical and electronic properties (e.g., charge separation and 

carrier mobility) are tunable based on the interaction of the Si-NCs and host 

polymer matrix at the NC surface. One family of model organic semiconductors that 

has received attention is π-conjugated species tethered to the Si surface with 

covalent alkyl/alkenyl linkages via hydrosilylation. For example, hydrosilylation of 

bulk Si with phenylacetylene, creating a surface styrenyl group, has been suggested as 

a route to well-defined organic/inorganic junctions,38 and has been noted to enhance 

interfacial conductivity over bare hydride-terminated surfaces.62, 63 Other conjugated 

species such as thiophenes have been studied, for example in the preparation of 

covalently-tethered polythiophenes.64, 65 In contrast, hydrosilylation of 

nanostructured Si surfaces with π-conjugated aromatics has not been as fully 

investigated for their resulting optical and electronic properties. As noted above, in 

the proposed exciton mechanism for photochemical hydrosilylation, conjugated 

alkynes did not react appreciably under white light irradiation. Their low surface 

coverage was attributed to the ability of these species to effectively trap excitons 

required for nucleophilic attack from the alkyne, the first step required in the 

mechanism, supported by low levels of surface group incorporation (<1% based on 

FTIR integration) and a significant reduction in PL intensity.  
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The present 365 nm source corresponds to a region of direct-gap Si-NC 

absorption, which might dramatically enhance the rate of exciton formation. 

Alternatively, the light source is at the threshold of energy required for homolytic 

cleavage of surface hydrides indentified in the free-radical mechanism. Figure 2-10 

shows in situ PL of Si-NCs reacted with alkynes phenylacetylene, 4-ethynylanisole, 

1-ethynyl-3-fluorobenzene, and 3-ethynylthiophene. These were chosen on the basis 

of their electron withdrawing/donating ability (based on the functional group’s 

Hammet equation constant) while being cognizant of any competing side reactions 

with functional groups (e.g., amines66 or bromine groups67). The PL decays over the 

course of the experiment at a rate dependent on the alkyne used; the greater the 

electron-donating character of the substituent, the faster the rate of PL decay. For 

example, functionalization with 3-ethynylthiophene gave near complete PL 

quenching, whereas 1-ethynyl-3-fluorobenzene reduced the Si-NC PL to ca. 38% of 

the original intensity over the course of the reaction. The remaining PL intensity 

comes from unfunctionalized hydride-terminated NCs, which are separated from the 

reaction mixture during workup as they quickly precipitate out of dispersion during 

the first centrifugation; FTIR of this precipitate (not shown) gave predominately 

Si−H and Si−O−Si features at ca. 2100 and 1100 cm−1, respectively, with very small 

amounts of alkyl features. 
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Figure 2-10: In situ PL measurements of red Si-NCs during reaction with a) 

phenylacetylene, b) 3-ethynylthiophene, c) 4-ethynylanisole and d) 1-ethynyl-3-

fluorobenzene. Oblique (top) and top-down (bottom) views of the spectra are 

shown. 
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This trend in reactivity was also supported qualitatively by FTIR of the Si-

NCs after purification, shown in Figure 2-11. Si-NCs functionalized with alkynes of 

greater electron-withdrawing character show an increase in the intensity of hydride- 

and oxide-related bands compared to alkyl stretching features, implying a lower 

degree of incorporation of the alkenyl surface groups, with the fluorine-substituted 

alkyne exhibiting the lowest degree of surface coverage. In the exciton-mediated 

mechanism, alkynes with greater nucleophilic character are expected to be more 

reactive toward attack of a surface-localized hole. Alternatively, in the free radical 

mechanism, greater electron density in the alkyne would attract attack from 

electrophilic surface radicals, and therefore would lead to a faster rate of reaction, 

higher degree of surface coverage, and hence faster rate of PL quenching. A similar 

trend was noted in the deep UV hydrosilylation of Si-NCs with alkenes.18 It is noted 

that in the photoemission mechanism for hydrosilylation of bulk surfaces with deep 

UV light proposed by Wang et al. the rate of reaction and therefore degree of surface 

coverage depended on the affinity of the alkene to accept a photoelectron from the 

bulk Si surface.43 The observed trend of electron-donating groups increasing the rate 

of reaction in the present system seems to contradict this observation; this may 

suggest the photoemission mechanism does not hold for these alkyne substrates and 

on nanostructured Si surfaces. It is important to emphasize the challenge in 

comparing hydrosilylation reactivity between systems with different alkenes (and 

purity), initiating wavelength, and different quantum size effects (i.e., bulk 

surface versus nanostructured). Other recent reports of hydrosilylation have also 

suggested factors intrinsic to the experimental design may influence reactivity, 
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including the observations of self-assembly in the dark at room temperature,68 and 

reaction catalyzed by surface groups on the glassware commonly used to carry out 

these reactions.69 Further study is required in this area to better understand 

hydrosilylation of Si-NCs and optimize surface coverage. 

 

 

Figure 2-11: FTIR spectra of silicon nanocrystals (initially red emitting) 

functionalized with a) 3-ethynylthiophene, b) phenylacetylene, c) 4-ethynylanisole 

and d) 1-ethynyl-3-fluorobenzene. Spectra are normalized to the alkyl stretching 

band at ca. 2950 cm-1. 

 

Quenching of nanostructured Si PL has been reported for other conjugated species, 

both physisorbed66 and covalently bonded.39, 70 However, the mechanism of 
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quenching has remained unclear. In the present system, all of the alkynes gave 

functionalized Si-NCs with no PL detectable to the naked eye following particle 

purification, suggesting the differences observed in the in situ PL measurements arises 

from differences in hydrosilylation reactivity. This quenching could arise from the 

formation of a deep trap in the Si-NC bandgap, as changing the electron demand of 

the surface group did not turn on the Si-NC PL. Further experimental and 

computational studies to understand this quenching are ongoing. 

 

2.4 Conclusions 

The photochemical hydrosilylation of silicon nanocrystals (Si-NCs) with 

alkene and alkynes using a near-UV light source was investigated. The impact of the 

changing surface chemistry on the photoluminescence (PL) and the relevant 

mechanism of hydrosilylation were demonstrated to be dependent on the NC size 

and structure of the alkene/alkyne. For Si-NCs with initial green/yellow (580-600 

nm) PL reacted with model alkenes styrene and 1-hexene, a red shift and decrease in 

PL intensity was observed, consistent with the formation of midgap oxide-related 

states. Hydrosilylation of Si-NCs with initial red (680-700 nm) PL gave an increase 

in intensity, possibly related to the production of well-dispersed particles with less 

scattering or an increase in the intrinsic quantum yield, as well as a blue shift. A 

qualitative model based on the formation of Si-C surface species was proposed to 

account for the shift. Hydrosilylation with conjugated alkynes was demonstrated to 

quench the Si-NC PL at a rate dependent on the nucleophilicity of the alkyne. 

These results were rationalized in the context of the free-radical and exciton-
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mediated mechanisms postulated for hydrosilylation of nanostructured Si surfaces. 

These model alkynes may be interesting in the integration of Si-NCs into hybrid 

composite materials with tunable optical and electronic properties. 
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3.1 Introduction 

Interest in the chemical modification of hydride-terminated silicon surfaces 

has grown rapidly since the first report of hydrosilylation of a bulk Si surface by 

Lindford and Chidsey.1 Functionalization of bulk and nanostructured surfaces is a 

critical step in many envisioned applications where control over the chemical, 

physical, and electronic properties of the Si surface is required. Among the various 

methods used to functionalize Si surfaces, hydrosilylation produces high quality, 

densely packed organic monolayers under relatively mild reaction conditions and 

provides excellent stability against oxidation.2-6 

 Despite the growing number of publications on surface hydrosilylation, 

uncertainty regarding the mechanism responsible has remained. The first reports of 

hydrosilylation with bulk surfaces utilized a peroxide initiator (i.e., ROOR’);1 

subsequently, reports of hydrosilylation in the absence of a chemical initiator under 

photochemical7, 8 or thermal conditions9, 10 have been made. Scanning tunneling 

microscopy (STM) studies of bulk surfaces suggested a radical propagation 

mechanism,11, 12 analogous to the free radical process proposed for 

tris(trimethylsilyl)silane by Chatgilialogu and coworkers.13  

The pathway through which this reaction is initiated has been an ongoing 

issue of debate; direct Si-H homolysis under thermal or photochemical energy has 

been suggested in some cases, although this is not fully consistent with reports of 

hydrosilylation under conditions insufficient for direct cleavage of surface hydrides. 

Several alternate theories have been proposed, including initiation from trace 

molecular oxygen,14 alkyl radicals produced by photolysis15 or thermal olefin 
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decomposition,16 and the involvement of excitons (vide infra). Non-radical 

mechanisms under certain conditions have also been proposed, including deep-UV 

photoemission,17 fluoride-assisted nucleophilic attack (from residual F- from 

hydrofluoric acid etching)18 and concerted addition under thermal conditions.19 

Exciton-mediated mechanisms for hydrosilylation have received substantial 

attention for reactions performed under very mild reaction conditions, using visible 

light (i.e., far below the threshold for direct hydride homolysis) as an initiator,20, 21 or 

even for formation of self-assembled monolayers in the dark at room temperature.22, 

23 Stewart and Buriak proposed a non-radical exciton-mediated mechanism relevant 

for nanostructured Si, involving nucleophilic attack from the olefin at a surface-

localized hole.20 Subsequently, Zuilhof and coworkers observed monolayer 

formation on bulk surfaces by visible light.21 On the basis of a dopant dependence 

and STM measurements demonstrating island growth,24 they proposed a radical 

mechanism whereby delocalized holes susceptible to nucleophilic attack from the 

incoming olefin initiate radical propagation (analogous to the free radical 

mechanisms originally proposed). The involvement of delocalized excited states in 

these reactions is fascinating, for it has no obvious molecular counterpart; for 

example, while the molecular silylium ion (R3Si+) exhibits transient stability,25 these 

mechanisms invoke such species as long-lived intermediates on the basis of enhanced 

back-bonding from surrounding lattice Si atoms. The exciton-based nanoscale and 

bulk mechanisms are compared to the free radical mechanism in Scheme 3-1. 
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Scheme 3-1: Depiction of the proposed a) free radical mechanism under thermal and 

photochemical conditions (involving direct hydride homolysis),7, 9, 10 b) exciton-

mediated mechanism for nanoscale Si under photochemical conditions20 and c) 

exciton-mediated mechanism for bulk Si under photochemical conditions.21 

 

 Theoretical studies of visible light initiated hydrosilylation reactions have 

also given evidence for the involvement of excitons. Using model Si clusters reacting 

with ethene, Reboredo et al. calculated energy barriers for the reaction with the 

cluster in the ground (singlet) and excited (triplet) state at the DFT level of theory 

(following path B in Scheme 3-1, reaction energy diagram depicted in Figure 3-1).26 

The excited state reaction was predicted to involve a metastable intermediate state, 

lowering the activation energy for Si-C bond formation. A rationale was proposed to 

account for differences in reactivity based on size; as a localized midgap state, the 

energy of the intermediate state was found to be independent of cluster size. 

However, the energy of the cluster in the exicted state was predicted to depend upon 

size, decreasing with larger size (as expected for quantum confinement effects). Thus, 
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smaller Si nanostructures were predicted to be more reactive in this mechanism. 

Subsequently, Kanai and Selloni investigated the exciton-mediated mechanism on 

bulk surfaces (path C in Scheme 3-1),27 suggesting that radical chain propagation 

from a neighboring surface hydride may have a lower activation barrier than 

abstraction from the Si-C bound surface atom, in keeping with the experimental 

results of Zuilhof and coworkers. 
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Figure 3-1: Schematic potential energy diagram of a hydrosilylation reaction 

computed using a model alkene and Si cluster.26 The reaction pathway for the 

cluster in the ground singlet state (Sz = 0, orange trace, i.e., the free radical 

mechanism) and the excited triplet state (Sz = 1, red trace, i.e., the nanoscale 

exciton-mediated mechanism). The energy of the reaction coordinates in the 

exciton-mediated mechanism denoted * and ‡ are discussed in the text. Scheme 

adapted from reference 26. 

 

 For nanostructured Si (including silicon nanocrystals, Si-NCs) exhibiting 

intense size-dependent photoluminescence (PL) through the influence of quantum 

confinement effects,28 the chief goals of functionalization through hydrosilylation are 

to protect the surface against oxidation (which has been implicated in 

shifting/quenching Si-NC PL)29, 30 and ensure colloidal dispersity in a range of 

solvents (especially biological/aqueous conditions, as Si-NCs have garnered much 

interest as biocompatible quantum dots for in vivo imaging).31-35 Yet, depending on 

their desired application, further requirements (e.g., incorporation of a ω-substituted 
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bioactive moiety) may complicate the choice of reaction conditions used to modify 

Si-NC surfaces. For example, a recent interest in the functionalization of compound 

II-VI and III-V semiconductor NCs (e.g., CdSe, GaAs) has been the development of 

surface ligands that do not hinder thin-film conductivity (either through a post-

reaction treatment to remove the insulating alkyl chains from the as-synthesized 

materials,36, 37 or through use of novel inorganic ligands38) for devices utilizing their 

quantum confined optical and electronic properties. The use of shorter alkyl chains 

is incompatible with the reported temperature requirements of thermal 

hydrosilylation (ca. 120-200°C), and some olefins can decompose under deep-UV 

irradiation.39 Furthermore, several functional groups compete for addition to 

hydride-terminated Si surfaces (e.g., amines,40 halides41 and nitro moieties42). It is 

therefore important to understand the mechanistic considerations that might limit 

reactivity for a given Si-NC size, alkene or alkyne, and method of initiation desired. 

 Chapter 2 presented an investigation into the use of near-UV light to initiate 

hydrosilylation using Si-NCs with PL in the visible region (e.g., sizes of ca. 1.5-3 

nm).30 The irradiating wavelength of 365 nm was chosen because it corresponds to a 

region of direct-gap light absorption, which might enhance the rate of reaction in the 

exciton-mediated mechanisms (i.e., paths B or C in Scheme 3-1). Si-NCs were 

prepared through the thermal decomposition of hydrogen silsesquioxane (HSQ).43, 44 

This synthesis yields size-controlled Si-NCs with a relatively narrow polydispersity, 

making it well suited for a fundamental investigation into size-dependent reactivity.  

Here, small-angle X-ray scattering (SAXS), photoluminescence (PL) and 

Fourier transform infrared (FTIR) spectroscopy have been employed to 
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experimentally investigate the reactivity of Si-NCs as a function of size in near-UV 

hydrosilylation. The size ranges selected (ca. 2-3 nm Si-NCs with PL centered at ca. 

700 nm, referred to as “small” NCs in the text and ca. 5-7 nm Si-NCs with PL 

centered at ca. 950 nm, referred to as “large” NCs in the text) were chosen because 

these populations are near the Bohr radius of Si of ca. 5 nm, the threshold where 

quantum size effects that might impact the hydrosilylation are expected to arise.28 

The present results demonstrate that “large” Si-NCs react at a slower rate than 

“small” Si-NCs under near-UV hydrosilylation, allowing a mixture of the two 

populations to be partially size-selected based on their reactivity. This difference in 

reactivity is suggested to arise through the impact of quantum confinement effects on 

the exciton-mediated mechanisms,20 and is consistent with the theoretical 

predictions made by Reboredo et al (vide supra).26 
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3.2. Materials and methods 

3.2.1 Materials 

HSQ (Dow Corning, trade name FOx-17, sold as a solution in methyl 

isobutyl ketone and toluene), 49% hydrofluoric acid (HF, J.T. Baker, electronics 

grade), and 95% ethanol (Sigma-Aldrich) were used as received. High-purity water 

(18.2 MΩΩ•cm) was obtained from a Barnstead Nanopure Diamond purification 

system. All other reagents were purchased from Sigma Aldrich as the highest purity 

available (95% or greater) and unless specified were used as received. 

Phenylacetylene and 1-dodecene were purified immediately before use by passing 

over neutral activated alumina to remove peroxide impurities.45  

  

3.2.2 Synthesis and etching of Si-NCs  

Oxide-embedded Si-NC composites were prepared from HSQ as previously 

described.43 Previous X-ray diffraction study has shown the formation of ca. 4 nm 

and 6 nm Si-NCs encapsulated in an silica matrix by processing at 1100°C and 

1200°C, respectively.46 

  To produce freestanding hydride-terminated Si-NCs of different sizes, two 

different etching procedures were employed. To obtain Si-NCs with PL centered at 

ca. 650 nm, referred to as “small” Si-NCs (shown by previous electron microscopy to 

be ca. 2-3 nm),30 a previously described etching procedure was used.43 In brief, to 1 g 

of mechanically ground composite (previously processed at 1100°C) in a Teflon 

beaker equipped with a stir bar was added 30 mL of a 1:1:1 solution of HF/ ethanol/ 

water. After 1 h of stirring, the dispersion changed color from brown to yellow.  
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 To obtain Si-NCs with PL centered at ca. 950 nm, referred to as “large” Si-

NCs (ca. 5-6 nm as shown below), 1 g of mechanically ground composite processed 

at 1200°C was added to a Teflon beaker equipped with a stir bar along with 0.5 mL 

concentrated HCl and 15 mL HF (see Chapter 4 for a detailed explanation of the 

differences between these etching recipes). After 5 min of stirring, 7.5 mL of ethanol 

was added and the mixture stirred for an additional 5 min, yielding a cloudy brown 

dispersion.  

Hydride-terminated Si-NCs were extracted from both etch mixtures using 2 

aliquots of 15 mL of toluene.  

 

3.2.3 Size-dependent photochemical functionalization 

 Following extraction, 12.5 mL of the “small” and “large” extracts were 

transferred to centrifuge tubes along with a “combined” sample containing 12.5 mL 

of a 10:1 ratio by volume of the “small”: “large” toluene dispersions. Assuming the 

initial number of Si-NCs per gram is approximately constant for 1100-1200°C-

processed composites (reasonable given the dominant mechanism for Si-NC 

formation and growth is the diffusion of Si suboxide species through the matrix, 

rather than Ostwald ripening46), this should yield similar Si-NC concentrations for 

the “small” and “large” extracts. 

  After centrifugation at 3,000 rpm, the toluene was decanted and the 

precipitated hydride-terminated NCs redispersed into the desired alkene mixture (25 

mL neat 1-dodecene or 25 mL toluene and 4 mL phenylacetylene). The mixtures 

were transferred into Schlenk flasks equipped with stir bars and quartz inserts for 
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photochemical reaction under an argon atmosphere. The reaction mixtures were 

subjected to three freeze-pump-thaw cycles, and photochemical hydrosilylation was 

carried out using a 365 nm light source for 15 h as previously described.30  

 

3.2.4 Si-NC purification 

 Following photochemical functionalization, the reaction mixtures were 

transferred into centrifuge tubes and spun at 3,000 rpm to precipitate any unreacted 

NCs. These precipitated NCs were washed three times with hexane, and could be 

reacted using a secondary thermal hydrosilylation, described below. The supernatant 

from each reaction was filtered through a 250 nm PTFE syringe filter into a 50 mL 

centrifuge tube. Dodecene-functionalized NCs were purified by precipitation by the 

addition of 37.5 mL of a 3:1 ethanol/methanol mixture and centrifugation (20 min 

at 25,900 G), chosen because of the insolubility of dodecene in methanol. Three 

additional purification cycles by centrifugation were performed using toluene and 

methanol as the solvent/anti-solvent. 

To purify phenylacetylene-functionalized NCs, the majority of the toluene 

and phenylacetylene reaction mixture after filtration was removed under vacuum on 

a Schlenk line. The remaining concentrated mixture was subjected to three 

purification by centrifugation cycles using toluene and methanol as the solvent/anti-

solvent as described above. 

3.2.5 Thermal hydrosilylation 

 Hydride-terminated Si-NCs (either freshly HF etched or separated after 

photochemical functionalization) were dispersed in 25 mL 1-dodecene and 
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transferred to a Schlenk flask equipped with a stirbar under an argon atmosphere. 

The reaction mixture was degassed by three cycles of evacuation and purging with 

argon, after which the flask was placed in a silicon oil bath and heated at 190°C for 

15 h. The reaction mixture typically turned from turbid to transparent in the first 3 

h of heating. Purification was carried out as described above. 

 

3.2.6 Material Characterization and Instrumentation 

3.2.6.1 Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR spectra were collected using a Nicolet Magna 750 IR spectrometer on 

drop-cast films.  

 

3.2.6.2 Photoluminescence Spectroscopy 

Photoluminescence spectra of dilute toluene Si-NC dispersions under 

excitation from the 325 nm line of a He/Cd laser were collected using a fiber optic 

connected to an Ocean Optics USB2000 spectrometer. The spectrometer spectral 

response was normalized using a blackbody radiator.  

 

3.2.6.3 Small Angle X-ray Scattering (SAXS) 

 SAXS was performed on dilute dispersion of silicon nanocrystals in toluene 

sealed in a boron-rich silicate capillary (Charles Supper, 2 mm outer diameter, 80 

mm length, 10 µm wall thickness). Measurements were performed using a Bruker 

NanoStar with a rotating copper anode X-ray generator (λ = 1.54 Å) operating at 5.5 

kW. The scattered photons were collected on a 2D multiwire gas-filled detector 
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(Bruker Histar.) and the scattering angle was calibrated using a silver behenate 

(CH3(CH2)20COOAg) standard. Radial integrations of scattering intensity were 

performed using Bruker GADDS software. Experimental data were corrected for 

background scattering.  

 

3.2.6.3.1 SAXS theory and fitting 

 The scattering intensity (I(q)) of a dilute dispersion of scatterers is given by 

equation 3-1:31, 47 

   (3-1) 

where P(qR) is the form factor; for a dispersion of solid homogeneous spheres this is 

described by equation 3-2: 

 (3-2) 

where q is the scattering wave vector, related to the scattering angle and X-ray 

wavelength by equation 3-3: 

  (3-3) 

The number fraction of scatterers of radius R, N(R), was assumed to follow a 

Gaussian distribution, given by equation 3-4:  

€ 

N(R) =
1

σ (2π )
e
−(R −R )2

2σ 2   (3-4) 

where  is the mean nanocrystal radius and σ is the standard deviation.  
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 Least squares fitting using the parameters  and σ was carried out using 

the Irena package for Igor Pro.48 An additional constant was included to account for 

residual background signal, typically 1% of the sample scattering intensity. 

“Combined” samples were fit using the parameters  and σ obtained for each 

separate population and allowing the volume fraction of each population to vary.  
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3.3 Results and Discussion  

A natural extension of the investigation in Chapter 2 of near-UV 

hydrosilylation using Si-NCs with PL in the visible region is the functionalization of 

larger Si-NCs with PL in the near IR (e.g., 700-1100 nm). This spectral region is of 

particular interest for application in biological imaging, as it occurs in the 

therapeutic window where light maximally penetrates tissue.49 Si-NCs with PL in 

this spectral region have been successfully employed as in vivo luminescent tags with 

properties rivaling direct bandgap quantum dots.35 

Initial attempts to functionalize larger Si-NCs (with PL centered at ca. 950 

nm) with near-UV light were unsuccessful, yielding unreacted hydride-terminated Si-

NCs as shown by FTIR spectroscopy in Figure 3-1; these Si-NCs exhibited poor 

dispersability. Attempts to perform near-UV hydrosilylation with other larger sizes of 

Si-NCs that exhibit near-IR PL gave similar results. After 15 h of reaction, the FTIR 

spectrum is dominated by well-defined Si-Hx stretching at ca. 2100 cm-1 and 

scissoring at ca. 910 and 820 cm-1. A small amount of oxidation is evidenced by Si-

O-Si stretching at ca. 1100 cm-1. Alkyl ν stretching at ca. 2900 cm-1 and δ 

deformation bands at ca. 1460 and 1380 cm-1 (attributed to residual hexane in the 

drop cast film analyzed, or possibly to a small degree of hydrosilylation) is also 

observed. In comparison, the equivalent photochemical reaction of “small” Si-NCs, 

or thermal hydrosilylation of “large” Si-NCs at 190° C, resulted in a substantial 

decrease in Si-Hx vibrations (accompanied with a broadening/red shift of the Si-Hx 

stretching vibrations), relative to the alkyl features. Correspondingly, the reaction 
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mixtures turned from cloudy to clear as the Si-NCs became colloidally dispersed in 

neat 1-dodecene.  

 

 

Figure 3-2: FTIR spectra of the “large” and “small” Si-NCs after thermal and 

photochemical reaction (orange and red traces) in comparison to the large Si-NCs 

after photochemical reaction (dashed black trace). 

 

 To better understand this difference in reactivity of various sizes of Si-NCs, 

photochemical hydrosilylation was attempted on a 10:1 “combined” mixture by mass 

of “small”:“large” Si-NCs. The size of the “large” sample (6.3 ± 1.0 nm as shown by 
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SAXS below) was chosen as it straddles the Bohr radius of Si (ca. 5 nm), below 

which quantum confinement effects are expected to arise.28  

Attempts to functionalize 1:1 and 5:1 “small”:“large” mixtures proved 

unsuccessful, resulting in hydride-terminated Si-NCs as indicated by FTIR (not 

shown). Two possible explanations could account for this observation. First, despite 

difficulties associated with quantitative study of Si-NC absorption cross-sections 

arising from their indirect bandgap and relatively broad size distributions, Beard et al. 

have observed a substantial size dependence in the absorption cross-section of 

freestanding Si-NCs similar to the present samples.50 These observations suggest that  

absorption of near-UV light during the reaction is dominated by the “large” 

population, slowing the rate of functionalization of the “small” population. Second, 

efficient energy transfer from the “small” to “large” population could also hinder 

reactivity, especially if the NCs are aggregated in close proximity.51 

 Figure 3-3 shows PL of Si-NC samples after photochemical and/or thermal 

hydrosilylation with 1-dodecene. The “small” Si-NC sample exhibits PL centered at 

ca. 675 nm after photochemical reaction, in good agreement with previous in situ PL 

measurements;30 the “large” Si-NC sample exhibits PL centered at ca. 950 nm after 

thermal hydrosilylation. After photochemical reaction, the “combined” sample was 

separated by centrifugation and filtration, resulting in PL centered at ca. 635 nm, 

blue shifted compared to the small Si-NC sample. The residual precipitate from the 

photochemical reaction was redispersed in 1-dodecene and thermally functionalized, 

resulting in collodially-dispersed Si-NCs exhibiting PL with two features centered at 

ca. 700 and 935 nm. Extending the photochemical reaction time and heating the 
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reaction gently at 40°C to increase the reaction rate (i.e., well below the threshold 

for thermal Si-H homolysis as discussed above) gave PL with two features centered 

at ca. 700 nm and 900 nm. The characteristic “small” PL was broadened in 

comparison to the 15 h reaction whereas the “large” PL was blue shifted from the 

thermal reaction. 
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Figure 3-3: PL spectra of a) “small” and “large” Si-NCs functionalized by 

photochemical and thermal hydrosilylation with 1-dodecene, respectively; b) isolated 

fractions from sequential photochemical and thermal hydrosilylations with 1-

dodecene with the “combined” Si-NC sample; c) photochemical fractions of the 

“combined” Si-NC sample after 15 and 85 h. 

  

It is important to note that PL only probes the luminescent fraction of these 

samples, which are expected to contain a subpopulation of defect-ridden non-

luminescent Si-NCs.52 As well, PL spectroscopy could be affected by energy transfer 

processes that further hinder quantitative interpretation of the observed size-

dependent reactivity. To better understand the size-dependent reactivity suggested 
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by the PL results, the Si-NC samples were also characterized using SAXS, shown for 

the “small” and “large” Si-NCs in Figure 3. Compared to other techniques (e.g., 

atomic force microscopy or transmission electron microscopy, TEM), SAXS is a 

useful tool for rapid, quantitative determination of size and dispersity of 

nanomaterials, particularly for elements such as Si with low electron density contrast 

with carbon which can make TEM measurements very challenging.31, 53-56 Fitting the 

SAXS data in Figure 3-3 to a spherical particle model with a Gaussian distribution 

gave average nanocrystal diameters of 2.9 ± 0.6 and 6.3 ± 1.0 nm for the “small” and 

“large” samples, respectively, in good agreement with previous high resolution 

TEM30 and X-ray diffraction analysis.46 
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Figure 3-4: SAXS of “small” and “large” Si-NCs functionalized by photochemical 

and thermal hydrosilylation with 1-dodecene respectively: plotted as a) I(q) vs. q and 

b) as a Porod plot with I(q)*q4 vs q. Fitting the data to Equation 3.1 (solid black 

line, residual shown in b as a dashed grey line) gave average nanocrystal diameters of 

2.9 ± 0.6 and 6.3 ± 1.0 nm for the “small” and “thermal” samples, respectively. 

 

The validity of the SAXS fitting approach for determining the relative 

concentrations of each population was verified by comparing results of mixtures of 

the “small” and “large” samples in known ratios (i.e., 1:2, 1:1, 10:1 and 25:1 “small”: 

“large” mixtures, Figure 3-5). Fitting the SAXS data of the “combined” samples using 

the “small” and “large” populations revealed the relative volume fraction of each size 
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in the aliquot of well-functionalized particles isolated after each functionalization 

(Figure 3-6). As mentioned above, the 10:1 mixture in the initial hydride-terminated 

reaction mixture contains approximately equal volume fractions of each population. 

After photochemical functionalization, the relative volume fraction of the “small” 

population was found to be 70%. The subsequent thermal hydrosilylation gave a 

“small” volume fraction of 24%. Increasing the photochemical reaction time from 15 

h to 85 h decreased the “small” volume fraction to 33%. However, it should be 

noted these fits assume the mean size of each population does not shift appreciably 

between the “combined” samples.  

Although the blue shifted, slightly narrowed PL from the “combined” sample 

after 15 h of photochemical reaction is consistent with a shift in NC size, attempts 

to fit these data by allowing the size of each population to vary were unsuccessful. 

This lack of convergence may result from the challenge of allowing too many 

parameters to vary during the fitting, or from the role of surface states in shifting the 

PL rather than solely size effects.57 
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Figure 3-5: Calibration curve of relative volume fraction, obtained from fitting SAXS 

data of mixtures of small/large Si-NCs in known ratio. 



 

  119 

 

Figure 3-6: SAXS of fractions isolated from the “combined” samples after 

photochemical, thermal and extended photochemical hydrosilylation. plotted as a) 

I(q) vs. q and b) as a Porod plot with I(q)*q4 vs q. The data were fit (solid black line, 

residual shown in b as a dashed grey line) to a linear combination of the populations 

obtained from SAXS of the “small” and “large” samples shown in Figure 3-4.  

 

Although the SAXS data suggest a significant volume of large Si-NCs in the 

15 h photochemical aliquot, seemingly at odds with the PL results which show no 

PL from the large fraction, it is feasible this could occur through a small number of 

the “large” Si-NCs reacting through an alternate free radical (non-size dependent) 

pathway somewhat analogous to the decomposition-initiated pathway in thermal 

hydrosilylation observed by Mischki et al.16 Recall that PL only probes the 

luminescent fraction, which are expected to be well-passivated and defect-free; it is 

reasonable that a fraction of non-luminescent Si-NCs might contain a surface radical 
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defect that could initiate this process. As well, it is important to note the total 

number of Si-NCs in the “combined” samples is always dominated by the “small” 

fraction, and thus relatively few events occurring within the “large” fraction could 

conceivably skew the SAXS results owing to their larger volume per particle. The 

considerable difference in NC volume, the higher probability of the large NCs to 

contain volume defects,58-60 and an extended chain length for the propagation 

reaction after relatively few initiation events14 could all influence the increased 

volume fraction of the large population in the SAXS results. 

The influence of size on the rate of the hydrosilylation of nanostructured Si 

surfaces using other initiation methods has been reported qualitatively. Hua et al. 

noted that deep-UV hydrosilylation of Si-NCs exhibits a size dependence, on the 

basis of the length of irradiation required for the dispersion to change from cloudy to 

clear.61 This was attributed to the smaller NCs requiring a lower degree of alkyl 

grafting to produce stable colloidal dispersions. Although this is an important 

consideration (along with the other factors mentioned above) for the present results, 

it cannot account for the size-dependent reactivity observed, because similar degrees 

of alkyl and hydride FTIR stretching features would be expected for the small and 

large 15 h photochemical samples.  

  This observed size-dependent reactivity is consistent with the calculations of 

Reboredo et al.,26 who predicted that exciton-mediated hydrosilylation involves a 

metastable transition state forming a localized midgap state (not size-dependent). 

The formation of this transition state was predicted to be energetically favorable if 

the initial energy of the (photoexcited and thus size-dependent) reactants were high 
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enough. These predictions are consistent with the present observation that the large 

population requires longer irradiation times to produce colloidal, luminescent NCs. 

In Stewart and Buriak’s original report of exciton-mediated hydrosilylation, 

the reactivity was proposed to be limited to nanoscale Si on the basis of limited 

reactivity observed with nonluminescent porous Si samples.20 However, only 

luminescent samples with PL centered at ca. 600-640 nm were investigated. The 

subsequent reports by Zuilhof and coworkers suggesting that an exciton-mediated 

process initiated by visible light on bulk surfaces appears to conflict with Buriak’s 

conclusion upon first inspection.22-24 It is important to note (particularly for 

nanostructured Si surfaces) that although Si surfaces are known to share many 

common properties (e.g., low toxicity and possible biodegradation pathways),32, 33, 35, 

62-65 they can exhibit substantial differences in surface chemistry, impurities, 

homogeneity, quantum size effects, etc. that could drastically influence the rate of 

hydrosilylation, and so a direct comparison between porous Si and the present 

freestanding Si-NCs may not be straightforward. 

In the present system near-UV hydrosilylation with phenylacetylene was 

demonstrated to produce colloidal, non-luminescent Si-NC dispersions. 

Phenylacetylene was previously observed to be unreactive in visible light 

hydrosilylation with porous Si by Stewart and Buriak. Observations of low surface 

coverage was originally attributed this difference to the 365 nm light source having 

sufficient energy to directly initiate hydride homolysis (i.e., following path A in 

Scheme 3-1).30 In this mechanism, no size-dependent reactivity is expected, as the 

rate limiting step is direct photo-induced cleavage of the surface hydride.7 
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However, fitting SAXS data of a “combined” sample reacted 

photochemically for 15 h with phenylacetylene showed the same size-dependent 

reactivity observed with 1-dodecene, with a “small” Si-NC volume fraction of 69% 

(Figure 3-7). As these styrenyl-capped Si-NCs are non-luminescent, PL spectroscopy 

could not be used to assess the size-dependence of the reactivity. FTIR of the well-

functionalized fraction (Figure 3-8) showed an increase in alkenyl stretching and 

decrease in hydride stretching features in comparison to non-functionalized NCs. 

Although the relative intensity of the hydride and oxide features is somewhat 

increased compared to the dodecyl-functionalized Si-NCs, suggesting a lower degree 

of surface coverage, this may also be related to the resulting smaller alkenyl group, 

decreased oscillator strength for alkene CH stretching vibrations compared to alkyl, 

or packing considerations of the surface styrenyl rings.66, 67 
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Figure 3-7: SAXS of the well-functionalized fraction isolated from the “combined” 

sample after photochemical hydrosilylation with phenylacetylene. Plotted as a) I(q) 

vs. q and b) as a Porod plot with I(q)*q4 vs q. The data were fit (solid black line, 

residual shown in b as a dashed grey line) to a linear combination of the populations 

obtained from SAXS of the “small” and “large” samples shown in Figure 3-4. 



 

  124 

 

Figure 3-8: FTIR of the combined Si-NC sample photochemically functionalized 

with phenylacetylene. 

 

 The size-dependent reactivity observed with phenylacetylene implies an 

exciton-mediated mechanism rather than direct homolysis. Reaction with 

phenylacetylene quenches Si-NC PL, conflicting with the stipulations of Stewart and 

Buriak’s nanoscale exciton-mediated mechanism (Path B, Scheme 3-1). They 

suggested that a small number of phenylacetylene molecules would react and then 

trap excitons, preventing further reaction. However, phenylacetylene is expected to 

be reactive in Zuilhof’s exciton-mediated mechanism (Path C, Scheme 3-1) because 

excitons are only involved in the initial nucleophilic attack, with radical propagation 

driving subsequent functionalization. Indeed, alkynes have been suggested to be 

more reactive in this pathway owing to their increased nucleophilicity and ability to 

stabilize radicals through delocalization over the resulting surface vinyl group.23 The 

difference between Stewart and Buriak’s results with phenylacetylene and the present 

observations might arise from different absorption cross-sections at the irradiating 
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wavelength, as near-UV light corresponds to a direct gap transition. As mentioned 

above, Kanai and Selloni suggested that the radical propagation in Path C is more 

favorable than hydride abstraction from the reactive site for bulk Si.27 However, the 

intermediate and transition states for both paths involve highly localized electronic 

distortions, whereas the Si-NC electronic states are delocalized over the entire 

nanocrystal (and thus are sensitive to size). The same considerations for size-

dependent reactivity predicted by Reboredo et al.26 for Path B are therefore expected 

to hold for Path C, in keeping with the present observations. 

 

3.4 Conclusions 

In summary, the influence of size on the reactivity of Si-NCs in near-UV 

hydrosilylation was demonstrated using PL, FTIR and SAXS. These results are in 

keeping with the size-dependent reactivity predicted by theoretical studies of 

exciton-mediated mechanisms, with larger NCs reacting at a slower rate through the 

influence of quantum size effects. Size-dependent reactivity was observed in 

hydrosilylation with both 1-dodecene and phenylacetylene, suggesting the exciton 

mechanisms may be dominant in near-UV initiation in either radical and non-radical 

hydrosilylation rather than direct hydride homolysis. Mechanistic considerations in 

the functionalization of Si-NCs by hydrosilylation could be important for selecting a 

set of reaction conditions for a desired Si-NC size and olefin to be grafted.  
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4.1 Introduction 

Chief among synthetic considerations for nanomaterials is precise control 

over their size and polydispersity. Prime examples of this are the successful wet 

chemical syntheses for compound semiconductor nanocrystals (NCs, e.g., CdSe, 

CdS) first investigated by Brus.1 Polydispersities (σ) of 4-6% are now routine,2, 3 

enabling study of the unique optoelectronic phenomena exhibited by these materials 

(e.g., size dependent absorption and emission of light,4 multiple exciton generation5) 

as well as increasing their potential in numerous applications (e.g., narrow 

photoluminescence, PL, for multiplexed biological imaging6, 7 and self-assembed 

nanoparticle superlattices8). 

By comparison, polydispersities of silicon and other group 14 NCs have 

remained substantially broader, with typical standard deviations around 15-25% 

which is a dominant factor for inhomogeneous broadening of the PL bandwidths.9 

This can be attributed in part to the higher temperatures needed to crystallize these 

materials,10 which presents a challenge for exploiting the “focusing” phase credited 

with the narrow size distributions for compound semiconductor wet chemical 

methods.11 The biocompatibility of Si-NCs may enable their use in areas where 

concerns over leaching of Cd2+ or other toxic ions may limit the development of 

some compound semiconductor NCs.12-17 Thus, a successful strategy to narrow the 

polydispersity of Si-NCs to produce well-defined optical properties might have 

considerable fundamental and technological significance. 

Beginning with the discovery of intense PL from the prototypical Si 

nanostructure porous Si,18 hydrofluoric acid (HF) etching is a popular “top-down” 
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approach for the size control of Si nanomaterials. Owing to the very strong, highly 

polarized Si-F bond, HF rapidly etches away Si oxides, leaving hydrophobic, hydride-

terminated Si surface. Because of this reactivity towards Si oxides, HF etching is 

frequently employed to control the size of Si nanostructures in a oxidize/etch 

process. For example, Swihart’s group has employed HF/HNO3 etching to control 

the size dispersity and optical properties of freestanding Si-NCs derived laser 

pyrolysis of silane.19, 20 Similarly, Reipa et al. investigated etching of Si-NCs derived 

from porous Si with HF/HNO3, noting the etching rate could be influenced by 

irradiating the reaction mixture with near-UV light.21 This was proposed to occur 

through photocatalyzed oxidation. Similar observations have also been reported for 

etching of Ge-NCs.22  

The mechanism of the oxidize/etch process is well understood (Scheme 4-

1A). Oxidation of Si surfaces leads to the formation of silanol (Si-OH) and bridging 

oxides (Si-O-Si); the etching mechanism of SiO2 and other oxides proceeds similarly 

through the presence of these species. Owing to the large difference in 

electronegativity between Si and O (1.9 versus 3.4 on the Pauling scale), polar oxide 

bonds deplete Si of electron density, and invites nucleophilic attack from HF to form 

a Si-F bond. Under acidic conditions, the O species can be protonated, making it a 

better leaving group. Once one Si-F bond has been formed, the Si atom is further 

depleted of electron density (F has an electronegativity of 4.0 on the Pauling scale), 

and rapidly attracts further nucleophilic attack from additional HF species. Gaseous 

SiF4 is quickly liberated, leaving behind a hydride-terminated surface as the kinetic 

product.  
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In addition to the use of a tandem oxidize/etch pathway for top-down size 

control, HF etching of hydride-terminated bulk and nanostructured Si can be 

directly initiated by exciton-mediated hole capture at the surface, arising either from 

absorption of light or under anodic electrochemical conditions (Scheme 4-1B).23, 24 

This etching process is very similar to the oxidize/etch pathway but importantly does 

not require an electronegative atom bonded to Si to initiate the etching process. In 

this case, the localization of a hole in a silicon atom is what polarizes the bond and 

drives nucleophilic attack. As will be discussed in more detail below, this exciton-

mediated pathway is responsible for the formation of luminescent porous Si through 

the influence of quantum size effects. 
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Scheme 4-1: a) HF etching mechanism starting from a surface silanol (Si-OH). b) 

Light-assisted HF etching mechanism of a surface hydride (Si-H). 

 

Reported etch rates of nanostructured Si vary substantially depending on 

reagent concentrations, pH, composition, morphology and other factors. For 

example, the etching of oxide-embedded Si-NC composites derived from HSQ using 

a HF/water/ethanol mixture yields freestanding NCs with emission spanning the 
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visible spectral region (referred to as the “water” etching method throughout the 

present text).25 Compared to other etching procedures employing HNO3 (vide 

supra), the etch rate is much slower, requiring ca. 1 h to fully remove all SiO2, during 

which the NC diameter is reduced from ca. 4 to 2-3 nm.26 The grain size of the 

ground composite powder and the stirring speed markedly impacts the etch rate, 

with larger grains slowing the rate and broadening the resulting PL. Grinding the 

composite using a wrist-action shaker resulted in a mean grain size of ca. 200 nm, 

and a more homogeneous etch rate. Although annealing HSQ at higher temperatures 

yields larger Si-NCs (up to ca. 14 nm at 1400°C),27 initial attempts to utilize this 

etching recipe on larger Si-NC composites were unsuccessful, with significant 

amounts of SiO2 remaining after extended etching.  

Here, a modified etching procedure of oxide-embedded Si-NC composites is 

described (referred to as the “acid” etching method throughout the present text), 

using a much higher HF concentration (49%) and lowering the pH through the 

addition of HCl. The advantages of this modified procedure are two-fold: 

1) As noted by Spierings,28 the etch rate of amorphous SiO2 is greatly 

enhanced at higher HF concentrations because of the formation of polymeric HnFn+1
- 

ions, which are more reactive toward Si-O bonds. Lowering the pH also increases 

the SiO2 etching rate through the catalytic role of H3O+
 by protonating oxide 

species. Significantly increasing the SiO2 etch rate eliminates the dependence of the 

Si-NC etch rate on the composite grain size, and allows the complete removal of the 

oxide before noticibly shifting the Si-NC size. This new etching procedure facilitates 

the liberation of larger Si-NCs. 
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2) Owing to the increased stability of Si hydride species in acidic media,29 

the oxidize/etch pathway is limited. Instead, here it is shown Si-NC etching proceeds 

through the exciton-mediated pathway. In the formation of porous Si, etching by 

this pathway has been identified as a key factor in the production of nanoscale, 

luminescent structures through the influence of quantum confinement effects.24 As 

the nanostructures are etched below 5 nm (the exciton Bohr radius),30 their bandgap 

begins to widen, lowering the energy of holes in the valence band. As holes “bubble 

up” to the highest electronic state available, preferential etching of non-quantum-

confined crystallites occurs. 

Quantum confinement effects analogously affect light absorption in Si-NCs, 

presenting an interesting strategy for size selection based on photochemical, exciton-

mediated etching. By irradiating the reaction mixture during HF etching at high HF 

concentration and low pH, larger Si-NCs with bandgaps equal or lower in energy 

than the irradiating wavelength would be anticipated to be preferentially etched, 

leading to a narrowing of sample polydispersity.  

To test this hypothesis, the influence of irradiating wavelength on the 

resulting Si-NC PL, size and polydispersity have been investigated under the “acid” 

etching conditions. The results suggest this approach can yield improvements in Si-

NC polydispersity under certain conditions. 
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4.2 Materials and methods 

4.2.1 Materials 

HSQ (Dow Corning, trade name FOx-17, sold as a solution in methyl 

isobutyl ketone and toluene), 49% hydrofluoric acid (HF, J.T. Baker, electronics 

grade), and anhydrous ethanol (Sigma-Aldrich) were used as received. High-purity 

water (18.2 MΩΩ/cm) was obtained from a Barnstead Nanopure Diamond 

purification system. All other reagents were purchased from Sigma Aldrich as the 

highest purity available (95% or greater). 1-Dodecene was purified before use by 

passing over neutral activated alumina to remove peroxide impurities.31  

 

4.2.2 Synthesis of oxide-embedded Si-NCs 

Oxide-embedded Si-NC composites were prepared from HSQ as previously 

described by thermal processing under 5% H2/95% Ar for 1 h.25 Previous X-ray 

diffraction characterization has shown heating at temperatures ranging from 1100°C 

to 1400°C yields Si-NCs from ca. 4 nm up to 14 nm.27 The glassy brown solids were 

ground in a mortar and pestle into a free flowing powder. 

 

4.2.3 Hydrofluoric acid (HF) etching 

 Etching of oxide-embedded Si-NC composites by two different methods 

were compared. In the previously described “water” etch,25 100 mg of mechanically 

ground composite was added to a polypropylene beaker equipped with a stir bar 

along with 3 mL of a 1:1:1 mixture of 49% HF, water and anhydrous ethanol. The 

mixture was stirred, and 100 µL aliquots were extracted with a small volume of 
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toluene for PL spectroscopy. Alternatively, the etching mixture was extracted with 

two 15 mL aliquots of toluene for thermal hydrosilylation (vide infra). 

In a modified “acid” etching procedure, 100 mg of the oxide-embedded Si-

NC composite, 75 µL concentrated HCl and 3 mL 49% HF was added sequentially 

to a polypropylene beaker equipped with a stir bar. The reaction mixture was stirred 

for 5 min, during which vigorous bubbling was observed. 1.5 mL of ethanol was then 

added, and the mixture was stirred for a controlled period of time, either in the dark, 

under ambient laboratory lighting, or under illumination from a light source of 

controlled wavelength and power. Several light sources were employed yielding 

similar trends in etching behaviour: a Xenon light source equipped with a 

monochromator, whose output had been calibrated using an Ocean Optics 

USB2000+ spectrometer (full-width at half maximum of ca. 28 nm, power of  2.75± 

0.25 mW measured incident to the etching solution); the 568 nm line of a variable 

wavelength Ar+/Kr+ laser (40 mW); and a 660 nm laser diode (186 mW). 100 µL 

aliquots were extracted with a small volume of toluene for PL spectroscopy every 2 h 

and extracted with 2 mL toluene. After completion of the etch, hydride-terminated 

Si-NCs for thermal hydrosilylation were isolated by extraction with two 15 mL 

aliquots of toluene. 

 

4.2.4 Thermal hydrosilylation 

 The toluene extracts were transferred into centrifuge tubes and centrifuged at 

3,000 rpm. The toluene was decanted, and the precipitated Si-NCs were redispersed 

in 10 mL freshly purified 1-dodecene and transferred to a Schlenk flask equipped 
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with a stir bar under an argon atmosphere. The reaction mixture was degassed by 

three cycles of evacuation and purging with argon and placed in a silicon oil bath 

heated at 190°C for 15 h. The reaction mixture typically turned from turbid to 

transparent in the first 3 h of heating.  

 

4.2.5 Si-NC purification 

 Following photochemical functionalization, the reaction mixtures were 

transferred into centrifuge tubes and spun at 3,000 rpm to precipitate any unreacted 

NCs. The supernatant from each reaction was filtered through a 250 nm PTFE 

syringe filter into a 50 mL centrifuge tube and precipitated by the addition of 37.5 

mL of a 3:1 ethanol/methanol mixture and centrifugation (25,900 G) because of the 

insolubility of 1-dodecene in methanol. Three additional purification by 

centrifugation cycles were performed using toluene and methanol as the 

solvent/antisolvent (procedure described in detail in Chapter 2).  

 

4.2.6 Materials characterization and instrumentation 

4.2.6.1 Photoluminescence (PL) spectroscopy 

 Photoluminescence (PL) spectra were acquired on dilute toluene dispersions 

excited with the 325 nm line of a He/Cd laser. Luminescence between 350 and 1100 

nm was detected using an Ocean Optics USB2000+ spectrometer whose spectral 

response was calibrated with a blackbody radiator.  

4.2.6.2 Fourier Transform Infrared Spectroscopy (FTIR) 
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FTIR spectra were collected using a Nicolet Magna 750 IR spectrometer on 

drop-cast films. Owing to the low volatility of toluene, freshly etched samples were 

instead extracted with hexane for analysis.  

 

4.2.6.3 Small-Angle X-ray Scattering (SAXS) 

 SAXS was performed on dilute dispersion of silicon nanocrystals in toluene 

sealed in a boron-rich silicate capillary (Charles Supper, 2 mm outer diameter, 80 

mm length, 10 µm wall thickness). Measurements were performed using a Bruker 

NanoStar with a rotating copper anode X-ray generator (λ = 1.54 Å) operating at 

5.5 kW. The scattered photons were collected on a 2D multiwire gas-filled detector 

(Bruker HiStar.) and the scattering angle was calibrated using a silver behenate 

(CH3(CH2)20COOAg) standard. Radial integrations of scattering intensity were 

performed using Bruker GADDS software. Experimental data was corrected for 

background scattering. Data were fit to a spherical particle model with a Gaussian 

size distribution, described in detail in Chapter 3. 

 

4.2.6.4 Transmission Electron Microscopy (TEM) 

High resolution TEM was performed using a Titan3 G2 60-300 TEM 

operating at 300 kV. Selected area electron diffraction (SAED) and energy dispersive 

X-ray spectroscopy (EDS) were acquired with a FEI Titan 80-300 operated at 300 

kV and equipped with a spherical aberration corrector of the imaging lens. Prior to 

analysis, functionalized samples were purified through two additional 

solvent/antisolvent cycles and resuspended in chloroform to fully remove any organic 
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species that might have hindered analysis through electron-beam induced 

decomposition. Samples were dropcoated from a dilute chloroform dispersion onto a 

carbon-coated copper grid.  
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4.3 Results and discussion 

4.3.1 Comparison between etching procedures 

 The “water” and “acid” etching recipes were compared in the etching of 

oxide-embedded Si-NC composites processed at 1100°C and 1400°C. As previously 

reported, etching 1100°C-processed composite using the “water” recipe yields 

freestanding, hydride-terminated Si-NCs ca. 2-3 nm in diameter. After 2.5 h etching 

of 1400°C-processed composite using the “water” recipe, an intense Si-O-Si 

stretching band at ca. 1000-1100 cm-1 is still observed by FTIR spectroscopy (Figure 

4-1). As well, in the Si-Hx stretching region (ca. 2100 cm-1), a distinct three-part 

structure is observed, with distinct features corresponding to Si-H3, Si-H2 and Si-H 

species at ca. 2140, 2100 and 2087 cm-1. In comparison, after 5 min of etching 

1400°C composite using the “acid” recipe, little or no Si-O-Si stretching can be 

observed, with the spectrum dominated by Si-Hx stretching (with a relative increase 

in the Si-H2 component) and scissoring vibrations at ca. 2100 and 910 cm-1 

respectively. Alkyl stretching and bending vibrations are observed for the “water” 

etched sample, attributed to residual hexanes in the drop-cast film. 
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Figure 4-1: Comparison of FTIR spectra of hydride-terminated Si-NCs from 

1400°C-processed composite etched using the “acid” (top, dotted black trace) and 

“water” (bottom, solid grey trace) recipes. 

 

 As noted above, the rate of etching in the “water” recipe (as measured by the 

Si-NC PL shift) is appreciably influenced by the stirring rate of the reaction mixture. 

This observation implies the reaction is limited by diffusion of the etching species 

onto the surface of the composite, as stirring changes the diffusion boundary layer 

thickness.32 However, the etching rate of amorphous silica is known to be insensitive 
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to agitation rate,32 suggesting the rate of etching in the “water” recipe is limited 

through the influence of the hydrophobic hydride-terminated Si-NC surfaces formed 

during etching. A possible explanation for the influence of the hydride terminated Si-

NCs is depicted in Scheme 4-2. In the “water” etch, SiO2 is etched away from the 

composite until the hydride surface of the embedded Si-NCs are revealed. Etching of 

the SiO2 is then slowed because of the unfavorable interaction between the highly 

polarized HF molecules and the hydrophobic surface. Despite the residual oxide 

observed by FTIR, the partially etched 1400°C-composite is still hydrophobic 

enough to be extracted into toluene, consistent with the formation of hydride species 

at the surface of the composite. 

Si-NC surface oxidation (e.g., through photo-induced oxidation in the 

presence of water or oxygen33) facilitates HF etching through the oxidize/etch 

pathway, reducing their diameter and allowing more HF to attack the residual oxide 

matrix. This observation is consistent with the blue shift in PL observed for “water” 

etching of the 1100°-composite. Etching of the 1400°C composite is thus expected 

to be slower through the increased hydrophobic surface area revealed during etching. 

Gradual oxidation of the exposed Si-NC hydride surface leads to surface 

“roughening”, consistent with the observation of increased Si-H3 and Si-H species 

through the formation of thermodynamically-favoured (111) facets (similar to the 

roughening of Si 100 bulk surfaces etched with dilute HF34). 

 It has been noted that the HF etching of amorphous silica can proceed 

preferentially at flaws or “microcracks” in the surface.28 This behavior could explain 

the vastly increased rate of Si-NC liberation for the “acid” recipe, as the very fast 
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etching of SiO2 (through the impact of increased HF concentration and lowered 

pH) could dissolve the connective oxide matrix before the hydrophobic Si-NC 

surfaces begin to impede the etching rate. 
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Scheme 4-2: Depiction of the possible influence of the hydride-terminated Si-NC 

surfaces on the “water” and “acid” etching recipes. 

 

 The use of the “acid” etching procedure is interesting for the liberation of Si-

NCs larger than previously studied. After “acid” etching, hydride-terminated Si-NCs 

from composites processed from 1100° to 1400°C were readily functionalized 

through thermal hydrosilylation with 1-dodecene at 190°C, resulting in colloidally-

dispersed Si-NCs. These Si-NCs exhibit lattice fringes expected for crystalline Si, as 

shown by HRTEM analysis (Figure 4-2). 
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Figure 4-2: a) Low-resolution TEM of 1400°C-processed Si-NCs liberated using the 

“acid” etch and functionalized via thermal hydrosilylation. b-e) High-resolution 

TEMs of freestanding Si-NCs processed from 1100-1400°C showing lattice fringes 

characteristic of crystalline Si. The circled particle in e) had a lattice spacing of 3.1Å 

consistent with the Si 111 plane. f) SAED pattern of 1400°C-processed Si-NCs 

exhibiting the (111), (220) and (311) planes of diamond type Si. g) EDS spectrum of 

1100°C-processed Si-NCs showing the presence of Si, C and O. The Cu signal arises 

from the grid. 
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4.3.2 Wavelength dependent photo-assisted HF etching 

HF etching of Si nanostructures often employs a strong oxidizing agent such 

as HNO3 for size control through the oxize/etch pathway described above. 

However, this pathway is also active in the “water” etching recipe previously 

described for this system,25 through oxidation of the surface by water.33 Initial 

attempts to control Si-NC size by irradiating the “water” etching mixture through an 

exciton-mediated strategy proved unsuccessful, as the Si-NC PL blue shifted even in 

the dark, suggesting photo-induced exciton formation did not substantially influence 

the etching rate. However, lowering the pH by addition of a strong acid provides a 

convenient way to “trap” any water as H3O+, an electrophile incapable of oxidizing 

the NC surface. The addition of HCl to the etching mixture to lower the pH 

substantially reduces the rate of oxidation, and allows the influence of exicton-

mediated etching to be observed.  

Figure 4-1 shows the PL maxima of hydride-terminated Si-NCs during “acid” 

etching as a function of irradiating wavelength. The PL from Si-NCs etched in the 

dark did not shift appreciably from ca. 800 nm, even after 10 h of etching. By 

comparison, using the “water” etch recipe in the dark resulted in a PL blue-shift of 

ca. 100 nm after 3 h; after etching for 4 h the NC PL was undetectable suggesting 

complete Si-NC dissolution. These observations are consistent with the “water” etch 

proceeding through the oxidize/etch pathway stemming from a higher concentration 

of water available to oxidize the Si-NCs. 

Irradiating the “acid” etching mixture blue shifted the PL as a function of the 

irradiating wavelength. After 10 h etching with 700 nm light using a Xenon light 



 

  149 

source (FWHM of ca. 28 nm), a PL maximum of ca. 700 nm was achieved; using 

600 nm light for 10 h gave an emission maximum of ca. 585 nm. For both the 600 

nm and ambient light etches, an unexpected red shift of ca. 25 nm was observed after 

4 h etching. This shift may arise from the formation of oxidation-related mid-gap 

states before PL spectra could be collected (typically within 2 minutes after 

extraction). Wolkin et al. have suggested Si-NCs with bandgaps greater than ca. 2 eV 

become susceptible to the formation of silanone (Si=O) related traps, red shifting the 

PL.35  

The PL FWHM of the Si-NCs during etches narrowed, qualitatively 

consistent with a decrease in Si-NC polydispersity. Si-NCs etched in the dark had a 

PL FWHM of ca. 200 nm (ca. 0.8 eV), in comparison to as low as ca. 90 nm for 700 

nm and 600 nm photoetched samples (ca. 0.5 and 0. 6 eV respectively). 
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Figure 4-3: PL maxima of hydride-terminated Si-NCs “acid” etched under 

monochromatic irradiation from a Xenon light source. A “water” etched sample 

etched in the dark is shown for comparison. 

 

PL FWHM is a common measure to evaluate Si-NC polydispersity.21, 36 

Based on the assumption that quantum confinement effects dominate the observed 

PL, the Si-NC size and polydispersity are often approximated from the PL maxima 

and FWHM (in eV) using the reduced mass model: 

€ 

E(R) = Eg
2 +
4.8eV 2nm2

R2
   (4-1) 

where Eg is the bandgap of bulk silicon in eV (1.1 eV), E(R) is the Si-NC bandgap, 

and R the radius of the nanocrystal. However, it is important to note PL of hydride-

terminated Si-NCs can be influenced by surface traps (notably through the impact of 

oxidation, vide supra),35 and necessarily only yields information on the luminescent 

fraction of Si-NCs within the entire sample. Determination of Si-NC sizes by 
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electron microscopy is challenging, owing to the small sizes (ca. 2-3 nm for Si-NC 

with visible PL) and low electron density for Si over C. Therefore, to determine if 

the observed wavelength dependence of the PL was truly arising through a shift in 

the Si-NC size (as expected by quantum confinement effects), a series of samples was 

etched using the “acid” recipe for 6 h under dark, ambient and 568 nm laser 

illumination, and subsequently functionalized by thermal hydrosilylation with 1-

dodecene. Etching with laser illumination produced a narrower PL than with the 

Xenon source, likely because of superior monochromacity and higher power of the 

light source. PL after extraction and functionalization, shown in Figure 4-4, was 

compared with size and polydispersity obtained using SAXS, shown in Figure 4-5.  

During etching, the PL shifted with irradiating wavelength, in keeping with 

the trend observed in Figure 4-1. PL maxima (and FWHM) of 577 nm (FWHM 94 

nm, 0.4 eV), 695 nm (FWHM 196 nm, 0.5 eV) and 893 (FWHM 209 nm, 0.4 eV) 

were observed for the laser-assisted, ambient and dark samples, respectively. These 

PL results correspond to Si-NC sizes of 2.4 ± 0.5 nm, 3.1 ± 1.3 nm and 5.2 ± 3.3 

nm using the effective mass approximation.  

However, after functionalization, PL from all samples shifted substantially to 

the near-IR, with the laser-assisted and ambient sample PL red shifting to maxima of 

740 nm (FWHM 200 nm, 0.4 eV). The dark sample PL blue shifted to 815 nm 

(FWHM 215 nm, 0.4 eV). Notably, the red shift of ca. 160 nm exhibited by the 

laser-assisted sample is significantly larger than the shifts in PL we observed for near-

UV photochemical hydrosilylation of Si-NCs.26 These red shifted PL correspond to 

Si-NC sizes of 3.6 ± 1.9, 3.4 ± 1.9 and 4.1 ± 3.3 nm for the laser-assisted, ambient 
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and dark samples, respectively. It is unlikely the hydrosilylation temperatures would 

increase the Si-NC size in such a manner owing to the high temperatures necessary 

to promote crystal growth (vide infra). 

Fitting SAXS data of the functionalized samples to a spherical particle model 

with a Gaussian distribution gave average nanocrystal diameters of 4.0 ± 1.4 nm, 3.8 

± 1.5 nm and 5.0 ± 1.2 nm for the laser-assisted, ambient and dark samples. The 

differences between the PL and SAXS size estimations are summarized in Table 4-1. 

It is interesting to note the SAXS and PL data for the functionalized samples are in 

agreement with the liberation of significantly larger, more polydisperse Si-NCs 

compared to the samples studied previously with similar PL emission maxima, 

prepared by the “water” etching procedure (e.g., 2.3 ± 0.6 nm, from HRTEM 

analysis, 2.9 ± 0.6 nm from SAXS analysis).26 

 

Table 4-1: Difference in size estimates for “acid” etched samples using the PL 

effective mass approximation and SAXS 

Sample Effective mass approximation 
(before hydrosilylation) 

Size estimated by SAXS 
(after hydrosilylation) 

Dark 5.2 ± 3.3 nm 5.0 ± 1.2 nm 

568 nm laser assisted 2.4 ± 0.5 nm 4.0 ± 1.4 nm 

Ambient 3.1 ± 1.3 nm 3.8 ± 1.5 nm 
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Figure 4-4: a) PL spectra of hydride-terminated Si-NCs prepared by HF etching in 

the dark (red trace), ambient light (orange trace) and with 568 nm laser irradiation 

(green trace). b) Corresponding PL spectra after thermal hydrosilylation with 1-

dodecene. 

 

Figure 4-5: SAXS of functionalized Si-NCs prepared by etching under dark, ambient 

and 568 nm laser irradiation: plotted as a) I(q) vs. q and b) as a Porod plot as I(q)*q4 

vs. q. Fitting parameters are summarized in the text. 
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The wavelength-dependent PL shifts exhibited by hydride-terminated Si-

NCs during photochemical “acid” etching are suggestive of an exciton-mediated 

etching mechanism through the etching described above. However, this appears to 

contradict with the dramatic shift in PL maxima observed after functionalization, 

and the broad size distributions obtained using SAXS. To explain this discrepancy, it 

is first important to note that for an exciton to participate in the HF etching, its 

lifetime must be long enough for the hole to localize at the surface and undergo 

nucleophilic attack. Si-NCs rendered nonluminescent through the incorporation of a 

trapping defect (e.g., volume37-39 or dislocation defects40) would thus be inactive in 

this etching pathway as the exciton would recombine non-radiatively before inducing 

attack from HF. The presence of defect-containing nonluminescent Si-NCs within 

an ensemble population has been identified as a major factor in their relatively low 

quantum yields to date (e.g., for a sample a with 5% quantum yield, 5% of the Si-

NCs are defect-free and emissive, with 95% defect-ridden and non-luminescent).41 

Thus, it is likely these samples contain a population of dark Si-NCs (invisible to PL 

characterization of the hydride-terminated Si-NCs) that are not etched and hence 

skew the size distributions obtained from SAXS. Attempts to fit the SAXS data to a 

bimodal distribution were unsuccessful, likely resulting from substantial overlap in 

size between dark and bright populations preventing the least-squares fitting process 

from converging. 

 The presence of a population of dark Si-NCs that are not “acid” etched is 

also consistent with the anomalous PL red shift observed. Two possible explanations 

can account for this behaviour. First, if a surface defect is responsible for the loss of 
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emission, the change in surface chemistry initiated by thermal hydrosilylation might 

remove these defects, activating these dark NCs. Second, annealing of similarly 

prepared Si-NCs at similar temperatures to the conditions of thermal hydrosilylation 

used here is known to reduce the concentration of dangling bond defects (notably, 

passivating both surface- and core-associated defects).42 Annealing of core defects 

during thermal functionalization could also explain the observed red shift. 

 A modified two-step etching procedure was studied in an attempt to activate 

the nonluminescent population toward the wavelength-dependent etching process. 

First, 100 mg of 1100°C-processed oxide composite was etched for 30 minutes using 

the “water” recipe. During this etch, the oxide matrix is removed, and the Si-NC 

ensemble size reduced. Etching Si-NCs with dilute HF solutions is known to reduce 

the number of dangling-bond defects, as confirmed by electron paramagnetic 

resonance spectroscopy.42, 43 This would increase the number of bright NCs available 

to participate in the exciton-mediated pathway. Subsequently, 20 mL of 49% HF 

and 1.3 mL HCl were added as an excess volume to increase the HF concentration 

and acidify the reaction mixture. The reaction mixture was then irradiated using a 

high-powered 660 nm laser diode to switch over to the exciton-mediated pathway. 

 After 2 h, the 2-step etching process yielded hydride-terminated Si-NCs with 

PL centered at ca. 637 nm (FWHM 91 nm, 0.3 eV, Figure 4-6). By comparison, 

after 2 h of etching using the “acid” recipe under 660 nm illumination, or etching 

using the “water” recipe under ambient illumination gave hydride-terminated Si-NCs 

with PL centered at ca. 620 nm (FWHM 92 nm, 0.3 eV) and 612 nm (FWHM 152 

nm, 0.5 eV) respectively. 
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 Thermal hydrosilylation with 1-dodecene after the 2-step etch yielded Si-

NCs with PL centered at ca. 625 nm (FWHM 128 nm, 0.4 eV), a blue shift of 27 

nm. The “water” and “acid” etched samples exhibited PL centered at ca. 675 nm 

(FWHM 149 nm, 0.4 eV) and 713 nm (FWHM 159 nm, 0.4 eV).  

 SAXS characterization of these samples (Figure 4-7), fitting to a spherical 

particle model with a Gaussian distribution, yielded diameters of 2.6 ± 0.7 nm for 

the 2-step etched sample, 1.6 ± 0.8 nm for the “water” etched sample, and 3.0 ± 1.9 

nm for the “acid” etched sample.  
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Figure 4-6: a) PL spectra of hydride-terminated Si-NCs prepared using the 2-step 

HF recipe (grey trace), “acid” recipe (blue trace) and “water” recipes (purple trace) 

after 2 h of etching. b) Corresponding PL spectra after thermal hydrosilylation. 

 

Figure 4-7: SAXS of functionalized Si-NCs prepared using the 2-step HF recipe 

(grey trace), “acid” recipe (blue trace) and “water” recipes (purple trace) after 2 h of 

etching. Plotted as a) I(q) vs. q and b) as a Porod plot as I(q)*q4 vs. q. Fitting 

parameters are summarized in the text.  
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 By employing a 2-step etching process to first remove non-radiative defects, 

then activate the exciton-mediated (wavelength dependent) etching pathway by 

addition of excess HF and HCl, the Si-NC polydispersity after 2 h of etching was 

improved from over σ = 50% for the “water” and “acid” etches to σ = 27%. 

Correspondingly, instead of the significant PL red shift observed for the “acid” 

etched NCs, the PL of the 2-step etched Si-NCs blue shifted by only 12 nm (ca. 625 

nm). Given the similar PL maxima and polydispersity to Si-NCs we have previously 

studied,26 it is reasonable this blue shift is in accordance with the “smart 

confinement” model previously proposed. 

 However, this improvement is still wider than the applications-enabling 

narrow polydispersity of wet chemical methods for compound semiconductor NCs. 

As well, it is close to the polydispersity observed for Si-NCs etched in the “water” 

recipe for 1 h we previously reported.26  

 Extinction coefficients of Si-NCs have been demonstrated to increase as a 

function of NC size.44 Choi et al. suggested that this factor is responsible for a narrow 

polydispersity in their oxide/etching approach.21 As larger Si-NCs absorb more light, 

they would be expected to be oxidized (and thus etched) at a faster rate. This 

hypothesis may explain the relatively narrow polydispersity observed in Chapter 2 for 

the 1 h “water” etched samples under ambient lighting.  

 Conversely, this may present an obstacle for the strategy of size control 

through the exciton-mediated pathway. Non-luminescent NCs unreactive towards 

etching would remain larger and thus compete for light absorption, slowing the 

etching of the bright population. Ideally, an exciton-mediated etching strategy would 
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function best in a sample containing little or no defects, so the majority of the 

sample would etch at the same rate. In the present system, this could be achieved 

through the etching of composites prepared through extended annealing under 

hydrogen atmosphere.27  

 
4.4 Conclusions 

 Through changing the HF concentration and pH, the HF etching rate of 

oxide-embedded Si-NC composites can be greatly increased, rapidly liberating 

hydride-terminated Si-NCs within minutes. Furthermore, the HF etching pathway of 

hydride-terminated Si-NCs can be controlled from a oxide/etch to an exciton-

mediated pathway. Exploiting this change through photochemical etching yields Si-

NCs whose PL shifts and narrows as a function of irradiating wavelength, as expected 

from quantum confinement effects. However, after thermal hydrosilylation, a 

significant PL red shift and broad size distribution (determined by SAXS) was 

observed. To account for this, a model of dark Si-NCs unreactive in the exciton-

mediated etching pathway was proposed. This hypothesis was tested through the 

development of a 2-step etching process, which improved the resulting Si-NC 

polydispersity. 

Although significant improvements in Si-NC polydispersity through HF 

etching have yet to be realized for use in practical applications, this investigation has 

revealed several observations that merit general consideration for size control 

through HF etching of Si nanostructures: 

 1) Although a narrow PL FWHM is a primary motivating factor for lowering 

Si-NC polydispersity, PL alone cannot suffice for characterizing the size distribution 
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during the etching process. The best FWHM of 90 nm (0.3 eV) observed in this 

study for “acid” etched samples compares favorably to some of the narrowest 

reported to date (i.e., FWHM of ca. 0.4 eV).21 However, the true polydispersity 

revealed by SAXS is consistent with the presence of dark NCs limiting the etching 

process. Although absorption measurements can also provide valuable information in 

this regard, the small quantities of material used in this study and relatively broad 

size distributions made estimate of the absorption onset challenging. 

2) The significant red shift observed during hydrosilylation is consistent with 

the activation of dark Si-NCs upon hydrosilylation, in contrast to the blue shift 

observed for Si-NCs with similar PL maxima in Chapter 2. This reversal in behaviour 

is attributed to the difference in polydispersity between these samples, caused by 

presence of dark NCs. Caution must thus be taken in comparing the impact of 

surface functionalization and other post-synthetic steps between synthetic methods 

stemming from their inherent differences in polydispersity.  
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Nanocrystals* 
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5.1 Introduction 

The discovery of efficient photoluminescence (PL) from silicon nanocrystals 

(Si-NCs) has spurred great interest toward the fundamental understanding and 

application of these materials.1 The natural abundance of Si and its prevalence in the 

microelectronics industry also make it appealing for many technologies including 

photovoltaics2, 3 and biological applications such as fluorescent imaging and drug 

delivery.4-6 Luminescent Si is biocompatible and biodegradable,7-10 making it well-

suited for in vivo medical diagnostic imaging applications where corresponding II-VI 

and III-V NCs (e.g., CdSe, GaAs) exhibit marked cytotoxic effects that results from 

the release of metal cations in oxidative environments.11, 12  

Several groups have reported recent syntheses of Si-NCs that yield tangible 

quantities of highly crystalline material of controlled size, with PL spanning the 

visible and near-IR spectral regions.13-17 A central goal to many of these reports is the 

realization of a reactive surface suitable for further modification while maintaining 

the desired optical properties. One approach that has been extensively studied is 

hydrofluoric (HF) acid etching which yields hydride surface termination that can be 

conveniently modified through subsequent hydrosilylation with alkenes or alkynes.18, 

19 While the hydride surface oxidizes under ambient conditions, leading to a decrease 

in PL quantum yield and shift in emission maximum, many reports have noted the 

robustness of the resulting Si-C surface against unwanted oxidation.  

Although hydrosilylation increases the colloidal stability of freestanding Si-

NCs and stabilize PL,14, 20 thereby facilitating the use of these materials in several 

proof-of-concept applications, uncertainty remains over the degree to which this 
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process affects the PL response. Reports of both red- and blue shifted PL arising 

from hydrosilylation have appeared, depending upon the initial NC size and olefin 

used. Additionally, some reports have also noted the emergence of a new emission 

band centered in the blue spectral region (similar in many respects to the so-called 

“fast” band21 observed in some reports for porous Si).22, 23 Comparisons between 

different synthetic and functionalization approaches is a significant challenge as they 

bring with them inherent differences in NC size and size dispersity, reaction 

impurities, or in post-reaction treatment.  

Generally, changes to the Si-NC PL resulting from hydrosilylation have been 

explained in the context of oxide-related species formed during and/or after the 

reaction. Wolkin et al. proposed a model invoking silanone (i.e., Si=O, a metastable 

species suggested to form during the oxidation of Si surfaces) related mid-gap states, 

suggesting there is a critical size below which quantum confinement effects open up 

the conduction and valence bands, allowing surface-localized trap states to influence 

the PL.24 It has also been suggested that other oxide-related species might produce a 

red shift effect.25-27 Oxidation of Si-NC surfaces has also been implicated in the 

formation of non-radiative traps (e.g., dangling bonds) that decrease the PL quantum 

yield.28 

 As discussed in detail in Chapter 2 of this thesis, photochemical 

hydrosilylation of Si-NCs can be initiated using a near-UV LED light source.29 The 

Si-NCs studied were obtained via HF etching of oxide-embedded composites 

prepared by the annealing of hydrogen silsesquioxane (HSQ).16 This procedure 

yields hydride-terminated Si-NCs exhibiting size dependent PL throughout the 
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visible spectrum. Reaction of green-emitting Si-NCs (PL maxima at ca. 580 nm) 

produced a red shift in the PL explainable by the formation of oxide-related midgap 

states, red-emitting Si-NCs (PL maxima at ca. 700 nm) exhibited a blue shift that 

was hypothesized to occur through the removal of defect surface states, in keeping 

with the “smart confinement” model.30, 31 

 Near edge X-ray absorption fine structure spectroscopy (NEXAFS) and X-ray 

excited optical luminescence spectroscopy (XEOL, also referred to as 

Photoluminescent Yield, PLY) are complementary, information-rich characterization 

techniques that provide detailed information on the electronic and optical properties 

of luminescent materials such as Si-NCs. 32-35 Through tuning of an incident X-ray 

photon from a synchrotron source to the threshold energy required to create a core 

hole (i.e., a transition to an unoccupied or continuum state) and subsequent 

observation of secondary processes that follow X-ray absorption (e.g., Auger 

emission, X-ray fluorescence or visible luminescence), NEXAFS and XEOL give 

element-specific insight into the chemical species (e.g., oxidation state and 

coordination environment) that comprise a material. In doing so, the contribution of 

the various species to the electronic structure and optical properties can be 

elucidated. X-ray absorption spectroscopy benefits from high photoabsorption cross 

sections of most core and shallow-core levels of interest, as well as inherently narrow 

linewidths.35 The use of a synchrotron source with high flux and monochromaticity 

affords excellent chemical sensitivity and resolving power.  

In the field of Si nanomaterials, NEXAFS and XEOL have been used to 

characterize the luminescent species in porous Si,21, 36-42 Si nanowires,43 Si-NCs 
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embedded in SiO2,44, 45 alkylated Si-NCs derived from porous Si,46-48 Si-NCs derived 

from thermal vaporization of Si49 and Si-CdSe heterostructures,50 among others. In 

particular, NEXAFS and XEOL have been extensively utilized to understand the 

origin of luminescence of porous Si, the prototypical Si luminescent nanostructure. 

At the time of its discovery, several competing theories suggested the observed 

emission arose from various species including siloxenes, defects, amorphous Si or 

surface hydrides.51 NEXAFS and XEOL have shown that the widely observed “slow” 

band for freshly prepared porous Si (with an orange/red PL maximum) arises from 

absorption by elemental Si;36 the emissive species has a disordered structure closely 

related to crystalline Si;40 the electronic and optical properties exhibit a size-

dependence in accordance with quantum size effects;41, 42 and the “slow” and “fast” 

bands originate from different species (e.g., elemental core and oxidized surface 

regions of the porous layer, respectively).21 These reports have played an important 

role in establishing the quantum confinement model as the dominant mechanism of 

luminescence from hydride-terminated porous Si.  

In comparison, NEXAFS and XEOL results of other Si nanostructures have 

demonstrated that surface species present in Si nanostructures play an active role in 

the luminescence. Daldosso and coworkers observed oxide-embedded Si-NCs 

prepared by plasma-enhanced chemical vapor deposition (PECVD) to contain a 

graded layer of amorphous Si and strained SiO2 ca. 1 nm thick at the NC surface.44 

Selective X-ray excitation of these species enhanced the observed XEOL signal, 

suggesting that these surface species participate in the absorption and emission 

processes; this was complemented by detailed computational investigations. 
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Similarly, Zimina and coworkers examined oxide-embedded Si-NC superlattices and 

found NEXAFS evidence for a graded suboxide shell at the NC surface.52 This 

structure was suggested to influence the electronic properties of these materials, 

particularly in the conduction band. The origin of PL in these materials was later 

studied using magneto-PL, showing the participation of defects in the suboxide 

interface in the PL.53 

The optical and electronic properties of oxide-embedded and freestanding 

hydride-terminated Si-NCs derived from HSQ have been studied using Si K-edge 

NEXAFS and XEOL.45 This investigation demonstrated that the hydride surface 

immediately after etching is oxide free at the sensitivity level of Si K-edge NEXAFS 

and XEOL, and the emission is consistent with quantum confinement effects. Given 

the observed shifts in PL induced by functionalization and the important role of 

surface species identified for Si nanostructures, it is important to better understand 

the impact of the hydrosilylation process on Si-NC PL. Here, an investigation of the 

impact of photochemical hydrosilylation on the optical and electronic properties of 

freestanding Si-NCs is presented. These results show the origin of PL of these 

alkylated Si-NCs to be consistent with quantum confinement effects, and highlights 

the critical influence surface oxidation has over the emission. The materials studied 

were characterized using Si L3,2-edge NEXAFS, Si K-edge NEXAFS and XEOL, and 

Fourier transform infrared (FTIR) spectroscopy. 
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5.2. Materials and methods 

5.2.1 Materials 

All chemicals were purchased from Sigma Aldrich as reagent grade with the 

exception of HSQ (Dow Corning, FOx-17) and 49% hydrofluoric acid (HF, J.T. 

Baker, electronics grade), and were used as received. High-purity water (18.2 

MΩΩ/cm) was obtained from a Barnstead Nanopure Diamond purification system. 

Toluene and methanol were dried by distillation over sodium/benzophenone and 

magnesium turnings, respectively. Styrene and 1-hexene were purified immediately 

before use by passing over neutral alumina to remove inhibitor and/or peroxide 

impurities.54  

 

5.2.2 Photochemical hydrosilylation 

Functionalized Si-NCs were prepared from HSQ by methods previously 

described.16, 29 In brief, oxide-embedded Si-NCs were prepared by the thermal 

processing of HSQ to 1100°C for 1 h under a 5% H2/ 95% Ar atmosphere. 

Freestanding hydride-terminated Si-NCs were liberated from the oxide composite 

through etching with an ethanolic HF solution for 1 h, giving hydrophobic Si-NCs 

that were isolated by extraction with 50 mL toluene. The initially cloudy yellow Si-

NC dispersion had red PL (maximum at ca. 720 nm). Previous transmission electron 

microscopy analysis has shown this procedure produces ca. 2.3 ± 0.6 nm diameter Si-

NCs.29 Following three freeze-pump-thaw cycles of the reaction Schlenk flask to 

remove dissolved oxygen, photochemical reaction was carried out by a near-UV LED 

light source (365 nm) for 15 h, giving a clear yellow colloidal dispersion for the 
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samples reacted with styrene and 1-hexene. A sample of hydride-terminated Si-NCs 

in toluene without any alkene was also reacted as a control sample, giving a cloudy 

dispersion. 

 In order to minimize the impact of any ambient exposure to the XAS 

characterization, all purification, storage, transportation and sample preparation 

steps were conducted under inert atmosphere using dry solvents. Following 

functionalization, solvent and unreacted alkene were removed under vacuum on a 

Schlenk line. Three cycles of solvent/anti-solvent washing and centrifugation were 

carried out using toluene and methanol. The purified Si-NCs were transferred to an 

Ar-filled glovebox (1 ppm O2, 0.6 ppm H2O) and kept until transportation for 

analysis.  

 

5.2.3 X-ray Absorption Spectroscopy 

NEXAFS and XEOL experiments were performed at the Canadian Light 

Source in Saskatoon, Saskatchewan. Si L3,2-edge NEXAFS spectra were collected on 

the Variable Line Spacing Planar Grating Monochromator beamline (PGM, 11ID-

2), which has a photon flux at the Si L3,2-edge (90-125 eV) of ca. 1012 photons/s 

/100 mA and a resolving power of 10,000 E/ΔE.55 Si K-edge NEXAFS and XEOL 

were collected on the Spherical Grating Monochromator (SGM, 11ID-1) beamline, 

which has a photon flux at the Si K-edge (1810-1910 eV) of ca. 1011 photons/s/100 

mA and a resolving power of ca. 5000 E/ΔE.56 Spectra were normalized to the 

incident beam intensity (Io) by measuring the current emitted by a nickel mesh 

located after the last focusing mirror. X-ray fluorescent yield (FLY) was measured 
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using a micro-channel plate detector positioned 45° from the sample. Total electron 

yield (TEY) was measured at the Si K-edge by normalizing the drained sample 

current to the incident photon flux. XEOL spectra were collected during NEXAFS 

scans through a lens coupled to an Ocean Optics USB4000 spectrometer. PLY 

spectra were generated by integrating the XEOL signal over the visible region at each 

X-ray energy and corrected for sample damage effects using Igor Pro. To subtract the 

sample-damage induced decay from the PLY signal, uncorrected data in the pre-edge 

region were fit to a decaying exponential of the form: 

€ 

I(E) = Ae
− (E−1825)

τ
 (5-1) 

where I denotes the integrated PLY intensity, E the exciting X-ray energy in electron 

volts, A the initial intensity and τ an empirical decay constant. As the PL decay was 

dependent on the step size, data were fit only over the region where a 0.1 eV step 

sized was used (ca. 1825 -1860 eV).The values A and τ were chosen merely as 

empirical parameters to describe the decay, and varied over the sample because of 

thickness inhomogenieties. Therefore representative scans of these data were chosen 

rather than averages for statistical purposes.  

 Separate samples were prepared for experiments on each beamline. The 

reproducibility of the functionalization process was confirmed for each sample before 

transportation to the CLS through PL spectroscopy of toluene dispersions using a 

Cary Eclipse fluorescence spectrophotometer and FTIR spectroscopy on drop cast 

films using a Nicolet Magna 750 IR spectrometer, and found to match previously 

published results.29 Immediately prior to XAS analysis, the colloidal dispersions were 



 

  173 

drop-coated onto aluminum discs under a sheath of flowing argon, and quickly 

transferred under inert atmosphere and reduced temperature to the beamline 

endstation to limit ambient oxidation. All analyses were performed under high-

vacuum (10-8 Torr). NEXAFS spectra were collected using 100 µm entrance and exit 

slits. To minimize effects of X-ray induced sample damage on the luminescence, Si 

K-edge NEXAFS and XEOL measurements were made on samples cooled to ca. 80K 

using a liquid nitrogen crysostat. Scans were averaged and calibrated to a powdered 

silicon standard by setting the first derivative maximum of the Si(0) L3,2-edge 

absorption to 99.42 eV57 and the Si(0) K-edge absorption to 1839 eV.58 NEXAFS 

spectra were calibrated and normalized using Athena.58  
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5.3. Results and discussion 

5.3.1 Si L3,2-edge NEXAFS 

 At X-ray energies near to the Si L3,2-edge, excitation occurs from the Si 2p 

shell to unoccupied states of s and d character.35 The energy at which these 

transitions occur is sensitive to the oxidation state and the local partial density of 

states (LPDOS) of the absorbing species. Figure 5-1 shows Si L3,2-edge FLY 

NEXAFS of functionalized Si-NCs prepared by photochemical hydrosilylation; for 

comparison, spectra of oxide-embedded Si-NCs and bulk Si and SiO2 standards are 

also shown. The Si-NC samples show two sets of doublet features, assigned to the 

elemental Si core at ca. 99.5 eV and oxide and alkyl surface species at ca. 105.6 eV. 

The higher energy broad absorptions at ca. 108 and 115 eV are attributed to “inner-

well” resonances in oxide species.48, 59 



 

  175 

 

Figure 5-1: a) Si L3,2-edge FLY NEXAFS spectra of Si-NCs functionalized with 

styrene (blue trace), 1-hexene (red trace) and a control sample prepared in the 

absence of alkene (green trace). Spectra of elemental Si and SiO2 standards are 

shown for reference. Absorption maxima for Si and SiO2, at 99.6 and 105.6 eV 

respectively are noted with grey vertical lines. Spectra have been shifted vertically for 

clarity. b) Expanded Si(0) region, showing a shift in this band to higher energies with 

smaller Si-NC size. Functionalized samples are shown in color. Bulk Si (black trace) 

and oxide-embedded Si-NCs processed at 1100°C (dotted brown trace) are show for 

comparison. 

 

FLY detection was chosen at the Si L3,2-edge as it does not suffer from 

charging effects sometimes encountered by electron yield techniques. For these 

nanostructured materials, whose features are smaller than the depth probed by 

electron yield techniques, it has been previously shown that FLY data (generally 

regarded as a bulk-sensitive technique, with an escape depth of ca. 102 nm at the Si 
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L3-edge) provides accurate characterization of the structure and composition of the 

Si-NC core and surface.45 It is important to note that self-absorption effects can 

strongly distort the FLY signal resulting from the very short one-absorption length in 

this soft X-ray regime.35 This hinders rigorous quantitative interpretation of the 

near-edge features; the decline in FLY intensity between ca. 101-104 eV is attributed 

to this effect.  

Any oxidation on the surface of the freestanding functionalized Si-NCs is 

expected to include non-stoichiometric suboxides with intermediate oxidation states 

(i.e., OxSiR1-x, 0 < x < 4, R = C, Si or H) rather than an abrupt SiO2 interface (i.e., 

dominated by SiO2 and O3Si-Si oxide species). However, the formation of core 

excitons can shift the energy of these oxide resonances associated with a 2p core level 

shift.59 It has also been suggested that Si 2p →σ*Si-C and Si 2p →σ*Si-O transitions 

occur at similar energies.39, 60 In this context, the feature at 105.6 eV is assigned to a 

mixture of alkyl and oxide species formed on the Si-NC surface during 

functionalization. 

For all samples, the Si(0) doublet at ca. 99.5 eV is clearly evident with 0.6 eV 

separation, suggesting the FLY signal can give insight into the electronic structure 

despite self-absorption effects. The bulk Si standard also shows two additional sets of 

overlapping doublet features at ca. 99-104 eV, arising from the LPDOS of the 

conduction band (CB).43 In comparison, the Si-NC samples show a loss of fine 

structure in the region of 100-104 eV, though the main doublet at 99.5 eV remains 

well-defined. Loss of structure has also been observed in NEXAFS studies of other Si 

nanomaterials, and has been attributed to a loss of long range order within the NC 
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core, and/or chemical inhomogeneities such as a broad size distribution or surface 

effects.41, 43 Size distribution effects have been suggested to contribute to the 

inhomogeneous broadening of the Si(0) 2p1/2 and 2p3/2 spin orbit pair at 99.5 eV, 

related to the overlap of absorption spectra from differently sized nanostructures.41, 

48 The observed well-defined Si(0) splitting is consistent with the narrow size 

distribution yielded by this synthetic method.16, 29  

The oxide-embedded Si-NCs prepared by processing at 1100°C exhibit a 

blue shift of 0.1 eV in the main doublet at ca. 99.5 eV relative to bulk Si. The 

functionalized Si-NCs exhibit a larger shift of ca. 0.3 eV. Similar blue shifts have 

been reported for L3,2-edge NEXAFS and electron energy loss spectroscopy (EELS) 

of hydride-terminated and oxidized Si nanostructures, including porous Si41-43, 61 and 

freestanding Si-NCs.49, 62, 63 This blue shift has been proposed to arise as a result of 

quantum confinement effects widening the bandgap and shifting the CB minimum to 

higher energy. Van Buuren and coworkers estimated this trend to follow the relation 

Egap = 3ΔCB + 1.1 eV.49 This relation gives a bandgap estimate of 1.4 eV (885 nm) 

for the oxide-embedded Si-NCs and 2.0 eV (620 nm) for the present functionalized 

Si-NCs. This calculation is in good agreement with previous PL and UV-vis 

characterization, and XEOL results discussed below.45, 64  

Interestingly, several recent XAS reports of Si-NCs of similar size show a red 

shift in this feature, against the shift predicted through quantum confinement 

effects.48, 52 The authors explained this trend in the context of core exciton 

formation. Interactions between the core Si 2p hole and the valence electron were 

predicted to lower the energy of the excited state, leading to a red shift that 
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counteracts the blue shift produced from quantum confinement effects. Core exciton 

formation was suggested in particular to influence XAS of Si-NCs with radii below 

ca. 1.6 nm, the theoretical radius of a core exciton for bulk Si.48 The present results 

do not show a red shift and are instead consistent with the previous reports for 

hydride-terminated freestanding Si nanostructures. The similar shift in Si(0) resonance 

energy exhibited by the functionalized and control samples, and the good agreement 

with previous bandgap estimates suggest the functionalization process does not 

significantly influence quantum confinement effects in these materials. To explain the 

opposite shifts observed, it is proposed the formation of core excitons may be 

critically influenced by surface states; the oxide-embedded Si-NCs studied by 

Zimina52 and Daldosso44 exhibit a graded suboxide interface which actively 

participates in the luminescence, unlike the oxide-embedded Si-NCs in the present 

system.45 The participation of surface species through the formation of mid-gap 

states or in changes to the dielectric screening of the core exciton may account for 

these differences, and merits further investigation through the use of soft X-ray 

emission spectroscopy and resonant inelastic X-ray scattering. 
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5.3.2 Si K-edge NEXAFS and XEOL 

Figure 5-2 shows Si K-edge FLY and TEY NEXAFS spectra of freestanding 

Si-NCs with bulk Si and SiO2 standards shown for reference. Compared to the TEY 

spectra, the white lines in FLY traces are suppressed, likely as a result of self-

absorption effects.35 Similar to the Si L3,2-edge data, two resonances assigned to the 

elemental core and oxidized surface Si are evident in all samples at 1841 and 1848 

eV, respectively. As well, there is a intermediate feature at 1844 eV, most evident in 

the styrene-functionalized sample previously assigned to suboxides and silanol species 

formed on nanostructured Si surfaces.21, 36 In addition, NEXAFS studies of molecular 

silane species have suggested that Si 1s →σ*Si-C and Si 1s →σ*Si-O transitions occur at 

this energy.60 The present TEY and FLY NEXAFS spectra are consistent with the 

mixture of surface alkyl, hydride and oxide species formed during etching and 

functionalization. 
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Figure 5-2: Normalized Si K-edge FLY (solid lines) and TEY (dashed lines) 

NEXAFS of Si-NCs functionalized with styrene (blue trace), 1-hexene (red trace) 

and a control sample prepared in the absence of any alkene/alkyne (green trace). 

Spectra of elemental Si and SiO2 standards (black and grey traces respectively) are 

shown for comparison. Spectra have been shifted vertically for clarity. 

 

An important consideration when comparing XAS results of different Si 

nanostructures is the homogeneity and thickness of the samples in the context of the 

different sampling depths of the TEY, FLY and PLY channels monitored; at the Si K-

edge, accepted sampling depths are ca. 60 nm, 200-300 nm and >1000 nm, 

respectively.35, 65 For materials with dimensions greater than these sampling depths, a 



 

  181 

measure of surface sensitivity is afforded, with TEY probing the surface and FLY and 

PLY probing the bulk of the sample (although PLY is considered a bulk technique, it 

is only sensitive to the structure of the luminescent sites and their immediate 

surroundings). Luminescent porous Si consists of a relatively thick, high internal 

surface area film within which Si nanostructures reside. The porosity, distribution of 

luminescent species and surface chemistry varies within the film depending on the 

sample preparation and handling conditions.51 TEY, FLY and PLY therefore yield 

different information regarding the structure of the porous film. In contrast, the 

present samples contain only freestanding Si-NCs with a relatively narrow size 

distribution, which are uniformly distributed throughout the sampling depths of all 

channels monitored. Thus, FLY, TEY and PLY should all be considered “bulk” 

techniques for these samples.  

The PLY signal can also be significantly influenced through so-called “edge-

inversion” effects. For a sample containing a distribution of luminescent and non-

luminescent species in competition with each other for absorption of X-rays, the 

PLY signal can become distorted when absorption by the non-luminescent species 

dominates at X-ray energies above the edge; this leads to a reduction in the PLY 

signal. This effect has been demonstrated for PLY of hydride-terminated porous Si 

aged in ambient atmosphere.21 Whereas the “slow band” red PL exhibited an 

inverted edge jump, the “fast band” blue PL exhibited a positive edge jump matching 

a silicon oxide species. Upon rinsing with HF, the blue PL was removed, and the red 

PL exhibited a positive edge jump matching elemental Si. This observation suggests 

the red and blue PL originate from the bulk and surface of the film respectively.  
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Figure 5-3 shows XEOL spectra collected with 1841 eV excitation and UV-

excited PL (i.e., 365 nm, 3.4 eV) collected immediately following functionalization. 

This luminescence is generally similar to the “slow band” red PL widely reported for 

porous Si. Although XEOL of the control Si-NCs and 1-hexene functionalized Si-

NCs are very similar to the UV excited PL (slightly red shifted by 10-20 nm), the 

styrene-functionalized Si-NCs is substantially blue shifted to a PL maximum of ca. 

625 nm (shift of ca. 75 nm/ 0.2 eV).  
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Figure 5-3: a) Normalized XEOL spectra (λex = 1841 eV) and b) UV-excited PL 

spectra (λex = 365 nm, 3.4 eV) of 1-hexene and styrene functionalized Si-NCs in 

comparison to a control sample prepared in the absence of any alkene. 

 

The observed XEOL signal decays irreversibly under X-ray irradiation over 

the timescale of minutes during the PLY collection (shown with details of the 

background correction in Figure 5-4). Chao and coworkers have observed oxidation 

and charging effects induced by soft X-ray exposure during analysis for alkylated Si-

NCs derived from porous Si.47 They found these effects critically depend on the 

amount of ambient exposure the sample received before analysis. However, in the 

present investigation, no appreciable damage was observed in subsequent FLY and 

TEY scans. Rather, it is proposed the observed decay in XEOL may be analogous to 

the Staebler-Wronski effect in amorphous Si:H photovoltaics whereby irradiation 

induces the formation of dangling bonds, often described by the hydrogen bond 

switching model.66 For the present Si-NCs (composed of hundreds to thousands of 

Si atoms),67 electron paramagnetic resonance studies have shown the formation of a 

surface dangling bond is correlated with loss of luminescence; such a change in the 
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surface NC structure may not be detectable at the sensitivity of Si K-edge 

NEXAFS.28 To combat this, samples were cooled to liquid N2 temperatures (ca. 80 

K) and a damage correction was performed to the data after collection. Although the 

XEOL spectra show changes in intensity over the course of the experiment, no 

appreciable shift was noted upon extended X-ray exposure or change in temperature 

that might suggest a change in NC size or surface chemistry.  
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Figure 5-4: Uncorrected PLY NEXAFS of 1-hexene functionalized Si-NCs (red 

trace) and fitted exponential decay correction (dashed black trace). Parameters of 

the fit (see section 5.2.3 for details) are listed. 

 

Figure 5-5 shows normalized, background-corrected Si K-edge TEY and PLY 

spectra for functionalized Si-NCs. Each sample shows a positive edge jump at 1841 

eV, matching the TEY of elemental Si. This observation confirms absorption by the 

elemental Si-NC core leads to the observed emission, consistent with the quantum 

confinement model despite the different surface species identified by TEY and FLY 

NEXAFS for each sample. The relative intensity of the white line feature at 1841 eV 

compared to the edge jump varies between samples; this feature is lowest in intensity 

for the styrene-functionalized Si-NCs which exhibited blue shifted PL. The styrene-

functionalized sample shows a small feature at ca. 1848 eV that cannot be assigned 
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unambiguously because of the low signal-to-noise ratio of the sample, possibly 

through edge-inversion effects (vide infra). 

 

 
Figure 5-5: Normalized Si K-edge TEY (dashed lines) and PLY (solid lines) 

NEXAFS of Si-NCs functionalized with styrene (blue trace), 1-hexene (red trace) 

and a control sample prepared in the absence of any alkene/alkyne (green trace). 

TEY spectra of elemental Si and SiO2 standards (black and grey traces respectively) 

are shown for reference. Spectra have been shifted vertically for clarity. 

 

The observed shifts in the Si L3,2-edge FLY data and positive edge jump for 

the Si K-edge PLY spectra are consistent with the quantum confinement model, yet 
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key differences are observed between samples. In particular, the styrene-

functionalized Si-NCs show a higher amount of oxidized species, a significantly blue 

shifted XEOL maximum and suppressed PLY edge jump. In the following discussion, 

an attempt to rationalize these differences in context of quantum confinement effects 

and the impact of surface oxidation is presented. 

 In Chapter 2, it was demonstrated oxidation of the Si-NC surface can occur 

during functionalization; this was attributed to photoinduced oxidation from trace 

water remaining from the HF etching procedure.29 As well, residual hydride species 

are always observed after reaction resulting from to steric repulsion between adjacent 

surface groups; the ideal coverage of a Si(111) surface has been estimated to be 

limited to ca. 50%.18 These species are likely susceptible to oxidation after reaction 

from exposure to ambient conditions. Although FTIR spectroscopy and 

thermogravimetric analysis (TGA) suggested similar degrees of surface coverage for 

hydrosilylation with 1-hexene and styrene, through the use of in situ PL 

measurements during hydrosilylation, functionalization with 1-hexene was observed 

to result in more intense PL. This difference was explained through the formation of 

“pin-hole” packing defects in the styrene-functionalized Si-NCs stemming from 

increased interaction between the surface benzyl groups and the solvent. 68 It is 

reasonable such defects could render the surface more susceptible toward oxidation, 

either during reaction or afterward. Furthermore, it has been suggested that 

oxidation of Si-Si bonds within the NC core may occur preferentially where one Si 

atom is already oxidized, leading to a progressive sweeping mechanism.25  
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While substantial effort was made towards controlling the exposure of the 

present samples to ambient conditions before XAS analysis, it is not yet feasible to 

carry out all steps of the analysis under fully inert conditions. The common approach 

taken for porous Si of an HF rinse immediately preceding analysis21 is not practical 

for freestanding samples, and may further reduce the Si-NC size and in doing so also 

shift the PL. Thus, it is possible the styrene-functionalized Si-NC sample used for Si 

K-edge analysis may have been exposed to ambient conditions, leading to oxidation 

during handling (separate samples were freshly prepared for L3,2- and K-edge 

analyses). This heightened sensitivity toward oxidation is consistent with the 

previous report by Chao and coworkers showing ambient exposure of their Si-NC 

samples could significantly influence soft X-ray characterization.47 

 FTIR spectra of the Si-H region for the styrene-functionalized Si-NCs is 

shown in Figure 5-6 (full FTIR spectra are shown in Figure 5-7). The hydride-

terminated surface immediately following etching exhibits a ν Si-Hx stretching band 

(x = 1-3) centered at ca. 2100 cm-1. After functionalization, this feature broadens 

asymmetrically and shifts slightly to lower frequency, consistent with the 

replacement of some SiHx species with C-Si-Hx.69 However, after XAS analysis, a 

new feature centered at ca. 2250 cm-1 is apparent, diagnostic of an O3Si-H species 

arising from increased oxidation of the NC surface. Other characteristic signs of 

surface oxidation, including a qualitative increase in the intensity of Si-OH and Si-

O-Si features, at ca. 3500 and 1100 cm-1 respectively, also appear (see Figure 5-7). 
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Figure 5-6: FTIR spectra (Si-Hx stretching region) of styrene-functionalized Si-NCs 

after HF etching, after hydrosilylation and after XAS analysis.  
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Figure 5-7: FTIR spectra of styrene-functionalized Si-NCs immediately following 

reaction (blue trace) and after XAS analysis (black trace). Spectra were normalized 

to the alkyl stretching component at ca. 2950 cm-1. 

 

Significant oxidation of Si-NC surfaces has been suggested to induce a blue 

shift in PL through a net reduction in the diameter of the NC core.23, 28, 70 This 

behavior is expected to increase the bandgap until trapping mid-gap states (such as 

the silanone states proposed by Wolkin)24 start to influence the optical response. 

Oxidation has been observed to lead to PL centered at ca. 2 eV, consistent with the 

XEOL spectrum observed here.20 Oxidation is also expected to lead to the 
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formation of non-radiative traps, decreasing the PL quantum yield.28 The reduced 

intensity of the white line PLY feature therefore could arise from increased 

competition for X-ray absorption between luminescent and non-luminescent Si-

NCs.  

While other studies of Si nanostructures have shown oxidation is often 

correlated with the emergence of a blue PL “fast band”,21-23, 46-48 this is not the case 

with the present materials. This difference could be related to varying degrees of 

oxidation through different handling in ambient conditions, or through some 

intrinsic differences between the NC synthesis and functionalization procedures. For 

example, Pi and coworkers have shown that different routes to hydride-terminate Si-

NC surfaces (i.e., HF etching versus as-prepared from a non-thermal plasma) can 

yield different reactivity towards oxidation and hence a different shift in optical 

properties.28  

Understanding the long-term stability of the Si-NC surface and PL towards 

oxidation under relevant ambient conditions is of critical importance for the use of 

these materials in many of their proposed applications. The similarity of the Si K-

edge FLY and PLY XAS results for the control and 1-hexene functionalized sample 

suggests the photochemical hydrosilylation process minimally impacts the desired 

optical properties. However, if the functionalization is unable to prevent oxidation 

from occurring as observed for the styrene-functionalization, this may limit the 

utility of photochemical hydrosilylation. A shift of 0.2 eV in the bandgap of the 

oxidized styrene-functionalized Si-NCs translates to a shift in the CB of 67 meV by 

the relation proposed by van Buuren and coworkers, 49 a change observable within 
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the high resolving power of the VLS-PGM. The use of Si L3,2-edge XEOL to study 

the controlled oxidation of functionalized Si-NC surfaces as a function of alkyl 

species and NC size therefore merits consideration to further understand and control 

the impact of surface chemistry on Si-NC PL. 

 

5.4. Conclusions 

 The present chapter outlines a XAS investigation of the optical and 

electronic properties of freestanding Si-NCs functionalized by photochemical 

hydrosilylation. Through the use of Si L3,2-edge FLY XAS, shifts in the conduction 

band of these materials attributed to quantum confinement effects were found to be 

in good agreement with previous reports of other hydride-terminated Si 

nanostructures. Using Si K-edge FLY, TEY and PLY XAS, it was demonstrated the 

observed PL originates in absorption by the elemental Si core. Si-NCs functionalized 

with styrene exhibited changes in their XAS in comparison to samples functionalized 

with 1-hexene and a control, consistent with oxidation during handling of the 

styrene sample. Understanding the impact associated with the hydrosilylation 

process on the origin of luminescence in these materials is important in developing 

their utility for applications such as biosensing. 
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6.1 Introduction 

As synthetic methods for preparing semiconductor nanocrystals (NCs) have 

improved to the point where tailoring their optoelectronic properties through 

precise manipulation of size and polydispersity is now routine, focus has shifted to 

also include compositional control as an added degree of freedom for increasing the 

versatility of semiconductor NCs. For example, the incorporation of magnetic 

dopants raises interesting consequences for the incorporation of these materials into 

future spintronic devices.1  

Semiconductor NCs of alloyed composition (i.e., a solid solution of two 

semiconductors with different bandgaps) are also of considerable research interest, as 

they offer the possibility of stoichiometric control over the optoelectronic properties 

while maintaining a constant NC size. For example, although CdSe NCs can be 

synthesized to emit in the high-energy blue spectral region, their small sizes (< 2 nm) 

results in a lack of stability; this can be overcome by larger ZnxCd1-xSe-NCs, with 

highly stable, efficient blue emission.2 Alloy semiconductor NCs exhibit an increase 

in bandgap energy with increasing content of the higher energy bandgap 

semiconductor (e.g., wurtzite ZnSe has a bulk bandgap of 2.8 eV at 300 K in 

comparison to 1.8 eV for wurtzite CdSe). Alloyed NCs can exhibit unique 

optoelectronic properties through changes to their structure (e.g., homogeneously 

alloyed, core-shell or gradient compositions). Graded core-shell alloy ZnxCd1-

xSe/ZnSe-NCs have recently been demonstrated immune to the phenomenon of 

“blinking” where NC emission is intermittently quenched through the presence of 

charged excited states.3 
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In the family of Group 14 materials, nanostructured SixGe1-x has been studied 

for use in applications including non-volatile memory,4 thermoelectrics,5 and high-

mobility transistors.6 Photoluminescence (PL) from SixGe1-x-NCs has also drawn 

significant interest, as it has been proposed that the random distribution of Si and 

Ge within the alloy may break the translational symmetry that gives rise to the 

indirect bandgaps in pure Si and Ge, making the transition pseudodirect.7-9 This 

might greatly increase the extinction coefficient, radiative rate and quantum yield of 

SixGe1-x-NC PL. 

Synthetically, alloy NCs present an interesting challenge through the 

requirement of an additional precursor whose nucleation and growth reactions must 

be controlled to produce the desired structure. For a homogeneous alloy, the growth 

of each constituent material must be similar, and the chemistry of each precursor 

must allow for facile mixing to prevent the formation of separate unalloyed NCs. For 

Group 14 alloys, the high annealing temperatures used has also raised concern over 

the possibility of phase segregation and compositional shifts during cooling.10 

Furthermore, post-synthetic compositional and structural changes resulting from 

oxidation must also be considered.11, 12 Evaluating the impact of SixGe1-x alloying on 

the resulting optoelectronic properties is thus challenging. For example, Fuiji et al. 

have demonstrated increasing the Ge content of SiO2-embedded SixGe1-x-NCs 

results in shorter radiative lifetimes and loss of phonon-coupling in the PL response, 

consistent with breakdown of translational symmetry.7, 8 Conversely, Pi and 

Kortshagen have shown the PL quantum yield from freestanding SixGe1-x-NCs 

(prepared by a non-thermal plasma) decreases with increasing Ge content, and 
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attributed this to the formation of Ge-related surface defects and a change in 

composition through oxidation.11 These factors would also be expected to shorten 

the radiative lifetime and blur any phonon-coupled vibrational structure through 

compositional inhomogeneity.  

Hydrogen silsesquioxane (HSQ), used through out this thesis as a Si-NC 

precursor, is adaptable for the synthesis of SixGe1-x-NCs through co-reaction with 

germanium diiodide (GeI2), as these precursors undergo disproportionation forming 

elemental Si and Ge at similar temperatures.13 The low solubility of GeI2 in non-

polar organic solvents can be overcome through the formation of alkyl phosphine 

GeI2 adducts, facilitating the homogeneous co-precipitation of each precursor.14  

Previous investigations have shown annealing mechanically ground mixtures 

of solid HSQ and GeI2 yields ca. 12 nm Si0.45Ge0.55-NCs (with no observable PL) 

and excess bulk Ge. Conversely, the use of phosphine GeI2 adducts gives samples 

with intense near-IR PL, red shifted from pure HSQ annealed under identical 

conditions (suggestive of Ge alloying impacting the optoelectronic properties). Two 

nanocrystalline phases were identified by X-ray powder diffraction (XRD), consistent 

with Si- and Ge-rich particles. The breadth, intensity and position of XRD 

reflections from both phases were observed to shift through changes to processing 

temperature, time, atmosphere, precursor stoichiometry, and phosphine alkyl chain 

length.  

Raman spectroscopy of these materials confirmed the formation of a SixGe1-x 

alloy in the GeI2 phosphine adduct samples through observation of a Si-Ge vibration 

band at ca. 400 cm-1. Although XRD characterization was useful in estimating the 
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particle size and composition, limited conclusions could be drawn from the available 

data regarding the NC morphology. Phase segregation during cooling10 could lead to 

the formation of core-shell or graded composition NCs (Scheme 6-1a and 6-1b). 

Conversely, the XRD features could also be consistent with a heterogeneous mixture 

of Si- and Ge-rich particles (Scheme 6-1c). Thus, the impact of SixGe1-x alloying on 

the observed PL remained unclear. 
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Scheme 6-1: Possible SixGe1-x-NC morphologies consistent with previous XRD 

observations: graded composition (a), core-shell (b) or a heterogeneous mixture of 

phases (c). 

 

Here, a continuation of the investigation into HSQ and GeI2: phosphine 

adducts as precursors for SixGe1-x-NCs is presented. First, by adapting the “acid” 

hydrofluoric acid etching recipe studied in Chapter 4, these oxide composite 

materials were straightforwardly etched, liberating freestanding NCs which were 

functionalized through thermal hydrosilylation/hydrogermylation.15 This has enabled 

the characterization of these materials by high-resolution transmission electron 

microscopy (HRTEM) confirming the presence of Ge-rich, homogeneously-alloyed 

SixGe1-x-NCs.  

Second, the role of the trialkylphosphine and annealing temperature on the 

NC nucleation and growth process has been investigated using X-ray absorption 
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spectroscopy (XAS). As described in detail in Chapter 5, XAS is a powerful, bulk-

sensitive technique complementary to previous Raman and XRD characterization of 

these materials. Notably for SixGe1-x materials, the synchrotron beamline utilized in 

this study can access the Si K- and Ge L3-edges, allowing concurrent, elemental-

selective analysis for both constituent materials. Studying the formation processes in 

the present system using XAS has allowed greater understanding into the impact of 

SixGe1-x-NC structure and composition on the observed optical properties, 

characterized by X-ray excited optical luminescence (XEOL), PL spectroscopy, and 

absolute quantum yield measurements. 
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6.2 Materials and methods 

6.2.1 Materials 

All chemicals were purchased from Sigma Aldrich as reagent grade with the 

exception of HSQ (Dow Corning) and 49% hydrofluoric acid (HF, J.T. Baker, 

electronics grade), and were used as received. GeI2 was purified by mixing with 

benzene and filtering off any iodine or germanium tetraiodide impurities under inert 

atmosphere. 1-Dodecene was purified immediately before use by passing over neutral 

alumina to remove peroxide impurities.16 

 

6.2.2 Thermal processing of HSQ and GeI2: phosphine adducts 

 HSQ was mixed with GeI2:phosphine adducts and annealed to yield oxide-

embedded SixGe1-x-NCs as previously described.14 In brief, GeI2 (ca. 0.4 g) was added 

to 10 mL of trioctylphosphine (TOP) or tributylphosphine (TBP), forming a bright 

yellow saturated solution. 3 mL of this solution was mixed with 7 mL of a solution 

of HSQ in methyl isobutyl ketone (MIBK, 16 wt.%) and stirred for 1 h, forming a 

deep red color. Next, solvent was removed under vacuum overnight, forming a red 

powder. Processing at 1000-1100°C in a tube furnace under flowing 5% H2/ 95% Ar 

atmosphere yielded a glassy brown product, which was ground with an agate mortar 

and pestle into a fine powder. 

 



 

  205 

6.2.3 HF etching  

SixGe1-x oxide composites were etched using a modified procedure from the 

one described in Chapter 4. To a polypropylene beaker equipped with a stir bar was 

added 0.3 g of ground composite and 7 mL of 49% HF. The mixture was stirred for 

5 min, vigorously producing a gas as the oxide matrix was rapidly etched. 

Subsequently, 3 mL anhydrous ethanol was added and the mixture was stirred for an 

additional 2 min to ensure homogeneity. Hydrophobic material was isolated by 

extraction with two 15 mL aliquots of toluene as a cloudy brown suspension.  

 

6.2.4 Functionalization using thermal hydrosilylation/hydrogermylation 

Immediately following etching, the extracted NCs were transferred into glass 

test tubes and centrifuged at 3,000 rpm to precipitate out the NCs. The toluene was 

decanted and the NCs redispersed in ca. 10 mL of freshly purified 1-dodecene. The 

mixture was transferred to a Schlenk flask equipped with a stir bar under an argon 

atmosphere and degassed by three cycles of evacuation and purging with argon. 

Thermal functionalization was carried out at 190°C for 15 h by heating in a silicone 

oil bath, resulting in the reaction mixture changing from turbid brown to clear 

orange/red.  

Following functionalization, the reaction mixture was centrifuged at ca. 

3,000 rpm to remove any unreacted or agglomerated material. The supernatant was 

filtered through a 250 nm PTFE filter into centrifuge tubes. Purification was carried 

out by three cycles of precipitation, centrifugation (20 min at 25,900 G) and 

resuspension using hexane as the solvent and 75% anhydrous ethanol/ 25% 
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methanol as the antisolvent. The purified samples were redispersed in 10 mL of 

hexane and kept in a vial until further use.  

 

6.2.5 Optical spectroscopy 

 Photoluminescence (PL) spectra of oxide-embedded and functionalized 

samples were collected at room temperature using the 457 nm line of a ArKr ion 

laser operated with a continuous-wave power of 30 mW. Emission was detected 

using fiber-optic coupled Ocean Optics USB2000 spectrometer whose spectral 

response was normalized using a standard black-body radiator. Samples were 

prepared by drop casting onto silicon wafers. 

Absolute PL quantum yields (ΦPL) were measured in a LabSphere integrating 

sphere, under 600 nm excitation from a Xenon lamp passed through a 

monochromator (PTI). The emission and excitation spectra were measured with a Si 

charge-coupled device (CCD) detector. Full details of the experimental setup is 

available elsewhere.17 ΦPL of freshly prepared samples in hexane (diluted to an 

approximate optical transmittance of 95%) were determined by integrating four 

spectral scans of the sample and of the reference cuvette containing solely hexane 

through the relation: 

€ 

ΦPL =
Isample (λ)∫ dλ

Eref (λ) −∫ Esample (λ)dλ  (6-1) 

 

where Eref is the transmitted intensity of the 600 nm light measured with the 

reference cuvette, Esample is the transmitted intensity of the 600 nm light with the 

sample, and Isample is the PL intensity. This approach has been used to verify the 
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quantum yield reference dyes commonly used for relative quantum yield 

determination (utilized in Chapter 2). For the TBP-processed sample which 

exhibited near-IR PL extending beyond the Si CCD detector limit, the obtained ΦPL 

is considered a lower limit. 

 

6.2.6 Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR spectra were collected using a Nicolet Magna 750 IR spectrometer on 

drop-cast films.  

 

6.2.7 High-resolution Transmission Electron Microscopy (HRTEM), Selected 

Area Electron Diffraction (SAED) and Energy Dispersive X-ray Spectroscopy 

(EDS) 

HRTEM was performed using a Titan3 G2 60-300 TEM operating at 300 

kV. High Angle Annular Dark Field (HAADF) images and energy dispersive X-ray 

spectroscopy (EDS) line scans were acquired with a FEI Titan 80-300 operated at 

300 kV and equipped with a spherical aberration corrector of the imaging lens. 

Spectral acquisition and data analysis were carried out using Inca EDXS software 

(Oxford Instruments). 

Prior to analysis, functionalized samples were purified through two 

additional solvent/antisolvent cycles and resuspended in chloroform to fully remove 

any organic species that might have hindered analysis through electron-beam induced 

decomposition. Samples were dropcoated from a dilute chloroform dispersion onto a 

carbon-coated copper grid.  
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6.2.8 X-ray Absorption Spectroscopy (XAS) 

NEXAFS and XEOL experiments were performed at the Canadian Light 

Source in Saskatoon, Saskatchewan. Ge L3,2-edge and Si K-edge NEXAFS and 

XEOL were collected on the Spherical Grating Monochromator (SGM, 11ID-1) 

beamline, which has a photon flux at 1900 eV of ca. 1011 photons/s/100 mA and a 

resolving power of ca. 5000 E/ΔE.18 Spectra were normalized to the incident beam 

intensity (Io) by measuring the current emitted by a nickel mesh located after the last 

focusing mirror. X-ray fluorescent yield (FLY) was measured using a micro-channel 

plate detector positioned 45° from the sample. Total electron yield (TEY) was 

measured by normalizing the drained sample current to the incident photon flux. 

XEOL spectra were collected during NEXAFS scans through a lens coupled to an 

Ocean Optics USB4000 CCD spectrometer. PLY spectra were generated by 

integrating the XEOL signal over the visible region at each X-ray energy. To 

minimize effects of X-ray induced sample damage on the luminescence, samples were 

cooled to ca. 80K using a liquid nitrogen cryostat. NEXAFS scans were averaged, 

calibrated to a powdered bulk standard by setting the first derivative maximum of 

the Ge(0) L3-edge absorption to 1217 eV and the Si(0) K-edge absorption to 1839 eV, 

and normalized using Athena.19 Powdered samples were mounted as a thin layer on 

carbon tape. Etched and functionalized samples were drop cast onto aluminum discs. 

In order to minimize the impact of ambient oxidation, functionalized samples were 

prepared and purified the day before transportation to the CLS; hydride terminated 



 

  209 

samples were freshly etched, drop cast under inert atmosphere and quickly 

transferred to the endstation.  
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6.3 Results and discussion 

 Rendering GeI2 soluble in HSQ-compatible solvents via the formation of 

trialkylphosphine adducts (i.e., R3P:GeI2) allows straightforward co-precipitation of 

HSQ and GeI2 from solution to form an intimately homogeneous precursor of varied 

Si:Ge ratios. Following reductive thermal processing, the resulting oxide composites 

contain Si-rich and Ge-rich NCs rather than excess bulk Ge, and exhibit near-IR PL. 

The impact of processing temperature, processing time, processing atmosphere, 

trialkylphosphine chain length, and GeI2:HSQ stoichiometry on the size and 

composition of the resulting materials has been previously evaluated. However, XRD 

and Raman characterization was unable to conclusively determine the morphology of 

the bimodal nanocrystal populations (vide supra) and the contribution (if any) of Ge 

species in the emission process. 

 

6.3.1 Etching and Functionalization of SixGe1-x-NCs  

 HF etching of oxide composites (prepared by thermal processing of 

HSQ:GeI2 phosphine adducts at 1100°C) removes the oxide matrix, facilitating 

characterization of the resulting freestanding NCs by HRTEM. The liberated 

particles could be functionalized using 1-dodecene via thermal 

hydrosilylation/hydrogermylation at 190 ˚C. FTIR spectroscopy (Figure 6-1) of HF-

etched TBP-processed particles shows a strong feature centered at ca. 2080 cm-1 

consistent with the formation of Si-Hx and Ge-Hx species.15 After thermal 

functionalization, alkyl vibrations at ca. 2950 and 1465 cm-1 and a broadened Si-

Hx/Ge-Hx stretching feature centered at 2084 cm-1 reduced in intensity is observed, 
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consistent with the alkyl grafting process. A small degree of oxidation is noted by a 

Si-O-Si feature at ca. 1050 cm-1. 

 

Figure 6-1: FTIR spectra of TBP-processed composite after HF etching (black 

trace) and thermal functionalization (orange trace).  

 

Figure 6-2 shows a bright field TEM image of TBP 1100°C-processed 

particles after functionalization. Similar results were observed for TOP-prepared 

particles. HRTEM lattice fringes matching the diamond-structure d-spacings 

observed by XRD of the oxide-composites are evident; fast Fourier transformation 

(FFT) analysis of the HRTEM image showed ensemble characteristic 111 d-spacing 

ranging from ca. 3.3-3.15Å. To determine the elemental distribution within these 

particles, they were analyzed by HAADF and EDS. In comparison to the bright field 

image, showing evenly distributed particles, HAADF images highlight a 
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subpopulation of particles with higher Z-contrast suggestive of enriched Ge content. 

EDS indicated the presence of Si and Ge along with O and C. A Cu signal is 

observed arising from the grid.  

An EDS line scan of a ca. 12 nm particle from the high Z-contrast 

subpopulation indicates the presence of Si and Ge homogeneously distributed 

through its entirety (Figure 6-3). In comparison, a EDS line scan of a ca. 5 nm 

particle with low Z-contrast shows predominately Si, with low amounts of Ge and 

O. Thus, these TEM results are consistent with the bimodal motif with separate Ge- 

and Si-rich populations discussed above (Scheme 6-1c). 
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Figure 6-2 a) Bright-field TEM of TBP-processed particles after etching and thermal 

functionalization. b) HAADF image indicating a subpopulation with higher Z-

contrast. c) High-resolution TEM showing nanocrystalline particles. The circled ca. 

8 nm NC had a lattice spacing of 3.2 Å, corresponding to the 111 plane with 

approximate Si0.5Ge0.5 composition. Inset: FFT of the high-resolution image, 

showing characteristic diamond-type d-spacing. d) EDS indicating the presence of Si, 

Ge, C, O and Cu. 
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Figure 6-3: HAADF images with overlaid EDS line scans of a) a high Z-contrast 

particle indicating the homogeneous distribution of Si and Ge throughout the 

particle and b) a low Z-contrast particle indicating the presence of Si and minimal 

amounts of Ge. 

6.3.2 Photoluminescence  
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 It is interesting to note the hydride-terminated particles immediately after 

HF etching do not exhibit any observable PL, but after hydrosilylation both samples 

exhibit intense near-IR PL. TOP- and TBP-prepared particles exhibit PL centered 

at ca. 825 and 880 nm respectively, blue shifted from the corresponding oxide 

composite PL (Figure 6-4).14 In comparison, pure HSQ annealed at 1100°C for 5 h, 

etched and functionalized under identical conditions exhibited a PL maximum of ca. 

830 nm. 

 

Figure 6-4: PL spectra of freestanding NCs functionalized by thermal hydrosilylation 

with 1-dodecene, prepared using a GeI2/TOP adduct (green trace) and a GeI2/TBP 

adduct (orange trace). PL from Si-NCs prepared from pure HSQ (blue trace) is 

shown for comparison. 

 

 The observed red shifted PL could arise from several factors related to the 

interdependent changes in NC size and composition as a function of processing 
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conditions previously studied described above. The possibility of PL from both Si- 

and Ge-rich populations is also a complicating factor. Thus, discussion of the impact 

of Ge alloying on the optoelectronic properties needs to be limited to a broad 

delineation.  

Both functionalized SixGe1-x samples had PL quantum yields of 16 ± 3 %, 

compared to 18 ± 3 % for similarly-functionalized 1100°C- processed Si-NCs from 

HSQ. Pi and Kortshagen studied 3 nm freestanding SixGe1-x-NCs prepared by a non-

thermal plasma, suggesting composition did not appreciably shift the bandgap and 

attributed this to a Si-like band structure.11 Instead, they noted increased Ge 

incorporation was correlated with a loss of PL QY, attributed to the formation of 

Ge-related surface defects. The present observations of a HF-induced loss of PL 

response are consistent with Ge-Hx related surface defects that are passivated upon 

thermal hydrogermylation. The relatively high quantum yields in comparison to Si-

NCs of similar size and surface-chemistry indirectly suggests Ge plays an active role 

in the emission. If Ge-containing NCs were entirely non-luminescent, it would 

significantly reduce the quantum yield through competitive absorption.  
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6.3.3 X-ray Absorption Spectroscopy (XAS) 

XAS is a complementary technique to Raman spectroscopy and XRD often 

used to characterize the structure and composition of SixGe1-x nanomaterials. Near-

edge X-ray absorption fine structure (NEXAFS) provides information on elemental-

specific local chemical environments, does not require samples to be crystalline, and 

affords both bulk- and surface-sensitivity depending on the emission channel 

monitored (e.g., total electron yield- TEY or X-ray fluorescence yield- FLY). It also 

offers the potential to correlate the local chemical environments present in a sample 

with any X-ray excited optical luminescence (XEOL, also referred to as 

photoluminescence yield, PLY). However, as discussed in Chapters 1 and 5, several 

factors can influence the selectivity of the XEOL experiment, chiefly “edge-

inversion” effects arising from competition for X-ray absorption with nonluminescent 

samples. 

 

6.3.3.1 Near-Edge X-ray Absorption Fine Structure (NEXAFS) 

 Figure 6-5A shows Si K-edge FLY NEXAFS of oxide-embedded SixGe1-x 

samples prepared using HSQ and GeI2: trialkylphosphine adducts (alkyl= octyl and 

butyl), as a function of processing temperature. Two features are evident in all 

samples at ca. 1841 and 1848 eV, corresponding to elemental Si and SiO2, in 

keeping with previous NEXAFS characterization of similarly prepared oxide-

embedded Si-NCs using HSQ.20 FLY detection (with a sampling depth of ca. 200-

300 nm21) was chosen as TEY detection of these materials can suffer from charging 

effects stemming from the insulating oxide matrix. 
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 The ratio of the Si(0) and Si(IV) FLY NEXAFS intensities can be used to 

quantify the disproportionation and diffusion processes identified for the thermal 

decomposition of HSQ under reducing atmosphere.22, 23 As a suboxide with SiO1.5 

stoichiometry, full disproportionation of HSQ yields a ratio of 3 SiO2:1 Si (i.e., 25% 

Si). However, previous studies have demonstrated Si-NC growth is still occurring 

from 1100-1400°C, implying full disproportionation into the thermodynamic 

products has not been reached. Figure 6-5B shows the Si(0):Si(IV) FLY ratio as a 

function of temperature for HSQ from 1100-1400°C in comparison to the HSQ: 

GeI2 phosphine adducts from 1000-1100°C. Increasing the processing temperature 

from 1100-1300°C for HSQ composites increases the Si(0) ratio from 0.25 to 0.31, 

consistent with further disproportionation, although a decrease is noted for the 

1400°C sample to 0.29. Deviation over the maximum expected ratio of 0.25 is likely 

related to self-absorption effects in FLY detection, which would suppress the SiO2 

feature intensity.24 This could be avoided through the use of inverted partial 

fluorescence yield (IPFY) detection, recently demonstrated to be both bulk-sensitive 

and free of self-absorption effects.25 

 Interestingly, the Si(0) ratio of HSQ: GeI2 phosphine adducts annealed at 

1000-1100°C shifted substantially depending on the alkyl chain length of phosphine 

used. Samples prepared with trioctylphophine (TOP) increased in Si(0) ratio from 

0.09 at 1000°C to 0.21 at 1100°C, slightly below HSQ samples. Conversely, 

samples prepared with tributylphosphine (TBP) exhibited very high Si(0) ratios of ca. 

0.28, shifting slightly with temperature. For the TOP samples, the increase in Si(0) 

content with temperature is consistent with the trend observed for pure HSQ. 
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R3P:GeI2 adducts liberate GeI2 and the corresponding phosphine at ca. 400°C;26 

decomposition of the phosphine into carbonaceous impurities (e.g., silicon 

oxycarbides) would be expected to lower the Si(0) ratio compared to HSQ, as these 

species do not participate in the disproportionation process.27 However, this 

hypothesis is not fully consistent with the high Si(0) ratio observed for the TBP 

sample, which is higher than pure HSQ annealed at the same temperature.  

 Previous XRD characterization of oxide-embedded Si-NC composites 

prepared from HSiO1.5 sol-gel polymers has shown incorporation of network-

modifying methyl groups can influence NC growth processes by “opening up” the 

matrix to lower the activation barrier for Si(0) diffusion, leading to larger Si-NCs.27 

However, in the present system the TBP samples exhibited broader, weaker XRD 

peaks than similarly-prepared TOP samples, consistent with smaller NCs (not 

shown). Instead, the GeI2:TBP adduct could provide additional heterogeneous 

nucleation sites for Si-NC formation, decreasing the effective diffusion length of Si(0) 

species through the oxide matrix while also lowering the average NC size. 

Heterogeneous nucleation is a well-known consideration for the synthesis of other 

monodisperse nanocrystals;28 however, the exact role of the GeI2:phosphine adduct 

is still unclear as it could participate in both elemental Ge nucleation and SixGe1-x 

growth processes. These Si K-edge FLY NEXAFS results suggest further study is 

warranted to determine the influence of the trialkylphosphine on SixGe1-x formation. 
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Figure 6-5: a) Si K-edge FLY NEXAFS of HSQ and GeI2/alkyl phosphine adducts 

annealed from 1000-1100°C. b) Ratio of Si K-edge Si(0) and Si(IV) FLY intensities (at 

1841 and 1848 eV respectively) for tributylphosphine (TBP), trioctylphosphine 

(TOP) and pure HSQ composites as a function of temperature. 

 

 Despite the significant changes observed by Si K-edge NEXAFS for the 

SixGe1-x samples, the Ge L3-edge XAS data for these oxide composites exhibited 

extremely poor signal-to-noise ratios (data not shown). These ratios are attributed to 

evaporative losses of Ge over extended annealing because of its higher vapor 

pressure.29 Although the detection limit of FLY NEXAFS has been estimated to be as 
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low as 100 µM for some metal edges,30 dilute samples are challenging to evaluate 

because of the influences of self-absorption and edge-inversion effects, particularly in 

the soft X-ray regime where many elements absorb indiscriminately, increasing 

background absorption.24  

 To overcome this challenge and identify the chemical environment(s) of Ge 

in these materials, SixGe1-x samples processed with TOP and TBP at 1100°C were 

selected for HF etching and thermal hydrosilylation and Si K- and Ge L3-edge FLY 

NEXAFS analysis. Using full disproportionation as an upper limit (i.e., 25% Si 

available for Si or SixGe1-x formation), oxide-embedded samples are expected to 

contain ca. 85% SiO2 by mass; etching is thus expected to improve the poor signal-

to-noise issues associated with detection of diluted, low amounts of Ge. Si K- and 

Ge L3-edge FLY NEXAFS are shown for hydride-terminated samples immediately 

after HF etching and functionalized samples after thermal hydrosilylation (Figure 6-

7). A Si K-edge spectrum of a reference sample of functionalized Si-NCs prepared 

from 1100°C-processed HSQ is also shown for comparison. 

 HF-etched SixGe1-x samples exhibit Si K-edge features very similar to 

previously studied hydride-terminated Si-NC samples (Figure 6-6A). A strong Si(0) 

feature at ca. 1841 eV is noted, with very little or no oxide noted at 1848 eV,20 

consistent with the complete removal of the encapsulating matrix. Ge L3-edge 

spectra of SixGe1-x samples are still hampered by low signal-to-noise, consistent with 

low, diluted amounts of Ge through evaporative losses, vide supra (Figure 6-6B). 

However, a feature at ca. 1218 eV is apparent in both samples, matching the Ge(0) 
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signal for bulk Ge and consistent with previous Ge L3-edge NEXAFS of thin film 

SixGe1-x super lattices grown by molecular beam epitaxy.31 

 After thermal hydrosilylation, Si K-edge FLY NEXAFS of all samples showed 

a strong Si(0) feature at 1841 eV for all samples along with features at 1844 and 1848 

eV consistent with the alkyl-grafting process and oxidation during functionalization 

and/or subsequent ambient exposure (Figure 6-6C).32 The TOP-prepared SixGe1-x 

sample exhibited a more intense feature at 1848 eV, suggesting a higher degree of 

surface oxidation. Ge L3-edge FLY NEXAFS of functionalized SixGe1-x samples 

showed a similar trend, with a Ge(0) signal at 1218 eV and an oxide related feature at 

1220 eV (Figure 6-6D). Increased intensity of the oxide feature is observed for the 

TOP sample. As discussed in Chapter 5, it is challenging to pinpoint the exact 

source of oxidation in these samples, as purification and transport to the CLS 

unavoidably exposes them to ambient conditions. However, as XAS spectra of the 

hydride-terminated samples shows the NC surfaces are oxide-free immediately after 

etching, the correlated increase in Si and Ge oxide species for the TOP sample is 

qualitatively consistent with a homogeneous alloy rather than a Si-rich core. 

Unfortunately, the heterogeneous nature of this system prevents 

unambiguous assignment of the Si and Ge species in either population. Bostedt et al. 

have demonstrated the utility of Ge L3-edge XAS in measuring quantum 

confinement effects in small Ge-NCs through shifts in the conduction band 

(analogous to the use of Si L3,2-edge XAS in Chapter 5).33 These results show Ge-

NCs experience stronger quantum confinement effects than Si-NCs; interestingly, 

this contrasts with theoretical predictions which suggest Ge-NCs might exhibit Si-
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like behavior owing to a shift in the conduction band minimum in k-space from a L-

derived to X-derived state.34 In this regard, a Ge L3- and Si L3,2-edge XAS 

investigation into the electronic properties of homogeneous SixGe1-x-NCs with well-

defined size and composition could be useful in elucidating the differences between 

Si and Ge in nanoscale size effects. The energy resolution of the SGM beamline is 

approximately 0.1 and 0.24 eV at the Si L3,2- and Ge L3-edges, sufficient to discern 

small shifts as a result of gradual changes in NC size and composition. 
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Figure 6-6: FLY NEXAFS spectra of freestanding SixGe1-x samples. Si K-edge spectra 

(a) and Ge L3-edge spectra (b) of freshly etched hydride-terminated SixGe1-x samples. 

Corresponding Si K-edge (c) and Ge L3-edge spectra (d) after thermal 

hydrosilylation. 
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6.3.3.2 XEOL spectroscopy of oxide-embedded SixGe1-x samples 

The heterogeneity of these SixGe1-x samples presents an interesting challenge 

for the use of XEOL in characterizing the origin of their near-IR luminescence. 

Ideally, the elemental selectivity inherent to XEOL might reveal the role of the 

observed elemental and oxide Si and Ge species in the emission process. However, 

this specificity can be erased through competing edge-inversion effects because of the 

shallow penetration depth of soft X-rays in comparison to visible photons, as well as 

X-ray-induced sample damage. Here, preliminary XEOL results of oxide-embedded 

SixGe1-x samples are presented, illustrating how these effects merit consideration for 

the characterizing the emissive species.  

Figure 6-7 shows XEOL spectra excited at 1841 eV (i.e., the Si(0) absorption 

maximum). Samples prepared with TOP exhibit two spectral bands: one in the near-

IR centered at ca. 850 nm, resembling the laser-excited PL in Figure 6-3 (vide supra) 

and a higher energy band that varies with processing temperature over the blue-green 

spectral regions. Representative composites processed at 1050 and 1100°C show a 

sharp band centered at ca. 400 nm and a broad band centered at ca. 600 nm 

respectively. All examined samples prepared with TBP exhibit a single XEOL band 

in the near IR; a representative spectra of 1100°C-processed TBP composite 

exhibited a band centered at ca. 850 nm. 
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Figure 6-7: Representative normalized XEOL spectra (λex = 1841 eV) of oxide-

embedded SixGe1-x samples. 

 

In both samples, the observed near-IR XEOL signals decay irreversibly over 

the timescale of minutes during the PLY experiment (similar to the PLY decay 

observed for functionalized Si-NC samples in Chapter 5), whereas the visible bands 

persist. This sample damage prevented collection of PLY spectra for TBP-processed 

samples. Uncorrected Si K-edge PLY spectra of the TOP-processed samples are 

shown in Figure 6-8. No edge features were observed in Ge L3-edge PLY in any 

samples examined (representative spectrum shown in Figure 6-9). 

PLY of the green band from the 1100°C-processed TOP sample (integrated 

over 400-685 nm) showed an edge jump at the SiO2 feature at 1848 eV. Conversely, 

the near-IR band (integrated over 685-1000 nm) does not exhibit a white line 

feature evident apart from the irreversible decay. 
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PLY of the blue band from the 1050°C-processed TOP sample (integrated 

over 330-515 nm) shows an inverted edge centered at the SiO2 feature at 1848 eV. 

Recall, this occurs in samples where the decrease in X-ray penetration depth 

(resulting from the sharp increase in X-ray absorption cross-section) dominates over 

the enhancement in intensity owing to preferential excitation of the emissive species 

in producing the PLY signal. The near-IR PLY signal (integrated over 610-1000 nm) 

also exhibits an inverted edge dropping in intensity at the SiO2 feature at 1848 eV. 

Given the similarities in near-IR emissive bands between these SixGe1-x 

samples and the previously studied HSQ-prepared materials,20, 32 it is plausible (but 

not necessarily guaranteed) they share a common near-IR emissive species through 

the influence of quantum confinement effects. If so, the observed differences in PLY 

NEXAFS are likely related to edge-inversion and X-ray induced sample damage. 

Previous XEOL characterization of HSQ-prepared oxide composites relied upon the 

observation of multiple XEOL bands to assign the origin of luminescence;20 the 

change in relative intensity of each band excited at X-ray energies corresponding to 

elemental and oxide species suggested the near-IR “slow” band was preferentially 

excited at the Si(0) edge whereas the blue “fast” band was preferentially excited at the 

Si(IV) edge. However, this ratiometric approach would erroneously implicate an oxide 

species for the presently observed near-IR band in the 1050°C-processed sample, as 

the inverted oxide edge for the blue band would lead to a relative enhancement of 

near-IR intensity.  

As discussed in Chapter 5, oxide species have been implicated as the origin of 

X-ray excited blue-green emission bands in a variety of Si nanostructures,35-40 
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consistent with the present results for the green band from the 1100°C-processed 

sample. The lack of a high energy band in TBP-prepared samples might also suggest 

C-containing species play a role in the emission process as less C-contamination is 

expected than in TOP-prepared samples. In studying the optical properties of 

carboxylate-containing sol-gel materials, Green et al. suggested the observed PL 

originated from C substitutional defects in the oxide network.41 In this regard, C K-

edge XEOL of the present samples might be useful in identifying the role of O- and 

C-related emissive species. 
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Figure 6-8: Si K-edge PLY (dashed traces) and FLY of TOP SixGe1-x samples 

processed at 1100°C (a) and 1050°C (b).  
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Figure 6-9: Representative Ge L3-edge PLY spectrum of SixGe1-x composite 

prepared with TOP at 1100°C showing no appreciable features near the edge. 

 

6.4. Conclusions 

 The morphology and optical properties of SixGe1-x NCs prepared from HSQ 

and GeI2: trialkylphosphine adducts was studied using electron microscopy, PL and 

Si K- and Ge L3-edge XAS characterization. The morphology of the NCs consisted 

of a heterogeneous mixture of Si- and Ge-rich NCs (i.e., morphology C in Scheme 6-

1). Indirect evidence for Ge participation in the emission process was presented 

through the observation of non-luminescent hydride-terminated NCs, and relatively 

high QYs for alkyl-functionalized samples. Si K-edge NEXAFS results suggested the 

trialkylphosphine used substantially influences SixGe1-x NC nucleation and growth 

processes. Ge L3-edge NEXAFS confirmed the presence of Ge within the SixGe1-x 

alloy but was hampered by low signal-to-noise issues. 
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  Preliminary Si K- and Ge L3-edge XEOL results did not definitively confirm 

the role of elemental Si or Ge as expected for quantum confinement effects, likely 

related to the influence of edge inversion effects and beam-induced sample damage. A 

secondary blue-green XEOL band was observed for TOP-prepared samples, arising 

from a Si oxide related species. Although the heterogeneous nature samples studied 

prevented conclusive determination of the influence of quantum size effects on the 

near-IR PL, future XAS investigation on SixGe1-x NCs with homogeneous size, 

composition, and morphology could be valuable in understanding the impact of Ge 

incorporation on the NC PL. 
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Chapter 7: 

Conclusions  

and Future Directions 
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7.1 Conclusions 

 The development of luminescent group 14 nanostructures has progressed 

rapidly over the last twenty years, from Canham’s initial discovery1 to fundamental 

study of their size-dependent properties, and development toward market-ready 

technologies. Promising recent reports demonstrating the use of these materials in 

biological imaging,2 light-emitting diodes3, 4 and photovoltaics5 along with a diversity 

of other applications have shown these materials as viable, biologically-compatible 

alternatives to the widely-studied II-VI family of NCs. As with any scientific field, 

this progress has not been linear nor straightforward, and can be generally classified 

along four main objectives: 

1) Synthetic methods that yield scaleable quantities of size-controlled 

materials with narrow polydispersity, well-defined morphology, composition and 

crystallinity. 

2) Methods to control the surface chemistry of these materials to effectively 

passivate the surface against the formation of electronically-active defects (namely 

from oxidation), to produce stable colloidal dispersions in a range of relevant 

solvents, and to provide a platform for subsequent derivatization (e.g., bioconjugate 

coupling for biological imaging applications).  

3) Detailed understanding of the relationship between quantum size effects 

and surface species as they affect the desired optoelectronic properties.  

4) Incorporation of these materials into functional devices, and the 

identification and development of suitable counterparts in these devices. 
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Progress toward these objectives has occurred in parallel. For example, at the 

time of Canham’s discovery of intense PL from porous Si, the origin of luminescence 

was fiercely debated with several competing hypotheses being proposed, including 

the involvement of molecular species, defects, surface states or hydrogenated 

amorphous Si.6 Part of this controversy can be attributed to the wide variability of 

samples arising from their fabrication methods (e.g., via anodic or stain etching, 

under illumination or in the dark, method of drying), inhomogeneity through 

inevitable gradients in porosity, and sample storage and handling conditions. 

Acceptance of the quantum confinement model grew through greater understanding 

into the synthetic conditions required to produce brightly-emitting samples, the 

importance of ageing on sample surface chemistry, and through detailed 

spectroscopic characterization. 

 In the present thesis, each chapter has utilized the synthetic advantages of 

thermal processing of HSQ in an attempt to address the above goals. A primary 

objective throughout has been control over reactions at the NC surface, particularly 

in hydrosilylation or HF etching.  

 In chapter two, the use of near-UV light to initiate hydrosilylation at the 

surface of Si-NCs with PL in the visible spectral region was investigated. A range of 

alkene and alkyne substrates was studied in the context of their utility for a range of 

applications as well as the exciton-mediated and free-radical mechanisms proposed 

for this reaction. The choice of 365 nm light corresponds to a region of Si-NC 

direct-gap light absorption, which enhances the rate of exciton formation and thus as 

the potential to drive the hydrosilylation process. As well, the PL emitted during 
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reaction was collected in situ, allowing direct observation of the changing surface 

chemistry impacting the emission process. A model invoking surface states formed by 

etching, hydrosilylation and concomitant oxidation was proposed to account for the 

size-dependent spectral shifts observed.  

 This investigation into near-UV hydrosilylation was extended in chapter 

three toward the functionalization of larger Si-NCs with PL in the near-IR spectral 

region. Using PL and SAXS, it was shown larger Si-NCs react at a slower rate, 

allowing a mixture of sizes to be partially separated based on their reactivity in near-

UV hydrosilylation. This size-dependent reactivity was proposed to arise through an 

exciton-mediated mechanism, confirming previous theoretical predictions. 

Interestingly, size-dependent reactivity was also observed in reaction with 

phenylacetylene, previously suggested to be incompatible with an exciton-based 

mechanism. These results suggest other methods of initiation may be preferable for 

efficient hydrosilylation of larger nanostructures, although olefin compatibility may 

further limit choice of initiation (e.g., thermal hydrosilylation requires temperatures 

above the boiling point of shorter chain olefins).  

 Chapter four explored the impact of pH and HF concentration in the 

etching of oxide-embedded Si-NCs. Using neat solutions of HF at pH 1, oxide 

dissolution was dramatically enhanced, facilitating the liberation of a wide range of 

Si-NC sizes. As well, under these conditions etching proceeded primarily through an 

exciton-mediated pathway, rather than an oxidize/etch pathway previously 

employed. Mechanistic considerations may be of interest for tailoring Si-NC size and 

polydispersity, as PL during photochemical etching experiments could be controlled 
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by the wavelength of irradiation. However, comparison of PL from hydride-

terminated Si-NCs to PL and SAXS results of functionalized Si-NCs suggested a 

significant portion of Si-NCs are not active in the exciton-mediated pathway. 

Nonradiative defects which limit the availability of holes to participate in the etching 

process were proposed to slow the etching of dark Si-NCs. To circumvent this, a 

two-step etching process was studied using first the oxidize/etch pathway to reduce 

the number of defects within the Si-NCs and then switching to the exciton-mediated 

pathway to control and narrow the polydispersity. 

 In chapter five, the origin of luminescence from Si-NCs functionalized using 

near-UV hydrosilylation was demonstrated to be consistent with quantum 

confinement effects using XAS. These experiments confirm the formation of Si-C 

bonds through hydrosilylation does not substantially alter the emission mechanism. 

Differences between the XEOL spectra of Si-NCs functionalized with 1-hexene and 

styrene were rationalized in the context of surface oxidation related to ambient 

exposure, resulting in a reduction in white-line intensity through edge-inversion 

effects.  

 Chapter six pursued the formation of SixGe1-x NCs using HSQ in 

combination with GeI2 trialkylphosphine complexes. This synthesis yields a mixture 

of crystalline Si- and Ge-rich particles with intense near-IR PL. Etching and 

functionalizing these materials by thermal hydrosilylation allowed characterization 

by HAADF imaging and EDS linescanning, confirming a heterogeneous mixture of 

phases. The Ge-rich SixGe1-x NCs were homogenously alloyed rather than a graded 

or core-shell morphology. Using XAS, the trialkylphosphine used to solubilize GeI2 
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in HSQ-compatible solvents was demonstrated to significantly impact the 

redistribution processes occurring during thermal processing. Although indirect 

evidence for the participation of Ge in the emission was shown through relatively 

high PL quantum yields, XEOL characterization was inconclusive, likely stemming 

from the heterogeneous nature of this system. 

 

7.2 Future directions 

 There are numerous avenues for new experiments building upon the present 

work. In general, these investigations have focused on the fundamental study of 

group 14 nanostructures and their unique properties, but stopped short of testing 

their potential in a functional device. Given the demonstration of near IR PL with 

relatively high quantum yields from alkyl-grafted Si- and SixGe1-x NCs, a natural 

starting point for these studies could be the use of these materials as a biological 

imaging agent in tandem with a aqueous dispersing agent such as phospholipid 

micelles2 or amphiphilic polymer,7 previously studied for similar systems.  

 Chapter one highlighted the advantages of using in situ measurements during 

the hydrosilylation reaction to eliminate the impact of ambient exposure on the PL. 

Similarly, the use of electron paramagnetic resonance during functionalization might 

facilitate identification of electronically-active dangling bonds that could quench or 

shift the PL response as previously discussed.8 This may be of particular interest for 

reaction with conjugated alkynes which quench Si-NC PL. The mechanism of this 

quenching is still unresolved, and could be of interest for charge separation in 

photovoltaic applications.  
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 The improved control over the HF etching of oxide-embedded Si-NC 

composites described in chapter four presents an interesting opportunity for studying 

the impact of faceting on NC surface passivation. As the “acid” etch rapidly removes 

the oxide matrix within seconds, it is reasonable the observed mixture of Si-Hx 

surface species arises from the thermodynamic balance between minimizing surface 

area and the formation of densely-packed surface planes during thermal processing of 

HSQ. After the rapid removal of the encapsulating oxide, hydride-terminated Si-

NCs could be anisotropically etched with buffered NH4:HF mixtures, which 

produce monohydride (111) planes with near-atomic flatness.9 This might minimize 

the number of di- and trihydride species associated with (100), (110) planes or at 

edge steps, which cannot be as well passivated because of steric crowding.10 The 

effectiveness of passivation using hydrosilylation could be evaluated as a function of 

the initial surface structure.  

 The heterogeneous mixture of Ge- and Si-rich NCs resulting from the 

thermal processing of HSQ and GeI2 trialkylphosphine complexes is a limitation for 

this approach, as this significantly complicates characterization of the emissive 

species. Furthermore, separation of these phases is a daunting task given their similar 

size and surface chemistry. As Si K-edge NEXAFS of these materials suggest the GeI2 

complexes are influencing NC nucleation, it is possible there are two modes of NC 

formation through initial nucleation versus subsequent disproportionation and 

diffusion. However, as the trialkylphosphine ligands studied do not appear to 

otherwise majorly impede the disproportionation of HSQ, it may be interested to 

explore the use of phosphine-capped Ge-NCs as a precursor for SixGe1-x NCs.11 
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These materials would provide a source of elemental Ge for co-precipitation with 

HSQ, but avoid their own disproportionation pathways, maximizing the potential 

for a homogeneous morphology. Given the widespread use of phosphine ligands as 

capping agents in wet-chemical NC syntheses (including both metallic and 

semiconductor nanostructures), this strategy might be an interesting starting point 

for the preparation of other Si-containing binary NC systems. Finally, if this 

approach proved successful in overcoming the current issues of heterogeneity, it 

might enable direct confirmation of Ge participation in the quantum-confined PL 

through the use of XEOL characterization.  
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