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Abstract
Silicon (Si) based nanomaterials have the potential to revolutionize the
microelectronics industry by introducing desirable nanoscale properties into
electronic components without compromising the material composition. They
have also been proposed as a greener alternative for many Group III-V and II-VI
semiconductors. However, the high temperature and costly infrastructure required
for the large scale synthesis and characterization of Si based materials still poses a
challenge that impedes their widespread application. This thesis describes the
synthesis of silicon (Si), silicon carbide (SiC), silicon nitride (Si3N4), and silica
(SiO2) nano- and micromaterials from compositionally tuned sol-gel polymers. Si
based materials were prepared either via disproportionation of (RSiO1.5)n sol-gel
polymers or by a magnesiothermic reduction method. Magnesiothermic reduction
was carried out at the lowest temperature reported in the literature to date (500 600 oC) to make Si, Si3N4, and SiC materials with various morphologies.
Detailed chemical investigations were carried out to understand the origin
of blue luminescence in Si nanocrystals (NCs). It was determined that the
presence of nitrogen, oxygen, and chlorine based impurities in trace amounts can
lead to blue emission via a charge transfer process. Si-NCs with various surface
protecting groups were synthesized in order to tune their luminescence across the
visible spectrum. The luminescence is believed to originate from surface defects,
and the excited state lifetimes of such emissions are short lived (a few
nanoseconds). This is the first example to demonstrate emission across the visible
spectrum by tuning the surface protecting groups.

The materials and methodologies summarized in this thesis open up new
avenues in the pursuit of Si nanomaterial based photovoltaics, sensors, biological
applications, redox reactions, greenhouse gas sequestration, and many more.
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Chapter 1:
Introduction

1

1.1 Inorganic Semiconductor Nanocrystals – Quantum Dots
Nanomaterials have gained tremendous attention since the revolutionary
discovery of fullerenes1 and colloidal nanoparticles.2-9 Their discovery has led to a
major paradigm shift and made many in the scientific community rethink material
classification solely based upon properties observed in bulk systems. The
dimensions (i.e., size and shape) of materials are crucial in determining their
properties, and today nanotechnology has become one of the fastest growing
scientific and investment sectors.10
Health Canada defines nanomaterials as - "any manufactured substance or
product and any component material, ingredient, device or structure that is: (a)
within the nanoscale (1-100nm) in at least one external dimension or has internal
or surface structure at nanoscale; or (b) it is smaller or larger than the nanoscale
in all dimensions and exhibits one or more nanoscale properties/phenomena."11
Some of the most widely explored material geometries include: zero- (e.g.
nanoparticles), one- (e.g. nanowires), and two- (e.g. nanosheets) dimensional
configurations.12 Many interesting size and shape dependent electrical,13-16
optical,17-19 thermal,20-23 magnetic,24-26 and mechanical27 properties emerge when
materials are prepared in the nanoscale regime. The discovery of semiconductor
colloidal quantum dots by Louis Brus28,29 and his team at Bell Laboratories in the
1980s led to an exponential growth in both experimental and theoretical sciences to
understand the structure and properties of these materials.
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Quantum dots, well-known for their exquisitely tunable optical properties,
are zero-dimensional semiconductor nanomaterials where the size of the particle is
on the order of or smaller than the Bohr exciton (electron-hole pair) radius.30 The
most well known quantum dots are composed of group III-V (e.g., GaAs, InAs, InP,
etc.)31 and II-VI (e.g., CdSe, CdTe, CdS, ZnSe, ZnS, etc.)32-36 elements. Today,
group IV (e.g., Si, Ge, SiC, etc.),37-39 group IV-VI (e.g., SnS, PbTe, PbS, etc.),40-43
doped oxide (e.g., TiO2, Cu2O, SnO2, etc.),44-47 and alloy (e.g., AlGaN, CuInGaSe2,
etc.)48-52 based quantum dots are also being investigated.
Potential quantum dot applications are

vast

and encompass

photovoltaics,53 sensors,54,55 bioimaging,56,57 drug delivery,58,59 and lasers,60 among
others.61 However, in light of the toxicity of many elements used in QDs (e.g.,
cadmium, lead, selenium, and mercury)62,63 as well as depleting concentrations of
indium and gallium,64 there has been a concerted effort to develop alternative
quantum dot materials among the scientific community.

1.2 Silicon Nanocrystals (Si-NCs).
Silicon (Si) has many advantages over other semiconductor materials,
including low cost, bio-compatibility, abundance, and compatibility with the
existing electronics industry.38 Indeed, many technological advances over the last
few decades have been made possible by Si. While bulk Si has dominated the
microelectronics industry for over a century, it does not exhibit photoluminescence
(PL) and hence has few optical applications. It was only twenty years ago, with the
3

discovery of porous Si (p-Si) by Canham,65 that its application was extended to
opto-electronic devices.64 The excitement generated by the possibility of using
nanostructured Si as an optical material is reflected in over 6000 publications
(found by Scifinder) mentioning "silicon nanocrystals" in the article title as of
December 2013. Today both p-Si and free standing Si-NCs are being investigated
for bioimaging, in photovoltaic devices, Li-ion batteries, photoelectrodes, sensors,
etc.66-73 Si-NCs show great promise to be a viable replacement for traditional binary
compound quantum dots.

Figure 1-1. Schematic band structure showing a direct and indirect band gap.75

In a silicon crystal, continuous conduction (CB) and valence bands (VB)
form that are separated by forbidden energy levels that are termed the band gap
(Eg). For bulk Si, the energy difference between the highest point in the VB and the
lowest point in the CB (i.e., band gap) is 1.13 eV at 300 K and 1.17 eV at 0 K.74
4

The density of states (DOS) is not uniform along the width of the band and is most
dense at the center. Si has an indirect band gap because the maximum of the valence
band and the minimum of the conduction band are not located at the same position
in k-space (Figure 1-1).75 As a result, vertical promotion/relaxation of electrons
across the band gap is symmetry disallowed. A transition is only feasible when the
momentum of the electron being promoted can be changed – this is made possible
through lattice vibrations (i.e., phonon). The probability of a so-called phononassisted transition is low and therefore the PL yield of bulk Si is near zero at room
temperature.
When the size of a Si crystal decreases to the order of (or smaller than) the
Bohr exciton radius (in Si ca. 4.5 nm), quantum confinement effects play an
important role and influence material properties. Under these conditions the
excitons become spatially localized within the volume of the nanocrystal. When the
excitons are confined in real space, it follows from Heisenberg's uncertainty
principle that their position in k-space is blurred. This results in broadening of the
exciton wave function, which can now partially overlap even in an indirect band
gap material (Figure 1-2).76 These factors lead to an increase in the probability of
a radiative recombination of the exciton, thus rendering nanostructured Si
luminescent. While this discussion provides an explanation for the unexpected
photoluminescent properties of nano-Si, its origin is complicated and remains the
subject of intense investigation (vide infra).
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Figure 1-2. Schematic representation of wave function broadening in Si-NCs.76

1.3 Synthetic Methods for Preparing Si-NCs.
The story of Si-NCs began with the accidental discovery of p-Si in 1956 by
Arthur Uhlir and Ingeborg Uhlir.77 However, it was not until the 1990s that Leigh
Canham popularized p-Si by effectively demonstrating its luminescent properties.78
p-Si is typically prepared by anodic etching of single crystal Si wafers in
hydrofluoric (HF) acid solution.79 This etching results in a sponge-like structure
where the hydride terminated Si-NCs (4 - 8 nm) are interconnected with each other
(Figure 1-3). Free-standing Si-NCs can be obtained from p-Si by subjecting the
wafer to ultrasonication; however, Si-NCs are prone to severe oxidation.80-82
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Figure 1-3. Scanning electron micrograph (SEM) image of p-Si. (Image taken from
Lab Chip, 2009, 9, 456. Reproduced by the permission of The Royal Society of
Chemistry).

Since the synthesis of p-Si, oxide embedded Si-NCs have been prepared by
precipitation of excess Si from non-stoichiometric SiOx<2 films via sputtering.83,84
Other physical methods such as ion implantation,85-88 vapor deposition,89,90 and
laser ablation90,91 have been used to synthesize Si-NCs as well. In the interest of
work presented in this thesis, key gas-, solution-, and solid-phase methods are
discussed in further detail below.
1.3.1 Gas-phase methods.
Synthesis of Si-NCs using gas phase methods frequently involves pyrolysis
of silane (SiH4) gas using a LASER or cold plasma.92-95 Pyrolysis of silane gas
affords gram-scale quantities of high purity loosely agglomerated Si nanoparticles
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of varying sizes at a rate of 20 - 200 mg/h. The NCs are size separated and collected
on a substrate as shown in Figure 1-4.

Figure 1-4. Schematic representation of size separation of Si-NCs prepared via
SiH4 decomposition. (A) Particles of different sizes move at different velocities,
and can be (B) separated and deposited at different places on a substrate after
passing through a rotating chopper slit. (Reprinted with the permission from Appl.
Phys. Lett. 2002, 80, 4834. Copyright 2002, AIP Publishing LLC).

After the synthesis, the particles are commonly subjected to solution phase
surface functionalization via hydrosilylation. Freestanding NCs are obtained by
etching the Si powder with a nitric acid and hydrofluoric acid (HNO3/HF) mixture.
This procedure affords control over the NC size and provides hydride terminated
Si-NCs that can be further hydrosilylated with alkenes or alkynes. Complete visible
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spectrum emission has been reported for Si-NCs made via pyrolysis of silane
(Figure 1-5).

Figure 1-5. Photograph of Si-NCs of varying sizes under UV-illumination prepared
from pyrolysis of silane gas using plasma. (Image from Nanotech., 2008, 19,
245603. Copyright IOP Publishing).

1.3.2 Solution-phase methods.
Solution phase syntheses offer a low-temperature route toward synthesizing
Si-NCs. NCs can be prepared via oxidative and reductive methods. The most
commonly used oxidative method involves reaction of Zintl salts such as
magnesium or sodium silicide with ammonium bromide to yield hydride terminated
Si-NCs (Scheme 1-1).97-99 These NCs are further functionalized with alkyl
protecting groups to prevent oxidation. Zintl salts can also be reacted with other
oxidizing agents such as SiCl4 and Br2 to yield halide terminated Si-NCs.100
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Scheme 1-1. Schematic representation of solution-phase syntheses of alkyl
terminated Si-NCs from the decomposition of Zintl phases.

Figure 1-6. (A) Bright field TEM image and (B) PL spectra of alkyl terminated SiNCs synthesized by decomposition of Zintl phases. (Reprinted with the permission
from J. Am. Chem. Soc. 1999, 121, 5191. Copyright 1999 American Chemical
Society).

10

Si-NCs obtained using this method are typically polydisperse with sizes
ranging from 2 - 10 nm. They also exhibit blue PL with short-lived excited states
(ca. 5 ns) that are independent of the particle size (Figure 1-6).
The most common solution phase reductive methods involve reaction of
silicon tetrachloride (SiCl4) with either sodium metal or sodium naphthalide to yield
chloride terminated Si-NCs.101-104 These NCs are further functionalized in situ by
reacting the particles with alkyl lithium or Grignard reagents (Scheme 1-2).

Scheme 1-2. Schematic representation of solution phase synthesis of alkyl
terminated Si-NCs via reduction of SiCl4 using sodium naphthalide.

The Si-NCs prepared using these methods exhibit diameters in the range of
2 - 5 nm and emit blue light (Figure 1-7). The intermediate chloride terminated SiNCs have also been functionalized with alkoxy, siloxane, hydroxyl, and hydride
functional groups (Scheme 1-3).102 All chloride derived Si-NCs emit in the blue
spectral region irrespective of particle size or the protecting group.
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Figure 1-7. (A) Bright field TEM image and (B) PL spectra of octyl terminated SiNCs synthesized from reduction of SiCl4. (Image from Chem. Commun., 2002,
1822. Reproduced by the permission of The Royal Society of Chemistry).

Scheme 1-3. Surface derivatization of chloride terminated Si-NCs.
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Scheme 1-4. Schematic representation of the synthesis of alkyl terminated Si-NCs
via reduction of SiCl4 using a hydride source.

Figure 1-8. (A) Bright field TEM image and (B) excitation wavelength dependent
PL spectra of hexyl terminated Si-NCs prepared via reduction of SiCl4 using a
hydride source. (Image from Nanoscale, 2011, 3, 3364. Reproduced with the
permission of The Royal Society of Chemistry).

Alternatively, silicon halides can be reduced with a hydride reducing agent
such as lithium borohydride, super hydride, and lithium aluminum hydride to yield
hydride terminated Si-NCs.105,106 These NCs are functionalized in situ with alkyl
13

protecting groups via photochemical hydrosilylation (Scheme 1-4). The particles
are 2 - 3 nm in size and emit blue with short-lived (~ 3 - 4 ns) excited states
regardless of particle size (Figure 1-8).
1.3.3 Solid-state methods.
One of the most common solid-state methods of preparing Si-NCs is via
pyrolysis of Si-rich sol-gel derived polymers. (HSiO1.5)n sol-gel polymers are
prepared from hydrolysis and condensation of silane precursors such as HSiCl3 or
HSi(OEt)3.107,108 Subsequently, these polymers are thermally processed at high
temperatures (>1000 oC) under inert or reducing conditions to yield Si-NCs
embedded in an oxide matrix (Scheme 1-5). The mechanism of Si-NC formation
in these systems has been studied in detail.109 At temperatures between 400 - 500
o

C the Si-rich oxide disproportionates to form Si(0) and SiO2. Higher temperatures

are required to promote diffusion of Si atoms through the silica matrix to form SiNCs.

Scheme 1-5. Schematic representation of the synthesis of oxide embedded Si-NCs
from pyrolysis of (HSiO1.5)n sol-gel polymers.
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The Veinot group has developed a procedure for making size and shape
controlled Si-NCs via disproportionation of commercially available hydrogen
silsesquioxane (HSQ).110 Similar to the sol-gel polymers, HSQ (H8Si8O12) yields
oxide embedded Si-NCs (ca. 3 nm in size) when heated at 1100 oC for an hour
(Scheme 1-6).

Scheme 1-6. Schematic representation of the synthesis of oxide embedded Si-NCs
from thermal decomposition of HSQ.

The average Si-NC size increases to ca. 6 and ca. 9 nm when processing
temperatures are increased to 1200 and 1300 oC, respectively (Figure 1-9).111 This
method allows the preparation of size mono-disperse Si-NCs on a gram-scale.
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Figure 1-9. Bright field TEM images of (A) 3 nm, (B) 6 nm and (C) 9 nm Si-NCs
obtained from thermal decomposition of HSQ at 1100, 1200, and 1300 oC,
respectively. (Reprinted with permission from Chem. Mater. 2011, 24, 393.
Copyrigt 2011 American Chemical Society).

Figure 1-10. PL spectra of hydride terminated Si-NCs obtained from thermal
decomposition of HSQ. Inset: Photograph of Si-NCs under UV-illumination.
(Reprinted with permission from Chem. Mater. 2006, 18, 6139. Copyrigt 2006
American Chemical Society).
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Freestanding hydride terminated Si-NCs can be obtained by treating the oxide
embedded particles with HF solutions (See Equations [1] and [2]).110
SiO2 + 4 HF

SiF4 + 2 H2O

[1]

SiF4 + 2 HF

H2SiF6

[2]

The photoluminescence from the hydride terminated Si-NCs is size dependent
(Figure 1-10) and the particle size is controlled by the length of etching time.
Sandhage's

group

demonstrated

the

solid-state

synthesis

of

Si

microstructures via the magnesiothermic reduction of silica diatom frustules.112
This method was used to make Si-NCs by reducing Stӧber silica particles with Mg
powder. The details of this experiment are discussed in Chapter 3 and the synthesis
of Stӧber silica particles is discussed in Section 1.4 (vide infra).

1.4 Sol-gel reactions.
Sol-gel reactions offer a versatile method of preparing a vast array of silica
structures (e.g. films, nanostructures, polymers, etc.). This is possible through the
rational tailoring of numerous experimental parameters such as water content,
temperature, solvent, catalyst, reaction time, drying conditions, and precursor.113
The sol-gel method can be described as the formation of an oxide network by
polycondensation of molecular precursors. A sol is a stable colloidal particle and
the gel is a three dimensional structure formed by agglomeration of sol.
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Formation of silicates is one of the most well studied sol-gel reactions to
date. They are often prepared by controlled hydrolysis and condensation of silicon
halides or silicon alkoxide precursors. The chemical reaction of silica formation via
a sol-gel process is generally catalyzed by an acid or a base. The first step of a solgel reaction is hydrolysis of the silicon precursor. This is followed by condensation
either forming water or an alcohol (Scheme 1-7). Acid catalyzed reactions yield a
linear polymer while a base catalyzed reaction results in a more branched final
structure.114
At high pH (>12) conditions the condensation process occurs quickly
without gelation, thus leading to the formation of stable particles. This process was
discovered by Werner Stӧber and today monodispersed silica particles (also known
as Stӧber silica) are prepared by hydrolysis and condensation of tetraethoxysilane
using an ammonium hydroxide catalyst.115

Scheme 1-7. Hydrolysis and condensation of silicon chloride and silicon alkoxide
precursors.
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Figure 1-11. Schematic representation of Stӧber silica particle formation and
growth. (Image from Nanotech., 2011, 22, 275718. Copyright IOP Publishing).

The mechanism for the formation of Stӧber silica particles was studied by
Masalov et al.116 The authors propose that during the Stӧber process, primary SiO2
particles of 5 - 10 nm diameter are initially formed. These primary particles
aggregate to form larger SiO2 particles (Figure 1-11).

Figure 1-12. SEM images of Stӧber silica particles sonicated with diamond powder
(Image from Nanotech., 2011, 22, 275718. Copyright IOP Publishing).
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Figure 1-12 shows SEM images of diamond cut SiO2 particles. The exterior
of the particles is covered by a dense thin layer of SiO2 and the interior is composed
of smaller SiO2 particles. The smaller particles are not densely packed and lead to
meso- as well as macropore formation in Stӧber particles.

1.5 Si-NC Optical Properties.
To realize the full potential of Si-NCs opto-electronic applications it is
important to gain a thorough understanding of the origin of the PL in these systems.
Various models have been proposed to explain its origin; however, they can be
broadly classified as either quantum confined emission or defect-based emission.
These models are discussed in further detail in the following sections.
1.5.1 Band gap emission (quantum confinement).
This model was originally proposed by Canham in 1990 to explain the PL
originating from p-Si and was later extended to freestanding Si-NCs.65 As the size
of the Si crystal decreases from bulk to nanoscale, the energy levels start to become
more discrete. The number of orbitals participating in band formation also
decreases, leading to a "thinning" of the DOS. As the DOS is sparsest at the bandedges, the decrease in crystal size leads to the removal of energy levels from the
band-edges.17 As a result, the band gap of Si increases with decreasing crystal size
(Figure 1-13).
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Figure 1-13. Schematic representation of change in the DOS and bandgap of Si
with changing crystal size.

In the simplest, most widely employed model (also termed the effective
mass approximation (EMA) model), a quantum dot is treated as a spherical
quantum well. The size dependent band gap of the quantum dot is expressed
according to equation [1],

E(d) = 𝐸𝑔 +

ℏ2 𝜋 2
2𝑑 2

1

(𝑚 ∗ +
𝑒

1
∗
𝑚ℎ

)−

1.8 𝑒 2
𝜀𝑖 𝑑

[1]

where d is the diameter of the nanocrystal, me* and mh* are the bulk effective masses
of electron and hole, respectively, e is the charge of the electron, Eg is the bulk
bandgap of Si, and εi is the electric permittivity of Si. The band gap is inversely
proportional to the square of the diameter of the quantum dot. Band gap estimations
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as a function of particle size obtained using Equation 1 are plotted in Figure 1-14
(solid line). Based upon the EMA model, visible PL can be expected from Si-NCs
with dimensions below ca. 3 nm. This PL would result from excitation and
relaxation of the electrons across the band gap of the NC.

Figure 1-14. Calculated relationship between the band gap of Si-NC and the NC
size based upon EMA and tight binding model predictions.

Unfortunately, the EMA does not predict experimental observations
perfectly. Surface dangling bonds are often passivated with hydrogen or alkyl
groups, leading to shifts in the observed PL maximum.117-120 To account for these
shifts, Delerue et al. proposed an inverse power law (Equation 2) relationship
between PL maximum and quantum dot diameter for surface passivated Si-NCs
22

based on a tight binding model (Figure 1-5).121 The experimental PL maxima are
in better agreement with the tight binding model than the EMA predictions.122,123

𝐸𝑃𝐿 = 𝐸𝑔 + 3.73 𝑑−1.39

[2]

In both the EMA and tight binding models, Si still possesses an indirect
band gap and phonon assistance is needed for a radiative transition. The excited
state lifetimes of the PL resulting from transitions across the band gap are on the
order of millisecond (ms) to microsecond (µs).124

Figure 1-15. Simulated structures of various Si clusters. (Reprinted with the
permission from Phys. Rev. B 2002, 65, 245417. Copyright 2002 American
Physical Society).

The bulk approximations cannot be applied to very small Si-NCs (ca. 2 nm)
due to lack of periodicity in the Si structure lattice. Based upon theoretical
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calculations (tight binding model) performed by Yu et al., complete symmetry
breaking appears for Si-NCs between 1-2 nm (Figure 1-15).125 Under these
conditions there is a strong overlap of the electron and hole wave functions that
leads to quasi-direct transitions with short-lived (ca. ns) excited states that
approximate the properties of direct band gap materials.126
1.5.2 Oxide defect emission.
The impact of oxidation on Si-NC optical properties has been the subject of
substantial debate for a very long time.127-140 One of the most notable (and
controversial) studies reported by Wolkin et al. invokes an Si=O to explain Si-NC
luminescence.141 The authors proposed that in oxidized Si-NCs, the PL properties
change as a function of size and the presence of the Si=O defect state (Figure 116). For NCs larger than ca. 3 nm, the PL mechanism is dominated by the exciton
recombination across the band gap (Zone I in Figure 1-17). When the NC size is
between 1.5 - 3 nm, carrier recombination involves a trapped electron state and a
free hole (Zone II in Figure 1-17). While there is a blue-shift in PL maximum with
decreasing NC size in this region, the magnitude of the shift does not correlate with
EMA predictions. For NCs with dimensions smaller than ca. 1.5 nm, the PL
response is independent of particle size and is solely dominated by trapped states
(Zone III in Figure 1-17). Unfortunately, the existence of Si=O bonds in Si-NCs
has not been proven to date with concrete characterization details. They are
proposed to exist as a stabilizing unit between an Si/SiO2 interface. However,
molecular analogues of silanones (Si=O) have been reported in the literature.142-146

24

Figure 1-16. Band gap and Si=O trapped state energy in Si-NCs as a function of
NC size. (Reprinted with the permission from Phys. Rev. Lett. 1999, 82, 197.
Copyright 2002 American Physical Society).

A surface state model has been proposed by Kanemitsu et al. to explain red
PL (ca.1.7 eV) originating from oxidized Si-NCs or oxide-embedded Si-NCs.147
According to this model, photon absorption occurs at the Si-NC core and the
generated exciton migrates to the NC surface, where it recombines radiatively at a
surface suboxide (SiOx<2) defect. The energy of this suboxide defect state is
estimated to be 1.65 eV and PL is independent of Si-NC size. However, Koch et al.
proposed the origin of red PL is slightly more complex.148 According to their model,
quantum confinement and surface defects co-exist in a Si-NC/SiO2 system. The
photon absorption occurs in the NC core, and three different relaxation pathways
25

are possible (Figure 1-17): (1) slow transition across the band gap (E0), (2) fast
transition from NC CB band to surface state (E1), and (3) slow surface-to-surface
state transition (E2). Smaller Si-NCs are believed to favor E1 and E2 transitions.

Figure 1-17. Radiative transitions according to a surface state model.148

The other commonly observed oxide-based emission in Si-NC/SiO2
systems is made up of two components centered around 2.8 and 1.9 eV.149-153 The
higher energy emission is often short-lived and the orange emission has longer
excited state lifetimes. It is proposed that the PL around 1.9 eV results from an
isolated non-bridging oxygen atom (Figure 1-18A) that acts as a hole-trap center.
The high energy ca. 2.7 eV PL is calculated to originate from oxygen vacant defect
sites (SiO3+). O'Reiily and Robertson have proposed various radiative SiO2-like
defect sites that are summarized in Figure 1-18.149
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Figure 1-18. Calculated radiative centers in SiO2-like encapsulated Si-NCs. (A)
Excitation and relaxation at a non-bridging oxygen trap state; (B) excitation into an
Si3O+ shallow state followed by its relaxation to (C) an Si30 trap state and its
radiative relaxation; and (D) emission from relaxation to an SiO3+ trap state.149

Figure 1-19. Emission peak maximum vs. Si-NC size for various literature reported
alkyl passivated Si-NCs. (Reprinted with permission from Chem. Mater. 2011, 24,
393. Copyrigt 2011 American Chemical Society).
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Si-NCs prepared via solution phase methods (discussed in detail in Section
1.3.2) commonly exhibit blue luminescence irrespective of particle size, thus
defying EMA approximations (Figure 1-19). While some authors have proposed
that this PL originates from an oxide related defect, the exact chemical or physical
nature of the blue emission remains unknown and is the subject of much study.

1.6 Thesis Outline.
The present thesis focuses on the syntheses and optical properties of silicon
based nanomaterials. Chapter 2 concentrates on the attempts made to lower the
solid-state synthesis temperature of Si-NCs prepared via disportionation of various
(RSiO1.5)n sol-gel polymers. Various homo- and copolymers where R = H, C2H5,
C4H9, C6H13, C8H17, C10H21, CF3(CH2)2, CCl3(CH2)2, and CN(CH2)2 were
synthesized and their thermal decomposition was studied. Also, the influence of
inorganic salts such as Na2O, MgO, CaO, AlCl3, and MgCl2 on the thermal
decomposition of (HSiO1.5)n sol-gel polymer was investigated.
Chapter 3 shifts to alternative methods for lowering processing
temperatures and highlights the magnesiothermic reduction of various types of
silica to form Si nano- and microstructures. Si thin films prepared via
magnesiothermic reduction were also fabricated and evaluated as potential
transparent electrodes for organic light-emitting diodes. Mechanistic studies on the
Mg reduction process, the influence of reaction temperature, and precursor size and
morphology are also discussed. The magnesiothermic reduction process was
28

extended to the preparation of silicon nitride (Si3N4) and silicon carbide (SiC)
nano/micro structures as outlined in Chapter 4.
Chapters 5 and 6 focus on the optical properties of Si-NCs. The origin of
size-independent blue luminescence in Si-NCs is investigated in Chapter 5. Chapter
6 highlights Si-NC surface modification with various surface groups to tune the PL
maximum across the visible spectrum.
Finally, Chapter 7 summarizes the findings made in Chapters 2-6 and
provides a brief outlook for the future application of the methodologies and
materials synthesized in this thesis.
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Chapter 2:
Attempts to Lower the Solid-State Syntheses
Temperature to Make Silicon Nanocrystals

Portion

of this chapter has been published:

- M. Dasog, C. Rachinsky and J. G. C. Veinot, J. Mater. Chem., 2011, 21, 12422 12427. (Reproduced by permission of The Royal Society of Chemistry)
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2.1 Silicon Nanomaterials Derived from (RSiO1.5)n Sol-Gel Polymers
2.1.1 Introduction
Silicon (Si) is widely known for its applications in the electronics industry.
Recent studies indicate silicon nanocrystals (Si-NCs) exhibit fascinating new
properties, including size-dependent photoluminescence (PL) equivalent to that
exhibited by other semiconductors NCs (e.g., CdSe) without the established
cytotoxicity associated with heavy metals.1-3 The unique properties of Si-NCs have
stimulated vast scientific curiosity and opened the door to many new potential
applications while also prompting scientists to further investigate Si-based
nanomaterials (e.g., silicon carbide (SiC),4 silicon oxycarbide (SiOC),5 silicon
nitride (Si3N4)6). Solid state synthesis offers a straightforward, cost-effective and
scalable method to make Si based nanomaterials. For such syntheses sol-gel derived
polymers are among the most versatile material precursors known; they allow for
fabrication of fibers, oxide and non-oxide ceramics, thin films, and powders.7-10
The exquisite tunability of the polymer structure and composition, low cost and
compatibility with various processing techniques (e.g., spin coating,11 dip coating,12
and doctor-blading13) make these materials extremely useful and fundamentally
interesting.
Si-rich oxide sol-gel polymers such as (SiO1.5)n have been used as
precursors in the preparation of Si-NCs.14-17 Our group has demonstrated thermal
processing of (HSiO1.5)n sol-gel polymers in reducing atmospheres yields Si-NCs
embedded in SiO2-like matricies.17 The thermal processing causes redistribution to
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form thermodynamically stable SiO2, and the remaining Si atoms are then able to
diffuse through the polymer structure and crystallize to form Si-NCs. Unfortunately
these high processing temperatures are often incompatible with the fabrication of
electronic devices. However, further research demonstrated that larger Si-NCs can
be obtained from (CH3SiO1.5)n(HSiO1.5)m copolymer where the particle size grew
with increasing -CH3 content of the copolymer.17 We attributed this later
observation to an oxide network modification that resulted from the inclusion of the
methyl group. This “opening” of the oxide network would favour diffusion of Si
atoms during the annealing process as shown in the Scheme 2-1.

Scheme 2-1. A summary of the influence of 'R' size on the density of the sol-gel
network and requisite processing requirements to obtain Si-NCs.

These observations raised the following questions: How does the nature of
the 'R' group (e.g., “size”) influence Si-NC formation? Can larger Si-NCs
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nanocrystals be formed at lower temperatures by increasing the bulk of the 'R'
group? In this chapter, we report how a series of “R” moieties incorporated into
(HSiO1.5)0.95(RSiO1.5)0.05 copolymers influence the material obtained upon thermal
processing at temperatures up to 1400 oC. While we could not reduce the processing
temperatures to make Si-NCs, we were able to synthesize interesting new
nanomaterials. We have found by using a systematic synthetic approach and a wide
complement of characterization methods that when R = C2H5, C4H9, and C6H13 a
highly luminescent (blue) amorphous mixture of silica and carbon is obtained. In
contrast, oxide-embedded SiC-NCs are formed when R = C8H17 and C10H21.
Etching the resulting composite materials with hydrofluoric (HF) acid yielded new
freestanding carbon-coated SiO2 nanostructures and SiC-NCs, respectively.

2.1.2 Experimental
2.1.2.1 Materials.
Trichlorosilane

(HSiCl3,

99%),

ethyl

trichlorosilane

(C2H5SiCl3,

99%),

butyltrichlorosilane (C4H9SiCl3, 99%), hexyltrichlorosilane (C6H13SiCl3, 97%),
octyltrichlorosilane (C8H17SiCl3, 97%), and ethanol (95%) were all purchased from
Sigma-Aldrich. Decyl trichlorosilane (C10H21SiCl3, 98%) was purchased from
Chemos GmbH. Anhydrous ethyl ether (ACS grade) and toluene (ACS grade) were
purchased from Caledon and hydrofluoric acid (49% solution) from J. T. Baker. All
the reagents were used as received without further purification.
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2.1.2.2 Synthesis of [(HSiO1.5)0.95(RSiO1.5)0.05]n condensation copolymers A1E1.
Copolymers were synthesized according to the procedure reported by Henderson et
al. 17 Predefined quantities of HSiCl3 and RSiCl3 were added to a 3-neck round
bottom flask and stirred under argon while cooling in a water/ice bath (0 oC) using
standard Schlenk techniques. The mole percent of RSiCl3 (R = C2H5, C4H9, C6H13,
C8H17, C10H21) relative to HSiCl3 was set to 5%. Deionzied water (the volume of
water was modified to maintain a H2O : silane ratio of 2 : 1) was rapidly added to
the flask with vigorous stirring into the cooled silane mixture through a septum.
The reaction flask was connected to an exhaust vent to release HCl(g) produced upon
addition of water. Hydrolysis of the precursor was confirmed by monitoring the
reaction mixture pH (pH < 1). The precipitate remained immersed in the acidic
aqueous reaction mixture for 30 – 120 min to ensure complete hydrolysis and
condensation. The product was subsequently dried in vacuo for ca. 8 hours to yield
a white dry solid that was maintained in inert atmosphere until subsequent thermal
processing.

Polymer compositions and thermal decomposition properties are

summarized in Table 2-2.
2.1.2.3 Thermal Processing copolymers.
Condensation copolymers A1 - E1 were transferred to quartz boats and thermally
processed under slightly reducing conditions (5% H2/95% Ar) at 1100 oC for one
hour. The resulting products A2 - E2 (details summarized in Table 2-3) were
transferred to a high temperature furnace and further processed at 1400 oC for 2 h
under Ar atmosphere to yield A3 - E3. Finally, composites A3 – E3 were heated in
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air at 650 oC for 30 min to remove excess residual carbon to yield A4 - E4 (Note:
Following cooling to room temperature after each thermal processing step, samples
were mechanically ground to fine powders).
2.1.2.4 Hydrofluoric acid etching.
A4 – E4 were treated with hydrofluoric acid to remove the protective SiO2 matrix.
In a typical etching procedure, 100 mg of the sample was transferred to a Teflon
test tube and 1:1:1 solution of 49% HF(aq) : H2O : ethanol (10 mL) was added. The
mixture was stirred for 60 min followed by extraction into 10 mL toluene. To obtain
solid product, toluene was removed in vacuo yielding a cloudy viscous oil and
anhydrous diethyl ether was added dropwise resulting in a white solid. The white
solid was collected by vacuum filtration and washed with ice cold diethyl ether (3
x 10 mL).
2.1.2.5 Fourier Transform Infrared Spectroscopy (FTIR)
FTIR was performed on powder samples using a Nicolet Magna 750 IR
spectrometer.
2.1.2.6 X-ray Powder Diffraction (XRD)
XRD was performed using an INEL XRG 3000 X-ray diffractometer equipped with
a Cu Kα radiation source (λ = 1.54 Å). Bulk crystallinity for all samples was
evaluated on finely ground samples mounted on a low-intensity background silicon
(100) sample holder.
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2.1.2.7 Thermogravimetric Analysis (TGA)
TGA was performed on PerkinElmer Pyris 1 using a platinum sample pan at a
heating rate of 18 oC/min in a 5%H2/95%Ar atmosphere.
2.1.2.8 X-Ray Photoelectron Spectroscopy (XPS)
XPS analysis was performed using a Kratos Axis Ultra instrument operating in
energy spectrum mode at 210 W. The base pressure and operating chamber pressure
were maintained at 10-7 Pa. A monochromatic Al Kα source (λ = 8.34 Å) was used
to irradiate the samples, and the spectra were obtained with an electron takeoff
angle of 90°. To minimize sample charging, the charge neutralizer filament was
used when required. Survey spectra were collected using an elliptical spot with
major and minor axis lengths of 2 and 1 mm, respectively, and 160 eV pass energy
with a step of 0.33 eV. CasaXPS software (Vamas) was used to interpret highresolution (HR) spectra. All of the spectra were internally calibrated to the O 1s
emission (532.9 eV).22 After calibration, the background was subtracted using a
Shirley-type background to remove most of the extrinsic loss structure.
2.1.2.9 Absorbance (UV-Vis) Spectroscopy
UV-Visible spectra were recorded on Cary 400 UV-Vis Spectrometer.
2.1.2.10 Photoluminescence (PL) Spectroscopy
PL spectra for the solution phase samples were acquired in a quartz cuvette using a
Varian Cary Eclipse Fluorescence Spectrometer. The solid composites were dropcoated onto optical-grade quartz (1 cm x 1 cm) and the photoluminescence (PL)
spectra were obtained using the 325 nm line of a He-Cd laser excitation source at
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room temperature. PL emission was detected with a fiber optic digital chargecoupled device (CCD) spectrometer whose spectral response was normalized using
a standard blackbody radiator.
2.1.2.11 Photoluminescence Quantum Yield Measurement
Photoluminescence quantum yields were determined using methods adapted from
the work of Williams et al. and discussed in detail in Appendix A. 18 The etched
samples (A5, B5 and C5) were dissolved in toluene. The excitation wavelength, slit
widths and reference for the etched samples are summarized in Table 2-1.

Table 2-1: The excitation wavelength, slit widths and reference for the etched
samples.
Sample

Excitation wavelength

Slit width

Reference

A5

350 nm

5 nm

Coumarin 1

B5

350 nm

5 nm

Coumarin 1

C5

350 nm

10 nm

Napthalene

2.1.3 Results and Discussion
2.1.3.1 (HSiO1.5)0.95(RSiO1.5)0.05 condensation copolymers A1-E1.
Copolymers A1 - E1 (See Table 2-2) were prepared via sol-gel method.
Polymerization was performed with 5 molar percent of Si-R (R = C2H5, C4H9,
C6H13, C8H17, C10H21) and the balance of monomer being (HSiO1.5)n using acid
catalyzed sol-gel reaction conditions arising from the formation of HCl in situ upon
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hydrolysis of the HSiCl3 and RSiCl3 precursors. Under these conditions hydrolysis
and condensation proceed and an extended sol-gel network results as shown in
Scheme 2-2.19

Scheme 2-2. Acid catalyzed polymerization of RSiCl3 to form an extended RSiO1.5
network.

While phase separation is known to occur because of differential reactivities
of substituted silanes, it is reasonable that at the presented concentrations a near
random co-polymer results.20 A1 - E1 copolymers were characterized using FTIR
(Figure 2-1) and vibrational modes typical of (HSiO1.5)n(RSiO1.5)m networks were
observed.
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Table 2-2. Condensation copolymers and their decomposition temperatures.
Sample

Composition

R group decomposition
temperature*

A1

(HSiO1.5)0.95(C2H5SiO1.5)0.05

172oC

B1

(HSiO1.5)0.95(C4H9SiO1.5)0.05

245oC

C1

(HSiO1.5)0.95(C6H13SiO1.5)0.05

346oC

D1

(HSiO1.5)0.95(C8H17SiO1.5)0.05

498oC

E1

(HSiO1.5)0.95(C10H21SiO1.5)0.05

550oC

*Determined from Thermogravimetric analysis and the processing conditions were
18oC/min heating rate under 5% H2/95% Ar atmosphere.

Figure 2-1. FT-IR spectra of sol-gel derivatized copolymers.

The Si–H stretching vibration at ca. 2255 cm-1 was observed for all
copolymers indicating this moiety was not compromised during preparation. The
Si–O–Si (ca. 1000 – 1200 cm-1) and H–Si–O (ca. 800 – 900 cm-1) vibrations and
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the relative intensities of the two components associated with both bands are
consistent with the formation of an extended network structures.21 As expected, the
intensities of the –CH3 bending (ca. 1200 – 1250 cm-1) and C–H stretching modes
(ca. 2900 – 3000 cm-1) increase with the alkyl chain length.17 It should be noted
some overlap of the Si–O–Si and -CH3 vibration bands lead to some broadening of
the feature at ca. 1000 – 1250 cm-1. A weak –OH stretching band (ca. 3300 – 3400
cm-1) was observed for D1 and E1 even after aging these polymers for 2 days. It is
reasonable this feature results from incomplete condensation resulting from the
influence of the steric bulk of pendent groups limiting the formation of large
extended networks.22
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2.1.3.2 Thermally processed copolymers.
Table 2-3: Thermally processed composites, processing conditions and the
products obtained.
Sample

Processing conditions

Remarks

A2

A1, 1100oC, 1 h, 5% H2/95% Ar

CRSM*

B2

B1, 1100oC, 1 h, 5% H2/95% Ar

CRSM

C2

C1, 1100oC, 1 h, 5% H2/95% Ar

CRSM

D2

D1, 1100oC, 1 h, 5% H2/95% Ar

ASOM$

E2

E1, 1100oC, 1 h, 5% H2/95% Ar

ASOM

A3

A2, 1400oC, 2 h, Ar

CRSM

B3

B2, 1400oC, 2 h, Ar

CRSM

C3

C2, 1400oC, 2 h, Ar

CRSM

D3

D2, 1400oC, 2 h, Ar

SiC NCs

E3

E2, 1400oC, 2 h, Ar

SiC NCs

A4

A3, 650oC, 30 min, Air

SiO2

B4

B3, 650oC, 30 min, Air

SiO2

C4

C3, 650oC, 30 min, Air

SiO2

D4

D3, 650oC, 30 min, Air

SiC NCs

E4

E3, 650oC, 30 min, Air

SiC NCs

*CRSM = Carbon rich silica matrix, $ASOM = Amorphous silicon oxycarbide
matrix.

All copolymers (i.e., A1 - E1) were initially thermally processed at 1100oC
under a slightly reducing atmosphere to yield A2 - E2. The (HSiO1.5)n condensation
homopolymer disproportionates to yield Si NCs in an SiO2 matrix.17 This is not the
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case for A1 - E1. Incorporating ‘R’ groups into the copolymer produces carbon
impurities upon thermal decomposition; these impurities prevent formation of Si
NCs.23 Thermogravimetric analysis of polymers A1 - E1 under slightly reducing
atmospheres provides insight into the decomposition behaviour of the ‘R’ groups.
Table 2-2 shows the decomposition temperature of the polymers depends on the
‘R’ group and the temperature increases with increased steric bulk (i.e.,
A1<B1<C1<D1<E1). Based upon residual masses remaining after heating, we
conclude the quantity of carbon impurities incorporated increases with ‘R’ group
size.
Samples processed at 1100oC (i.e., A2 - E2) were further heated at 1400oC
in Ar for two hours to yield A3 - E3. X-ray powder diffraction was performed to
probe the presence of any nanocrystalline materials (Figure 2-2). A3, B3 and C3
show a broad reflection at ca. 20o previously attributed to an amorphous matrix
(e.g., SiO2);24 somewhat surprisingly no reflections attributable to Si or SiC NCs
were observed. D3 and E3 (i.e., copolymers containing octyl and decyl moieties)
show broad reflections centered at 35, 60 and 72o that are readily indexed to the
(111), (220), and (311) crystal planes of β-SiC indicating formation of carbon rich
silica matrix (CRSM) embedded - SiC NCs.25 Scherrer analysis (details in
Appendix B) was performed to obtain approximate particle sizes of the SiC NCs;
diameters were found to be ca. 4 and 6 nm for D3 and E3, respectively. XRD
analysis of A4 - E4 yielded identical patterns (not shown) to those observed for A3
- E4 indicating processing at 650oC did not alter the crystalline structure of these
composites at the sensitivity of the XRD technique.
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Figure 2-2. XRD patterns of the copolymers processed at 1400oC for two hours
under Ar atmosphere.
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Figure 2-3. HR XP spectra of the Si 2p region of the composites processed at
1400oC. For the clarity of the figure only Si 2p3/2 spin-orbit lines are shown. The
full-width half maxima of the Si 2p3/2 spin-orbit lines were constrained below 1.2
eV. (Color code: Black - data obtained, red - fitted line, yellow - Si(I), pink - Si (II),
green - Si(III) and blue - Si(IV)).

X-ray photoelectron spectroscopy (XPS) studies were performed to aid in
further elucidation of the identity of A3 - E3. Figure 2-3 shows the Si 2p region of
A3 - E3 (i.e., samples annealed at 1400oC). These spectra reveal that Si is present
in low oxidation states (i.e., Si (I-III)) consistent with partially oxidized Si and/or
Si–C bonds being present in A3 - E3, regardless of the alkyl chain length.26
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Consistent with XRD analysis of D3 and E3 (vide supra), both materials show a
2p3/2 line centered at 100.8 eV characteristic of SiC, as well as emissions arising
from SiO1.5 and SiO2 species.27 It is reasonable that the low binding energy emission
at ca. 101 eV in A3, B3 and C3 could arise from SiO or SiC species. From the
present analysis it is difficult to definitively indentify the material composition of
A3, B3 and C3; data is consistent with both silicon oxycarbide or carbon phases in
a SiO2 matrix with interfaces consisting of C–O, Si–C, C–C, and Si–O linkages. 27
Further annealing of A3 - D3 in air at 650oC to remove amorphous carbon
yields A4 - D4. A4 - C4 were confirmed to be pure silica from XPS analysis
(Figure 2-4). In light of the established stability of silicon oxycarbides to heating
in air to 1500oC and our observations, we propose A3 - C3 contain amorphous
carbon phases dispersed within the silica matrix.28-30 XRD and XPS analyses
confirm D4 and E4 to be SiC NCs in a SiO2 matrix.

Figure 2-4. HR XP spectra of the Si 2p region of the samples A4 – C4. For the
clarity of the figure only Si 2p3/2 spin-orbit lines are shown. The full-width half
maxima of the Si 2p3/2 spin-orbit lines were constrained below 1.2 eV. (Color code:
Black - data obtained, red - fitted line and blue - Si(IV)).
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2.1.3.3 Liberation of nanoparticles.
Liberation of matrix encapsulated nanomaterials provides a more direct
evaluation of the nanodomains obtained. In this regard, the SiO2 matrix was etched
away from A3 - C3, D4, E4 using HF acid to liberate the carbon phase or SiC
NCs.31 Composite samples were etched using an established procedure employing
a 1:1:1 mixture of 49% HF : EtOH : H2O. Composites A3 - C3, D4 and E4 were
finely ground and exposed to the etching solution for one hour. The remaining
material (A5, B5, C5, D6, E6) was extracted with toluene and characterized using
XPS, FTIR and PL spectroscopy.

Table 2-4: HF etched samples and their luminescent properties.
Sample

Processing conditions

Emission max.

Quantum yields

A5

A3, HF etch, 1h

470 nm

3.7 %

B5

B3, HF etch, 1 h

470 nm

3.6 %

C5

C3, HF etch, 1 h

422 nm

1.2 %

A6

A4, HF etch, 1 h

No emission

NA

B6

B4, HF etch, 1 h

No emission

NA

C6

C4, HF etch, 1 h

No emission

NA

D6

D4, HF etch, 1 h

No emission

NA

E6

E4, HF etch, 1 h

No emission

NA
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Figure 2-5. HR XP spectra of the Si 2p region of the HF etched samples. For the
clarity of the figure only Si 2p3/2 spin-orbit lines are shown. (Color code: Black data obtained, red - fitted line, yellow - Si(I), pink - Si (II), green - Si(III) and blue
- Si(IV)).

XPS analyses of A5, B5, and C5 samples indicate that they contain
suboxides of Si (Figure 2-5). This observation is consistent with carbon phases
encapsulating silicon oxide materials that would shield them from HF exposure. It
is also reasonable the silicon suboxide component may arise from interfacial
species bridging the carbon and silica domains. The presence of the interface is
further confirmed by the investigating C 1s region in the XPS data showing the
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presence of O–C–O, O-C-R and C-Si species (Figure 2-6).32 XPS analyses of D6
and E6 show an emission peak centered at 100.8 eV consistent with SiC and they
also exhibit higher oxidation state Si which maybe result of post-etching oxidation
or mixed surface species (Figure 2-5).21

Figure 2-6. HR XP spectra of the C 1s region of the HF etched samples

The FTIR studies performed on the liberated samples show the SiC
vibration between 830 – 845 cm-1, O–H stretch at ca. 3500 cm-1, the bands between
1000 – 1200 cm-1 can be attributed to Si–O, C–C and C–O–R stretches (Figure 27).26
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Figure 2-7. FTIR spectra of the HF etched samples

Interestingly, A5, B5 and C5 exhibit blue emission (Figure 2-8) with
photoluminescence quantum yields of 3.7%, 3.6% and 1.2%, respectively.
Previously blue luminescence has been reported for silicon-carboxy materials and
is proposed to arise from a charge transfer species and it is reasonable we observe
similar PL response. 33

Figure 2-8. Photograph of toluene dispersions of A5, B5 and C5 samples under UV
illumination.
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2.1.3.4 Si nanomaterials from [(HSiO1.5)0.95(RSiO1.5)0.05]n copolymers where R
= CF3(CH2)2 , CCl3(CH2)2 and CN(CH2)2
In an attempt to lower the decomposition temperature of the pendant group,
'R' group containing electron withdrawing functionalities such as cyano (-CN),
fluoro (-CF3), chloro (-CCl3) were used to weaken the Si-C bond. Unfortunately,
no Si or SiC formation was observed upon thermal processing of
[(HSiO1.5)0.95(CN(CH2)2SiO1.5)0.05]
copolymers.

and

[HSiO1.5)0.95(CCl3(CH2)2SiO1.5)0.05]

[HSiO1.5)0.95(CF3(CH2)2SiO1.5)0.05] contained the 'R' group with

lowest decomposition temperature (i.e., 102 oC, as measured from TGA). Thermal
processing of the fluoro copolymer at 1100oC led to formation of 5 nm Si-NCs as
determined from XRD and Scherrer ananlysis. Increasing the ratio of -(CH2)2CF3
to -H in the copolymer led to phase segregation and incomplete polymerization.
Attempts to synthesize [(CF3(CH2)2SiO1.5)0.05]n were unsuccessful as only
oligomers were obtained from hydrolysis and condensation of CF3(CH2)2SiCl3.

2.1.4 Conclusions
By preparing and thermally processing sol-gel derived polymers
[(HSiO1.5)0.95(RSiO1.5)0.05]n we have established that Si NCs are not formed when
large quantities of C are incorporated. These new precursor systems afford SiC
nanocrystals or new amorphous carbon encapsulated silica nanomaterials upon
thermal processing of these polymers. This previously unknown encapsulated
nanomaterial shows characteristic blue photoluminesence when illuminated with
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UV light. In light of the established need for efficient blue emitters, these materials
are

the

subject

of

ongoing

investigations

in

our

laboratory.

[HSiO1.5)0.95(CF3(CH2)2SiO1.5)0.05] was the only copolymer to successfully yield SiNCs upon thermal processing.
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2.2 Influence of the Matrix on the Formation of Si-NCs
2.2.1 Introduction
The attempts to lower the Si-NC synthesis temperature via matrix structure
modification was unsuccessful as discussed in Section 2.1 of this chapter.
Therefore we began to investigate the influence of the chemical composition of the
matrix on the formation of Si-NCs. Previously, it has been shown that upon
annealing (HSiO1.5)n polymer at high temperatures (>1300oC), the SiO2 matrix
softens and leads to formation of large Si structures. If the melting point of the
matrix can be lowered, one would be able to synthesize Si-NCs at desired
temperatures.
Silica begins to soften at temperatures near 1300 - 1700oC (depending on
the crystal structure).34 Around 5000 B.C. Egyptians discovered that addition of salt
impurities to silica lowered its softening temperatures.35 The salts commonly
(which are now termed as "flux") used for such procedures are soda ash (Na2O),
lime (CaO), magnesia (MgO) and alumina (Al2O3).36-40 We took a similar approach
and studied the influence of various salts on the matrix softening and in turn
formation of Si-NCs from (HSiO1.5)n sol-gel polymer.
Initially, we mechanically formed mixtures of the (HSiO1.5)n sol-gel
polymer and the a metal oxide (Na2O, CaO or Al2O3). Upon thermal treatment of
these mixtures at 1100oC in 5% H2 atmosphere, no significantly different results
were obtained compared to the thermal processing of (HSiO1.5)n sol-gel polymer on
its own. To obtain better homogeneity, the salts were added during the sol-gel
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syntheses but the metal oxides form alkaline solution in aqueous environment
which led to oxidation of HSiO1.5 suboxide to SiO2. Therefore we switched the salts
used from metal oxides to metal halide such as sodium chloride (NaCl), magnesium
chloride (MgCl2) and aluminum chloride (AlCl3). Unfortunately NaCl and MgCl2
salts did not make a significant difference in formation of Si-NCs.
AlCl3 salt altered the matrix chemical composition to form either mixture
of aluminasilicate and γ-Al2O3 or mullite (Al6Si2O13) depending on the alumina
content. The former matrix softens at lower temperatures (~800oC) and led to
formation of larger Si-NCs. Mullite did not alter the size of Si-NCs, however the
Si-NCs embedded in SiO2/mullite matrix emit red color under UV-illumination.
We have studied the effect of AlCl3 concentration and annealing temperatures on
the formation of Si-NCs. The experimental and characterization details for this
study are discussed in the following section.

2.2.2 Experimental
2.2.2.1 Materials.
Trichlorosilane (HSiCl3, 99 %) and anhydrous aluminum trichloride (AlCl3, 98 %)
were purchased from Sigma-Aldrich. Sodium hydroxide (NaOH, 97 %) was
purchased from Caledon chemicals. All the reagents were used as received.
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2.2.2.2 Synthesis of the (HSiO1.5)n condensation polymer.
The (HSiO1.5)n polymer was synthesized according to the previous procedure
reported by Henderson et al.17 HSiCl3 (4.5 mL, 45 mmol) was added to a three neck
flask and cooled to 0oC using a ice bath, under N2 atmosphere. Deionized (DI) water
(1.59 mL, 90mmol) was added to HSiCl3 and the reaction mixture was stirred
together for an hour at room temperature. The resulting white product was isolated
and dried in vacuo. The polymer was kept under inert atmosphere to prevent
oxidation.
2.2.2.3 Synthesis of the (HSiO1.5)n condensation polymers in presence of AlCl3.
In a typical synthesis, HSiCl3 (12 mmol, 1.2 mL) was added to a round bottom flask
and was cooled in a salt ice bath (ca. -10oC) for 10 minutes under inert N2
atmosphere. AlCl3 salt (required amount, Table 2-5) dissolved in DI water (24
mmol, 0.45 mL) was added to the HSiCl3 solution. The reaction mixture was stirred
until complete condensation occurred and the solid was dried in vacuo. The
resulting white amorphous powder was stored under N2 atmosphere until further
use.
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Table 2-5: Reagent amounts for various reactions.
Sample

AlCl3

HSiCl3

DI-Water

G1

2 mmol, 0.26 g

12 mmol, 1.2 mL

24 mmol, 0.45 mL

H1

4 mmol, 0.52 g

12 mmol, 1.2 mL

24 mmol, 0.45 mL

I1

6 mmol, 0.78 g

12 mmol, 1.2 mL

24 mmol, 0.45 mL

J1

8 mmol, 1.04 g

12 mmol, 1.2 mL

24 mmol, 0.45 mL

K1

10 mmol, 1.30 g

12 mmol, 1.2 mL

24 mmol, 0.45 mL

L1

12 mmol, 1.56 g

12 mmol, 1.2 mL

24 mmol, 0.45 mL

2.2.2.4 Thermal processing of the sol-gel polymers.
The polymers were transferred to a quartz boat and thermally processed at various
temperatures for one hour under reducing conditions (5% H2/95% Ar). The samples
were cooled to room temperature after thermal processing and ground into a fine
powder. The processing details for various composites are tabulated in Table 2-6
and 2-7.

2.2.3 Results and Discussion
2.2.3.1 (HSiO1.5)n and hetero sol-gel polymers
(HSiO1.5)n sol-gel polymers were synthesized by hydrolysis of HSiCl3 to
form silanol (Si–OH) groups, which further condenses to make Si–O–Si linkages.
The reaction was carried out at lower temperature to reduce the rate of hydrolysis.
Water molecules attack the electron deficient Si centers and release HCl as a
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byproduct which catalyzes the condensation reaction. The pH of the reaction
mixture at this point is lower than 1. Thus, formed silanol groups undergo
polycondensation to form a three dimensional (HSiO1.5)n sol-gel network in which
the Si:O ratio was maintained at 1:1.5. The sol-gel polymer was characterized using
FTIR spectroscopy (Figure 2-9). Characteristic vibrations i.e., Si–H stretch at ca.
2255 cm-1, Si–O–Si stretch at ca. 1160 and 1075 cm-1 and H–Si–O vibrations at 875
and 830 cm-1 were observed.17

Figure 2-9. FTIR spectra of (HSiO1.5)n condensation polymer.

To investigate the effect of AlCl3 salt on the formation of Si NCs, the salt
was added during the sol-gel polymer synthesis to achieve maximum homogeneity.
The salt was dissolved in the water prior to its addition to the HSiCl3 solution. AlCl3
is well-known to undergo hydrolysis to form [Al(H2O)6]3+ cation in water. This

64

complex can further undergo condensation with silanol groups to form aluminosilicate heteropolymers.41 Figure 2-10 shows typical vibrations present in thus
formed heteropolymer. Similar to the parent (HSiO1.5)n polymer we observe Si–H
stretch at ca. 2190 cm-1, Si–O–Si vibrations at ca. 1110 - 1050 cm-1 and H–Si–O
vibrations at ca. 870 - 830 cm-1 . In addition to these vibrations we observe Al–O
stretch at ca. 630 cm-1.42 As seen in the FTIR spectrum of the parent (HSiO1.5)n
polymer we observe two separate components in Si–O–Si and H–Si–O stretches.
However in the heteropolymer additional feature appears owing to the Si–O–Al
stretch (ca. 1060 cm-1).43 FTIR spectra of sol-gel polymers with varying amounts
of AlCl3 is shown in Figure 2-11. Detailed inspection reveals that with increasing
concentrations of AlCl3 salt, the intensity of the following stretches also increases:
Si–O–Al (ca. 1170 - 1050 cm-1), Al–OH (ca. 925 - 915 cm-1), tetrahedral Al–O–Al
(ca. 780 - 730 cm-1) and octahedral Al–O–Al (ca. 650 - 610 cm-1).42

Figure 2-10. FTIR spectra of (HSiO1.5)n condensation polymer made in presence
of 1 mmol AlCl3 salt.
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Figure 2-11. FTIR spectra of alumina-(HSiO1.5)n hetero sol-gel polymers with
varying amounts of alumina.

2.2.3.2 Thermally processed hetero sol-gel polymers (influence of AlCl3
concentration)
The hetero sol-gel polymers with varying amounts of alumina (i.e., G1, H1,
I1, J1, K1 and L1) were heated at 1100oC for an hour. The resulting composites
were analyzed using XRD and XPS techniques.
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Table 2-6: Thermally processed composites and processing conditions.
Sample

Processing conditions

G2

G1, 1100oC, 1 h, 5% H2/95% Ar

H2

H1, 1100oC, 1 h, 5% H2/95% Ar

I2

I1, 1100oC, 1 h, 5% H2/95% Ar

J2

J1, 1100oC, 1 h, 5% H2/95% Ar

K2

K1, 1100oC, 1 h, 5% H2/95% Ar

L2

L1, 1100oC, 1 h, 5% H2/95% Ar

M2

(HSiO1.5)n, 1100oC, 1 h, 5% H2/95% Ar

The composites G2 and H2 contained Si-NCs embedded in amorphous
silica/aluminosilicate matrix, whereas composites I2 and J2 had Si-NCs within a
complex matrix containing silica, aluminosilicate and γ-Al2O3 (whose
corresponding diffraction peaks where observed in the XRD pattern, Figure 212).43 At higher aluminum concentrations Si-NCs embedded in a silica and mullite
matrix were obtained (K2 and L2).44
The particle size (calculated via Scherrer analysis) increased from 5.9 to
10.4 nm going from composite G2 to H2 (Figure 2-12). This observation is
attributed to the increasing content of aluminosilicate which softens at lower
temperature (~800oC) and allows for the better mobility of Si atoms. The particle
size does not vary significantly going from composite H2 to J2 (H2 = 10.4 nm, I2
= 11.3 nm and J2 = 10 nm). At higher concentrations of AlCl3 (i.e. composites K2
and L2) the particle size decreased to 9.1 and 6.4 nm respectively, owing to the
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increase in softening temperature of the matrix containing mullite. Si-NC size was
calculated to be 3.4 nm for composite M2 which did not contain any aluminum salt
in its synthesis.

Figure 2-12. XRD pattern of various composites and the relationship of Si-NC size
vs. varying amount of AlCl3 added.

Since the matrix composition of samples G2 and H2 were not evident from
XRD analysis due to their amorphous nature, their chemical composition was
analyzed using O 1s XP spectra (Figure 2-13). Distinctive binding energies exist
for O atoms bridging between Si, Al or combination of Si and Al atoms. The matrix
in composite M2 was primarily constituted of silica with peak centered at 533 eV.
Composite G2 contained silica and Si-O-Al bonds with binding energies centered
at 533.4 and 531.7 eV, respectively. Composite H2 contained combination of silica,
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aluminosilicate and alumina with binding energies of the component peaks centered
at 533.5, 532.1, and 530.9 eV respectively.45

Figure 2-13. HR XP spectra of O 1s region of the samples M2, G2 and H2.
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2.2.3.3 Thermally processed hetero sol-gel polymers (influence of processing
temperature)
Heteropolymer H1 was processed at different temperatures ranging from
700 - 1100oC as summarized below.
Table 2-7: Thermally processed composites and processing conditions.
Sample

Processing conditions

N1

H1, 700oC, 1 h, 5% H2/95% Ar

O1

H1, 800oC, 1 h, 5% H2/95% Ar

P1

H1, 900oC, 1 h, 5% H2/95% Ar

Q1

H1, 1000oC, 1 h, 5% H2/95% Ar

R1

H1, 1100oC, 1 h, 5% H2/95% Ar

The particle size increased with increasing temperatures as analyzed using
XRD technique (Figure 2-14). The NC size was calculated to be 3.5, 4.8, 6.2, 8.4,
and 10 nm for composites N1, O1, P1, Q1 and R1, respectively.
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Figure 2-14. XRD pattern of composites N1, O1, P1, Q1, R1 and M2.

Attempts were made to extract the Si-NCs from the matrix via HF etching.
Except for the composite M2 we were not able to completely etch away the matrix
and isolate free-standing Si-NCs. Etching with caustic solutions such as NaOH and
KOH was also attempted. However the etching rate could not be controlled and the
Si-NCs were completely oxidized.

2.2.4 Conclusions
In conclusion, effects of various salts such as Na2O, CaO, Al2O3, NaCl,
MgCl2 and AlCl3 was studied on the softening of matrix. Promising results were
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obtained with AlCl3, where the salt hydrolyzed and polymerized with HSi(OH)3 to
yield hetero-copolymer. Upon thermal processing these sol-gel polymers yielded
Si-NCs embedded within combination of silica, aluminosilicate, γ-alumina and
mullite matrix depending on the AlCl3 concentration. The resulting NCs were larger
than those obtained from (HSiO1.5)n polymer alone. However we were not able to
isolate free-standing Si-NCs as proper etching medium could not be determined.
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Chapter 3:
Synthesis of Silicon Nano/Micro Materials via
Magnesiothermic Reduction*
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3.1 Synthesis of Silicon Materials via Magnesiothermic Reduction.
3.1.1 Introduction
Silicon nanocrystals (Si-NCs) have become a material of significant interest
due to their unique optoelectronic properties,1 biocompatibility,2 and abundance.
Si-NCs may be prepared using physical methods such as, ion implantation,3
vacuum evaporation,4 and sputtering.5 These methods often require costly
infrastructure and are impractical for making large quantities of material. Si-NCs
can also be prepared chemically via solution phase methods, however these
syntheses often employ somewhat specialized and/or harmful precursors.6-8 In
addition, Si-NCs obtained from these procedures are often size polydisperse,
amorphous, and can require high temperature annealing to induce crystallinity.
Solid-state synthesis of Si-NCs from silicon rich oxide (SRO) precursors has gained
substantial attention due to the ease and scalability as discussed in the Chapter 2.911

These syntheses use high temperatures (i.e., T>1000oC) to yield silicon oxide

embedded Si-NCs. Unfortunately, the atom economy of these procedures is poor
and only approximately one quarter of the available silicon in the precursor is
converted into elemental silicon (i.e., 4SiO1.5 3SiO2 + Si). In addition,
disproportionation of SROs allows preparation of Si-NCs only in the size regime
of 3 – 15 nm and as particle dimension increases so does the size polydispersity.12
To date, no reports describing the syntheses of large Si-NCs (diameter > 20 nm)
with narrow size distribution have appeared.

76

Magnesiothermic reduction offers a straightforward way to convert silica
(inexpensive and the most stable source of Si) into elemental silicon while retaining
silica particle morphology.13 In this section of this Chapter, the syntheses of Si
particles and thin films by direct reduction of silica precursors using magnesium
(Mg) is described. The optical properties of the Si thin films obtained via Mg
reduction is also summarized. Simple organic light emitting diodes (OLEDs) were
fabricated with Si thin film as transparent conductor and the device performance is
briefly discussed.

3.1.2 Experimental
3.1.2.1 Materials.
Tetraethoxysilane (TEOS, 99%, Sigma-Aldrich), ammonium hydroxide (NH4OH,
42%, Caledon), magnesium powder (Mg, 99%, BDH), toluene (ACS grade, BDH),
ethanol (ACS grade, Sigma-Aldrich), hexanes (ACS grade, BDH), FOx® 16 - a
methyl isobutyl ketone (MIBK) solution of hydrogen silsesquioxane (HSQ, Dow
Corning),
solution

poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
in

water

(PEDOT:PSS,

Sigma-Aldrich),

1.3

wt%

poly[2-methoxy-5-(2-

ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PVV, Sigma-Aldrich) were used as
received. The quartz and indium tin oxide (ITO) coated glass were purchased from
Esco products.
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3.1.2.2 Synthesis of Stӧber silica particles.
Stöber silica particles were synthesized via base catalyzed sol-gel method. Briefly,
TEOS (10 mL, 45 mmol) was stirred with ethanol (10 mL), deionized water (20
mL) and NH4OH solution (42 %, 5 mL) for varying times (tabulated below) to yield
different size particles. The white precipitate was collected by vacuum filtration
and washed with deionized water multiple times (4  25 mL). The solid was
transferred to an oven and kept there for 24 hours at 100 oC to drive off any residual
water and ethanol.
Table 3-1. Varying Stöber silica particle sizes with the reaction time and respective
reaction yields. The particle size was determined from electron microscopy images.
Reaction time (hour)

Particle size (nm)

Reaction yield (%)

0.5

6.0 ± 2

52

1

15 ± 4

59

2

25 ± 6

63

5

40 ± 8

66

10

52 ± 8

74

24

75 ± 8

85

36

83 ± 10

82

48

95 ± 8

85

60

120 ± 10

88

72

145 ± 8

94

84

170 ± 10

90

100

200 ± 18

92
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3.1.2.3 Synthesis of silicon particles.
Silica particles (1.00 g, 17 mmol) and magnesium powder (0.87 g, 36 mmol) were
mixed together manually and thermally processed at 500oC for 15 hours under
argon atmosphere (Caution: Magnesium silicide might be formed as a byproduct,
which can lead to formation of pyrophoric silane gas during HCl reaction). The
resulting grey/brown powder was treated with 5 M hydrochloric acid (15 mL) for
an hour to remove magnesium oxide (MgO). The brown precipitate was obtained
by vacuum filtration and was washed with deionized water until the washings had
a neutral pH (ca. 7) as examined using pH paper. The solid was further washed with
ethanol (20 mL) and acetone (3  20 mL) and was air dried to yield oxide coated
Si-NCs.
3.1.2.4 Formation of Si thin films on quartz.
Quartz substrates were sonicated in hexanes (20 mL) to remove any organic surface
residues for 15 min and dried in a jet of N2. A pre-determined thickness of Mg was
vapor deposited at a base pressure of 510-6 mbar, starting at the initial temperature
of 24.7 oC. The material was laid down at 2.0 Å/s with the final temperature of the
evaporation peaking at 45.7oC. After deposition the substrates were transferred to
a tube furnace and annealed for 8 hours at 700 oC. After cooling down to the room
temperature, the substrates were immersed in 5 M HCl solution (20 mL) for an
hour. The substrates were then washed using acetone and stored in vacuum oven
until further use.
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3.1.2.5 Fabrication of organic light-emitting diodes (OLEDs). Note: Device
fabrication was performed by Larissa Smith.
OLEDs were fabricated by spincoating a hole transport layer, PEDOT:PSS (0.5
mL) on the silicon thin film (that were made using the procedure outlined in section
3.1.2.4) at 4000 rpm. The hole transport layer was annealed for 2 hours at 150°C
in air. Then the emissive layer, MEH-PPV (10 mg/mL, in chlorobenzene) was spun
coat at 3000 rpm and annealed at 70 °C for two hours in air. Finally, 80 nm of Al
was deposited (via thermal evaporation) to act as a cathode at a rate of 1Ȧ/s for the
first 5nm, 1.5Å/s for the next 5nm and 2Å/s for the remainder of the deposition at
a base pressure of 5x10-6 mTorr.
A control ITO-based device was prepared in parallel to the Si thin film (STF)
devices. The ITO film was cleaned prior to use through plasma etching on a
Reactive Ion Etch with 80% O2 pressure at 150 mTorr with 235 watts of RF for 1
minute. It was then transported in a vacuum chamber and the hole transport layer
was deposited via spincoating within thirty minutes of etching. The remaining
layers were deposited in parallel when silicon thin film device was prepared.
These prototype OLEDs were tested by a Keithley 2400 multimeter with in-house
software.
3.1.2.6 Fourier Transform Infrared Spectroscopy (FTIR)
FTIR spectroscopy was performed on powder samples using a Nicolet Magna 750
IR spectrometer.
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3.1.2.7 X-ray Powder Diffraction (XRD)
XRD was performed using an INEL XRG 3000 X-ray diffractometer equipped with
a Cu Kα radiation source (λ = 1.54 Å). Bulk crystallinity for all samples was
evaluated on finely ground samples mounted on a low-intensity background silicon
(100) sample holder.
3.1.2.8 Absorbance (UV-Vis) Spectroscopy
UV-Visible spectra were recorded on Cary 400 UV-Vis Spectrometer. A clean
quartz substrate was used as the background.
3.1.2.9 Transmission Electron Microscopy (TEM) and Energy Dispersive XRay Spectroscopy (EDX)
TEM and EDX analyses were performed using a JOEL-2010 (LaB6 filament) with
an accelerating voltage of 200 kV. TEM samples of Si-NCs were drop-cast onto a
holey carbon coated copper grid and allowing the solvent to evaporate under
vacuum. The particle sizes were measured using Image J software.17
3.1.2.10 Scanning Electron Microscopy (SEM)
SEM analysis was performed on JSM- 6010LA In TouchScope instrument with an
accelerating voltage of 10 kV. The powder sample was mounted on carbon tape for
imaging.
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3.1.3 Results and Discussion
3.1.3.1 Synthesis of Stӧber silica particles.
Stöber silica particles were prepared via base catalysed sol-gel reactions of
tetraethoxysilane (TEOS).14 The silica particle size was tailored by controlling the
reaction time as shown in Figure 3-1.

Figure 3-1. Evolution of Stöber silica particle size as a function of reaction time.

Scanning electron micrograph (SEM) images of representative silica
particles are shown in Figure 3-2. The FTIR spectrum of representative silica
particles shows characteristic Si-O-Si stretching at ca. 1100 cm-1 (Figure 3-3).15
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Figure 3-2. Scanning electron micrograph (SEM) images of Stöber silica particles
of average sizes ca. (A) 15 nm (B) 40 nm (C) 75 nm (D) 95 nm (E) 145 nm, and
(F) 200 nm. The scale bar represents 200 nm.

Figure 3-3. FTIR spectrum of 200 nm Stӧber silica particles.
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3.1.3.2 Synthesis of silicon particles via magnesiothermic reduction.
The silica particles were mechanically mixed with stoichiometric amounts
of magnesium powder and the mixture was annealed at 500 oC in a flowing Ar
atmosphere. The resulting mixture was treated with hydrochloric acid to remove
magnesium oxide and unreacted Mg powder. The formation of crystalline Si was
confirmed using powder X-Ray diffraction which showed characteristic peaks for
diamond structure of Si (Figure 3-4).9

Figure 3-4. Powder X-Ray diffraction patterns of (A) 4 nm (B) 9 nm (C) 20 nm
(D) 32 nm (E) 45 nm, and (F) 70 nm Si-NCs, respectively.
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The transmission electron microscopy (TEM) images, representative
selected area electron diffraction (SAED) and energy dispersive X-Ray (EDX)
spectra of the Si-NCs are shown in Figure 3-5. Absence of any substantial silicon
oxygen signal in EDX confirms complete reduction of silica. Of important note, no
magnesium was detected at the sensitivity of the EDX method consistent with
complete removal of any byproducts or unreacted Mg metal.

Figure 3-5. TEM images of ca. (A) 4 nm (B) 23 nm (C) 75 nm (D) 110 nm (E) 177
nm, Si-NCs. (F) SAED pattern for the 110 nm Si-NCs. The d-spacing for (111),
(220) and (311) Miller indices are 3.24 Å, 1.93 Å and 1.69 Å respectively. (G) EDX
spectrum of 110 nm Si-NC sample. EDX analyses of all the Si-NCs showed very
similar spectra.
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The sizes of Si-NCs prepared via Mg reduction are tabulated in Table 3-2.
The particles obtained via Mg reduction are porous and the formation of pores are
discussed in Section 3.2 of this Chapter.

Table 3-2. Silica and Si-NCs sizes obtained from electron microscopy.
Silica particles

Si-NCs

6.0 ± 2 nm

4 ± 1 nm

15 ± 4 nm

12 ± 3 nm

25 ± 6 nm

23 ± 2 nm

40 ± 8 nm

35 ± 5 nm

52 ± 8 nm

45 ± 6 nm

75 ± 8 nm

67 ± 8 nm

83 ± 10 nm

75 ± 7 nm

95 ± 8 nm

88 ± 8 nm

120 ± 10 nm

110 ± 15 nm

145 ± 8 nm

132 ± 12 nm

170 ± 10 nm

150 ± 20 nm

200 ± 18 nm

177 ± 20 nm

3.1.3.2 Silicon thin films.
With the depleting supply of indium,16 a replacement for indium tin oxide
(ITO) which is the most commonly used as a transparent conductor in various
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electronic devices must be found.17-20 Si thin films were explored as a potential
replacement. Si films of various thicknesses were made directly on the quartz by
depositing predetermined amounts of Mg and heating the substrates at 700 oC for 8
hours. The byproduct MgO was removed by immersing the substrates in HCl
solution for an hour. The relationship between Mg thickness and the resulting Si
film thickness is shown in the Figure 3-6A. A representative SEM image of the
thin film is shown in Figure 3-6B and the film is porous in nature.

Figure 3-6. (A) Thickness (SEM) of Si layer formed as a function of initial Mg
thickness. The values were obtained from SEM analysis. (B) SEM image of a crosssection of Si thin film on quartz.

The optical properties of Si thin films of various thicknesses were
investigated using UV-Vis absorbance measurements (Figure 3-7A). The
substrates become opaque at ~ 300 nm thick Si film (Figure 3-7B).
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Figure 3-7. (A) Absorbance spectra of Si thin films of varying thickness on quartz.
(B) Photograph of Si thin films on quartz with varying thickness.

The transmittance of Si films at three different wavelengths, i.e., 700, 550,
and 400 nm are shown in Figure 3-8. The transparency decreases rapidly with
increasing Si film thickness.
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Figure 3-8. Transparency of Si thin films of various thickness at 700, 550, and 400
nm.

3.1.3.3 Si thin film based OLEDs.
The typical OLED device structure used in current study is shown in Figure
3-9. The ITO standards were tested alongside the Si thin film devices. They were
tested within 12 hours of depositing the Al cathode to ensure that oxidation did not
affect the results. The devices were tested with a Keithley 2400 sourcemeter and
custom software (device testing was performed by Tate Hauger at NINT).21
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Figure 3-9. Device structure of OLED with Si thin film and ITO as transparent
conducting layer.

Figure 3-10 shows the typical current-voltage (i.e., I-V) curves obtained for
OLED devices. The ITO devices showed a turn-on voltages of ~ 4 V, while the Si
thin film (with thickness of 135 and 170 nm) based devices had lower turn-on
voltage of ~ 1.5 V. However, the Si thin film based devices shorted after 5 - 6
cycles. Also the luminance output of a Si thin film device was lower than the ITO
device (examined qualitatively). The devices employing Si films with thicknesses
less than 135 nm exhibited I-V curves characteristic of a resistor instead of a diode.
While these preliminary results are promising, further study needs to be done with
different emitting materials and a doped Si thin film to obtain devices with
optimized performance.
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Figure 3-10. Typical I-V curves obtained from testing OLEDs with (A) 135 nm
thick Si film, (B) 170 nm thick Si film, and (C) ITO as the transparent conducting
layer.

3.1.4 Conclusions
Magnesiothermic reduction offers a versatile and scalable method to
prepare porous Si materials. Apart from the Si-NCs and Si thin film discussed here,
Si materials of different morphologies are shown in Figure 3-11. Si thin films were
tested as a potential transparent conductor in OLEDs and requires further
optimization to obtain functional devices. The Si-NCs are being investigated for Li
ion battery applications.
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Figure 3-11. Electron microscopy images of silicon based nano/micromaterials in
the shape of (A) fibers, (B) rods, (C) cubes, and (D) freestanding film.
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3.2 Mechanistic Insight into Magnesiothermic Reduction.
3.2.1 Introduction
Scalable fabrication protocols for synthesizing micro- and nano-materials
with complex morphologies will have a significant impact on current and potential
applications of these materials in various fields including sensing, photovoltaics,
portable electronics, light weight materials, etc.1-7 Magnesiothermic reduction is
one such method that can be employed to make materials such as aluminum (Al),22
silicon (Si),13 germanium (Ge),23 their alloys,24,25 among others26-29 starting with
their oxide precursors. This approach has been rapidly gaining attention in the
scientific

community,

particularly

from

those

working

in

silicon

micro/nanomaterial syntheses; this attention is evidenced by the increase in the
trend in related peer reviewed publications related to this topic over the last five
years (Figure 3-12).30-52

Figure 3-12. The growth of publications in the area of magnesiothermic reduction
to form silicon micro/nanomaterials since 2008.53
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Magnesiothermic reduction allows fabrication of porous Si materials
starting from inexpensive silica precursors such as, glass, sand, sol-gel polymers,
etc.40-50 The reaction products are thermodynamically favored because of the
formation of magnesium oxide (MgO) [1], however the reaction can proceed further
to form magnesium silicide (Mg2Si) as shown in the reaction scheme below [2].54
Mg2Si is an undesirable byproduct because pyrophoric silane gas is formed during
the removal of MgO using hydrochloric acid (HCl) [3]. This often limits the
scalability and widespread use of magnesiothermic reduction.
2 Mg + SiO2
2 Mg + Si
Mg2Si + 4 HCl

2MgO + Si
Mg2Si

[1]
[2]

SiH4 + 2 MgCl2

[3]

While reaction stoichiometry plays a crucial role, formation of Mg2Si has
been observed in the systems where Mg is the limiting reagent.39 To date, no clear
explanation has been offered for this observation. In addition, detailed analyses of
reaction parameters such as effect of reaction temperature, precursor morphology,
size, etc. on the progress of magnesiothermic reduction has not been reported to
date. If use of Mg reduction is to become more widespread and its full potential
realized, a detailed understanding of the contributing processes is of paramount
importance.
In the following section of this Chapter, the influence of various reaction
conditions (i.e., temperature, reactant concentrations), precursor size, shape, and
porosity is discussed and a full complement of state-of-the-art characterization
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techniques including, electron microscopy, XPS, XRD, and porosity measurements
(BET analysis) have been used to provide this insight.

3.2.2 Experimental
3.2.2.1 Materials.
MCM-41 (99%, Sigma-Aldrich), silica aerogel (provided by Wacker Chemie,
Munich, Germany), acid purified sand (50-70 mesh particles, Sigma-Aldrich),
borosilicate glass (Esco products), hydrofluoric acid (HF, 49%, J. T. Baker),
dichloromethane (ACS grade, BDH) were all used without further purification.
3.2.2.2 Formation of Si thin films on borosilicate glass.
Borosilicate glass was immersed in dichloromethane (10 mL) and sonicated for 15
minutes and was dried in flowing N2. Required thickness of Mg was vapor
deposited at a base pressure of 5x10-6 mbar, starting at the initial temperature of
24.7 oC. The material was laid down at 2.0 A/s with the final temperature of the
evaporation peaking at 45.7 oC. After the deposition the substrates were transferred
to a tube furnace and annealed at 500 oC for 12 hours. After cooling down to the
room temperature, the substrates were immersed in 5 M HCl solution (20 mL) for
an hour. The substrates were then washed in acetone and stored in vacuum oven
until further use.
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3.2.2.3 Magnesiothermic reduction of silica precursors.
The silica precursor (0.50 g, 8.33 mmol) was manually mixed with Mg powder
(0.44 g, 18.33 mmol) using a spatula and transferred to an alumina boat. The
reaction mixture was heated at the required temperature (between 500 – 700 oC) in
a tube furnace under an argon atmosphere. After cooling to room temperature the
reaction mixture was treated with 5 M HCl solution (20 mL) for an hour to remove
the byproducts (i.e., MgO, unreacted Mg, Mg2Si). The Si product was collected by
vacuum filtration and washed multiple times with deionized water until the
washings were pH 7. The powder was dried in a vacuum over overnight at 100 oC.
3.2.2.4 Hydrofluoric (HF) acid etching.
0.25 g of the silicon material obtained from the Mg reduction was reacted with 1
mL EtOH, 0.5 g deionized water and 0.5 mL 49% HF solution for 15 minutes. The
hydride terminated Si was extracted into toluene (25 mL) and was washed twice
with toluene via centrifugation at 7000 rpm.
3.2.2.5 Depth profiling using X-ray photoelectron spectroscopy (XPS).
XPS analysis was performed using a Kratos Axis Ultra instrument operating in
energy spectrum mode at 210 W. The base pressure and operating chamber pressure
were maintained at 10-7 Pa. A monochromatic Al Kα source (λ = 8.34 Å) was used
to irradiate the samples, and the spectra were obtained with an electron take-off
angle of 90°. To minimize sample charging, the charge neutralizer filament was
used when required. Survey spectra were collected using an elliptical spot with
major and minor axis lengths of 2 and 1 mm, respectively, and 160 eV pass energy
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with a step of 0.33 eV. CasaXPS software (VAMAS) was used to interpret highresolution (HR) spectra. All of the spectra were internally calibrated to the C 1s
emission (284.8 eV). After calibration, the background was subtracted using a
Shirley-type background to remove most of the extrinsic loss structure.
The high-resolution chemical composition information was obtained as a
function of depth (depth-profiling) by interleaving XPS analysis and Argon ion
sputtering. Argon ion beam with an energy of 4 keV was used. The beam was
rastered 1.5 X 1.5 mm2 and photoelectron signal was measured from the center of
the etched crater. As usual the pass energy was 0.4 for the survey spectra and 0.1
eV for the high resolution spectra.
3.2.2.6 Porosity measurements. Note: Measurements were performed by
researchers at Wacker Chemie, Germany.
The N2 absorption/desorption isotherms were measured at 77 K using Sorptomatic
1990 instrument. The pore size distribution were calculated using the BJH model.55
The surface area was calculated by the BET method.56

3.2.3 Results and Discussion.
3.2.3.1 Reduction mechanism.
It is commonly believed that the reduction of silica occurs via diffusion of
Mg atoms into SiO2 structure.13,38-44 Bao et al. propose that at 650 oC gaseous Mg
is formed which can diffuse through the structure and reduce silica.13 They further
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propose the MgO phase is present intertwined in the Si product and its removal
yields porous Si structure. However, we have observed that the reduction can occur
at much lower temperatures (~450oC) where gaseous Mg is not likely to be present.
In order to understand the mobility of various ions throughout the reaction progress,
SiO2/Mg interfaces were assembled as thin films and studied to investigate the
formation of Si. Evaluation of cross-sections of these controlled film geometries
provided opportunity to monitor of the materials formed in the reaction zone as the
reaction proceeded. A 200 nm thick Mg film was vapor deposited onto borosilicate
glass and the substrates were heated for 12 hours at 500 oC in an Ar atmosphere.
The films were evaluated using SEM and XPS before and after annealing (Figure
3-13). After heating, the Mg/SiO2 substrates showed three distinctive layers: SiO2,
Si and MgO. Removal of the MgO layer was achieved upon exposure to dilute HCl
and confirmed using SEM (see Figure 3-13C).
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Figure 3-13. SEM secondary electron images of thin-film cross-sections of (A) Mg
deposition on glass, (B) after heating the Mg substrate, and (C) after exposure to
aqueous HCl. Elemental composition (determined using XPS) at different depths
for thin films (D) after Mg deposition on glass, (E) after heating the Mg substrate,
and (F) after HCl washing.

High-resolution elemental analysis depth profiling was performed using
XPS and Ar sputtering. Contrary to previous reports, no Mg was detected within
the Si layer at the sensitivity of the XPS method (ca. 3 atomic %) before or after
exposure to aqueous HCl. In addition, no Si was detected in the MgO phase. These
observations are consistent with oxygen (O) ions migrating during the reaction
process.
Brunauer-Emmett-Teller

(BET)

analysis

of

Si

obtained

from

magnesiothermic reduction of SiO2 indicated the product was porous with surface
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areas of ca. 150 - 170 m2/g for particles obtained from reduction of Stӧber silica. A
more detailed examination of the gas adsorption isotherms indicated pores with
average diameter of 30 nm for Stӧber silica particles (Figure 3-14) and two pore
types existed in the Si structures: mesopores of d = 2 - 4 nm and 25 - 50 nm (Figure
3-15). The 2 - 4 nm pores might be arising from removal of O atoms and shrinkage
in the Si crystal structure.

Figure 3-14. Pore size distribution (BJH) plots of Stӧber silica particles with
average particle size of (A) 90 nm and (B) 140 nm.
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Figure 3-15. (A) N2 sorption isotherm and (B) pore size distribution (BJH plot) for
Si-NCs.

3.2.3.2 Effect of path length.
The size of the silica precursor influences the material obtained from the
reaction between SiO2 and Mg. Reduction of larger silica precursor structures (>
500 nm) provided more Mg2Si than equivalent reactions (600oC, 12 hours) with
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small silica precursors (< 500 nm) . Figure 3-16 shows silica precursors with
average diameters of 125 nm, 255 nm, 600 nm and 2 µm.

Figure 3-16. Stober silica particles with average diameter of (A) 125 nm, (B) 255
nm, (C) 600 nm and (D) Commercial sand particles of about 2 µm.

After reduction, powder XRD patterns were collected from the products
before treating them with HCl solution. It was observed that the intensity of the
Mg2Si increases with increasing precursor size (Figure 3-17).
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Figure 3-17. XRD patterns of the composites obtained from magnesiothermic
reduction of various silica precursors.

When reactions involving thicker Mg films (i.e., 2.5 µm) were examined it
was discovered that Mg2Si, MgO and Si layers are formed on top of SiO2 (See
Figure 3-18). It is reasonable that after given thicknesses of Si and MgO are
formed, O can no longer diffuse to the metallic Mg fast enough to compete with the
reaction of Mg with Si. Under these conditions, formation of silicide is favored and
the Si atoms migrate to the elemental Mg layer to form Mg2Si (Scheme 3-1).
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Figure 3-18. (A) SEM image of the cross-section of the borosilicate glass after
heating it with 2.5 µm Mg on it. (B) Elemental composition at different depths for
film shown in (A).

Scheme 3-1. Schematic representation of formation of various compounds during
magnesiothermic reduction.
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3.2.3.3 Influence of reaction temperature.
Magnesiothermic reduction of silica is an exothermic reaction and control
of the reaction temperature is crucial if particle morphology is to be retained.
Reduction of SiO2 is qualitatively slower at 500 oC (measured) and the resulting Si
particles are not sintered. Increasing the measured temperature to 600 oC and
beyond increases the reaction rate, however under these conditions the heat evolved
by the reaction between SiO2 and Mg results in particle sintering and loss of the
target morphology (Figure 3-19). Higher reaction temperature also favors
formation of Mg2Si.13 Addition of salt (e.g., NaCl or KCl) heat sinks to the reaction
system helps prevent sintering of the Si nanomaterials.50

Figure 3-19. Secondary electron SEM images of Si-NCs formed at (A) 500 oC, (B)
600 oC, (C) 700 oC, and (D) 800 oC. The scale bar is 1 µm.
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3.2.3.4 Influence of precursor porosity and HF etching.
Efforts were made to extend the Mg reduction protocol to fabricate
mesoporous and aero-gel equivalents of elemental Si by reducing MCM-41 and
silica aerogels, respectively. After the reduction and removal of MgO, the structural
integrity of most of the samples was compromised (Figure 3-20) and the original
structural order was lost.

Figure 3-20. Secondary electron SEM images of silica aerogel (A) before reduction
and (B) after reduction. Bright field TEM images of commercial MCM-41 (C)
before reduction and (D) after reduction.
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The silicon nanomaterials obtained from Mg reduction of the porous
structures were treated with HF acid to remove any residual SiO2 and provide a
hydride surface termination suitable for further surface modification.9 The Si
products were treated with HF solution for 15 minutes and extracted using toluene.
Smaller Si particles were formed after the etching process which are believed to
originate from disintegration of the original structure (Figure 3-21A). Si obtained
from MCM-41 and Stöber silica reduction, yielded freestanding Si-NCs with
average particle size of 4.0 nm and 8.3 nm, respectively.

Figure 3-21. TEM images of Si products after etching and originally obtained by
reducing (A) Stӧber silica particles, (B) MCM-41, and (C) silica aerogel.

The Si-NCs obtained by reducing MCM-41 behave very similar to quantum
confined Si-NCs. They can be further functionalized with various surface ligands
such as akyl groups, amines and trioctylphosphine (TOPO) to yield luminescent Si-
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NCs (Figure 3-22). The origin of the different photoluminescence colors is
discussed in detail in Chapter 6.

Figure 3-22. Si-NCs (~ 4.0 nm) functionalized with dodecylamine (blue), TOPO
(yellow) and dodecyl (red), under UV-illumination.

3.2.4 Conclusions
The present investigation into the mechanism of magnesiothermic reduction
of silica indicates it proceeds via migration of oxygen ions from SiO2 to Mg. After
enough Si is formed, the reaction to make Mg2Si is favoured, presumably arising
from Si migration. Increasing the applied temperature, increases the reduction rate,
however the exothermic nature of the reaction leads to sintering of the silicon
particles and loss of the target morphology. Finally, the presented results suggest
magnesiothermic reduction is not ideal for preparation of porous silicon
nanomaterials via reduction of porous silica structures because the original structure
is not retained. While the present study does not rule out such synthesis, significant
further study is required if such structures are to be realized and it may be necessary
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to explore the addition of heat sinks (e.g., salts) to better control reaction
temperature.
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Chapter 4:
Low Temperature Synthesis of Silicon Nitride
(Si3N4) and Silicon Carbide (SiC) Nanomaterials
via Magnesiothermic Reduction Method*

*
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4.1 Solid-State Synthesis of -Silicon Nitride Nanocrystals.
4.1.1 Introduction
Optically active nanomaterials based upon silicon are attractive for
applications such as bio-imaging,1 electronics,2,3 and photovoltaics,4 in part
because they are abundant and non-toxic.1,5 Zero-dimensional silicon nitride
(Si3N4) nanomaterials have been investigated because of their greater chemical and
thermal stability compared to their elemental Si counterparts.6-16 However, as a
result of various synthetic challenges outlined below, very few reports have
appeared.
Bulk Si3N4 is an insulator and hence, is not expected to be influenced by
quantum size effects. It is often prepared by carbothermal reduction,6,7 or direct
nitridation8-10 – both approaches are energy intensive and frequently require
temperatures exceeding 1400 oC. Si3N4 nanostructures are also prepared via other
chemical methods such as inorganic salt metathesis involving the reaction of silicon
tetrachloride and sodium azide,11,12 pyrolysis of polyaluminasilazane,13,14 or direct
reaction of CaSi2 and MgSi2 with ammonium salts.15,16 These reagents not only
react violently, but can also produce intermediate compounds that are difficult to
separate from the desired product. More importantly, Si3N4 nanomaterials obtained
from these reactions are typically size polydisperse and a mixture of the various
known polymorphs (i.e., α and β structures). In this section of the present chapter
the synthesis of small (i.e., d<10 nm) highly luminescent  -Si3N4 NCs obtained
from the reaction of sol-gel derived silica with magnesium and ammonia formed
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in-situ through the thermal decomposition of urea is reported (as shown in Scheme
4-1).

Scheme 4-1. Synthetic approach to freestanding β- Si3N4 NCs.

4.1.2 Experimental
4.1.2.1 Materials
Tetraethoxysilane (TEOS, 99%, Sigma-Aldrich), urea (CO(NH2)2, 98%, Fisher),
sodium hydroxide (NaOH, 97%, Caledon), magnesium powder (Mg, 99%, BDH),
toluene (ACS grade, BDH), ethanol (ACS grade, Sigma-Aldrich), hydrofluoric acid
(HF, 49%, J. T. Baker) were used as received.

115

4.1.2.2 Synthesis of the (SiO2)n sol-gel polymer.
The silica sol-gel was synthesized via a base catalyzed method. Briefly, TEOS (5
mL, 22.5 mmol) was stirred with ethanol (10 mL), deionized water (20 mL) and
NaOH solution (10 M, 0.5 mL) for 3 days. The white precipitate was collected by
vacuum filtration and washed with deionized water multiple times (4  25 mL). The
solid was transferred to an oven and was kept there for 24 hours at 100 oC to drive
off residual water and ethanol (yield 92%).
4.1.2.3 Synthesis, purification and isolation of freestanding Si3N4 NCs.
Silica sol-gel polymer (1.00 g, 17 mmol w.r.t. Si content), urea (0.90 g, 15 mmol)
and magnesium powder (0.82 g, 34 mmol) were mixed manually with a mortar and
pestle and thermally processed at 500oC for 3 hours in a tube furnace under 5%
H2/95% Ar atmosphere in a quartz boat. The resulting grey/black powder (1.62 g)
was treated with concentrated hydrochloric acid (5 mL) for 30 min to remove
reaction byproducts. The grey/white precipitate (0.65 g) was isolated by vacuum
filtration. The solid was washed with deionized water until the washings showed a
neutral pH (ca. 7) as evaluated by pH paper. The solid was subsequently washing
with ethanol (20 mL) and acetone (3  20 mL) and was air dried to yield crude,
silica contaminated Si3N4 nanocrystals.
The solid obtained from the HCl extraction was treated with hydrofluoric acid to
remove SiO2 impurities. In a typical etching procedure, 100 mg of the sample was
transferred to a PET beaker and 1:1:1 solution of 49% HF(aq) : H2O : ethanol (10
mL) was added. The mixture was stirred for 60 min followed by extraction into 10
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mL toluene. The freestanding nanocrystals were washed multiple times with
toluene by centrifugation at 4000 rpm.
4.1.2.4 Fourier Transform Infrared Spectroscopy (FTIR)
FTIR spectroscopy was performed on powder samples using a Nicolet Magna 750
IR spectrometer.
4.1.2.5 X-ray Powder Diffraction (XRD)
XRD was performed using an INEL XRG 3000 X-ray diffractometer equipped with
a Cu Kα radiation source (λ = 1.54 Å). Bulk crystallinity for all samples was
evaluated on finely ground samples mounted on a low-intensity background silicon
(100) sample holder.
4.1.2.6 Thermogravimetric Analysis (TGA)
TGA was performed on PerkinElmer Pyris 1 using a platinum sample pan at a
heating rate of 18 oC/min in air.
4.1.2.7 X-Ray Photoelectron Spectroscopy (XPS)
XPS analysis was performed using a Kratos Axis Ultra instrument operating in
energy spectrum mode at 210 W. The base pressure and operating chamber pressure
were maintained at 10-7 Pa. A monochromatic Al Kα source (λ = 8.34 Å) was used
to irradiate the samples, and the spectra were obtained with an electron take-off
angle of 90°. To minimize sample charging, the charge neutralizer filament was
used when required. Survey spectra were collected using an elliptical spot with
major and minor axis lengths of 2 and 1 mm, respectively, and 160 eV pass energy
with a step of 0.33 eV. CasaXPS software (Vamas) was used to interpret high117

resolution (HR) spectra. All of the spectra were internally calibrated to the C 1s
emission (284.8 eV). After calibration, the background was subtracted using a
Shirley-type background to remove most of the extrinsic loss structure.
4.1.2.8 Photoluminescence (PL) Spectroscopy
PL spectra for the solution phase samples were acquired using a Varian Cary
Eclipse Fluorescence Spectrometer in a quartz cuvette.
4.1.2.9 Absorbance (UV-Vis) Spectroscopy
UV-Visible spectra were recorded on Cary 400 UV-Vis Spectrometer in a quartz
cuvette.
4.1.2.10 Transmission Electron Microscopy (TEM)
TEM analyses were performed using a JOEL-2010 (LaB6 filament) with an
accelerating voltage of 200 kV. High resolution TEM analysis was performed on
Hitachi H9500 TEM instrument with an accelerating voltage of 300 kV. The
samples were prepared by drop coating solutions of composite or freestanding NCs
dispersed in ethanol and toluene, respectively onto a carbon coated copper grid (400
mesh) and allowing the solvent to evaporate in air. The particle sizes were measured
using Image J software.17 The HRTEM images were processed using
DigitalMicrograph software.18
4.1.2.11 Scanning Electron Microscopy (SEM)
SEM analysis was performed on JSM- 6010LA In TouchScope instrument with an
accelerating voltage of 10 kV. The powder sample was mounted on carbon tape for
imaging.
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4.1.3 Results and Discussion
4.1.3.1 Synthesis of silica particles.
Stӧber silica particles for the present investigation were obtained from a
base catalyzed sol-gel reaction of tetraethoxysilane (TEOS), which yielded particles
of sizes ranging from 10 – 250 nm (Figure 4-1).19

Figure 4-1. SEM images of TEOS derived Stӧber silica particles.

4.1.3.2 Synthesis of Si3N4 nanocrystals.
The sol-gel product, urea, and Mg powder were mechanically mixed using
a mortar and pestle and subsequently heated at 500 oC for 3 hours in a flowing Ar
atmosphere. The resulting grey/black solid was treated with concentrated
hydrochloric acid to remove any soluble by-products (e.g., MgO, unreacted Mg,
etc.). The grey powder remaining after HCl extraction contained Si3N4 NCs and
unreacted SiO2 particles as confirmed by broad reflections in the X-ray powder
diffraction (XRD) pattern (Figure 4-2A). All reflections are characteristic of βphase Si3N4; no reflections arising from other Si3N4 polymorphs (i.e., α and γ
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structures) were detected.13,14 The broad reflection at ca. 20o is attributed to
amorphous silica.11,20 The powder also glowed blue under UV-illumination (λ =
365 nm) as demonstrated in Figure 4-2B.

Figure 4-2. (A) XRD pattern and (B) appearance under ambient (left) and UV
(right) illumination of the crude reaction product after HCl extraction.

To provide an understanding of the formation of Si3N4 NCs in the present
system the reaction mixture was heated to different temperatures and the products
formed were evaluated using XRD (Figure 4-3). Clearly, urea thermally
decomposes forming ammonia which reacts with magnesium metal to form
magnesium nitride (Mg3N2) at ca. 300oC as outlined in the following equations.21,22

120

NH2(CO)NH2(s) HNCO(g) + NH3(g)
3Mg(s) + 2NH3(g)  Mg3N2(s) + 3H2(g)

Figure 4-3. XRD patterns of reaction product mixtures obtained by thermally
processing SiO2, Mg and urea mixture at the indicated temperatures.

Once formed, the Mg3N2 undergoes solid-state metathesis with silica at
temperatures above 300oC, to form Si3N4 and MgO. It is reasonable this process
proceeds via formation of intermediates such as Si2N2O and MgSiN2 which may
account for the unidentified XRD reflections.23 For the present system, the reaction
proceeds to completion (i.e., formation of Si3N4) for the smallest silica particles
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whereas larger particles remain incompletely reacted. Thermogravimetric (TGA)
analysis was performed in air between temperatures 25oC – 900oC to ascertain if
carbon impurities remained in the crude reaction product (Figure 4-4). Slight
weight loss (3%) was observed below 100oC, which is believed to be loss of solvent
molecules. No significant weight loss was observed above 100oC, consistent with
negligible carbon impurities being present at the sensitivity of the TGA method.

Figure 4-4. Thermogravimetric analysis (TGA) of crude Si3N4 NCs in air at a
heating rate of 18 oC/min.
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4.1.3.3 Freestanding Si3N4 nanocrystals.
Freestanding β-Si3N4 NCs were obtained by etching the solid that remained
after the HCl extraction with 1:1:1 mixture of HF:EtOH:H2O followed by
extraction into toluene.24 HRTEM analysis (Figure 4-5) shows individual NCs with
crystal lattice spacings corresponding to 0.33 and 0.26 nm for (200) and (210)
planes of β-Si3N4, repectively.25 The average particle size was determined to be 8.8
± 1.0 nm.

Figure 4-5. (A) HRTEM and (B) inverse Fourier transformed HRTEM image of
freestanding β-Si3N4 NCs.

Spectroscopic analysis indicates the surface chemistry of the present βSi3N4 NCs is complex. While some evidence of Si-H moieties is present at ca. 2100
cm-1, the FTIR spectrum (Figure 4-6) suggests NC surfaces are populated primarily
by nitrogen atoms as evidenced by strong N–H vibrations at ca. 3300 cm-1. Other
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spectral features characteristic of β-Si3N4 such as, Si–N asymmetric stretching at
ca. 850 cm-1, Si–N symmetric stretching at ca. 480 cm-1.26 The absorption at ca.
1150 cm-1 may be assigned to Si–O stretching, which likely results from surface
oxidation of Si atoms.12

Figure 4-6. FTIR spectrum of freestanding β-Si3N4 NCs obtained by drop casting
toluene suspension of the NCs on silicon wafer.

X-ray photoelectron spectroscopy (XPS) analysis of freestanding β-Si3N4
NCs (Figure 4-7) gives Si 2p and N 1s binding energies of 102 and 397.9 eV,
respectively in agreement with literature values.11 The low intensity Si 2p emission
at ca. 103 eV is attributed to trace surface oxide consistent with FTIR analysis (vide
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supra). The N 1s emission at 399 eV indicates the presence of surface N–H.11 The
quantification of silicon and nitrogen emissions afforded a Si:N ratio of 0.77:1,
consistent with the expected ratio of 0.75:1 for β-Si3N4.

Figure 4-7. HR XP spectra of Si 2p and N 1s region of β-Si3N4 NCs. For clarity
only 2p3/2 peaks are shown (Red - fitted line).

Photoluminescence (PL) and absorption spectra of toluene suspensions of
freestanding β-Si3N4 NCs are shown in Figure 4-8. The NCs exhibit intense blue
emission (Figure 4-8B) upon excitation at 325 nm and the emission maxima is at
425 nm. Because β-Si3N4 is not a semiconductor this PL is not the result of quantum
confinement. While the exact origin of the PL is currently unclear,27 it has been
suggested it originates from a charge transfer process from silicon to nitrogen.28
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Figure 4-8 (A) Absorbance and (B) PL spectra of freestanding β-Si3N4 NCs.

4.1.4 Conclusions
In conclusion, the first synthesis of freestanding β-Si3N4 NCs via a
straightforward solid-state reaction of a sol-gel derived precursor has been
demonstrated. The resulting luminescent NCs were readily isolated via solution
etching. With these well-defined β-Si3N4 NCs in hand, our ongoing investigations
will comprehensive investigation of their luminescent properties using X-ray
excited optical luminescence, expanding our study to controlling particle size and
tailoring NC surface chemistry as well as exploring a variety of applications such
as light-emitting diodes and photocatalysts.
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4.2 Solid- State Synthesis of -Silicon Carbide Nanomaterials
4.2.1 Introduction
Silicon carbide (SiC) is a wide band gap refractory material used for high
power electronics,29,30 photonic devices,31,32 catalyst supports,33 quantum
computing,34-36 among others. Many of these practical applications arise as a direct
result of the excellent thermal, chemical and mechanical stability of SiC. Of late,
there has been a push to make nanostructured SiC because the opportunities offered
by size-dependent properties, increased surface area and the possibility to
incorporate these materials into ever smaller electronic devices.37 Some SiC
nanocrystals (NCs) exhibit photoluminescence in near-UV to visible blue spectral
region making them attractive candidates for light-emitting devices.38-41 The benign
nature of SiC has also enabled their use as biological labels.41-44
Conventionally, SiC NCs have been prepared by pyrolysis of carbon
containing siloxane polymers at high temperatures (~1400oC).45,24 Other methods
explored include electrochemical etching of SiC wafers,40,46,47 annealing of C60
loaded porous Si,48 and ion implantation.49,50 All these methods require high
processing temperatures and/or costly infrastructure. Furthermore, none provide
control over SiC particle morphology and always yield pseudospherical
nanostructures. SiC nanostructures such as nano-rods, fibers, and ribbons have been
prepared using metal-based catalysts which often incorporate themselves as
impurities and compromise the purity of the material that is often required by the
electronics industries.51,52
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Magnesiothermic reduction has recently offered an attractive alternative for
preparing a variety of Si-based nanomaterials at lower temperatures (~500oC).
Recently, we reported formation of silicon and silicon nitride NCs using
magnesiothermic reduction.53,54 Shi et al. recently reported formation of SiC
microstructures using a similar approach.55 In absence of conclusive evidence, they
proposed SiC formed via initial reduction of SiO2 to Si by reaction with Mg
followed by a catalysed reaction of Si with C to form SiC. In this section of the
chapter, the synthesis of various β-SiC nanostructures of controlled morphologies
(e.g., particles, rods, fibers) at 600 oC using SiO2, Mg, and C powders as the
precursors is reported. In addition, a detailed mechanistic study that clearly
demonstrates the reaction occurs via metathesis and not the catalyzed reaction
proposed previously is described.

4.2.2 Experimental
4.2.2.1 Materials
Tetraethoxysilane (TEOS, 99%, Sigma-Aldrich), ammonium hydroxide (NH4OH,
28%, Caledon), magnesium powder (Mg, 99%, BDH), glassy carbon powder (C,
98%, sigma-aldrich), polyvinylpyrrolidone (PVP, Mw = 55,000, Sigma-Aldrich),
sodium citrate dihydrate (ACS grade, Sigma-Aldrich), n-butanol (ACS grade,
Sigma-Aldrich), ethanol (ACS grade, Sigma-Aldrich) and hexanes (ACS grade,
Sigma-Aldrich) were used as received.
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4.2.2.2 Synthesis of Stӧber silica particles.
Stöber silica particles were synthesized via base catalyzed sol-gel method. 10 mL
(45 mmol) TEOS were stirred with ethanol (10 mL), deionized water (20 mL) and
NH4OH solution (28 %, 1 mL) for predetermined times to yield different size
particles. The white precipitate was collected by vacuum filtration and washed with
deionized water and ethanol multiple times (4  25 mL). The solid was transferred
to an oven and was kept there for 24 hours at 100oC to drive off any residual water
and ethanol.
4.2.2.3 Synthesis of silica nanorods.
Silica nanorods were prepared using a modified procedure reported by Kuijk et al.
PVP (30 g, Mw = 55000) was dissolved in n-butanol (300 mL) by sonicating for 40
minutes. Absolute ethanol (30 mL), deionized water (8.4 mL) and sodium citrate
dihydrate solution (0.18 M, 2 mL) were added to the butanol solution and the flask
was manually shaken to mix the reagents. This was followed by addition of NH4OH
solution (6.5 mL, 28 %) and TEOS (3 mL, 13.5 mmol) to the reaction mixture. The
mixture was manually shaken for 30 seconds and left undisturbed for 12 hours. The
reaction mixture turns from a clear solution to cloudy suspension as the reaction
proceeds. The white precipitate was collected by centrifuging at 4000 rpm for 15
minutes. The supernatant was discarded and the white solid washed with deionized
water (50 mL) three times using centrifugation (4000 rpm). The solid was finally
washed with ethanol (50 mL) and dried in oven overnight at 100oC. The resulting
rods exhibited an average length of 1.5 ± 0.2 µm and diameter of 0.22 ± 0.04 µm.
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4.2.2.4 Synthesis of silica nanofibers.
The nanofibers were prepared using the same procedure described above (for
nanorods), however the reaction time was increased from 8 hours to 72 hours. The
resulting fibers were longer than 10 µm and 0.20 ± 0.05 µm in diameter.
4.2.2.5 Synthesis of SiC nanomaterials.
0.25 g (4.2 mmol) of the silica precursor (i.e., particles, nanorods or fibers) were
manually mixed with 0.22 g (9.2 mmol) of magnesium powder and 0.05 g (4.2
mmol) of carbon powder and transferred to an alumina boat. The mixture was
heated to 600 oC at a rate of 16 oC/min in a tube furnace under argon atmosphere
and maintained at that temperature for 15 hours. The sample was cooled to room
temperature and reheated to 500 oC for 30 minutes in air. The resulting grey solid
was exposed to 5 M aqueous HCl (10 mL) for an hour to remove magnesium oxide.
The solution was subsequently filtered and the grey solid was washed repeatedly
with water. It was then dried in oven overnight at 100oC.
4.2.2.6 Scanning Electron Microscopy (SEM)
SEM images were recorded in a Field Emission Scanning Electron Microscope,
JEOL 6301F. Ethanol dispersion samples were deposited on silicon wafer, which
was attached with aluminum pin stubs using double sided carbon tape. Conductive
coatings of chromium were applied on dry samples using Xenosput XE200 sputter
coaters before loading them into SEM holder. All SEM images were recorded using
secondary electron imaging with an accelerating voltage of 5.0 kV.
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4.2.3 Results and Discussion
4.2.3.1 Stӧber silica particles
Spherical SiO2 particles were prepared using the Stӧber method and
tetraethoxysilane (TEOS).56 Under basic conditions, TEOS hydrolyzes and
condenses to form SiO2 particles. Particle size was tailored by controlling reaction
times. 8, 15 and 120 hours stirring time resulted in particle with average diameters
of 30.6, 66.8, and 213.8 nm, respectively (Figure 4-9).

Figure 4-9. Bright-field transmission electron microscopy (TEM) images of (A)
30.6 ± 2.2 nm (B) 66.8 ± 5.7 nm and (C) 213.8 ± 5.4 nm silica nanoparticles.

4.2.3.2 Formation of SiC spherical nanocrystals.
Silica structures were converted to SiC by reacting stoichiometric quantities
of SiO2, Mg, and C at 600oC. Byproduct MgO was removed by treating the crude
product mixture with hydrochloric acid. SEM images of resulting SiC particles
show the original SiO2 particle morphology was maintained during the conversion
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process reaction, however an increase in the particle size is noted (Figure 4-10, AC). SiO2 particles with 30.6, 66.8, 213.8 nm diameters resulted in SiC particles of
51.3, 92.8 nm and 278.3 nm, respectively. It is reasonable this change in particle
dimension arises as a result of differences in the Si-O (~1.6 Å) and Si-C (1.9 Å)
bond lengths.57 HRTEM analysis clearly shows characteristic lattice spacing of 2.5
Å for [111] plane of β-SiC (Figure 4-10, D-E) and the selected area electron
diffraction (SAED) pattern confirms the product formed is crystalline (Figure 410F).24

Figure 4-10. Scanning electron microscopy (SEM) images of β-SiC NCs with
diameters of (A) 51.3 ± 5.5 nm, (B) 92.8 ± 6.6 nm, (C) 278.3 ± 8.2 nm, (D) High
resolution transmission electron micrograph (HRTEM) image of β-SiC NC, (E)
Fourier transformed image of (D) showing lattice spacing, and (F) Selected area
electron diffraction (SAED) pattern of β-SiC NCs.

132

Bulk characterization of the resulting β-SiC NCs was performed using Xray photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy
(FTIR), and X-ray powder diffraction (XRD). High-resolution XP spectra of Si 2p
and C 1s regions of the present NCs show peak maxima at 100.6 eV and 282.5 eV
respectively which is characteristic of SiC (Figure 4-11, A-B).45 FTIR spectra show
Si-C stretching at ca. 830 cm-1 (Figure 4-11C).

Figure 4-11. Representative high-resolution X-Ray photoelectron spectra of (A) Si
2p and (B) C 1s regions of β-SiC particles. (C) FTIR spectrum of β-SiC particles
obtained from preparing KBr pellet.
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The XRD pattern shows reflections at 36, 60 and 72o that are readily indexed
to those of the (111), (220), and (311) reflections of β-SiC as shown later in Figure
4-14.24
4.2.3.3 Formation of one-dimensional SiC nanostructures.
To demonstrate the breadth of morphological control afforded of the present
method, we synthesized numerous silica nanostructures including rods and fibers
using a modified literature procedure (Figure 4-12).58 Silica nanorods and fibers
were prepared using a PVP template, base catalyzed sol-gel reaction with TEOS.

Figure 4-12. SEM images of silica (A) rods and (B) fibers.

The SiO2 rods and fibers were similarly reacted with Mg and C powders to
yield SiC rods and fibers (Figure 4-13, A-B). We further show that commercial
glass wool can also be converted into long fibers of SiC (Figure 4-13C) using the
present method.
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Figure 4-13. SEM images of SiC (A) Rods (length = 1.5 ± 0.2 µm, diameter = 0.20
± 0.05 µm), (B) Fibers (length > 10 µm, diameter = 0.18 ± 0.04 µm) and (C) Fibers
(length > 25 µm, diameter = 0.050 ± 0.001 µm).

XRD confirmed all the products were crystalline β-SiC (Figure 4-14).

Figure 4-14. XRD pattern of various different β-SiC morphologies.
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4.2.3.4 Reaction mechanism for the formation of SiC.
To date, the understanding of the mechanism of β-SiC formation from
reaction of silica with C and Mg has been limited. If the utility of this method is to
be fully exploited and controlled, it is paramount that the processes involved be
identified. While Shi et al. proposed that Mg containing species catalyzed the Si +
C  SiC reaction, we found control reactions of Si and C powder in presence of
catalytic amounts of Mg or MgO at lower temperatures did not yield β-SiC.
Therefore, we monitored the reaction products formed at different temperatures
using XRD to obtain an understanding of the reaction (Figure 4-15).

Figure 4-15. XRD pattern of the reaction product obtained from SiO2, Mg and C
mixture at various temperatures.
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Using this approach it became clear that at temperatures below 500 oC the
Mg reacts with C to form Mg2C3. This magnesium sesquicarbide subsequently
undergoes a metathesis reaction with SiO2 to form SiC and MgO.

4.2.4 Conclusions
We have demonstrated the synthesis of β-SiC nanomaterials via a
straightforward solid-state reaction of a sol-gel derived precursor. Using Mg not
only reduces the reaction temperature but also allows preparation of materials with
tailored morphologies thus eliminating the need for metal seeds. We have further
provided conclusive evidence that SiC is formed from the metathesis of Mg2C3 and
SiO2 and is not catalytic as previously reported.
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5.1 Introduction
The wide-ranging impact of semiconductor nanoparticles, commonly
referred to as quantum dots, is well established.1,2 Extensive and far-reaching
research focused on the synthesis of prototypical Cd-based quantum dots has
yielded exquisite control of particle size, shape and surface chemistry, as well as a
detailed fundamental understanding of their properties. As a result, there are many
proof-of-concept applications of these materials in diverse areas including medical
diagnostics, electronics, and solar energy conversion.3-5 Despite the obvious
benefits afforded by the tailorability of Cd-based quantum dots, Cd2+ cytotoxicity
limits and potentially prevents their widespread use in biological and medical
applications.6 In addition, legislation exists or is pending that could further limit
their use in many consumer products.7 In response, there is a concerted push for
“Cadmium-Free Quantum Dot” research programs.8 One approach to addressing
these issues is to supplant Cd-based semiconductors with a non-toxic alternative.
Silicon is a particularly appealing candidate material because it is the second most
abundant element in the earth’s crust,9 it is the workhorse material of the
electronics industry and its chemistry is well developed, and perhaps most
important it is biologically benign.10-12
While silicon appears to be the ideal replacement, its indirect band gap, and
the associated disallowed band gap electronic transition has limited the application
of bulk silicon in many photonic applications.13 When visible photoluminescence
(PL) was observed from porous-Si it brought the promise of linking silicon
electronics and photonics.14 Adding to its appeal, are proposals that the optical
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response of porous-Si arose because of the influences of quantum confinement
suggested the luminescence should be size-tunable.15-17 Ever since, the optical
properties of porous and nanocrystalline silicon have been extensively studied and
remain the subject of curiosity and even controversy.
Freestanding Si NCs prepared from high purity reagents at high
temperatures or using gas-phase methods exhibit quantum confined, sizedependent emission analogous to that observed for their CdSe counterparts.18-21
This quantum confined band gap emission follows the predictions of the effective
mass approximation (EMA) and exhibits comparatively long-lived excited state
lifetimes (i.e., ca. microseconds) - behavior that is consistent with the bulk-Si
indirect bandgap.22,23 Unfortunately, this is not the end of the story. There are
numerous reports describing visible light emission from Si NCs whose emission
maximum is incongruent with the EMA. For example, red-orange PL, frequently
identified as the S-band, has been reported for surface oxidized Si NCs and has
been attributed to quasi-direct transitions or surface states.24-27 Under some
circumstances, partially oxidized nanocrystalline silicon shows yellow emission
suggested to arise either from surface Si=O species28 or Si-O-C bonds.29 Of all the
visible luminescence arising from Si NCs, the origin of blue PL (frequently termed
the F-band) from Si NCs remains one of the most controversial. Most often this
blue PL with fast decay is attributed to a direct band gap transition in ultra small
Si NCs.30-36 Alternatively, it has been suggested the blue PL exhibited by some Si
NCs originates from defect states in a surface sub-oxide and such luminescence
from these NCs does not follow the EMA.37-40 To date, no definitive explanation
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explaining why certain oxide defects in Si NCs emit orange-red while others emit
blue light has been provided. The origin of Si NC emission is clearly complex and
involves many contributing factors. If the full potential of Si NCs is to be realized,
it is essential that their luminescent properties be understood and effectively
controlled.
Generally, Si NCs showing blue PL that does not follow the EMA are
typically prepared using solution methods at comparatively low temperatures (i.e.,
< 400 oC). The reactions leading to the formation of the Si NCs typically involve
direct reduction of silicon halides41-43 or reaction of Zintl salts.44,45 After careful
inspection of the reported conditions employed during these syntheses, it was
identified that most employ reagents (vide infra) that could supply nitrogen
impurities. The question then was posed: could it be nitrogen impurities supplied
from these reagents that provide a species with a short-lived excited state that gives
rise to the blue emission?
In this chapter, a systematic study designed to explore the influence of
common nitrogen containing reagents on the optical behavior of Si NCs with the
intent of bringing chemical insight to the red vs. blue debate is described. The
present study involved titrating quantum confined red-emitting Si NCs obtained
from the well-established thermolysis of hydrogen silsesquioxane (HSQ) with
identified nitrogen sources induces blue PL. Detailed spectroscopic and electron
microscopy characterization of the titrated red-emitting Si NCs and blue-emitting
Si NCs obtained from traditional solution phase methods show trace nitrogen
dopants at concentrations near detection limits of standard analytical methods. Most
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importantly, this study definitively demonstrates that both nitrogen and oxygen are
present in all Si NCs investigated here that show blue PL. Further studies
demonstrate emission maxima of the blue emission exhibit solvatochromism
consistent with it originating from a charge transfer state on the NC surfaces.
Scanning tunneling microscopy (STM) studies were performed as part of a
collaboration with the Millo group (Hebrew University) and the results from the
STM study is briefly discussed.

5.2 Experimental
5.2.1 Materials.
All reagents were used as received unless noted otherwise. A methyl isobutyl
ketone (MIBK) solution of hydrogen silsesquioxane (HSQ) (i.e., FOx® 16) was
obtained from Dow Corning. Electronic grade hydrofluoric acid (HF, 49%) was
purchased from J.T. Baker. 1-dodecene was purchased from Sigma Aldrich and
filtered through activated alumina to remove any peroxide impurities immediately
before use. Tetraoctylammonium bromide (TOAB, 98%), allylamine (>99%),
reagent grade toluene, chloroform, hydrochloric acid, ethanol, methanol and
acetonitrile were obtained from Sigma Aldrich. Sodium silicide (Na4Si4) was
purchased from SiGNa Chemistry, Inc. N, N-dimethylformamide (DMF), (SigmaAldrich, >99%) was degassed and distilled over sodium metal under reduced
pressure.
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5.2.2 Synthesis of oxide embedded silicon nanocrystals (Si NCs)
Si NCs embedded within a SiO2-like matrix were prepared using a well-established
literature procedure. MIBK was removed from the FOx-16® in vacuo leaving white
HSQ powder. The solid was heated to 1100C at 18oC/min for 1 hour under a
reducing atmosphere of 5% H2/ 95% Ar in a quartz boat within a standard Lindberg
Blue tube furnace. After cooling to room temperature the resulting dark brown
composite made up of Si NCs (diameter ca. 4 nm) embedded within a silica (SiO2)
matrix was obtained. This composite was ground to a fine powder using a mortar
and pestle and subsequently etched with hydrofluoric acid to liberate hydride
surface terminated Si NCs (vide infra).
5.2.3 Preparation of hydride terminated Si NCs.
Freestanding hydride terminated Si NCs liberated from the oxide matrix via
hydrofluoric acid etching. Approximately 1 g of Si NC/SiO2 composite was
transferred to a Teflon® beaker and 30 mL of a 1:1:1: mixture of HF:H2O:C2H5OH
were added with stirring in subdued light. (Caution: Hydrofluoric acid is extremely
dangerous and must be handled with great care.) The resulting dark brown, cloudy
mixture was stirred for one hour. Hydrophobic hydride terminated Si NCs were
extracted from the aqueous etching mixture using three 20 mL toluene extractions.
The remaining aqueous solution was colourless and transparent. All remaining HF
was neutralized using an excess of aqueous saturated solution of calcium chloride.
The cloudy dark brown Si NC/toluene extracts were placed into glass test tubes and
centrifuged using a low speed (7000 rpm) centrifuge for 5 minutes. After
centrifugation, the toluene supernatant was decanted leaving a precipitate of
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hydride terminated Si NCs. No effort was made to keep the particles under inert
atmosphere during the extraction and centrifugation steps.
5.2.4 Surface functionalization of Si NCs with dodecene (Si NC-A)
Hydride terminated Si NCs were re-dispersed in 50 mL of 1-dodecene, and
transferred into an oven dried Schenk flask. The cloudy brown suspension was
degassed using three vacuum pump cycles and maintained under a dry argon
atmosphere. The flask was placed in a silicone oil bath and heated to 190C for 12
hours. After reaction, a transparent orange-brown solution was obtained consistent
with effective functionalization. The reaction mixture was divided equally between
four 50 mL PTFE centrifuge tubes. NCs were precipitated using a 3:1 mixture of
C2H5OH:CH3OH (20 mL). Particles were centrifuged at 14000 rpm for 20 min
using a Beckman J2-21 high-speed centrifuge, followed by decanting of the
supernatant. Three dissolution/precipitation/centrifugation cycles were performed
using a chloroform/MeOH solvent/antisolvent pair. After the final precipitation the
functionalized Si NCs were dispersed in toluene, filtered through a hydrophobic
PTFE filter, and stored in a glass vial until further use.
5.2.5 Titration of hydride terminated Si NCs with nitrogen sources
Freshly prepared hydride terminated Si NCs (0.32 g) were suspended in toluene
(20.00 mL) to yield 0.50 M solution based upon silicon. Freshly prepared toluene
solutions of tetraoctylammonium bromide (0.50 M, 25.00 mL) and ethanol
solutions of ammonium bromide (0.50 M, 25.00 mL) were used in all the following
experiments. 200 μL of the 0.5 M hydride terminated Si-NC solution in toluene was
exposed to predetermined amounts of the nitrogen containing compounds (as
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tabulated below) and the volume increased to 300 μL using dry toluene (Table 51).
Table 5-1: A summary of the titration procedure used to monitor the influence of
nitrogen containing reagent on Si NC photoluminescence.
Hydride terminated
Si NCs in toluene
(0.5 M)

Nitrogen
containing
compound (0.5 M)

Volume of
toluene added

Total volume

200 μL

0 μL

100 μL

300 μL

200 μL

10 μL

90 μL

300 μL

200 μL

20 μL

80 μL

300 μL

200 μL

30 μL

70 μL

300 μL

200 μL

40 μL

60 μL

300 μL

200 μL

50 μL

50 μL

300 μL

200 μL

60 μL

40 μL

300 μL

200 μL

70 μL

30 μL

300 μL

200 μL

80 μL

20 μL

300 μL

200 μL

90 μL

10 μL

300 μL

200 μL

100 μL

0 μL

300 μL

The solution mixture was allowed to react for 3 hours. The characteristic orange
luminescence of hydride terminated Si NCs upon exposure to a handheld UV-light
(λ = 365 nm) was replaced by a faint blue emission. After 3 hours the reaction
mixtures were centrifuged at 14000 rpm for 10 min. The supernatant contained Si
NCs that reacted with nitrogen containing compounds, NH4Br, or TOAB. TOAB
was removed by selective precipitation upon cooling the mixture to ca. 0oC
148

(ice/water bath) and adding 25 μL of acetonitrile as an antisolvent. The solution
was centrifuged at 14000 rpm for 5 min. The supernatant was collected and was
found to emit blue light upon exposure UV illumination.
5.2.6 Direct synthesis of dodecyl terminated Si NCs (Si NC-B). Note: This
synthesis was performed by the Kauzlarich group.
Na4Si4 (0.20g) and NH4Br (0.40g) were weighed and added to a Schlenk flask in a
dry box which was then transferred to a Schlenk line. DMF (150 mL) was sparged
with N2 and added to the starting reagents via cannula. The solution was refluxed
for 12 hours followed by the removal of the solvent via a short bridge distillation.
Dodecene (40 mL) was sparged, added to the Schlenk flask via syringe and refluxed
for 12 hours. The liquid was separated from the black/grey solid through
centrifugation (8000 rpm for 10 minutes) and decanted. One quarter of the mixture
was placed into a centrifuge tube and a 3:1 C2H5OH:CH3OH mixture was added.
The solution was centrifuged (8000 rpm for one hour) and a black precipitate was
isolated. The precipitate was then dissolved into chloroform and precipitated with
CH3OH. The precipitate was dissolved into toluene and was filtered through a 0.45
µm filter and placed in vial.
5.2.7 Solution phase reductive synthesis of dodecyl surface terminated Si NCs
(Si NC-C). Note: This synthesis was performed by the Tilley group.
All the reactions were performed under a nitrogen atmosphere. In a typical
experiment, 0.0026 mole of SiCl4 (0.3 mL) was dissolved in 1g of TOAB and 50
mL of anhydrous toluene. The solution was stirred for 20 minutes and hydrogenterminated silicon quantum dots were formed by addition of a stoichiometric
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amount of hydride reducing agent. Surface passivated quantum dots were formed
by capping the hydrogen terminated quantum dots with dodecene. After transfer of
the solution into a quartz reaction vessel, the passivation was carried out by
irradiation with UV light (254 nm) for four hours.
Surface passivated quantum dots were purified by size exclusion column
chromatography. The solution was filtered of using Millipore 0.45 μm filter paper.
The solvent was removed under vacuum, and then the particles were dissolved into
10 mL of methanol. After 5 minutes sonication, the solution was concentrated down
to 1 mL and filtered using a Millipore 0.22 μm syringe filter. The solution was put
on the column (φ = 1 cm, 41.0 cm), containing Sephadex gel LH-20 (beads size 25100 μm) as the stationary phase. Flow rate was set to one drop/4 s, and fractions
were collected every 50 drops. Each fraction was checked for luminescence with a
handheld UV lamp (365 nm).

Luminescent fractions were collected and

concentrated to 1 mL under vacuum. The concentrated solutions contain pure
surface passivated silicon quantum dots.
5.2.8 Fourier Transform Infrared Spectroscopy (FTIR)
Fourier Transformation Infrared Spectroscopy (FT-IR) on the samples H-Si NCs
and Si NC-A was performed using a Nicolet Magna 750 IR spectrometer. FT-IR on
sample Si NC-C was collected on a Bruker optic GmbH alpha ATR-FTIR
spectrometer.
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5.2.9 X-ray Powder Diffraction (XRD)
XRD patterns were collected using an INEL XRG 3000 X-Ray diffractometer with
CuKα radiation (λ = 1.54 Å).
5.2.10 Thermogravimetric analysis (TGA)
TGA was performed on PerkinElmer Pyris 1 using a platinum sample pan and a
heating rate of 18oC/min in air.
5.2.11 Nuclear Magnetic Resonance Spectroscopy
Proton nuclear magnetic resonance spectra (1H NMR) were collected on 400 MHz
Varian Inova instrument. The samples were dissolved in deuterated chloroform
(CDCl3).
5.2.12 X-ray Photoelectron Spectroscopy (XPS)
XPS analyses were performed using a Kratos Axis Ultra instrument operating in
energy spectrum mode at 210 W. The base pressure and operating chamber pressure
were maintained at 10-7 Pa. A monochromatic Al Kα source (λ = 8.34 Å) was used
to irradiate the samples, and the spectra were obtained with an electron takeoff
angle of 90°. To minimize sample charging, the charge neutralizer filament was
used when required. Survey spectra were collected using an elliptical spot with
major and minor axis lengths of 2 and 1 mm, respectively, and 160 eV pass energy
with a step of 0.33 eV. CasaXPS software (VAMAS) was used to interpret highresolution (HR) spectra. All of the spectra were internally calibrated to the C 1s
emission (284.8 eV). After calibration, the background was subtracted using a
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Shirley-type background to remove most of the extrinsic loss structure. The full
width and half max (FWHM) for all the fitted peaks was maintained below 1.2 eV.
5.2.13 Photoluminescence Spectroscopy and Lifetime Measurements
Photoluminescence (PL) spectra of the solution phase samples were acquired using
a Varian Cary Eclipse Fluorescence Spectrometer with a slit width of 5 nm. PL
lifetime measurements were performed on samples drop-coated onto silicon wafers
coated with 10 drops of the NC suspension (in toluene). Each sample was excited
using the 349 nm line of a 25 mW Nd:YLF pulsed laser. Laser pulses (3 kHz) were
controlled using a function generator connected to a PL-2001 Q-switched laser
driver. Ultrafast lifetime measurements for the blue-emitting Si NCs were
performed on a previously described system with temporal resolution of ~200 ps.
In brief, the nanoparticles were dissolved in toluene to measure the lifetime decay.
The sample was placed in a quartz cuvette and excited with a pulsed FP1060 laser
(Fianium US Inc., Eugene, USA) which was frequency quadrupled to excite the
samples at λex = 355 nm using a fiber optic. The fluorescence decay signal was
collected as a function of time as well as wavelength (every 5 nm) by the same fiber
optic connected to a non-gated multichannel plate detector with an oscilloscope.
The laser triggering, wavelength scanning, and data acquisition, storage, and
processing were computer controlled using custom software written in LabVIEW
and MATLAB. After each measurement sequence, the laser pulse temporal profile
was measured at a wavelength slightly below the excitation laser line.
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5.2.14 Transmission Electron Microscopy (TEM)
Transmission Electron Microscopy (TEM) images of samples H-Si NCs and H-Si
NCs treated with allylamine, NH4Br and TOAB were obtained using a JOEL-2012
(LaB6 filament) electron microscope with an accelerating voltage of 200 kV. The
TEM images of Si NC-A, Si NC-B and Si NC-C were obtained on a JEOL 2010
(LaB6 filament) electron microscope operated at 200kV. High-resolution (HR)
TEM images of H-Si NCs treated with NH4Br and TOAB and Si NC-A were
obtained from Hitachi-9500 electron microscope with an accelerating voltage of
300 kV. HRTEM images of Si NC-B were obtained on a JEOL 2500SE Schottky
emitter microscope operating at 200kV and equipped with a Gatan multiscan
camera and Si NC-C were obtained on a JEOL 2010 (LaB6 filament) microscope.
TEM samples were prepared by drop coating freestanding Si NC suspension onto
a carbon coated copper grid with a 400 µm diameter hole. The NC size was
averaged over 200 particles, which were determined using Image J software
(version

1.45).46

The

HRTEM

images

were

processed

using

Gatan

DigitalMicrograph software (version 2.02.800.0).47
5.2.15 Scanning Tunneling Microscopy (STM). Note: These measurements were
performed by the Millo group.
For STM measurements, NCs were spin cast from a toluene solution onto
atomically flat flame-annealed Au substrates. All measurements were performed at
room temperature, using Pt-Ir tips. Tunneling current-voltage (I-V) characteristics
were acquired after positioning the STM tip above individual NCs, realizing a
double barrier tunnel junction (DBTJ) configuration40 and momentarily disabling
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the feedback loop. In general, care was taken to retract the tip as far as possible
from the NC, so the applied tip-substrate voltage would fall mainly on the tip-NC
junction rather than on the NC-substrate junction whose properties (capacitance and
tunneling resistance) are determined by the layer of organic capping ligands that
cannot be modified during the STM measurement. This protocol minimizes the
voltage division induced broadening effects, and thus the measured gaps
correspond well to the real SC gaps.48-50 The dI/dV-V tunneling spectra,
proportional to the local tunneling DOS, were numerically derived from the
measured I-V curves. We have acquired the topographic images and tunneling
spectra (on the NCs) with bias and current set-values of Vs  1.2-1.5 V and Is  0.10.3 nA. The first is to ensure tunneling above the band edge and the other was the
lowest value that still allowed acquisition of smooth tunneling spectra.

5.3 Results and Discussion
5.3.1 Hydride terminated Si NCs.
Oxide-embedded Si NCs were obtained from the thermally induced
disproportionation of HSQ, a high purity electronics grade material containing
sub-10 ppb concentrations of metal impurities.

This product shows broad

reflections in the X-ray powder diffraction (XRD) pattern that are characteristic of
nanocrystalline Si domains that adopt the diamond crystal structure (Figure 5-1).
In addition, a broad reflection arising from the amorphous silica matrix is observed
at ca. 20o.

154

Figure 5-1. X-ray powder diffraction pattern of Si NCs embedded in silica.

This Si NC/SiO2 composite was etched with 1:1:1 49% hydrofluoric
acid:ethanol:water to liberate hydride surface terminated Si NCs (i.e., H-Si NCs).
The presence of the Si–H surface was confirmed using FT-IR spectroscopy
(Figure 5-2), which showed characteristic stretching at ca. 2100 cm-1. Weak Si–
O–Si and Si–OH stretches are also noted at ca. ≤ 1200 cm-1 and ≥ 3000 cm-1,
respectively and result from trace oxidation of the NC surface occurring during
sample preparation.20
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Figure 5-2. FT-IR spectrum of hydride terminated Si NCs obtained by drop
coating on Si wafer from a toluene suspension.

The PL spectrum of a toluene solution of H-Si NCs shows a maximum at
630 nm upon excitation at 300 nm (Figure 5-3A).

Excited state lifetime

measurements provide a lifetime of  = 1.6 s, in agreement with previous reports
attributing the luminescence to an indirect band gap transition (Figure 5-3B).23 A
bright field transmission electron microscopy (TEM) image shows 3.50.4 nm
average particle diameter consistent with the EMA (Figure 5-4). It is of significant
importance to note the extreme air sensitivity and limited solubility of H-Si NCs
preclude high accuracy direct TEM characterization; however, particle dimensions
are consistent with those obtained for dodecyl surface functionalized (Si NC-A)
obtained from post etching hydrosilylation (vide infra).
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Figure 5-3. (A) PL spectrum of H-Si NCs (excitation λ = 300 nm). Inset:
Photograph of toluene suspension of H-Si NCs. (B) Excited state lifetimes.

Figure 5-4. Bright field TEM image of H-Si NCs.
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5.3.2 Dodecyl surface terminated Si-NCs obtained from HSQ, (Si NC-A).
Dodecyl surface functionalized Si NCs (Si NC-A) were prepared using
established literature procedures.51 The resulting Si NC-A were evaluated using a
variety of techniques.

The FT-IR spectrum (Figure 5-5) clearly shows the

appearance of C–H stretching at ca. 2900 cm-1 and no evidence of Si–H stretching
at 2100 cm-1.

Figure 5-5. FT-IR spectrum of Si NC-A drop-coated from a toluene solution.

The X-ray photoelectron spectroscopy (XPS) of Si NC-A shows emissions
arising only from silicon, carbon and oxygen (Figure 5-6A). The Si 2p spectral
region has components characteristic of Si(0) and Si-C, and silicon suboxides
(Figure 5-6B).
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Figure 5-6. X-ray photoelectron spectra (XPS) of dodecyl surface functionalized
Si NCs (Si NC-A). (A) Survey spectrum showing emissions arising from Si, C and
O. (B) High resolution XP analysis of the silicon 2p spectral region. For clarity,
only Si 2p3/2 emissions are shown.

The PL spectrum obtained from a non-opalescent toluene solution of Si
NCs-A shows an emission maximum at ca. 720 nm (Figure 5-7A). PL lifetime
measurements (Figure 5-7B) provide values in the microsecond regime (i.e.,  =
19 s) in agreement with emission lifetimes expected from indirect band gap
semiconductors.23 The red PL (Figure 5-7C) is consistent with an EMA estimate
of particles size of 3.3 nm,52 which is in agreement with TEM (3.5 ± 0.4 nm), high
resolution (HR) TEM and XRD (3.6 nm) analysis (Figure 5-8A-C).
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Figure 5-7. (A) PL spectra of Si NC-A excited at indicated wavelengths. (B)
Excited state lifetimes. (C) Toluene dispersions of dodecyl terminated Si NCs
under ambient (left) and UV irradiation (right).

Figure 5-8. (A) Bright field TEM image of Si NC-A. (B) High-resolution
transmission electron micrograph showing fringes of 0.33 nm characteristic of the
Si{111} lattice spacing. (C) The inverse Fourier transform of the HRTEM image
in B.
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5.3.3 Dodecyl surface terminated Si NCs from the Na4Si4/NH4Br reaction (Si
NC-B). Note: This study was performed by Kauzlarich group.
Si NCs were obtained by reacting sodium silicide with ammonium bromide
salt. The intermediate H-Si NCs are never isolated in this reaction, but directly
terminated with dodecyl surface groups via thermal hydrosilylation (Si NC-B). As
is the case for all Si NCs presented here, the FT-IR spectrum shows expected
absorption features (Figure 5-9), along with spectral features associated with
silicon oxide at ca. 1100 - 1030 cm-1.

Figure 5-9. FTIR spectrum of Si NC-B.
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This Zintl salt-based method produces comparatively polydispersed NCs
with TEM analysis indicating Si core diameter of ca. 6 ± 2 nm for Si NC-B (Figure
5-10).

Figure 5-10. (A) Bright-field TEM image of Si NC-B. (B) HRTEM image
showing lattice spacings of 0.32 nm characteristic of the {111} plane of Si.

Figure 5-11. Excitation wavelength dependant PL spectra of Si NC-B in toluene.
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Si NC-B exhibited an unstructured excitation wavelength dependent PL
spectrum (Figure 5-11) in the blue spectral region that corresponds to EMA
dimension of ca. 1.1 nm, which is incongruent with TEM data. In addition, short
nanosecond excited state lifetimes (i.e.,  < 10 ns) inconsistent with a band gap
transition have been reported for these Si NCs.53,54 XPS analysis of Si NC-B shows
expected Si, O and C elemental signatures, as well as a low intensity emission in
the N 1s spectral region (Figure 5-12A). The peak at 103.2 eV in Si 2p spectrum
is consistent with a Si-N and Si-O species (Figure 5-12B).
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The N 1s peak

position is consistent with the nitrogen impurities being primarily located on the
inside or sub-surface of the Si NC.55

Figure 5-12. High-resolution X-ray photoelectron spectra (XPS) of the (A) N 1s
and (B) Si 2p spectral regions of Si NC-B. Only Si 2p2/3 fitting peaks are shown.
Si 2p1/2 components have been omitted for clarity.
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5.3.4 Dodecyl surface terminated Si NCs from SiCl4 reduction (Si NC-C).
Note: This study was performed by the Tilley group.
H-Si NCs are not isolated from the direct solution reduction of silicon
tetrachloride. They are transient reaction species that are functionalized in situ via
hydrosilylation in the presence of dodecene and surface functionalized Si NCs are
obtained directly. The FT-IR spectrum of dodecyl (Si NC-C) terminated Si NCs
(Figure 5-13) prepared using this procedure show spectral features arising from
the expected functional groups as well as Si–O–Si absorptions.

Figure 5-13. FT-IR spectrum of Si NC-C.

The PL spectra obtained for Si NC-C show excitation wavelength
dependant emission maxima in the blue spectral region (Figure 5-14). In addition,

164

much shorter excited state lifetimes (i.e.,  = 4 ns) have been reported, suggesting
a band gap transition is not responsible.42

Figure 5-14. Excitation wavelength dependent PL spectra of Si NC-C obtained in
toluene.

Figure 5-15. (A) Bright-field TEM image of Si NC-C. (B) HRTEM image
showing fringes of 0.192 nm characteristic of the Si{220} lattice spacing.
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TEM/HRTEM analysis indicates Si core dimensions of 2.7 ± 0.6 nm for Si
NC-C (Figure 5-15). The X-ray photoelectron spectra (XPS) of Si NC-C showed
the expected elemental signatures; however, surprisingly also showed a lowintensity emission in the N 1s spectral region (Figure 5-16). The higher binding
energy of N 1s spectrum of the Si NC-C compared to that observed for Si NC-B
suggests the N atoms are primarily at the surface of NCs obtained from SiCl4
reduction.56

Figure 5-16. High resolution XP spectra of the (A) N 1s and (B) Si 2p spectral
regions of Si NC-C.

A straightforward comparison of the Si NCs studied here indicates those
exhibiting blue emission (i.e., Si NC-B and Si NC-C) contain nitrogen impurities
that could give rise to radiative centers that provide an alternative relaxation
pathway to an indirect band gap transition. In this context, an experimental
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demonstration showing that the PL maximum and excited state lifetimes of welldefined Si NCs would add clarity to the broader discussion regarding the origin of
blue luminescence and be an invaluable advance in Si NC research and
applications. For the blue-emitting Si NCs described here the experimental
nitrogen sources are not necessarily obvious because the nitrogen containing
reagents are frequently used in nanoparticle synthesis and are often considered
spectators to the reaction.

Scheme 5-1. Schematic representation of the experimental approach to forming
blue-emitting Si NCs from exposure of H-Si NCs to common nitrogen sources
(RNH2, NH4Br and tetraoctylammonium bromide (TOAB)).
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In this regard, we have systematically evaluated potential nitrogen sources
present in the syntheses of Si NC-B and Si NC-C, (i.e., tetraoctylammonium
bromide (TOAB) and ammonium bromide (NH4Br)) in efforts to shift the
luminescent response of H-Si NCs from EMA consistent red to the characteristic
blue emission. To investigate the influence of these nitrogen-containing
compounds we titrated these reagents into solutions of H-Si NCs (Scheme 5-1).
5.3.5 Influence of TOAB and NH4Br on H-Si NC Photoluminescence.
The Si-H moiety is a very reactive species that may be converted into Si X (X = C, N, O, S, halide, etc.) under relatively mild conditions.57 TOAB reacts
with H-Si NCs to initially form trioctylamine, which is suggested by XPS (N 1s
peak at 399.7 eV (Figure 5-17A)).58 The resulting trioctylamine binds
coordinatively to the Si surface (N 1s peak at 398.8 eV, Si 2p3/2 peak at 101.1 eV
(Figure 5-17B)) and undergoes further reduction to yield octane and dioctylamine
(confirmed using 1H NMR), that bonds covalently to the Si surface (N 1s peak at
398.0 eV and Si 2p3/2 peak at 103 eV). Various bonding environments are expected
to complicate detailed interpretation of the XPS data, however a significant
quantity of oxygen containing silicon species is present that is evident from the Si
2p XP spectrum.
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Figure 5-17. HR XP spectrum of (A) N 1s region and (B) Si 2p region of H-Si
NCs reacted with TOAB. For clarity only Si 2p3/2 peaks are shown.

Figure 5-18. (A) Excitation wavelength dependent PL spectra, (B) Excited state
lifetimes of H-Si NCs reacted with TOAB.
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H-Si NCs reacted with TOAB exhibited excitation wavelength dependent
blue PL (Figure 5-18A) and short excited state lifetimes (i.e., ca.  = 2.06 ns,
Figure 5-18B).

Figure 5-19. Bright field TEM image of H-Si NCs reacted with TOAB. The
average particle size = 3.6 ± 0.8 nm.

TEM analyses confirm that these changes in PL do not arise from changes
in NC size (Figure 5-19). The evolution of the blue PL with increasing
concentration of TOAB is shown in Figure 5-20.
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Figure 5-20. Photograph of H-Si NCs under UV illumination that have been
reacted with increasing amount of TOAB.

Figure 5-21. (A) Excitation wavelength dependent PL spectra, (B) Excited state
lifetimes of H-Si NCs reacted with NH4Br.

H-Si NCs also react with NH4Br and change their emission color from red
to blue. The excited state lifetime was found to be  = 1.00 ns and excitation
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wavelength dependent emission was noted (Figure 5-21). Si NC size was found
to be 3.8 ± 0.7 nm by TEM (Figure 5-22).

Figure 5-22. Bright field TEM image of H-Si NCs reacted with NH4Br.

Figure 5-23. Photograph of H-Si NCs under UV illumination that have been
reacted with increasing amount of NH4Br.
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Qualitatively, the relative PL intensity of the Si NCs treated with NH4Br is
lower than that of other blue-emitting Si NCs (Figure 5-23). This lower intensity
PL could result from the limited solubility of –NH2 functionalized Si NCs in the
solvent medium.
The formation of a covalent Si–N and Si-O bond is confirmed by XPS
(Figure 5-24). Both in the case of TOAB and NH4Br very low concentrations of
nitrogen compounds (< 0.2 nitrogen atomic %) are required to induce blue PL
(Figure 5-25).

Figure 5-24. HR XP spectrum of (A) N1s region and (B) Si 2p region of H-Si NCs
reacted with NH4Br. Only Si 2p3/2 peaks are shown for clarity.

173

Figure 5-25. PL intensity at 420 nm vs. nitrogen concentration for H-Si NCs
reacted with (A) TOAB and (B) NH4Br.

Control experiments in which H-Si NCs were exposed to TOAB and
NH4Br in absence of air resulted in no blue PL and the red luminescence was
quenched. Similarly, when H-Si NCs were exposed to air in absence of nitrogen
compounds to oxidize the surface and no blue PL was observed. These
observations are consistent with both nitrogen and oxygen being crucial for the
appearance of blue PL in the present Si NCs.

5.3.6 Solvatochromism studies.
Blue PL has been reported for SiOxNy materials,59-61 however the exact
mechanism remains unknown. Nekrashevich et al. have calculated the electronic
structure of silicon oxynitride and proposed a possible charge transfer mechanism
from silicon to nitrogen or oxygen centers as its origin.62 Similarly, Green et al.
reported blue PL from silicon carboxylate structures that originated from charge
174

transfer mechanism.63 Charge transfer based PL bands usually lie in the UV-Vis
region, have short-lived excited states and exhibit solvatochromic response.64 To
explore the possible role of charge transfer mechanism in the origin of blue PL in
the present systems we obtained PL spectra in a series of solvents of known
polarities. PL spectra were collected for Si NC-C as well as H-Si NC reacted with
TOAB and NH4Br. In all cases, the PL maximum red-shifted with increasing
solvent polarity consistent with a charge transfer excited state (Figure 5-26).65 We
observed a shift of ~ 50 nm in PL emission maximum by changing the solvent from
pentane to chloroform. Red luminescent from Si NC-A and blue luminescent Si
NC-B did not exhibit solvatochromic response.

The lack of Si NC-B

solvatochroism response is believed to be the result of the nitrogen impurities being
localized within the particle and inaccessible to the solvent medium, consistent with
XPS data presented here.
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Figure 5-26. PL maximum vs. solvent polarity for different Si NCs. P = pentane,
CH = cyclohexane, T = toluene, B = benzene and C = chloroform. The Si NC
concentration was 1 mg/mL and the excitation wavelength was 300 nm.

5.3.6 STM studies.
STM studies were performed to investigate possible surface doping effects
induced by the surface bounded ligands. A fundamental outcome of doping in bulk
semiconductors is a shift of the Fermi level toward the conduction band for n-type
doping and, conversely, toward the valence band for p-type doping. Remarkably,
and quite surprisingly (for reasons that will be discussed below), a shift of the Fermi
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level toward the valence band, consistent with p-type doping, is clearly identified
in the dI/dV-V tunneling spectra measured on Si-NCs with NH4Br- and allylaminederived surface capping (Figure 5-27 A,B). A reasonable ligand-bonding
configuration that explains the observed "p-doping" effect can be proposed when
considering the protocol used to functionalize the NCs. As discussed earlier in this
chapter, upon exposure to air or water a Si-O-N species forms on the NC surface.
These surface groups are usually viewed as being electron withdrawing,66 thus
giving rise to a p-doped NC. In the case of NCs exposed to allylamine, an even
stronger p-type like doping effect can be expected, since in addition to the above
charge transfer associated with the Si-O-N surface group, the molecule has a dipole
moment directed outward from the NC surface, which should give rise to further
upwards shift of the Si-NC energy levels, akin to the reminiscent band-bending
effect in semiconductor surfaces.67
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Figure 5-27. Effect of ligand-induced surface doping on Si-NCs. Two tunneling
spectra measured on (A) NH4Br capped 3 nm Si NCs presented in the inset and (B)
allylamine functionalized Si NCs shown in the inset.

5.4 Conclusions.
Trace nitrogen and oxygen contamination of the presented Si NCs samples
was confirmed by the XPS analysis and provides a reasonable explanation for the
fast blue emission. The present study definitively shows the Si NCs prepared by
two of the low temperature solution methods contain nitrogen/oxygen and that
exposure of H-Si NCs to nitrogen containing reagents in the presence of oxygen
effectively induces blue PL. Both of these findings support the hypothesis that a
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nitrogen defect or impurity site provides a mechanism of the blue emission. While
the exact identity of the nitrogen containing surface species remains unknown, it is
clear the reactivity of Si-H surfaces must be considered when preparing
luminescent Si NCs. Ongoing studies are aimed at identifying the emissive center
and exploring methods to tailor its optical response. A p-type doping-like effect,
manifested by a shift of the band-edge toward lower energies, is found to take place
upon surface functionalization with allylamine and NH4Br. These behaviors may
be attributed to the combined effects of the electrical dipole of the ligands and
charge transfer between them and the NC.
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Chapter 6:
Tunable Photoluminescence from Silicon
Nanocrystals
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6.1 Introduction
Silicon (Si) is a material that has dominated the field of microelectronics1-5
for quite some time, but when it comes to photonic devices it has had little impact
due to its poor light emitting properties.6 However, nano-structured Si has shown
some promise in the development of light-emitting devices due to its surprising
luminescence properties; these characteristics were initially observed in porous Si,713

and more recently in Si nanocrystals (NCs).14-17 Nano-crystalline Si (with particle

size above 1.3 nm) has an indirect band gap, rendering the emission of light from
the material relatively inefficient as significant amount of energy is often lost in the
form of phonons in order to conserve the momentum.8 The indirect nature of the
band gap also leads to longer excited state lifetimes ( ms - µs) and lowers the
probability of radiative recombination.18-20 This decreases the quantum yield of the
photoluminescence (PL) arising from the band gap transition in Si-NCs, compared
to the direct gap III-V21-23 and II-VI24-26 semiconductors.
Over the last decade, doping of Si-NCs with shallow impurities has been
explored as a potential route to enhance the PL properties. Si-NCs have been doped
or co-doped with phosphorus, boron, nitrogen, and hydrogen atoms.27-39 While,
researchers initially observed improvement in PL properties of phosphorus and
boron doped Si-NCs, it quickly became evident that the enhancement was sensitive
to dopant concentrations, fabrication methods, and location of the dopant atoms.4042

These factors are not easily controlled, hence doping does not offer a

straightforward method to improve the optical properties of Si-NCs.
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It is becoming increasingly evident that surface states and interfacial defects
play crucial roles in determining the optical properties of Si-NCs.6 As discussed in
the previous Chapter, high energy blue PL can originate from nitrogen- and oxygenbased surface states.43,44 Emissions of this type exhibit short-lived excited states
and often exhibit higher photoluminescent quantum yields. Surface engineering can
offer a means of creating brighter Si-NCs with tunable PL and faster lifetimes.
While some reports of plasmonic enhancement of Si-NC PL have appeared,45,46 no
reports have described a systematic effort to alter the surface groups to tune the PL
maximum have appeared.
In this Chapter, the Si-NCs with an average diameter of ~ 3 nm passivated
with various different functional groups have been synthesized. The PL has been
tuned across the visible spectrum through the incorporation of various functional
groups without altering the particle size. The excited state lifetimes of all surface
emitting Si-NCs are short lived (nanosecond) and the emission is brighter than those
reported for Si-NCs emitting from a quantum confined band gap state.

6.2 Experimental
6.2.1 Materials.
Hydrogen silsesquioxane (HSQ) was purchased from Dow Corning Corporation
(Midland, MI) as FOx-17. 1-Dodecene (97%, Sigma-Aldrich), trioctylphosphine
oxide (TOPO, 97%, Sigma-Aldrich), phosphorus pentachloride (PCl5, 98%, SigmaAldrich), dodecylamine (98%, Sigma-Aldrich), diphenylamine (99%, Sigma186

Aldrich), hydrofluoric acid (HF, 49%, J. T. Baker), toluene (ACS grade, BDH),
anhydrous toluene (Sigma-Aldrich), methanol (MeOH, ACS grade, SigmaAldrich), and ethanol (EtOH, ACS grade, Sigma-Aldrich) were used without
further purification.
6.2.2 Syntheses of oxide embedded Si-NCs.
Established literature procedures were used to prepare oxide-embedded silicon
nanocrystals (Si-NC/SiO2).47 Briefly, solid HSQ (ca. 3 g) was placed in a quartz
boat and transferred to a Lindberg Blue tube furnace and heated from ambient to a
peak processing temperature of 1100 °C at 18 °C min–1 in a slightly reducing
atmosphere (5% H2/95% Ar). The sample was maintained at the peak processing
temperature for 1 hour. Upon cooling to room temperature, the resulting amber
solid was ground into a fine brown powder using an agate mortar and pestle. This
yields oxide embedded Si-NCs with an average diameter of ca. 3 nm (composite
[1]). To make larger particles, 0.5 g of composite [1] was transfered to a high
temperature furnace (Sentro Tech Corp.) for further thermal processing under argon
atmosphere. The composite was heated to 1200 °C at 10 °C/min and maintained at
that temparature for an hour and cooled to room temperature. This yielded
composite [2] with average Si-NC diameter of ca. 5nm embedded in silica matrix.
6.2.3 Synthesis of hydride terminated Si-NCs.
Freestanding hydride terminated Si-NCs liberated from the oxide matrix via
hydrofluoric acid etching. Approximately 0.25 g of Si-NC/SiO2 composite was
transferred to a Teflon® beaker and 3 mL of DI water, EtOH, and 49% HF acid
were added to the beaker with stirring in subdued light. (Caution: Hydrofluoric
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acid can be extremely dangerous and must be handled with great care.) The
resulting dark brown, cloudy mixture was stirred for one hour. Hydrophobic
hydride terminated Si NCs were extracted from the aqueous etching mixture using
three 20 mL toluene extractions. The remaining aqueous solution was colourless
and transparent. All remaining HF was neutralized using an excess of aqueous
saturated solution of calcium chloride. The cloudy dark brown Si NC/toluene
extracts were placed into glass test tubes and centrifuged using a low speed (7000
rpm) centrifuge for 5 minutes. After centrifugation, the toluene supernatant was
decanted leaving a precipitate of hydride terminated Si-NCs. No effort was made
to keep the particles under inert atmosphere during the extraction and centrifuging
steps.
6.2.4 Synthesis of dodecyl functionalized Si-NCs under inert atmosphere.
Hydride terminated Si-NCs (obtained from composite [1]) were re-dispersed in 50
mL of 1-dodecene, and transferred into an oven dried Schenk flask. The cloudy
brown suspension was degassed using three vacuum pump cycles and maintained
under a dry argon atmosphere. The flask was placed in a silicone oil bath and heated
to 190 C for 15 hours. After reaction, a transparent orange-brown solution was
obtained consistent with effective functionalization. The reaction mixture was
divided equally between four 50 mL PTFE centrifuge tubes. NCs were precipitated
using a 3:1 mixture of EtOH:MeOH (20 mL). Particles were centrifuged at 14000
rpm for 20 min using a Beckman J2-21 high-speed centrifuge, followed by
decanting of the supernatant. Three dissolution/precipitation/centrifugation cycles
were performed using a toluene/MeOH/EtOH mixture (1:3:1). After the final
188

precipitation, the functionalized Si NCs were dispersed in toluene, filtered through
a hydrophobic PTFE filter, and stored in a glass vial until further use.
6.2.5 Synthesis of dodecyl functionalized Si-NCs in air.
Hydride terminated Si-NCs (obtained from composite [1]) were re-dispersed in 5
mL of 1-dodecene and 25 mL toluene. The reaction mixture was refluxed at 110 oC
for 12 hours. After reaction, a transparent orange-brown solution was obtained
consistent with effective functionalization. The reaction mixture was divided
equally between four 50 mL PTFE centrifuge tubes. NCs were precipitated using a
3:1 mixture of EtOH:MeOH (20 mL). Particles were centrifuged at 14000 rpm for
20 min using a Beckman J2-21 high-speed centrifuge, followed by decanting of the
supernatant. Three dissolution/precipitation/centrifugation cycles were performed
using a toluene/MeOH/EtOH mixture (1:3:1). After the final precipitation the
functionalized Si NCs were dispersed in toluene, filtered through a hydrophobic
PTFE filter, and stored in a glass vial until further use.
6.2.6 Synthesis of trioctylphosphine oxide (TOPO) Si-NCs.
Hydride terminated Si-NCs were redispersed in 50 mL toluene containing 2.0 g of
TOPO. The reaction mixture was stirred for 8 hours under ambient conditions. A
clear orange solution was obtained after completion of the reaction and was stored
in a glass vial until further use.
6.2.7 Reaction of carbon dioxide (CO2) with Si-NCs.
Hydride terminated Si-NCs (obtained from composite [1]) were dispersed in 10 mL
dry toluene and transferred to a 100 mL Bergoh high pressure steel reactor
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maintained under Ar atmosphere. The reaction flask was evacuated and filled with
10 bar CO2. This was followed by heating at 150 oC for 3 hours. The reaction flask
was cooled to room temperature and the pressure was released. The reaction
mixture consisted of yellow solution containing soluble particles and an orange
precipitate. The precipitate was removed via centrifugation at 8000 rpm. The
supernatant was collected and filtered through a hydrophobic PTFE filter, and
stored in a glass vial until further use.
6.2.8 Synthesis of dodecylamine functionalized Si-NCs.
Hydride terminated Si-NCs (obtained from composite [2]) were dispersed in 5 mL
anhydrous toluene and transferred to a Schlenk flask containing 15 mL anhydrous
toluene. 0.35 g of PCl5 was added to the hydride Si-NCs and stirred together for an
hour at 40 oC under Ar atmosphere. Toluene and byproduct PCl3 were removed in
vacuo and an orange precipitate was left behind. 15 mL of anhydrous toluene was
added to the reaction flask, followed by 0.25 g of dodecylamine. The reaction
mixture was heated at 40 oC for 8 hours under an Ar atmosphere. The flask was
cooled to room temperature and the clear light yellow solution was transferred to a
separatory funnel and washed with distilled water thrice to remove excess
dodecylamine and hydrochloride salt. The toluene layer was filtered through a
hydrophobic PTFE filter, and the particles were stored in a glass vial until further
use.
6.2.9 Synthesis of diphenylamine functionalized Si-NCs.
Hydride terminated Si-NCs (obtained from composite [2]) were dispersed in 5 mL
anhydrous toluene and transferred to a Schlenk flask containing 15 mL anhydrous
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toluene. 0.35 g of PCl5 were added to the hydride Si-NCs and the mixture was
stirred for an hour at 40 oC under Ar atmosphere. Toluene and byproduct PCl3 were
removed in vacuo and an orange precipitate was left behind. 15 mL of anhydrous
toluene was added to the reaction flask, followed by 0.30 g of diphenylamine. The
reaction mixture was heated at 40 oC for 8 hours under Ar atmosphere. The flask
was cooled to room temperature and the clear light brown solution was transferred
to a separatory funnel and washed with distilled water thrice to remove the
hydrochloride salt. Excess diphenylamine was removed via crystallization at -20 oC
and the crystals were removed by vacuum filtration. The particles were filtered
through a hydrophobic PTFE filter, and stored in a glass vial until further use.
6.2.10 Fourier Transform Infrared Spectroscopy (FTIR)
Fourier Transformation Infrared Spectroscopy (FT-IR) were performed using a
Nicolet Magna 750 IR spectrometer. The samples were drop-coated on a Si wafer
from the respective solutions.
6.2.11 Transmission Electron Microscopy (TEM)
Transmission Electron Microscopy (TEM) images were obtained using a JOEL2012 (LaB6 filament) electron microscope with an accelerating voltage of 200 kV.
TEM samples were prepared by drop coating freestanding Si NC suspension onto
a carbon coated copper grid with a 400 µm diameter hole. The NC size was
averaged over 200 particles, which were determined using Image J software
(version 1.45).48
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6.2.12 Photoluminescence Spectroscopy
Photoluminescence (PL) spectra of the solution phase samples were acquired using
a Varian Cary Eclipse Fluorescence Spectrometer with a slit width of 5 nm.
6.2.13 Photoluminescence Lifetime measurements. Note: These measurements
were performed by the Hegmann Group, University of Alberta.
Nanosecond (ns) lifetime measurements were performed using an excitation pulse
of a 400-nm second harmonic signal from a BBO crystal pumped by 800-nm pulses
from Ti:Sapphire laser (RegA900 with 65 fs pulse width and 250 kHz repetition
rate) with average excitation power of 1.83 mW. For microsecond carrier
recombination lifetime measurements, a 1 kHz frequency-doubled 400nm pulses
from another Ti:Sapphire laser (Legend Elite, 45 fs pulse width) were used to excite
the PL at an average excitation power of 4.5 mW. A fast silicon photodiode
(Thorlabs, PDA36A rise time 20.6 ns) coupled to a 300 MHz oscilloscope
(Tektronix) was used to measure the microsecond carrier recombination lifetime.
The photodiode was placed perpendicular to the excitation pulses and a bandpass
filter (Edmund Optics) was used to select a particular emission wavelength. The
fittings were performed using OriginPro 9.1 software.49
6.2.14 X-ray Photoelectron Spectroscopy (XPS)
XPS analyses were performed using a Kratos Axis Ultra instrument operating in
energy spectrum mode at 210 W. The base pressure and operating chamber pressure
were maintained at 10-7 Pa. A monochromatic Al Kα source (λ = 8.34 Å) was used
to irradiate the samples, and the spectra were obtained with an electron takeoff
angle of 90°. To minimize sample charging, the charge neutralizer filament was
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used when required. Survey spectra were collected using an elliptical spot with
major and minor axis lengths of 2 and 1 mm, respectively, and 160 eV pass energy
with a step of 0.33 eV. CasaXPS software (VAMAS) was used to interpret highresolution (HR) spectra. All of the spectra were internally calibrated to the C 1s
emission (284.8 eV). After calibration, the background was subtracted using a
Shirley-type background to remove most of the extrinsic loss structure. The full
width at half maximum (FWHM) for all the fitted peaks was maintained below 1.2
eV.
6.2.15 Scanning Tunneling Microscopy (STM). Note: These measurements were
performed by the Millo group, Hebrew University.
For STM measurements, NCs were spin cast from a toluene solution onto
atomically flat flame-annealed Au substrates. All measurements were performed at
room temperature, using Pt-Ir tips. Tunneling current-voltage (I-V) characteristics
were acquired after positioning the STM tip above individual NCs, realizing a
double barrier tunnel junction (DBTJ) configuration50 and momentarily disabling
the feedback loop. In general, care was taken to retract the tip as far as possible
from the NC, so the applied tip-substrate voltage would fall mainly on the tip-NC
junction rather than on the NC-substrate junction whose properties (capacitance and
tunneling resistance) are determined by the layer of organic capping ligands that
cannot be modified during the STM measurement. This protocol minimizes the
voltage division induced broadening effects, and thus the measured gaps
correspond well to the real SC gaps.51-53 The dI/dV-V tunneling spectra,
proportional to the local tunneling DOS, were numerically derived from the
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measured I-V curves. We have acquired the topographic images and tunneling
spectra (on the NCs) with bias and current set-values of Vs  1.2-1.5 V and Is  0.10.3 nA. The first is to ensure tunneling above the band edge and the other was the
lowest value that still allowed acquisition of smooth tunneling spectra.

6.3 Results and Discussion
6.3.1 Dodecyl functionalized Si-NCs under inert atmosphere.
As discussed in detail in Chapter 5, oxide-embedded Si-NCs were obtained
via disproportionation of HSQ at high temperature (1100 oC). Hydride terminated
Si-NCs were obtained by the removal of the oxide matrix upon treating it with HF
acid solution. Since the hydride terminated Si-NCs are prone to oxidation, they
were protected with alkyl groups via thermally induced hydrosilylation using
established literature procedures (Scheme 6-1).54 The FT-IR spectrum (Figure 61) shows C - H stretch at ca. 2900 cm-1 and no evidence of Si - H (ca. 2100 cm-1)
or Si - O - Si (ca. 1100 cm-1) was observed.
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Scheme 6-1. Schematic representation of synthesis of alkyl functionalized Si-NCs
in inert atmosphere.

Figure 6-1. FT-IR spectrum of dodecyl functionalized Si-NCs under inert
atmosphere.
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Figure 6-2 shows the bright field TEM image of the dodecyl functionalized
Si-NCs. The average diameter of the NCs was found to be 3.6 ± 0.6 nm.

Figure 6-2. (A) Bright field TEM image of dodecyl Si-NCs functionalized under
inert atmosphere. (B) Particle size distribution.

The PL response of these Si-NCs shows a red emission centered at ca. 750
nm (Figure 6-3) with an excited state lifetime in microsecond range (i.e., 19 µs),
consistent with a band gap emission.19 These alkyl terminated NCs will be used as
a baseline band gap emission standard for comparison with NCs emitting from
surface states.
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Figure 6-3. PL spectrum of dodecyl Si-NCs functionalized under inert atmosphere
(λex = 350 nm).

6.3.2 Dodecyl functionalized Si-NCs in air.
In this method of functionalization, hydrosilylation was carried out in air at
110 oC. Under these conditions, oxygen acts as a radical initiator thus allowing the
reaction to occur at temperatures lower than 190 oC.55 Oxygen also reacts with the
Si-NC surface leading to partial oxidation (Scheme 6-2).

Scheme 6-2. Schematic representation of alkyl functionalization of Si-NC surface
in air.
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The oxidation is evident from the FT-IR spectrum (Figure 6-4) where a
significant Si-O-Si stretch is observed at ca. 1100 cm-1. The alkane C-H stretch is
observed at ca. 2870 cm-1, however the alkene peaks, =C-H at ~ 3050 cm-1 and C=C
at ~1600 cm-1 are not observed after functionalization.56 Complete reaction of all
silicon hydride surface groups with either dodecene or oxygen is confirmed by the
absence of Si - H stretch at ~ 2100 cm-1.

Figure 6-4. FT-IR spectrum of dodecyl Si-NCs functionalized in air.

Oxidation of the Si surface is further confirmed from XPS analysis (Figure
6-5). The high resolution Si 2p spectrum shows peaks at 100.1, 101 and 101.8 eV
corresponding to Si(I), Si(II) and Si(III) oxidation states, respectively.46 The
presence of Si(0) is confirmed by the presence of peak at 99.2 eV.
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Figure 6-5. High resolution XP spectrum of Si 2p region for dodecyl Si-NCs
functionalized in air. For clarity only Si 2p3/2 peaks are shown.

Figure 6-6. (A) Bright field TEM image of dodecyl Si-NCs functionalized in air.
(B) Particle size distribution.

The TEM analysis of the Si-NCs yielded an average diameter of 3.7 ± 0.4
nm (Figure 6-6).
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Figure 6-7. (A) PL spectrum of dodecyl Si-NCs functionalized in air (λex = 350
nm). (B) Long-lived excited state lifetime of dodecyl Si-NCs with  = 40 µs. (C)
Short-lived excited state lifetimes of dodecyl Si-NCs with  = 5 ns. Red line
corresponds to the fitted data.

The PL spectrum showed significant blue-shift with the maximum centered
at ca. 630 nm (Figure 6-7A) compared to the dodecyl Si-NCs synthesized under
inert atmosphere. A shoulder peak is observed at ca. 720 nm. It is possible this peak
corresponds to the emission from the band gap transition. The photoluminescent
lifetime measurements afford both a long (40 µs) and short (5 ns) lived excited state
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(Figure 6-7B). The short lived excited state and blue-shifted PL can be attributed
to the presence of Si=O defect state.57

6.3.2 TOPO Si-NCs.
Hydride terminated Si-NCs were reacted with TOPO to yield oxidized SiNCs. The particles are further coordinated to TOPO molecules which renders them
soluble in organic solvents (Scheme 6-3).

Scheme 6-3. Reactivity of hydride terminated Si-NCs with excess TOPO.

Molecular silanes are known to reduce phosphine oxides to their parent trisubstituted phosphine.58,59 Similarly, it is believed the hydride on Si-NC surface
reduces TOPO to trioctylphosphine (TOP). However, the reaction is carried out in
air and this leads to the oxidation of the freshly formed TOP back to TOPO
(Scheme 6-4).60 In this redox reaction, the Si hydride surface is oxidized but the
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exact nature of Si-O bonding environment remains unclear. It is possible that
combination of bridging Si-O-Si, silanol Si-O-H, and Si=O species are present.

Scheme 6-4. Schematic representation of reactivity of Si hydride surface with
TOPO.

Figure 6-8 shows the FT-IR spectra of neat TOPO and TOPO Si-NCs. In
both spectra, P=O stretching at ca. 1120 cm-1, C-H stretches ca. 2870, 1470, and
1370 cm-1 are observed. A weak Si-O stretch is observed in TOPO Si-NC sample
at 1080 - 1040 cm-1 consistent with the presence of oxide.56 The oxidation of the
particles is more evident from XPS analysis. The high resolution XP spectrum of
Si 2p region shows Si(I) and Si(II) peaks ca. 100 and 100.8 eV, respectively (Figure
6-9).46 The Si(0) peak is at 99 eV confirming the particles are not completely
oxidized when freshly prepared. However, the TOPO Si-NCs oxidize over time and
is discussed later.
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Figure 6-8. FT-IR spectra of neat TOPO and hydride terminated Si-NCs reacted
with TOPO.

Figure 6-9. High resolution XP spectrum of Si 2p region of TOPO Si-NCs. For
clarity only Si 2p3/2 peaks are shown.
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The bright field TEM image shows Si-NCs with average diameter of 3.1 ±
0.5 nm, however the quality of the image is poor due to the presence of large excess
of organic ligand (Figure 6-10). Attempts to remove the excess TOPO via selective
precipitation and low temperature crystallization were unsuccessful leading to
agglomeration and precipitation of the Si-NCs.

Figure 6-10. (A) Bright field TEM image of TOPO Si-NCs. (B) Particle size
distribution.

Upon excitation at 350 nm, TOPO Si-NCs emit yellow with a PL maximum
centered at 590 nm. A shoulder peak is observed at 700 nm, however its origin
remains unclear. In light of the obvious complexities, caution must be exercised
when interpreting structure in Si-NC PL spectra. It is possible that the emission
peak shape is manifestation of the particle size distribution or emission from
different surface states. The excited state lifetime consisted of two components with
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 = 0.68 ns and  = 5.20 ns (Figure 6-11). The origin of ultra fast lifetime (i.e., 0.68
ns) is unclear but the 5.20 ns lifetime is consistent with the Si=O defect state.57 No
microsecond components were observed in the lifetime measurements consistent
with the PL originating solely from the defect states.

Figure 6-11. (A) PL spectrum of TOPO Si-NCs (λex = 350 nm). (B) Excited state
lifetime of TOPO Si-NCs.

Single particle STM studies were performed on ca. 3 nm diameter dodecyl
and TOPO Si-NCs.44 The STM determined band gaps are shown in Figure 6-12.
Dodecyl and TOPO Si-NCs exhibit similar density-of-states (DOS). The effect of
quantum confinement was observed for TOPO Si-NCs (Figure 6-13) with
increasing particle size yielding a decrease in the band gap. This suggests that the
measured energy-gaps are independent of the oxygen related defects.
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Figure 6-12. Tunneling spectra measured for ~ 3 nm dodecyl and TOPO Si-NCs.

Figure 6-13. Tunneling spectra for 3 nm, 6 nm, and 9 nm TOPO Si-NCs.
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The oxidation process is dynamic and slowly continues in the TOPO SiNCs. Its effect on the PL was monitored over a year. Initially a slight blue-shift in
the PL maximum is observed, followed by quenching of the PL (Figure 6-14). This
observation can be attributed to a decrease in the Si-NC core size followed by
complete conversion to SiO2 and removal of Si=O defect sites. Supporting this
interpretation of the PL data, X-ray photoelectron spectroscopy (XPS) analysis of
these samples show a general increase in oxidation as the Si 2p peak shifts toward
higher binding energies with increasing time (Figure 6-15).

Figure 6-14. Evolution of the PL spectra of 3 nm TOPO Si-NCs over one year (λex
= 350 nm). The spectra were collected for a freshly prepared sample, and then after
2, 4, 6, 8, 10 and 12 months.
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Figure 6-15. High resolution XP spectra of Si 2p region for TOPO Si-NCs at
various intervals over a year.

6.3.4 Dodecylamine Si-NCs.
Amine functionalized Si-NCs were prepared by reacting chloride
terminated Si-NCs with dodecylamine under mild heating (40 oC) as summarized
in Scheme 6-5. The chloride particles were synthesized by reacting hydride
terminated Si-NCs with PCl5.62 Relatively larger (~ 5 - 6 nm) hydride terminated
Si-NCs were used for this reaction as PCl5 is known to etch away the Si surface.63
After the chlorination of Si surface, no effort was made to isolate the particles and
the reaction with dodecylamine was carried out in situ.
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Scheme 6-5. Schematic representation of synthesis of dodecylamine functionalized
Si-NCs.

The FT-IR spectra of neat dodecylamine and Si-NCs functionalized with
dodecylamine are shown in Figure 6-16. Characteristic N-H stretches (ca. 3300 3100 cm-1 and 1600 cm-1) are observed in neat dodecylamine but are absent from
the Si-NC spectrum consistent with amine group reacting with silicon chloride. The
C-H stretches from the alkyl chain are observed at ca. 2900 and 1470 cm-1 in neat
dodecylamine and functionalized Si-NCs. Partial oxidation of Si-NCs is evidenced
by the presence of Si-O-Si stretch ca. 1120 cm-1.56 The high resolution XP spectrum
of Si 2p region shows two distinctive peaks corresponding to Si(0) core atoms with
peak at 98.8 eV and surface Si atoms attached to either N or O with peak at 102 eV.
The N 1s region can be fit to two peaks. The peak at 397.8 eV is characteristic of
bridging nitrogen atoms (Si-N-Si). The chemical species responsible for the
emission at 399.5 eV is unclear, but can be tentatively assigned to Si-N-O type of
species (Figure 6-17).43
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Figure 6-16. FT-IR spectra of (A) neat dodecylamine and (B) dodecylamine
functionalized Si-NCs.

Figure 6-17. High resolution XP spectrum of (A) Si 2p region and (B) N 1s region
for dodecylamine functionalized Si-NCs.
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The average particle size for dodecylamine functionalized Si-NCs was
found to be 4.1 ± 0.5 nm from TEM analysis (Figure 6-18).

Figure 6-18. (A) Bright field TEM image of dodecylamine Si-NCs. (B) Particle
size distribution.

Optical

properties

of

dodecylamine

functionalized

Si-NCs

were

investigated and they exhibit properties very similar to the amine NCs discussed in
Chapter 5. The NCs emit blue color and the excited state lifetimes were found to be
on the order of 6.46 ns (Figure 6-19). Solvatochromic studies were performed to
determine if a charge transfer process was responsible for blue emission similar to
previous observations. There was a slight red-shift in the PL maximum with
increasing polarity of the solvent (Figure 6-20) consistent with the blue PL
originating from a charge transfer state involving nitrogen, oxygen and silicon
atoms.43,64
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Figure 6-19. (A) PL spectrum of dodecylamine Si-NCs (λex = 350 nm). (B) Excited
state lifetimes of dodecylamine Si-NCs with  = 6.46 ns.

Figure 6-20. PL maxima of dodecylamine Si-NCs vs. solvent polarity index. The
Si-NC concentration was 0.5 mg/mL and the excitation wavelength was 350 nm.

212

6.3.5 Diphenylamine Si-NCs.
Recently, Li et al. reported green luminescent diphenylamine functionalized
Si-NCs.65 These NCs were prepared via reduction of SiCl4 to yield chloride
terminated Si-NCs. They further reacted with diphenylamine in situ to give the
desired product. The authors reported oxygen was crucial to observing the green
PL with nanosecond (5 ns) lifetimes. A similar reaction was explored for the
chloride terminated Si-NCs obtained from PCl5 reaction. The chlorination of Si
surface was performed by reacting 5 - 6 nm hydride Si-NCs with PCl5 followed by
reaction with diphenylamine (Scheme 6-6).

Scheme

6-6.

Schematic

representation

of

synthesis

of

diphenylamine

functionalized Si-NCs.

The FT-IR spectra of neat diphenylamine and diphenylamine functionalized
Si-NCs are shown in Figure 6-21. The N-H stretch ca. 3400 cm-1 disappears after
functionalization. The aromatic C-H stretches are observed at ca. 3050 and 1000 -
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700 cm-1 and C=C stretches at ca. 1600 - 1400 cm-1 in both spectra. A weak broad
stretch is observed at ca. 1040 cm-1 that can be assigned to Si-O-Si stretch.56

Figure 6-21. FT-IR spectra of (A) neat diphenylamine and (B) diphenylamine
functionalized Si-NCs.

The high resolution XP spectrum of Si 2p region shows two peaks
corresponding to Si(0) core at 98.9 eV and surface Si attached to N and O atoms
with a peak centered at 101.4 eV (Figure 6-22). The N 1s region can be fitted to
three peaks corresponding to Si-N-Si (398 eV), Si-N-O (399.6 eV), and free
diphenylamine (400.8 eV).43 The average Si-NC size was found to be 3.9 ± 0.5 nm
(Figure 6-23) from TEM analysis.
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Figure 6-22. High resolution XP spectra of (A) Si 2p and (B) N 1s region of
diphenylamine functionalized Si-NCs.

Figure 6-23. (A) Bright field TEM image of diphenylamine Si-NCs. (B) Particle
size distribution.
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Diphenylamine functionalized Si-NCs emit green light (Figure 6-24),
which is red-shifted compared to the emission from alkyl-amine stabilized Si-NCs.

Figure 6-24. PL spectrum of diphenylamine Si-NCs (λex = 350 nm).

6.3.6 CO2 reactions with Si-NCs.
Hydride terminated Si-NCs were reacted with CO2 at high pressure (10 bar)
and 150 oC for 3 hours to yield acetal stabilized particles as shown in Scheme 6-7.
At longer times (> 12 hours), the reaction continues further to yield formaldehyde
and oxide coated Si-NCs. Previously, CO2 has been converted to methanol using
silanes as the reducing agents.66,67 However these reactions were catalyzed by
carbenes or ammonia-borane complexes. In the current study, the reduction of CO2
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occurs in the absence of an external catalyst, however a minimum temperature of
150 oC and 10 bar pressure are required.

Scheme 6-7. Reaction of hydride terminated Si-NCs with CO2.

Figure 6-25 shows the FT-IR spectra of Si-NCs at various stages of the
reaction. The Si-H stretches ca. 2100 and 920 cm-1 can be seen in freshly prepared
hydride terminated Si-NCs. After 3 hours, C-H stretch ca. 2920 cm-1 and C-O, SiO-C, Si-O-Si stretches between 1300 - 1080 cm-1 appear. After 12 hours the Si-NCs
precipitate from the reaction mixture due to complete surface oxidation and the IR
of this solid a predominate spectral feature corresponding to Si-O-Si stretching at
ca. 1100 cm-1. A weak C-H stretch is also observed at 2900 cm-1.56 The acetal
stabilized Si-NCs have an average diameter of 3.4 ± 0.5 nm as determined from
TEM analysis (Figure 6-26).
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Figure 6-25. FT-IR spectra of (A) hydride terminated Si-NCs, (B) hydride Si-NCs
after reacting with CO2 for 3 hours, and (C) hydride Si-NCs after reacting with CO2
for 12 hours.

Figure 6-26. (A) Bright field TEM image of acetal Si-NCs. (B) Particle size
distribution.
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The high resolution XP spectrum of Si 2p region for acetal Si-NCs show,
Si(0), Si(I), Si (II), and Si(IV) oxidation states with peaks at 98.8, 100.3, 101.4, and
103.5 eV, respectively (Figure 6-27).46

Figure 6-27. High resolution XP spectrum of Si 2p region for acetal Si-NCs. For
clarity only 2p3/2 peaks are shown.

The acetal Si-NCs emit in the blue-green visible spectral region with a PL
maximum at 480 nm (Figure 6-28A). The excited state lifetime analysis showed a
double exponential decay, with values of 1.42 and 5.40 ns (Figure 6-28B).
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Figure 6-28. (A) PL spectrum of acetal Si-NCs (λex = 350 nm). (B) Excited state
lifetimes of acetal Si-NCs.

Figure 6-29. PL maxima of acetal Si-NCs vs. solvent polarity index. The Si-NC
concentration was 0.4 mg/mL and the excitation wavelength was 350 nm.
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Similar emission has been reported by Green et al.68 and Manhat et al.69
from carboxylate functional groups on Si surfaces. These emissions are believed to
originate from a charge transfer process. Solvatochromism studies were performed
to confirm this and the PL maximum red shifts with increasing polarity of the
solvent (Figure 6-29) as expected.
After 12 hours of reaction, a brown precipitate was obtained from reaction
mixture that emits orange color (Figure 6-30). The emission likely originates from
oxide defect states.70 SEM imaging shows agglomerated NCs consistent with oxide
cross-linking (Figure 6-31) of the NCs.

Figure 6-30. PL spectrum of oxide coated Si-NCs obtained from reacting hydride
terminated Si-NCs with CO2 for 12 hours.
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Figure 6-31. SEM image of the precipitate obtained from reacting hydride
terminated Si-NCs with CO2 for 12 hours.

6.3.7 Summary of the PL from surface modified Si-NCs.
All the Si-NCs prepared for this study had an average particle diameter
between 3 - 4 nm. According to the effective mass approximation (EMA) theory,
these particles should emit between 750 and 900 nm and have a microsecond
lifetime, given the emission results from band gap transition.71

However, only

dodecyl Si-NCs functionalized under inert conditions behave according to EMA
predictions. The Si-NCs proposed to contain Si=O defect states (i.e., TOPO Si-NCs
and dodecyl Si-NCs functionalized in air) exhibit nanosecond PL lifetimes and a
PL maximum that is blue-shifted when compared to the size dependent EMA
prediction. These NCs do not exhibit a solvatochromic response and the DOS
within their band structure remains unaltered despite the defect-based emission. For
these samples, defect emissions are influenced by the particle size. Alternatively,
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Si-NCs functionalized with alkyl and aryl amines and acetal groups exhibit
photoluminescent response that is independent of the particle size. Emission from
these particles is believed to originate from a surface charge transfer process and
the PL maximum is dependent on solvent polarity (i.e., solvatochromic). These
transitions are also rapid and have nanosecond lifetimes. Figure 6-32 shows the
photograph of 3 - 4 nm Si-NCs with various surface groups under UVilluminations. The NCs of similar sizes emit across the visible spectrum and defect
emissions appear brighter compared to the EMA based PL.

Figure 6-32. Photograph of ~ 3 nm Si-NCs functionalized with various surface
groups, under UV illumination.

6.4 Conclusions
In this Chapter, Si-NCs with various surface protecting groups were
synthesized. The resulting materials exhibited PL across the visible spectrum and
have short-lived excited state lifetimes. This study shows that surface engineering
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can provide a better alternative to tune the optical properties of Si-NCs and
introduces addition degrees of freedom (e.g., excited state lifetime, PL maximum,
etc.) to the tailoring of Si-NC optical response. Throughout these studies it was also
determined that chloride termination on Si-NC surface offers a convenient platform
off of which functional groups may be tethered. Finally, this is the first report
showing reactivity of hydride terminated Si-NCs with CO2 and TOPO.
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Chapter 7:
Conclusions and Future Directions
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7.1 Conclusions.
Inorganic quantum dots have paved the way for numerous advances in both
fundamental and applied sciences.1 While Group II-VI and III-V based quantum
dots have been well studied and their application has been demonstrated across
various disciplines, there is a nascent need for an alternative that is inexpensive,
non-toxic, and abundant. Silicon-based quantum dots have been proposed as a
viable alternative, however their optical properties are not well described by models
typically applied. Solution methods reported to afford silicon nanocrystals (Si-NCs)
do not provide precise control over the NC size or the PL properties. Gas-phase and
solid-state methods provide near monodisperse Si-NCs with size-tunable PL
response, but they require substantial energy input and costly infrastructure.2 The
work presented in this thesis was aimed toward addressing some of these issues.
Chapters 2, 3, and 4 of this thesis detail efforts aimed at mitigating the temperature
requirements necessary for preparing Si-based nanomaterials while Chapters 5 and
6 describe detailed investigations into the roles of various factors contributing to
the optical properties of Si-NCs.
In Chapter 2, various sol-gel copolymers (HSiO1.5)n(RSiO1.5)m (R = C2H5,
C4H9, C6H13, C8H17 and C10H21) were synthesized. The steric bulk of the 'R' group
was increased with the aim of creating a more open oxide network that was
expected to facilitate Si atom diffusion during thermal treatment at lower
temperatures (i.e., < 1100 oC). Unfortunately, incorporating bulkier 'R' groups led
to substantial concentrations of carbon impurities and inhibits formation of Si-NCs.
In fact, at the highest C content processing these precursors yielded carbon
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encapsulated SiO2 clusters and SiC NCs were formed. Another approach to
lowering the processing temperature involved addition of salts to the sol-gel
polymer that were intended to lower the softening temperature of the silica matrix.
It was determined that AlCl3 hydrolyses and copolymerizes with HSiCl3 to form a
sol-gel copolymer. Upon thermal treatment this copolymer yields Si-NCs
embedded within an aluminosilicate matrix. This process allowed for formation of
Si-NCs at lower temperature (ca. 700 oC) presumably due to softening of the
aluminosilicate matrix; however, freestanding NCs could not be isolated using
standard etching procedures.
Chapter 3 examines the magnesiothermic reduction process and its
application to the synthesis of Si nano- and microparticles starting from Stӧber
silica. The reaction was carried out at temperatures as low as 500 oC. The resulting
particles were porous because of localized shrinking of the structure as a result of
loss of oxygen atoms from the silica matrix. Mechanistic studies also suggest that
the reduction occurs via migration of O atoms to Mg. Magnesiothermic reduction
was further extended to reduce silica fibers, cubes, rods, films, aerogels, and
commercial MCM-41. The morphology was retained for precursors except aerogels
and MCM-41 which experienced significant structural damage. The generality of
the Mg reduction approach also allows preparation of Si thin films that were tested
as transparent conducting layer in organic light-emitting diodes (OLEDs). While
initial results were promising, further optimization is required to obtain devices
exhibiting better performance metrics.
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The vast utility of the magnesiothermic reduction method was extended and
high purity Si3N4 as well as SiC nanostructures were prepared at temperatures
significantly below what is typically required (Chapter 4).
Phase pure β-Si3N4 particles were prepared by the reaction of silica, urea,
and magnesium at 500 oC. Mechanistic studies revealed that the reaction proceeds
via decomposition of urea to form ammonia that reacts in situ with magnesium to
form Mg3N2. The Mg3N2 then undergoes metathesis with silica to form Si3N4 and
MgO. The resulting particles were highly photoluminescent. SiC particles, rods,
and fibers were prepared by reacting silica, Mg, and C at 600 oC. Mechanistic
studies revealed the reaction proceeds through Mg2C3 which undergoes metathesis
with silica to form SiC and MgO. Both Si3N4 and SiC are attractive materials owing
to their thermal and chemical stability and biocompatibility. This method offers a
convenient route to make phase pure Si3N4 and SiC of any shape at low temperature.
The origin of blue luminescence in Si-NCs prepared via solution phase
methods was investigated and the results are summarized in Chapter 5. It was
established that the presence of trace nitrogen and oxygen impurities leads to blue
luminescence with short-lived excited states. Solvatochromic studies indicate the
PL originates from a charge transfer process involving Si, N, and O centers and that
the optical response is independent of particle size.
Building on the discovery (outlined in Chapter 5) that N-based surface
groups dramatically impact the photoluminescent response of Si-NC, Chapter 6
outlines the functionalization of Si-NCs with various surface groups to yield short-
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lived excited states and PL that spans the visible spectrum. It was discovered that
alkyl amine, acetal, aryl amine, trioctylphosphine oxide, dodecyl (functionalized in
air), and dodecyl (functionalized in Ar) protected Si-NCs emit blue, blue-green,
green, yellow, orange, and red photoluminescence, respectively. This is the first
example where the PL from Si-NCs has been systematically altered across the
visible spectrum via surface groups.

7.2 Future directions.
7.2.1 Synthesis of novel materials.
The Mg reduction approach clearly offers tailoring of Si particle size, shape,
and porosity while also providing a convenient method to prepare large quantities
of material. The scope of the general magnesiothermic and other related reduction
reactions are limited only by the creativity of the researcher. Countless materials
with varied compositions, properties, and morphologies can be achieved through
rational design and synthesis of the oxide precursor. Preliminary experiments
indicate that it is possible to prepare Ge, Sn, and SixGey alloys as well as heretofore
unknown Ge-Si core-shell structures. It can also be used to make various carbides
such as ZrC, TiC, WC, Al4C3 etc. which are typically synthesized via carbothermal
reduction at temperatures between 1500 - 2000 oC.3 These materials are of great
interest as they exhibit exceptional chemical stability and are highly sought out
abrasive materials. To summarize, it is possible to create a library of nanomaterials
in their elemental form, as well as nitrides and carbides of varying size and shape
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using this magnesiothermic reduction process. The materials can be further used
for a variety of applications such as Li-ion batteries, greenhouse gas sequestration,
catalyst supports, templates, nano-reactors, etc.
7.2.2 Biological applications.
Quantum dots have quickly replaced organic dyes in biological analysis
owing to their increased photostability, brightness, and ability to integrate multiple
properties (such as magnetic, optical, therapeutic, etc.) into a single particle.4 While
Si has been proven to be non-toxic, it requires surface functionalization to be
applied in biological systems. Addition of biomolecules such as polysaccharides,
peptides, DNA, RNA, antibodies, etc. enhances the probability of the NC uptake
by the cells and can target specific biological moieties (e.g. tumor cells).5 To date
no straightforward methods have been reported to covalently attach such
biomolecules to Si-NC surface. The chloride surface termination offers a
convenient route to tailoring Si-NC surface chemistry and introduce various surface
groups that add to the NC utility and scope of application. For example, preliminary
investigations involving the attachment of mannose and alanine (Scheme 7-1)
indicate these functionalities render Si-NCs water-soluble while maintaining their
PL response. The mannose functionalized Si-NCs were taken up by mammalian
cancer cells and remain fluorescent, making cell imaging possible (Figure 7-1).
29

Si has been explored as an MRI contrast agent for over half a century.6 By

enhancing the concentration of the

29

Si isotope in Si-NCs, coupled with its

biocompatibility, optical, and photothermal properties, one can create a perfect
nanocarrier with multiple functions.
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Scheme 7-1. Schematic representation of surface functionalization of Si-NC with
mannose and amino acid groups.

Figure 7-1. Fluorescent microscopy image of MCF-7 cells incubated with mannose
functionalized Si-NCs.
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7.2.3 Sensor applications.
The optical response of Si-NCs can be quenched or altered by exposing
them to specific compounds (e.g. nitro-, amine-, ketone- functional groups). This
observation was used to our advantage to develop Si-NC based disposable sensors
to detect nitroaromatic explosives (Figure 7-2).7

Figure 7-2. Images of dodecyl functionalized Si-NC coated filter paper under a
handheld UV-lamp without the presence of nitrocompound and in the presence of
solutions of TNT, PETN, and RDX, respectively.

While currently this procedure is non-selective, by careful modification of
the NC surface one can develop size or functional group specific and ratio-metric
sensors. Addition of surface groups with co-ordination sites would allow the
chelation of metal ions that would trigger a change in optical response of the SiNCs. Such systems can be used for detecting heavy metal ion impurities in
contaminated water, soil, etc.
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7.2.4 Photovoltaic devices.
Quantum dot based light emitting diodes (LEDs) have a very promising
future.8 However, Si quantum dots are not the most attractive candidates given their
long lived excited states, which slows down the switching times in devices.9 The
defect based emissions reported here have short lived excited lifetimes. This
discovery is a major step towards creating environmentally friendly lighting
sources. Also, Si-NC based solar-cells can be fabricated by synthesizing
NC/polymer hetero-structures.10 The surface modification procedures can be
extended to attach interesting polymers to the NC surface. Such structures would
also allow the use of inexpensive fabrication techniques such as inkjet printing or
spray coating. By tuning the NC size one can tune the absorption across the solar
spectrum, generate multiple excitons owing to quantum confinement effect, and
thus effectively increase the device efficiency.11
7.2.5 The blues - completing the story.
While the role of N in blue emission has been established, it does not address
all the reports of blue emitting Si-NCs. Ongoing studies in the Veinot group include
investigation of blue PL originating from chlorine/oxygen-based impurities in SiNCs. Si-NCs with various functional groups derived from chloride-terminated
surfaces (Scheme 7-2) unexpectedly exhibit blue luminescence. Solvatochromic
studies are underway to determine if a charge transfer process is responsible for
these properties. In addition, detailed material analysis is being performed to
determine the nature and concentration of chlorine-based impurities.
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Scheme 7-2. Various blue-emitting Si-NCs derived from chloride terminated SiNCs.

It was also determined that PCl5 effectively etches the Si-NC surface.
Studies are also being done to analyze etching rates under different reaction
conditions. PCl5 reactions may provide a way to perform face-selective etching to
yield interesting morphologies.
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Appendix A: Quantum Yield Measurements.
Quantum yields were determined using methods adapted from the work of
Williams et al.1 9,10-biphenylanthracene in cyclohexane, coumarin 1 in absolute
ethanol, and naphthalene in cyclohexane were used as the reference organic dyes.
The etched silicon based samples were dissolved in toluene. All the organic
solvents were passed through a column of anhydrous magnesium sulfate to remove
any adhering moisture prior to making the solutions. The stock solutions were made
by dissolving 10 mg of the organic dye in the solvent mentioned above and stirred
until the entire solid dissolved. The solutions were then filtered through a
membrane filter (2 µm) to remove suspended impurities and a series of diluted
solutions were made with absorbances ranging between 0.1 and 0.01. PL spectra
were acquired for the exact same solutions and the slit width was maintained at 5 –
10 nm depending on the species. The slopes of integrated fluorescence intensity
versus UV-Vis absorbance were plotted and compared to confirm the quality of the
reference curves. In all cases, the experimentally determined quantum yields were
in good agreement with literature values: 9, 10-biphenylanthracene, 0.9; coumarin
1, 0.73; and naphthalene, 0.23. The etched samples and the reference samples were
excited at the same wavelength and PL was recorded with the same slit width. The
slopes of the integrated PL intensity versus absorbance were found for the etched
samples and the quantum yields were calculated using the following equation:
𝜑𝑥= 𝜑𝑠𝑡 (

𝑚𝑥
𝜂𝑥2
) ( 2)
𝑚𝑠𝑡
𝜂𝑠𝑡

241

where ‘ф’ is the quantum yield, ‘m’ is the slope of the integrated PL versus
absorbance curve and ‘η’ is the refractive index of the solvent. The subscript ‘st’
refers to the standard organic dye while ‘x’ indicates the unknown species to be
calculated.
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Appendix B: Scherrer Equation for Particle Size Determination.
In 1918, Paul Scherrer proposed a method to estimate crystallite sizes from
monochromatic incident radiation, using the equation:1

𝐵(2𝜃) =

𝐾𝜆
𝐿 𝑐𝑜𝑠𝜃

where B is the value of full width at half maximum (FWHM) of the peak in radians,
K is a shape factor constant with a value of 0.9, λ is the wavelength of the X-ray, L
is the size of the crystallite, and θ is the Bragg angle. The peak width (B) is inversely
proportional to the crystallite size (L).
The peaks chosen for the Scherrer analysis are typically between 30 and
60o.2 The peaks below 30o compromise the analysis due to peak asymmetry, while
peaks above 60o are typically too broad and close to the baseline to obtain quality
FWHM measurements. If possible multiple peaks are analyzed and the final value
is obtained by averaging the 'L' value obtained from each peak. An example is
provided below, where Si-NC (obtained from heating HSQ at 1200 oC) size is
estimated using Scherrer analysis. In this example, the (220) and (331) peaks are
used.
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λ = 0.154 nm
B1 = 0.02618 radians

B2 = 0.02670 radians

θ1 = 23.875o

θ2 = 28.269o

L1 = 5.82 nm

L2 = 5.99 nm

L = (L1 + L2)/2 = 5.90 nm
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