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Abstract 

As one of the most commonly applied semiconductors, nanostructured silicon 

has received considerable attention over the past several decades due to its 

suitable band gap for light harvesting (1.2 eV for bulk crystal and up to 1.9 eV for 

nanocrystals), unique tunable photoluminescence (PL) and high biocompatibility 

and low toxicity.  Significant effort has been made to fabricate and optimize 

silicon nanocrystal (SiNC) based devices.  However, numerous important 

fundamental questions still remain.  Therefore, this thesis mainly focuses on the 

elucidation of several fundamental research topics in the SiNC area, including 

nanocrystalline morphology control and evolution, surface functionalization and 

corresponding optical response of SiNCs, as well as the synthesis of 

particle/polymer hybrid materials.   

 The thesis starts with an introduction about physical and chemical properties 

of SiNCs, general synthetic approaches, the present strategies of morphology 

control, as well as numerous surface modification approaches.  Then details of a 

convenient method for preparing alkyl-functionalized silicon nanocubes are 

provided in Chapter Two with discussions about the mechanism of the particle 

size and shape control.  Chapter Three focuses on the “one-pot” synthesis of 

homogenous SiNC/polystyrene hybrid materials.  Also, three prototype 

micro/nano structures were fabricated for the demonstration of the utility of 



material hybrid characteristics such as bright photoluminescence (PL), high 

solvent processability and chemical stability.  In Chapter Four, surface 

functionalization of SiNCs via thermally induced hydrosilylation is reexamined.  

The successful ligand functionalization processed at various temperatures under 

air atmosphere and the formation of ligand oligomers on SiNCs were noticed.  

These strongly suggest that an alternative mechanism exists to promote low 

temperature thermal hydrosilyaltion as well as ligand oligomerization on SiNCs.  

The potential influence of surface oxide species on SiNC optical properties is 

further described in Chapter Five.  Based on a systematic study, it is clear that 

the surface defects or traps created by suboxides are strongly relevant to the 

non-phonon assisted nanosecond PL lifetime decay found from yellow/orange 

emitting ligand-functionalized SiNCs.  Finally, Chapter Six presents the 

conclusions of each chapter and some recommended future work relative to SiNC 

science.  
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Introduction  
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1.1 Introduction: Quantum Dots 

During the last thirty years, nanomaterials and related research areas have 

received immense interest and unprecedented development.  Numerous reasons 

for this exist.  Among them are the invention of electron microscopes and the 

discoveries of new nanoscale materials (e.g., fullerenes,
2
 colloidal semiconductor 

nanoparticles
3
).  The size reduction of materials to nanoscale dimensions 

drastically increases the surface area to volume ratio and introduces size 

dependent changes in electronic structure that substantiality alter the material 

physical and chemical behavior (e.g., catalytic properties, solubility, quantum 

confinement effects).
4
 Today, our understanding of nanomaterials is 

well-developed, and significant progress has been made toward the application of 

nanomaterials in electronics, energy conversion and storage, catalysts, medicine 

and biological imaging.
4
   

Since the discovery of quantum size effect in CdS nanocrystals (NC) by Brus 

and his colleagues in 1983,
3
 I nvestigations of semiconductor nanocystal, or 

quantum dot (QD) synthesis as well as their various applications have become a 

key part of the nanotechnology landscape. QDs are pseudo-spherical 

semiconductor nanoparticles with dimensions approaching the diameter of an 

exciton in the bulk semiconductor.
5
 These structures are particularly interesting 
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because their optoelectronic properties are dominated by quantum confinement 

effects.   

Molecular orbitals are mathematical functions for describing electron 

wave-like behavior within a molecule.  An electronic band structure can be 

considered as the ensemble of numerous discrete molecular orbitals (MOs).
6
 

Therefore similar to MO models, the density of states (DOS) of semiconductor 

valence bands (VBs) and conduction bands (CBs) are not uniform but usually 

have the highest density at their centers (See Figure 1-1).  For bulk 

semiconductors, continuous bands are found through the whole DOS of the VB 

and the CB.  The energy gap size between the two bands (i.e., Eg) dominates the 

electrical and optical behavior of intrinsic semicondu 
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Figure 1-1: A schematic of the density of states (DOS) of a bulk 

semiconductor, a semiconductor nanocrystal and a molecule.  The Fermi level 

(EFermi) lies between valence band (VB) and conduction band (CB).  Figure 

adapted from reference 4. 

 

As quantum dots (QDs) decrease in size, there are fewer atoms and orbitals 

available for bonding and band structure.  The center of the bands remains 

continuous, while the band edges collapse into discrete "MO-like" energy levels 

and as a result the band gap (Eg) widens.  This quantization of the band edges 

and corresponding increase in band gap energy are the main features of the 

quantum confinement effect.  Changes in the band gap energy (E) can be 
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estimated using the effective mass approximation (EMA) (Equation 1.1): 
7
 

 

    
    

     
                                                

 

where,   is the Planck constant,   is the reduced mass of electron and hole, and 

  is the average crystal diameter.  This elementary model excludes key features 

such as the Coulomb potential. Kayanuma expanded EMA to include Coulomb 

interaction (See Equation 1.2):
8
 

 

          
    

   
 
 

  
 
 

 

  
    

       

   
                       

                                                                                              

 

where,    is the bulk semiconductor band gap, R is the nanocrystal diameter,   

is the electron charge,    is the material relative permittivity,   
  and   

  are 

effective masses of the electron and hole in the bulk semiconductor, respectively.  

   is the semiconductor Rydberg energy, which is composition dependent.
8
 The 

EMA shows the contribution of quantum dot size to changes in Eg is proportional 

to 1/R
2
.  As well, the consideration of    and    indicates the extent of band 

gap widening is also dependent upon the semiconductor in question and is 

reflected in differing properties of QDs of various materials (Figure 1-2).
9
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Figure 1-2: (a) The size and composition dependent photoluminescence (PL) 

emission maxima. (b) Absorption (upper curves) and emission (lower curves) 

spectra of four CdSe/ZnS QDs.  The blue vertical line indicates the 488 nm line 

of an argon-ion laser, which can be used to efficiently excite all four types of QDs 

simultaneously.  Figure taken from reference 8. 

 

QDs based upon various semiconductors have been prepared and investigated 

including: II-VI (e.g., CdSe,
10

 CdTe,
11

 ZnS,
12

 HgS
13

), I-VI (e.g., Ag2S
14

), III-V 

(e.g., InP,
15

 GaAs,
16

 GaN
17

), Group IV (e.g., Si,
18

 Ge,
19

 SiC
20

), as well as I-III-VI 

(e.g., CuInSe2,
21

 AgInS2
22

) ternary systems, and quaternary compounds I-II-IV-VI 

(e.g., Cu2ZnSnS4
23

). Optimized synthetic approaches can even allow the 

formation of complex structures such as alloys (e.g., SixGe1-x,
24

 Cu(In1-xGax)S2
25

)
 
 

and core-shell particles (e.g., CdSe-ZnS core-shell
26

). 

 QDs exhibit unique optoelectronic properties, such as size-tunable band 
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gap-based PL, narrow emission bands, comparatively wide band gap that allows 

visible light absorption, excellent photostability (i.e., resistance to photobleaching) 

and high quantum yield.  All of these favorable features of QDs have facilitated 

applications in photovoltaics,
27-30

 light-emitting diodes (LEDs),
31-33

 diode 

lasers,
34-36

 sensing,
37-40

 bioimaging and labeling,
41-43

 as well as photodynamic 

cancer therapy.
44-45

 Despite their facile synthesis, favorable and well-studied 

optoelectronic properties, restrictions and public perceptions related to heavy 

metal-based (e.g., Cd and Pb) QDs still exist because of established cytotoxicity 

and environmental impact of these nanomaterials.
46-48

 Unfortunately, these issues 

are significant barriers to the widespread integration of many quantum dots into 

commercial products.  Thus, the development of alternative non-toxic quantum 

dots (e.g., silicon) and methods for their derivatization are of paramount 

importance.  

 

1.2 Silicon Nanocrystals: Properties and Applications 

Silicon is the second most abundant element in the Earth’s crust and is 

typically found in nature as an oxide.  While some polymorphs exist, the 

diamond cubic crystal structure is the most thermodynamically stable form of 

elemental silicon.  Most colloidally stable silicon nanocrystals (SiNCs) exhibit 
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this crystal structure.  However very recently examples of SiNCs bearing the 

BC8 structure were reported (Figure 1-3).
49

 

 

Figure 1-3: View of the crystal structures of (a) cubic diamond Si and (b) Si BC8 

structure. Figure taken from reference 48. 

 

The first observation of visible PL from HF-etched porous nanocrystalline 

silicon was reported by Canham in 1990.
50

 Later, similar behavior was noted for 

various types of SiNCs (e.g., oxide embedded,
51

 hydride-terminated,
52

 ligand 

functionalized
53

).  Bulk silicon is an indirect band gap semiconductor with an Eg 

value of 1.12 eV at 300 K.  Because the maximum of the VB and the minimum 

of CB do not occur at the same coordinate in momentum space, the vertical band 

gap optical transition is forbidden – this made Canham’s observation very 

surprising. There is a longstanding debate about whether the indirect band gap is 
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retained if the silicon crystal size is significantly reduced (i.e., into the 

nano-regime).  The observations of non-phonon assisted relaxation
54

 and 

nanosecond PL lifetime decay
55-56

 suggest ultrasmall silicon crystals (i.e., SiNCs 

or Si clusters) may possess a direct band gap; this proposal was further supported 

by computational investigations.
57

 However, reports of low-temperature 

size-selective PL
58

 as well an investigation of pressure-dependent SiNC structural 

and optical properties
59

 suggest otherwise.   

Similar to other QDs, the band gap energy of SiNCs depends on the changes 

particle size.  SiNC PL has been tuned from the near infrared (NIR) to visible 

spectral regions through particle size tuning.
60

 This size tunability has been 

attributed to quantum confinement induced changes in the band gap energy and 

has been confirmed by our group using PL and single particle scanning tunneling 

spectroscopy measurements (See Figure 1-4).
61
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Figure 1-4: Energy gaps determined for dodecyl surface-terminated SiNCs using 

scanning tunneling spectroscopy (STS, black squares) and PL maxima (blue dots) 

as a function of particle size.  Figure taken from reference 61. 

 

By large, SiNCs are biocompatible.
62-64

 When this feature is combined with 

their relatively high photoluminescent quantum yields (up to 70%
65

), SiNCs 

become favorable candidates for numerous applications where proof-of-concept 

applications of luminescent CdSe QDs have been demonstrated, but are no longer 

appropriate. For example, fluorescent SiNCs are regarded as promising 

bioimaging materials.  Appropriate surface modification (e.g., hydrophilic ligand 

functionalization,
66

 and amphiphilic molecule decoration
67

) renders SiNCs water 

soluble and suitable for cell labeling.  SiNCs are also attractive materials for use 

in various optoelectronic devices.  Early examples of SiNC LEDs have been 

fabricated and show bright, stable electroluminescence with some colour 
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tunability from the NIR to yellow spectra region.
68-71

 Another attractive 

application of SiNCs is blending them with active polymers.  One example of 

this involved the physical mixing of alkyl-terminated SiNCs with 

poly(3-hexylthiophene-2,5-diyl (i.e., P3HT),
72-73

 that was in turn applied as an 

active layer in a prototype solar cell.
74

  

 

1.3 Preparation of Silicon Nanocrystals 

SiNCs have been prepared using various physical and chemical approaches.  

In this section, several mainstream synthetic methods will be presented, including 

physical top-down methods, gas phase, solution, and solid-state syntheses.  The 

benefits and limitations of each approach will also be discussed briefly. 

 

1.3.1 Physical Methods 

Physically breaking down bulk silicon wafers into nanoscale particles offers 

an apparently straightforward strategy to prepare SiNCs.  One top-down 

approach involves ultrasonication of chemically etched silicon wafers.  The 

varied sizes and shapes of those SiNCs depend on the etching process and 

sonication time.
75-77

 Although highly luminescent SiNCs with somewhat tunable 
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emission in the visible region can be obtained following filtration,
75

 tailorability 

of NC surface modification remains an issue. 

Another common “top-down” approach is mechanical grinding.  Fink and 

co-workers have reported the preparation of silicon nanoparticles using reactive 

high-energy ball milling (HEBM).
78-79

 Compared to ultrasonication, HEBM 

allows in situ ligand functionalization that protects the SiNC surfaces from 

oxidation and increases solubility.
78

 Moreover, particles with different sizes and 

molecular impurities can be effectively separated by chromatography (See Figure 

1-5).  However, all SiNCs synthesized by HEBM emit blue light, the origin of 

which remains unknown.
80-83

  Also, chromatographic isolation is not effective to 

separate particles with different sizes so the particle size tailoring by HEBM 

remains an issue. 
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Figure 1-5: Preparation procedure for alkyl-passivated silicon nanoparticles by 

reactive high energy ball milling and liquid chromatography separation.  Figure 

taken from reference 77. 

 

1.3.2 Gas Phase Synthesis 

The first gas phase synthesis of SiNCs using SiH4 pyrolysis method was 

reported by a Japanese research group in 1970s,
84

 in which a high temperature 

(1000-1100 
o
C) furnace was used to thermally degrade the silane silicon source.  

During these syntheses only large particles were reported (30-80 nm).  In the 

1990s, Huisken and his colleagues employed a pulse CO2 laser for silane 
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pyrolysis.  The actual reaction temperature was still relatively high (1200 K)
85

 

and thus a variety of silicon nanostructures were collected,
85-87

 ranging from 

silicon clusters (i.e., 22-100 atoms) and light-emitting SiNCs (diameter ≤ 2.5 nm).  

Similar approaches were employed by Swihart and his colleagues to prepare 

SiNCs with tunable visible PLs.
88

 

A significant drawback of these early high temperature silane pyrolysis 

procedures is inevitable particle agglomeration when crystal overgrowing occurs; 

this leads to broad size distributions.
89

 A significant advance was realized with the 

application of nonthermal plasmas that effectively control particle growth by 

providing selective local heating while maintaining the gas temperature close to 

ambient.
89-92

 In this approach, the decomposition of silane is initiated by “hot” 

electrons in the plasma, and results in the formation of small silane clusters (SinHm) 

that act as seeds for SiNC nucleation.
89

 This method affords large quantities of 

hydride-terminated SiNCs with narrow size distribution,
92

 high PL quantum yield 

(up to 60%
93

) and size-tunable PL through the visible spectrum.
94

 In a further 

optimization of the plasma reactor, an aerosol chamber was added to allow a 

second step plasma-assisted surface functionalization with various organic 

ligands.
95

 Although no systematic study of the surface modification mechanism 

has been performed, authors proposed the plasma provides sufficient energy 

required to induce hydrosilylation.
89
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1.3.3 Solution-Based Synthesis 

Solution-based methods have been considered one of the general routes to 

preparing well-defined nanocrystals.
96

 Drawing on known colloidal syntheses of 

compound semiconductor QDs
11, 97-99

 and metal nanoparticles,
100-101

 two strategies 

for SiNCs solution-based preparation have been reported: i) decomposition of 

silanes/silane derivatives and ii) solvothermal reductions.  Silanes (e.g., SiH4, 

Si2H6, and Si3H8) and their derivatives are widely used as silicon sources to form 

silicon nanowires,
102-103

 nanorods,
104-105

 and nanoparticles.
106-107

 Holmes et al. 

developed supercritical solution methods for preparing small (d~1.5 nm) SiNCs 

by the thermal decomposition of diphenylsilane in the mixture of octanol and 

hexane in a pressurized and high temperature system.
108

 However, the yield of 

NCs is low compared with other methods. 

The first solvothermal reduction approach was reported by Heath in 1992;
18

 

this reaction involved reduction of SiCl4 and RSiCl3 using sodium metal (Scheme 

1.1).  This reaction was carried out over 3 to 7 days in a specialized bomb reactor 

at 385 
o
C and yielded SiNCs of varied sizes ranging from 5 to 3000 nm.  While 

this procedure did not afford well-defined SiNCs, it was the first report of faceted 

systems (vide infra). 
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Scheme 1-1: Solvothermal reduction reactions using SiCl4 as a precursor to form 

SiNCs. The equation is adapted from references 17 and 108. 

 

 In the ensuing years, various other reactions employing other reductants (e.g., 

Zintl salts, Na, LiAlH4) and SiCl4 as silicon source were discovered and 

investigated. Bley et al. used Zintl salt KSi to reduce SiCl4 in glyme or THF 

solution to yield chloride terminated SiNCs.
109

 Strong reducing agents, such as 

LiAlH4 solution, have also been reported to reduce SiCl4 to form 

hydride-terminated SiNCs.
110-112

 However, generation of substantial quantities of 

pyrophoric SiH4 gas during reduction invokes special safety consideration and 

experiment optimization.
113-114

 As well, the claim of the micelles formation in 

organic solvents is somewhat questionable.  Of important note, all SiNCs 

obtained from these reduction approaches emit blue PL regardless of size, 

suggesting luminescence is not arising from a band gap transition.
115

 

 



17 

 

1.3.4 Solid State Synthesis 

 Generally, solid-state syntheses require silicon rich oxides (SROs) as solid 

precursors, namely a specific type of solid material with a molecular formula like 

substoichiometric silica (SiOx, 0 < x ≤ 2).  Under high temperature thermal 

processing, the disproportionation of SROs yields SiO2 and elemental 

silicon.
116-118

 The crystallinity and size of Si domains mainly depend on the 

annealing temperature.
119-120

 SROs can be produced by several physical methods, 

such as ion implantation, co-sputtering and chemical vapor deposition 

(CVD).
120-123

 SRO precursors can also be substituted by molecular or polymeric 

silicon rich structures with an empirical formula of (RSiO1.5)n.  They also 

possess an SiOx suboxide-like composition similar thermally induced 

disproportionation occurs and yields SiNCs surrounded by SiO2. 

 Compared to physical techniques (e.g., ion implantation), chemical methods 

such as sol-gel polymerization form SROs with unique benefits including, i) 

scalable to gram-based quantities of composite, ii) straightforward synthesis 

without the need for costly infrastructure and toxic or pyrophoric precursors, and 

iii) the ability to tailor the suboxide composition and form unique inorganic 

copolymers that offer synthesis of other group 14 materials (e.g., SiC and SixGe1-x 

NCs).
117

 To prepare SiNCs, the sol-gel polymers (HSiO1.5)n are formed by the 
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acid-catalytized sol-gel reaction between HSiCl3 or HSi(OC2H5)3.
124-125

 During a 

subsequent annealing step the (HSiO1.5)n polymer decomposes yielding SiO2 and 

oxide-embedded SiNCs.   

 The commercially available hydrogen silsesquioxane (H8Si8O12, HSQ) is an 

important presursor for SiNC preparation due to its similar reactivity to those of 

(HSiO1.5)n sol-gel polymers.
52

 The unique cage structure can be synthesized by 

controlled hydrolysis of trichlorosilane or triethoxylsilane. (Figure 1-6)   

 

  

Figure 1-6: Schematic representation of sol-gel reactions of silanes to produce 

SiNC precursors.  Figure taken from reference 116. 

 

HSQ has been widely used to form dielectric layer for microelectronic devices.
126

 

The first SiNC synthesis using HSQ as precursor was reported by Hessel et al., in 

which HSQ solid was isolated from a commercially available solution and 

subsequently heated under slightly reducing atmosphere at 1100 
o
C to produce 
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SiO2 embedded SiNCs.  SiNCs were further liberated by HF etching, yielding 

hydride-terminated surface and size-dependent PL (Figure 1-7).  The proposed 

mechanism for the formation of SiNCs includes the formation of various 

suboxides from crosslinking and rearrangements of HSQ at low temperature, 

followed by disproportionation for the formation of elemental Si (Scheme 1-2).
52

 

A follow-up investigation indicated that HSQ was decomposed and formed 

amorphous Si at low temperature (600 
o
C) and started yielding SiNCs when 

higher temperature was applied (> 900 
o
C).

119
  As well, one of the immense 

benefits of this SRO based solid state method is the feasibility of particle size 

tailoring (from 3 nm to over 20 nm) by simply adjusting annealing temperature 

from 1100 
o
C to 1400 

o
C.

60
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Figure 1-7: PL spectra and corresponding images of hydride-terminated SiNCs 

toluene solutions after HF etching with various etching time.  Figure taken from 

reference 116. 

 

 

Scheme 1-2: Stages of HSQ Thermal Degradation in an Inert Atmosphere.  

Scheme adapted from reference 51. 
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1.4 Morphology Control of Silicon Nanocrystals 

 Considerable effort has been aimed at controlling the size and shape of 

nanomaterials.  The reason for this is, it is believed that by controlling the 

surface energy and electron transfer ability of QDs, their chemical and physical 

properties can be rationally designed.
96, 127

 Morphological control has been widely 

studied and colloidal synthetic strategies are well-developed for metal and metal 

oxide nanocrystals, as well as II-VI and III-V QDs.  Surfactants, temperature, 

and concentration allow the preferential growth of crystal faces by altering their 

relative thermodynamic stability. However, reports applying similar approaches to 

shape controlled synthesis of silicon nanomaterials are rare and even nonexistent 

because the strong directional bonding in Si precludes standard colloidal 

synthesis.   

 The vast majority of the silicon nanoparticles synthesized by the 

decomposition of silane or other reduction-functionalization strategies are 

spherical or pseudospherical (See Section 1.3).  The first reported non-spherical 

freestanding SiNCs was reported by Heath (vide supra).
18

 In this early report, he 

noted that larger SiNCs (d~300 nm) exhibited hexagonal morphologies (Figure 

1-8).   
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Figure 1-8: (a) Transmission electron microscope (TEM) image of hexagonal 

SiNCs.  The crystals are about 300 nm in diameter.  (b) TEM image of 

tetrahedral SiNCs.  Inset: selected-area electron diffraction (SAED) pattern for 

tetrahedral particles.  Figures taken from references 17 and 127. 

 

 In 2001, Kauzlarich and colleagues reported tetrahedral shaped SiNCs 

produced using the solution-based reaction of SiCl4 with sodium naphthalenide in 

1,2-dimethoxyethane.
128

 These faceted structures were terminated by 

n-butyllithium and had irregular tetrahedral mophologies: edge lengths ranged 

between 100-150 nm while the height is only 26 nm.  Although the surface 

atomic arrangement is unclear, authors proposed surface atoms were ordered in a 

(111) plane arrangement based on the assumptions that the surface (111) plane 
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possesses fewer dangling bonds and exhibits the lowest surface energy compared 

with those of (110) and (100) planes.
129

 

 A follow-up study of tetrahedral SiNCs was reported by Barrett et al.,
130

 in 

which particles were prepared by thermal decomposition of diphenylsilane in 

supercritical CO2 with the presence of various phosphonic acid surfactants.  The 

size and morphology of particles obtained from this reaction included spheres (d = 

6 nm), truncated tetrahedrons (d = 15 - 40 nm), and tetrahedrons (d = 50 - 400 

nm).  Tetrahedrial structures were obtained when surfactants with weaker 

surface interactions and less intermolecular steric repulsion were employed 

(Figure 1-9).  SAED analysis suggested the tetragonal species exhibted four 

{111} equivalent facets, consistent with the hypothesis proposed by the 

Kauzlarich team.
128
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Figure 1-9: A schematic showing the morphological evolution of pseudospherical 

SiNCs to tetrahedral-shaped crystals (ODPA: octadecylphosphonic acid, DDPA: 

dodecylphosphonic acid, HPA: hexylphosphonic acid, TOP: trioctylphosphine).  

Figures taken from reference 129. 

 

 Faceted SiNCs can also be produced from gas phase reactions.  Bapat et al. 

applied nonthermal low pressure plasma process for the synthesis of well-defined 

monodisperse silicon nanocubes (30-40 nm, Figure 1-10),
131

 which were further 

used to fabricate single nanoparticle Schottky barrier transistors.
132

 The formation 

mechanism and detailed surface atomic arrangement were not provided.  

However, a subsequent computational study proposed that the “hydrogen etch” of 

spherical crystals during nonthermal plasma process could reasonable be expected 

to induce the formation of a nanocube with a surface atomic arrangement 

corresponding to the Si(100) plane.
133

 In addition, small silicon nanocubes can be 

also synthesized through solid-state method using HSQ as a precursor.
134

 The 

details of this finding are outlined in Chapter 2 of this thesis. 
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Figure 1-10: TEM images of silicon nanocubes prepared using nonthermal 

plasma method.  Figures taken from reference 131. 

 

1.5 SiNC Surface Hydrosilylation. 

 When exposed to air or moisture atmosphere, freestanding SiNCs with 

hydride- or halide-terminated surface are readily oxidized and their optical 

properties compromized.
68, 135-138

 To avoid these undesirable environmental 

influence and increase compatibility with common solvents, it is important to 

chemically active Si–H or Si–X (X = Cl, Br) surfaces with more robust 

alternatives (e.g., Si–O, Si–C). Several important review articles have summarized 

several well-established strategies for silicon surface modifications.
139-141
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1.5.1 Surface Modification of Silicon  

 While differences exist when comparing molecular silanes with bulk and 

nanoscale hydride-terminated silicon surfaces (e.g., bond strength, steric 

hindrance), the general reactivity of Si–H and Si–X (X = Cl, Br) moieties remains 

somewhat analogous. However, owing to the fact that SiNC surfaces have a large 

radius of curvature and are faceted they can differ substantially from flat bulk 

silicon substrates, it is reasonable that some differences in reactivity would arise 

— some examples are outlined in Chapter 5 and Reference 141.  In this context, 

many approaches to SiNC surface modification are drawn from their molecular 

analogues.
142

 One approach to modifing silicon surfaces employs a two-step 

halogenation/alkylation process, in which a freshly-etched hydride-terminated silicon 

surface is converted to a Si-Cl surface upon reaction with PCl5, which is subsequently 

exposed to Grignard reagents to form closely-packed alkyl-terminated surfaces on 

bulk Si (Scheme 1-3a).143-145 A similar Grignard-based protocol has been applied to 

functionalize chloride-terminated SiNCs synthesized by solution-based methods; the 

resulting  alkyl passivated particles show size independent blue PL.128, 146-147 

Another approach to surface modification employed the formation of Si–O linkages 

via controlled oxidation148-151 or methoxydation.109 Subsequent hydrolysis with 

alkoxysilanes introduces a cross-linked siloxane surface (Scheme 1-3a).152-153 
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 It is also important to note that several widely reported surface 

functionalization protocols used for the modification of bulk silicon have not been 

directly applied to SiNCs (Scheme 1-3b).  For example, Villeneuve et al. 

reported benzene derivatives modified bulk silicon surfaces upon reaction with 

diazonium salts.
154

 Similar reactions have also been performed on porous silicon 

surface by Wang and Buriak.
155

 Attempts by researchers in our laboratory to 

apply this approach to SiNCs have been unsuccessful.   

Transition metal compound catalyzed dehydrogenative coupling reactions 

involving organosilanes are another a common approach to the functionalization 

of bulk silicon surfaces with organosilanes,
156

 but no equivalent reaction has been 

demonstrated for SiNC system.   
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Scheme 1-3: Several major silicon surface modification approaches 

(hydrosilylation not included). Scheme 1-3a adapted from reference 140. 

 

1.5.2 Silicon Surface Hydrosilylation 

 Hydrosilylation involves reactions of Si–H bonds with unsaturated functional 

groups (e.g., multiple bonds of alkenes and alkynes) and produces robust Si–C 

linkages.  It is among the most common silicon surface modification methods 

because it provides a wide range of surface functionality (i.e., functional group 

tolerance), it provides effective passivation of surface sites, as well as being 
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scalable.  The first example of Si surface hydrosilylation was reported by 

Linford and Chidsey in 1993 who demonstrated radical initiated homolytic 

cleavage of the Si–H bond on a hydride-terminated bulk silicon surface promoted 

insertion of an alkene.
157

 Moran and Carter applied a similar strategy to form 

densely-packed polystyrene brushes on Si (100).
158

 It is also possible to induce 

Si–H homolytic-cleavage and subsequent hydrosilylation upon heating (≥ 150 

o
C)

140
 or exposure to appropriate light energy (λ ≤ 254 nm).

159
  

 Hydrosilylation strategies have been widely employed for bulk and nanoscale 

Si surface modification.  Several proposed mechanisms have appeared and 

include: i) photoelectron ejection (photoemission),
160

 ii) Si–H homolytic 

cleavage,
159, 161-163

 iii) radical assisted hydrosilylation,
164

 and iv) exciton 

mediation.
165

 Generally, the active mechanism depends on the conditions 

employed (e.g., wavelength of the light source).
141

 However, in some cases the 

exact mechanism is difficult (even impossible) to identify (i.e., photoelectron 

ejection vs. exciton mediation
160

). 

 Hydrosilylation reactions mediated by catalysts, such as platinum 

complexes
166-167

 and Lewis acids (e.g., EtAlCl2)
168

 have been applied to 

functionalize bulk and porous silicon surfaces.  Researchers also seek more 

cost-effective and convenient hydrosilylation approaches.  For instance, plasma 

or microwave activated method have been proven to be highly effective way to 
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functionalize silicon surface by local heating and the mechanism has been 

confirmed similar to that of thermal hydrosilylation.
169-170

 Recently, Zhong and 

Bernasek reported a mild sonochemical hydrosilylation method to functionalize 

silicon surfaces using a simple ultrasonic bath for activation.
171

 Several types of 

unsaturated aliphatic hydrocarbons and bifunctional ligands were tested and their 

surface attachment was confirmed, although the exact mechanism is currently 

unclear. 

 

1.5.3 Hydrosilylation on SiNC Surfaces 

 Many of the above mentioned hydrosilylation methods have been extended to 

SiNCs.  Literature reports suggest functionalization of SiNC surfaces lead to 

close and often interdigitating packing of surface ligands.
165, 172-175

 However, 

obvious differences exist between hydrosilylation reactions employed in SiNC 

and bulk silicon systems: these solution-phase hydrosilylation reactions with 

SiNCs are pseudo-homogeneous and thus experimental details (e.g., 

particle/ligand ratio, purification steps) require reconsideration.  Several types of 

hydrosilylation reaction have been successfully used and optimized for SiNC 

surface modification.  Thermally induced hydrosilylation is readily applied for 

grafting hydride-terminated SiNCs with different sizes under the same 
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temperature range (e.g., ≥ 150 
o
C).

60, 67
 A similar mechanism drives microwave 

plasma approach to effectively functionalize SiNCs via local heating.
95, 176

 UV 

irradiation has also been shown to be effective for SiNC and porous silicon 

systems.
165, 174, 177-178

 Similarly, their mechanisms can be distinguished by the 

wavelength of the UV sources.  Tilley and his colleagues reported H2PtCl6 

catalyzed SiNC surface hydrosilylation with various ligands, including allylamine 

and 1,5-hexadiene, yielding hydrophilic and hydrophobic SiNCs with bright blue 

PL.
110-111

 However, Dasog et al. confirmed the spontaneous reaction between 

R-NH2 and hydride-terminated surfaces produces blue-emitting particles,
115

 

suggesting this reaction might not only follow catalytic mechanism.  Radical 

initiator reactions were also tested on SiNC surfaces while few experimental and 

mechanistic details were provided by authors.
179

 

 While hydrosilylation has been shown to be effective and efficient for 

passivating SiNC surface, shortcomings still remain and significantly restrain the 

applicability of hydrosilylation in particular circumstances.  For example, Kelly 

et al. demonstrated the size-dependent reactivity of exciton-driven 

photochemically induced hydrosilylation on SiNCs, suggesting this approach is 

not available for bigger particles (i.e., d ≥ 6 nm).
180

 Although thermal 

hydrosilylation is particle size-independent and available for numerous types of 

ligands, our recent discovery show ligand oligomerization might occur during 



32 

 

thermal reaction, which is undesirable for the goal of producing monomer ligand 

layer protected SiNCs.  Details of the ligand oligomerization will be discussed in 

chapter 5. 

 

1.6 Thesis Outline 

 This thesis discusses the optimized synthesis, surface modification, and 

optical response of SiNCs derived from the disproportionation of hydrogen 

silsesquioxane (HSQ) under high temperature annealing.  Chapter Two focuses 

on the development of solid state synthesis to achieve size and morphology 

control of SiNCs.  Complex particle shape evolution (from pseudospherical to 

cube and further faceted structures) and corresponding detailed size crystallinity 

analysis under prolonged annealing at different high temperature.  The proposed 

formation mechanism of these faceted nanostructures is also discussed.  

 For preparing nanoparticle/polymer hybrids, one of the big challenges is to 

achieve even dispersion of small particle inside polymer matrix and meanwhile 

prevent agglomeration.  Chapter Three reports a facile synthesis of highly 

luminescent SiNC/polystyrene hybrid materials using one-step size-independent 

radical-initiated hydrosilylation approach.  It was noted that the polymer ligands 

significantly increases SiNC solution processability and provides chemically 
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resistance to the exposure to strongly basic conditions.  To demonstrate these 

improved properties, a variety of uniform nano- and microscale architectures were 

synthesized and characterization by electron microscopes.  

 Thermally induced hydrosilylation mechanism is widely applied for silicon 

surface modification, because of its particle size independence, relatively high 

yields and facile purification steps. While chapter four presents a methodical 

study to critically re-examine this mechanism by functionalizing SiNCs using low 

temperature (i.e., 100–140 °C) thermally induced hydrosilylation approach in 

argon and air atmosphere.  Multiple techniques including X-ray photoelectron 

spectroscopy and mass spectroscopy show the formation of ligand oligomers on 

SiNC instead of ligand monolayer passivated surfaces. The results silyl surface 

radicals generated by either homolytic cleavage of Si-H bonds or oxygen 

abstraction could initiate ligand oligomerization. 

 Chapter Five describes an investigation on the origin of nanosecond lifetime 

decay from yellow/red emitting alkyl-functionalized SiNCs.  To perform 

systematical study, hydride-terminated SiNCs were functionalized by thermal and 

photochemical hydrosilylation.  Detailed photoluminescent properties, such as 

emission spectrum and lifetime decay, were characterized by single-photon 

avalanche photodiode and pulse laser system, respectively.  The nanosecond 

lifetime components were only found in samples prepared using photochemical 
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approach regardless of the size of particles, which is relative to surface 

defects/traps created by oxidation, which was further confirmed by time 

dependent photochemical hydrosilylation process. 

 Finally, Chapter Six outlines the major results from each present chapter and 

provides a brief outlook of possible future research directions and potential 

applications of SiNCs. 
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2.1 Introduction 

 The synthesis of silicon nanoparticles/crystals has been a very active research 

area over the past 15-20 years, in part because these materials are not readily 

accessible through the application of standard methods used to prepare traditional 

nanomaterials.  In addition, their biocompatibility (compared to Cd-based 

quantum dots) makes them particularly appealing.
1-3

 In this context, the unique 

properties of SiNCs make them suitable for nanoelectronic devices, in-vivo 

imaging, and other light-emitting applications.
4-7

 It is already established for II-VI 

and III-V semiconductor nanocrystals that particle shape tailoring leads to 

exquisite control of material optical and chemical properties.
8-9

 Beyond tailoring 

the characteristics of individual nanocrystals and promoting better understanding 

of the influence of surface chemistry (e.g., surface reconstruction) on silicon 

nanocrystal (SiNC) properties, nanocrystal morphology also plays an important 

role in their assembly into larger extended structures.
10

 Nanocrystal 

superstructures have received much attention because of their tunable particle 

components.
11-12

 The properties of these extended structures show great promise 

as active systems in many devices.
13

 Most superlattice structures consist of 

assemblies of pseudospherical particles; still, there are benefits offered by 

achieving other particle shapes.
14-15

 For example, nanocubes offer more efficient 
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space filling compared to their pseudospherical counterparts. 

 Colloidal synthesis offers a convenient method for tailoring the shapes of 

II-VI and III-V NCs as well as metal and metal oxide nanoparticles.
16-18

 This is 

made possible by altering/controlling the position of the thermodynamic 

dissolution/crystallization equilibria.
19

 Preferential growth of given crystal faces 

can be achieved through addition of reagents (e.g., surfactants) that selectively 

bond to crystal faces thereby altering their relative thermodynamic stability.
19

  

Similar solution approaches are not readily applied to Group 14 semiconductors 

(e.g., Si) because of the limited compatibility with solution syntheses.
20-24

 

Unfortunately, because of the complex chemistry of silicon and its strong 

directional bonding, shape controlled SiNC synthesis is non-trivial – few 

examples exist. 

 The majority of Si and GeNCs, regardless of the synthetic method employed, 

are spherical or pseudospherical.
25-27

 It is possible to use solvothermal techniques 

and controlled colloidal synthesis to form cube-shaped Ge nanocrystals, but 

particle dimensions are large (i.e., >80 nm).
28

 Silicon tetrahedra with edge the 

dimensions larger than 100 nm have also been synthesized using solution-based 

methods.
29-30

 In all of these cases, the NCs are comparatively large – this 

observation is consistent with directed NC growth rather than the equilibrium 

driven processes implicated in the colloidal phase shape evolution of II-VI and 
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III-V materials (vide supra).  Nonthermal plasma processing of silanes is an 

attractive alternative method for shape controlled SiNC synthesis that produces 

nanocubes with edge dimensions of approximately 35 nm.
31

 Unfortunately, these 

relatively large nanocrystals are not readily compatible with solution processing 

and lie outside the size regime where quantum confinement is observed.
32

 In this 

regard, new straightforward methods for preparing small solution compatible 

crystalline Si nanocubes are appealing. 

 The Veinot research group has established a facile solid-state method that 

affords well-defined SiNCs from hydrogen silsesquioxane (HSQ) (Scheme 2-1).
33

 

High temperature processing in a slightly reducing atmosphere causes HSQ to 

disproportionate and provides SiNCs embedded in an SiO2-like matrix.  These 

SiNCs were readily liberated via aqueous HF etching and their surfaces tailored 

via thermal and photochemical hydrosilylation.  The size and crystallinity of 

these nanoparticles could be tailored by defining the processing temperature.
34

 

Generally, nanoparticles prepared at 1100 
o
C were crystalline and high 

temperature (i.e., > 1400 
o
C) annealing led to increased size polydispersity and 

faceted structures.  These observations are consistent with Ostwald ripening 

arising from increased silicon atom diffusion associated with softening of the 

oxide matrix (i.e., the solid oxide matrix behaves like a viscous solvent).
35

 To date, 

direct evaluation of the effect of annealing time on NC morphology has largely 
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been overlooked.  In this chapter we report that processing of an 

oxygen-deficient sol-gel derived precursor using a two-stage high temperature 

annealing allows formation of Si nanocube and cuboid structures with edge 

lengths of ca. 8–15 nm.  SiNC with more complex morphologies (e.g., 

hexagonal-shape) can be acquired by tailoring the processing temperature and 

time.  We also note the silicon oxide matrix influences the SiNC morphology 

and size: once the oxide matrix softens at higher temperatures, larger NCs (edge 

dimension >50 nm) of uncontrolled facetted structures form. 

 

 

Scheme 2-1: Synthetic pathway from HSQ to dodecyl-functionalized silicon 

nanocrystals. 

 

  



49 

 

2.2 Materials and Methods 

2.2.1 Reagents and Materials 

 Hydrogen silsesquioxane (HSQ, trade name Fox-16, sold commercially as a 

solution in methyl isobutyl ketone) was purchased from Dow Corning Corp. 

(Midland, MI).  Electronic grade hydrofluoric acid (HF, 49% aqueous solution) 

was purchased from J. T. Baker. Methanol (reagent grade), toluene (reagent 

grade), ethanol (reagent grade) and 1-dodecene (97%) were purchased from 

Sigma Aldrich.  

2.2.2 Synthesis and Liberation of SiNCs with Various 

Morphologies 

 Silicon Nanocrystal Preparation.  The solvent was removed from a HSQ 

stock solution to yield a white solid.  One gram of the HSQ solid was placed in a 

quartz reaction 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 in a 

slightly reducing atmosphere (i.e., 5% H2/95% Ar).  The sample was maintained 

at the peak processing temperature for predetermined times to obtain particles of 

different dimensions (e.g., 1 hour, dTEM = 3 nm; 5 hours, dTEM = 4 nm; 24 hours, 

dTEM = 6 nm).  Upon cooling to room temperature, the resulting amber solid was 
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crushed using an agate mortar and pestle to break up the larger pieces.  More 

complete grinding was achieved using a Burrell Wrist Action Shaker upon 

shaking with high-purity silica beads for 5 hours.  The resulting SiNC/SiO2-like 

composite powders were stored in standard glass vials. 

 The synthesis of larger particles (i.e., d > 6 nm) and SiNCs with non-spherical 

shapes (i.e., cubes, hexagonal and truncated trigonal prisms) required a second 

processing step at higher temperature.  Following the mortar and pestle grinding 

(vide supra), 0.5 g of SiNC/SiO2-like composite containing dTEM = 3 nm SiNCs 

were placed in a high temperature furnace (Sentro Tech Corp.) for further thermal 

processing in an argon atmosphere.  Samples were heated to peak processing 

temperatures from 1200 − 1400 °C at 10 °C/min and for processing times between 

1 and 72 hours.  After cooling to room temperature, the resulting brown 

composites were ground using the identical procedures noted above. 

 Liberation of SiNCs.  Hydride-terminated SiNCs were liberated from the 

protective SiO2-like matrix upon etching with HF.  Briefly, 0.25 g of 

ground/shaken composite was transferred to a polyethylene beaker equipped with 

a Teflon coated stir bar.  Three ml of water and 3 ml of ethanol were added 

under constant mechanical stirring followed by 3 ml of 49 % HF solution.  After 

1 hour, the color of the etching suspension changed from dark brown to 

orange/yellow.  The liberated, hydride-terminated SiNCs were isolated by 
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extracting into ca. 30 ml (i.e., 310 ml) of toluene.  The toluene solution was 

transferred to test tubes and used immediately for thermal hydrosilylation (vide 

infra). 

2.2.3 Functionalization and Purification 

 Following centrifugation at 3000 rpm, the toluene was decanted from the 

hydride-terminated SiNCs and ca. 30 ml dodecene was added.  The reaction 

mixture was transferred to a 100 ml Schlenk flask equipped with Teflon coated 

stir bar and the flask was evacuated and refilled with argon 3 to minimize the 

presence of air in the reaction solution.  The reaction mixture was left open to an 

Ar filled manifold at atmospheric pressure, heated to 190 °C and was left stirring 

for a minimum of 15 hours. 

 Following thermal hydrosilylation, equal volumes (i.e., ca. 7.5 ml) of the 

orange/yellow solution were placed in four centrifuge tubes.  Approximately 35 

ml of a 1:1 methanol:ethanol mixture was added to each.  This procedure 

resulted in the formation of a cloudy yellow suspension.  The precipitate was 

isolated by centrifugation in a high-speed centrifuge at 14000 rpm for 0.5 hour.  

The supernatant was decanted and the particles were redispersed in a minimum 

amount of toluene and re-precipitated by addition of 35 ml of 1:1 

methanol:ethanol.  The dissolution/precipitation/centrifugation procedure was 
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repeated twice.  Finally, the purified functionalized SiNCs were redispersed in 

to  ene  fi tered thro gh a 0 45 μm  TF  syringe fi ter and stored in via s for 

further characterization. 

2.2.4 Material Characterization and Instrumentation 

 FTIR spectroscopy was performed on powder samples using a Nicolet Magna 

750 IR spectrophotometer.  Photoluminescence spectra were obtained by 

irradiation of a quartz vial containing the sample solution with a 441 nm line of a 

GaN laser (Wicked Laser Arctic Blue, ~600 mW).  Emitted photons were 

collected with a fiber optic connected to an Ocean Optics USB2000 spectrometer.  

The spectrometer spectral response was normalized using a black body radiator.  

X-ray Powder Diffraction (XRD) was performed using an INEL XRG 3000 X-ray 

diffractometer equipped with a Cu-Kα radiation so rce (λ = 1 54 Å).  

Transmission electron microscopy (TEM), selected area electron diffraction 

(SAED) and energy dispersive X-ray (EDX) analyses were performed using a 

JEOL-2010 (LaB6 filament) electron microscope with an accelerating voltage of 

200 kV.  High resolution TEM (HRTEM) imaging was performed on a 

JEOL-2200FS TEM instrument with an accelerating voltage of 200 kV.  TEM 

samples of SiNCs and Si nanocubes were drop-coated onto a holey carbon coated 

copper grid and the solvent was removed under vacuum.  TEM and HRTEM 
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images were processed using ImageJ and Gatan Digital micrograph software, 

respectively. 

 

2.3 Results and Discussion 

 The present study shows SiNC size and morphology obtained from thermal 

processing of HSQ and liberated from the resulting oxide matrix (Scheme 2-2) are 

dependent upon processing time and temperature.  Based upon these 

observations two complementary processes influence particle size/shape evolution 

are proposed: 1. Ostwald ripening leads to the formation of larger nanocrystals at 

the expense of smaller ones.  2. Diffusion and reorganization of silicon atoms to 

minimize the surface energy yield faceted structures.  We also have found that 

higher temperature (i.e., 1400 °C) annealing produces large faceted SiNCs, that 

presumably are the result of the combined influences of oxide matrix softening 

and melting of the silicon nanodomains which results in ready diffusion of Si 

atoms. 
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Scheme 2-2: Synthetic pathway from SiNC embedded SiO2 matrix to 

functionalized silicon nanocrystals with different sizes and morphologies. 

 

2.3.1 Influence of Processing Time and Temperature 

 HSQ is heated to 1100
o
C in a slightly reducing atmosphere (5% H2/95% Ar) 

to produce oxide-embedded SiNCs.  After cooling to room temperature, the 

resulting product was transferred to a high temperature furnace and annealed at 

higher temperatures (i.e., 1200, 1300 or 1400 
o
C) in an Ar atmosphere for 

predetermined times (i.e., between 1 to 72 hours).  This second heating step in an 

inert atmosphere induced morphological evolution of the SiNCs.  The resulting 

orange/brown powder was mechanically ground and subsequently etched using a 

1:1:1 HF/ethanol/water solution to liberate hydride-terminated SiNCs and large Si 
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pieces.  The freestanding particles were in turn passivated with dodecene via 

thermal hydrosilylation,
36

 purified by centrifugation and redispersed into toluene.  

Finally, large agglomerates and unfunctionalized particles were removed from the 

solution using a 0 45 μm PTFE syringe filter to yield a nonopalescent yellow 

solution.   

 

Table 2-1: Size and Percentage of Nanocube Structures in SiNC Samples. 

 

 Table 2-1 summarizes how the SiNC size and shape (i.e., frequency of cube 

formation) changes with the thermal processing time and temperature.  In 

general, the particle size increases with longer processing time. Extended 

annealing at 1100 and 1200 °C leads to SiNC growth as confirmed by XRD and 

TEM (Figure 2-1 and 2-2).  Peak narrowing in the XRD patterns arising from 

increased NC size is evident when the annealing time is extended from 1 hour to 

24 hours.  Consistent with these observations, TEM imaging of liberated 

Temperature (°C) 1100 1100 1200 1200 1200 1300 1300 1300 

Time (hour) 1 24 1 24 72 1 10 20 

Size (nm) 2.9 7.7 5.1 8.1 6.4 7.9 8.2 12.1 

% Cubic 0 0 0 2 15 0 3 71 

 

Temperature (°C) 1300 1300 1350 1350 1350 1350 1350 1350 

Time (hour) 24 36 1 2 3 4 5 10 

Size (nm) 11.4 8.7 8.0 7.5 7.6 7.4 6.6 7.0 

% Cubic 34 7 3 11 16 21 8 7 
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particles indicates SiNCs synthesized at 1100 °C are 2.9  0.5 nm after 1 hour 

processing and 7.6  1.3 nm after 24 hours proceeding.  A similar trend was 

observed for SiNCs annealed at 1200 °C.  SiNCs obtained from etching Si/SiO2 

composites annealed for 1 hour at 1200 
o
C exhibited an average diameter of 4.7  

0.9 nm; this increased to 7.1  2.0 nm for composites processed for 24 hours.  Of 

important note, the general pseudospherical shape of the SiNCs was maintained 

even after prolonged annealing (i.e., 24 hours) at 1100 °C, however for samples 

processed at 1200 °C, some faceted NCs were observed (Figure 2-2d).  
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Figure 2-1: XRD patterns of Si/SiO2 composites formed with various processing 

temperature and time.  Broad peaks at 2θ = 22° may be from the oxide and 

amorphous silicon. 
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Figure 2-2: TEM images of dodecene functionalized silicon nanocrystals formed 

at (a) 1100 °C for 1 hour; (b) 1100 °C for 24 hours; (c) 1200 °C for 1 hour; (d) 

1200 °C for 24 hours.  Inset: magnified images of each sample (scale bar = 20 

nm). 

 

2.3.2 Silicon Nanocubes and Structure Details 

 As one would expect, extended heating at 1300 °C also leads to evolution of 

the SiNC morphology (Figure 2-3).  Processing for 1 hour yields 
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pseudospherical NCs with TEM evaluated diameters of 7.9  1.3 nm.  Initially, 

annealing favors pseudospherical particle growth (i.e., 5 hours, dTEM = 8.2  1.3 

nm; 10 hours, dTEM = 8.3  1.5 nm; 15 hours, dTEM = 9.1  1.6 nm) (Figure 2-4).  

A small population of faceted structures (e.g., cubes, cuboids) are noted in TEM 

images of functionalized SiNCs liberated from the sample processed for 15 hours 

(Table 2-1).  Surprisingly, 70% of the functionalized NCs obtained from samples 

processed for 20 hours were cubic/cuboid (Figure 2-3c).  Infrared spectroscopy 

indicates the surfaces of the nanocubes are terminated with dodecyl functionalities 

(Figure 2-5).  Toluene solutions of these functionalized nanocubes show 

extremely weak orange-red PL under 441 nm irradiation (Figure 2-6).  It is 

reasoned that this PL arises from the excitation of small SiNC impurities (ca. 3 

nm) present in solution;
36

 no visible PL from large NCs or cubes was detected.  

A typical nanocube synthesis employing ca. 0.25 g of HSQ yields ca. 3.5 mg of 

functionalized Si nanocubes.  Extending the annealing time decreases the yield 

of cubes: after 24 hours only 34% of the particles are cubes/cuboids, after 36-hour 

few cuboidal structures remain (ca. 7%) and the overall size of particles become 

slightly smaller (Figure 2-4g). 
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Figure 2-3: Dodecene functionalized Si nanocubes and cuboids (a) Schematic of 

functionalized Si cubes.  (b) Image of functionalized Si nano-cubes and cuboids 

dispersed in toluene before (left) and after (right) filtration.  (c) Annealing time 

dependent size and shape evolution of SiNCs and Si nanocubes and cuboids 

formed after annealing at 1300 °C as demonstrated by representative TEM images 

(scale bar = 50 nm). 
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Figure 2-4: Size distribution of dodecene functionalized SiNCs and nanocubes 

formed at 1300 °C with various annealing time: (a) 1 hour, (b) 5 hours, (c) 10 

hours, (d) 15 hours, (e) 20 hours, (f) 24 hours and (g) 36 hours.  (h) Average 

sizes of SiNCs and cubes mentioned above.  Error bars showing the standard 

deviation of each samples (i.e., a – g). 
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Figure 2-5: FT-IR spectra of hydride-terminated (a) and dodecene-functionalized 

Si nanocrystals. Vibrations at ca. 2100 cm
-1

 and ca. 850 cm
-1 

are associated with 

the Si–Hx stretching and scissoring.  The intense absorptions observed at ca. 

2850 cm
-1

, ca. 2650 cm
-1

 and ca. 1460 cm
-1 

are attributed to the alkyl group C–H 

stretching and bending. 
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Figure 2-6: Photoluminescence spectrum of silicon nanocubes in toluene. 

 

 With this observation in hand, the question arises, why do Si nanocubes form 

after 20-hour processing?  We have already established silicon atoms readily 

diffuse through the oxide matrix at higher temperatures.
34

 It is reasonable, upon 

prolonged annealing that the silicon atoms will rearrange to form larger faceted 

structures in order to minimize surface energy.
27

 In addition, under this conditions 

oxygen atoms at the SiO2/Si interface can also migrate and influence this surface 

atom arrangement.  Tsoukalas et al. reported that the silicon and oxygen atom 

diffusion would be correlated through the formation of silicon domains within 

SiO2 matrix.
44

 Furthermore, simulations suggest Si nanocubes are 

thermodynamically favored over their pseudospherical counterparts when their 

surfaces are passivated.
37

 In this context, under the present processing conditions, 

the SiNC shape is expected to evolve to minimize the surface energy, leading to 
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the more stable cube geometry with the lowest energy surfaces (i.e., {111} and 

{110}).  As the particles grow with longer annealing, preferential formation of 

the cube/cuboid shape is lost because the oxide-embedded nanodomains coalesce 

and yield larger silicon pieces upon removal of the oxide with HF.   

 Consistent with our proposal of how cubic/cuboidal structures form, we have 

found the presented approach to be quite general.  It is only necessary to identify 

suitable parameters (e.g., time and temperature).  For example, Si nanocubes are 

also obtained from reactions performed at higher temperatures over shorter times 

(e.g., 1400 °C/1 hour, Table 2-1) presumably due to the more rapid diffusion of 

silicon atoms. 

 We now turn our attention to a more detailed examination of the Si 

nanocubes/cuboids obtained after 20 hours of processing at 1300 °C.  Figure 2-7 

shows electron microscopy images confirming the size and morphology of the Si 

nanocubes/cuboids (edge length = 12.1  2.7 nm) with aspect ratios of ca. 1–1.5 

(Figure 2-8).  Selected area electron diffraction (SAED, Figure 2-7e) clearly 

shows diffraction patterns consistent with diamond structure silicon.
38

 A 

comparison of the intensity ratio for diffraction rings obtained for pseudospherical 

(I(111):I(220) = 1.58) and nanocube/cuboid (I(111):I(220) = 1.70) is consistent with 

some oriented growth of the nanocrystals.
38

 Energy-dispersive X-ray spectroscopy 

(EDX, Figure 2-7d) confirms the presence of silicon and a small amount of 
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oxygen likely arising because of the limited surface passivation by the alkyl 

chains and air exposure during handling.  To determine the “true” shape of the 

silicon core and eliminate any influence arising from surface ligands, the Si 

particles were analyzed by high-angle annular dark-field (HAADF) imaging.  

The HAADF image (Figure 2-7c) highlights Si nanocubes/cuboids with edge 

dimensions of ca. 8–15 nm showing higher Z-contrast indicating an enriched Si 

content. 

 

 

Figure 2-7: Size and morphology analysis of dodecene functionalized silicon 

nanocubes formed from 1300 °C after 20 hours processing. (a, b) Bright-field 

TEM and (c) HAADF images of SiNCs. (d) EDX spectrum and (e) SAED ring 

patterns of SiNCs.  C and Cu signals arise from the sample grid. 
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Figure 2-8: Aspect ratio of Si nanocubes formed at 1300 °C for 20 h.  The 

dimensions a and b are the lengths of the two sides of nanocubes and the data are 

acquired from TEM images. Here we define a ≥ b.  The orange line represents 

the situation that a equals b.  

 

 High resolution TEM (HRTEM) imaging provided valuable information 

regarding the crystal structure of the present Si nanocubes/cuboids (Figure 2-9).  

The periphery of each Si particle is highlighted with a dashed parallelogram for 

clarity.  The majority of the Si nanocuboid structures examined showed lattice 

fringes spaced by 0.33 nm, perpendicular to the [111] direction and parallel to one 

of the square edges.  This spacing is close to that of the bulk {111} atomic plane 

spacing (i.e., 0.32 nm) for diamond structured Si.
39-41

 A small subset of the 
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nanocubes showed two sets of lattice fringes (Figure 2-9b), which were assigned 

specifically to the perpendicular [111] and [11  ] directions with an angle between 

them of ca. 70º.  In addition to those particles that show lattice fringes, a small 

number of the Si nanocubes/cuboids analyzed lacked any obvious lattice fringes.  

This observation may be the result of a misalignment of the particles with the 

electron beam. 

 

 

Figure 2-9: HRTEM images of silicon nanocubes/cuboids.  (a) A set of lattice 

fringes perpendicular to [111] direction and parallel to the cube edge.  (b) Two 

sets of fringes perpendicular specifically to the [111] and [11  ] directions.  

Projection direction parallel to [1  0] is indicated.  (c) A cuboid Si nanoparticle.  

(d) Twinned structure in one Si cube. 
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 No extended defects (i.e., dislocations or stacking faults) were obvious in the 

presented analysis.  However, we did note a small number of Si cubes displaying 

twinned structures (Figure 2-9d).  Detecting these twinned structures is only 

possible if the twinning boundary is aligned appropriately (i.e., parallel or almost 

parallel) with the incident electron beam direction.
42

 This orientation dependence 

may account for the small number of particles displaying twinning that were 

detected.   

 From the present observations we conclude that most of the Si nanocubes 

grow in the [111] direction, while small subpopulations grow in the [1  0] and 

[11  ] directions (Figure 2-9c).  The preferential growth direction may be 

understood when considering the comparatively low surface energy of the {111} 

and {110} silicon surfaces versus that of the {100}.
43

 In this context, we propose 

the annealing-induced evolution of the present particles is thermodynamically 

driven and cubes form in response to the minimization of the surface energy.  

Simulations involving larger silicon nanocubes suggest the silicon (100) surface 

should emerge as the preferred surface atom arrangement on each facet because of 

the slower etch rate in (110) and (111) directions during vapor phase synthesis.
37

 

However, here silicon cubes with (1  0), (111), and (11  ) faces were grown within 

a silica matrix , consistent with the Si/O interactions influencing the surface atom 

arrangements.  The exact nature of the interactions remains unknown at this 
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time. 

 Definitive conclusions regarding the exact ordering of atoms on the nanocube 

surfaces must be made with caution because surface reconstruction cannot be 

ignored; this remains a difficult challenge and the subject of ongoing study.  Still, 

it is possible to make some reasonable proposals on the basis of Figure 2-9.  

Figure 2-9a suggests that two faces of the cubes exhibit the {111} atomic 

arrangement.  Figure 2-9b suggests some may prefer {110} ordering based upon 

the electron beam direction.  In this regard, we propose the resulting nanocubes 

are terminated by (1  0), (111), and (11  ) surfaces.  Figure 2-10 illustrates how a 

cubic structure can be derived from a three-dimensional model of diamond lattice 

silicon by terminating the structure by these crystal faces. More detailed surface 

crystallographic studies are the subject of ongoing investigations. 
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Figure 2-10: Schematic representation of a silicon nano-cuboid structure 

terminated by (1  0)-(111)-(11  ) faces.  (a) Three dimensional view.  (b, c, d) 

Surface atom arrangement on each face.  This figure was prepared using the 

software Material Studio ver. 4.3 (Accelrys Inc.) 

 

2.3.3 Formation of Large Faceted SiNCs 

 Raising the processing temperature to 1200 °C yielded faceted NCs when 

samples were processed for 24 hours (Figure 2-11a).  The formation of 

nanocubes was also noted after prolonged annealing (i.e., 1200 °C for 72 hours, 
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Figure 2-11b).  These observations suggest the relative stability of Si crystal 

planes/faces are influencing the particle shape.  When the processing 

temperature was increased to 1300 °C, surface self-optimization became more 

obvious.  While it requires at least 15 hours for the formation of a small amount 

of faceted NCs, similar nanostructures were obtained only after 1-hour annealing 

at 1350 °C but only a maximum of 21% nanocubes could be achieved.  

 

 

Figure 2-11: TEM images of dodecyl-functionalized faceted silicon nanocrystals 

formed from prolonged high temperature annealing: (a) 1200 °C/24 hours, (b) 

1200 °C/72 hours, (c) 1300 °C/20 hours, and (d) 1350 °C/4 hours. 

 

 Silicon atoms are expected to diffuse and rearrange readily at 1400 °C 

because the oxide matrix and Si nanodomains NCs are expected to soften or even 

melt (SiO2 softening point: ca. 1200
 
°C, Si mp = 1414 °C).  As a result, 

substantial morphology evolution of SiNCs is observed (Figure 2-12a−c).  After 

only 1-hour annealing a notable population of Si nanocubes (24%) was detected 
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suggesting the oxide matrix is likely still intact and is still influencing the particle 

shape.  The average size (edge dimension ~ 10 nm) is larger than those formed at 

lower temperatures, but a comparatively narrow size distribution remains 

consistent with a softened matrix and easier Si diffusion.  No cubic structures 

were observed upon processing for 24 hours and only larger faceted structures 

(edge dimensions >20 nm) including, cuboid, hexagonal- and truncated 

trigonal-shapes were detected Figure (2-12d).  These observations suggest 

substantial Si diffusion and that these structures may have similar surface energy.  

Clearly, controlling silicon nanoparticle morphology within an oxide matrix is 

complicated by the softening of the oxide matrix which is expected to influence 

SiNC size/shape upon high temperature annealing.
27

 This is the subject of ongoing 

investigation in our laboratory. 
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Figure 2-12: Bright-field TEM and HRTEM images of faceted SiNCs formed 

from 1400 °C after (a) 1-hour, (b) 24-hour, and (c, d) 48-hour annealing.  

Several types of faceted structures are shown: (e) cuboid, (f) hexagon, and (g), (h) 

truncated trigonal platelets. (i) zoom-in image of (h) showing two sets of fringes 

Inset: hypothetical structure of the truncated trigonal platelets. 

 

 Despite the complexity of these processes and their influences on the particle 

size and shape evolution, valuable information can be obtained from 
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straightforward observation of the particles obtained from various reaction 

conditions. At comparatively low temperatures (i.e., ≤1350 °C) the rigid structure 

of the oxide matrix is maintained and the SiNC size does change dramatically 

with increased processing time.  In contrast, when the integrity of the SiO2-like 

matrix, that effectively separates nucleation from growth when syntheses are 

performed at lower temperatures, is somewhat compromised at ca. 1400 °C 

comparatively rapid diffusion of Si atoms occurs and particle growth and shape 

evolution are promoted. 

 HRTEM images of Si particles obtained upon processing at 1400 °C are 

shown in Figure 2-12e−i.  Larger nanocubes are formed at 1400 °C and they tend 

to grow in the [111] direction, consistent with the samples from the 1300 °C 

reaction [16].  In addition, hexagonal and truncated-trigonal NCs with {111} 

bases and facets were found, consistent with the expected tetrahedral symmetry.  

The growth direction appears to be dominated by the thermodynamic stability of 

the {111}.  Compared with previously reported large faceted SiNCs (edge 

dimension >100 nm),
22, 29-30

 it is possible that these relatively small faceted 

particles may finally grow larger with similar morphologies if prolonged 

annealing is applied. 
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2.4 Conclusions 

 In this chapter I have demonstrated annealing time and temperature can affect 

the morphology of SiNCs formed during the disproportionation of HSQ.  In 

doing so, I have found it is possible to exploit the relative thermodynamic 

stabilities of the Si crystal faces to induce silicon nanocrystal shape evolution in 

an oxide matrix.  At higher temperatures, the silicon nanodomains melt and 

surface atom diffusion occurs more readily and produces complex nanostructures.  

Such oxide-embedded Si cubes can be liberated without compromising their shape 

and subsequently passivated using thermochemical functionalization.  

Furthermore, the oxide matrix plays an important role in controlling NC sizes 

upon annealing, while its softening would induce the formation of larger faceted 

structure with relative lower surface energy. 
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Chapter 3 

Highly Luminescent Covalently 

Linked Silicon Nanocrystal/ 

Polystyrene Hybrid Functional 

Materials: Synthesis, Properties 

and Processability
2   

                                                 
2
 A Portion of this chapter has been published: 

Yang, Z.; Dasog, M.; Dobbie, A. R.; Lockwood, R.; Zhi, Y.; Meldrum, A.; Veinot, 

J. G. C., Adv. Funct. Mater. 2014. 24, 1345–1353. 
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3.1 Introduction 

 Semiconductor nanocrystals, or quantum dots (QDs), and functional polymers 

are among the many triumphs of modern materials chemistry.
1-4

 QDs of a vast 

array of compound semiconductors (e.g., CdSe, CdS, PbSe) are now routinely 

prepared and exploited for their size-dependent optical, electronic, and chemical 

properties.
5-8

 Similarly, synthetic advances in polymer chemistry now allow 

rational design and tailoring of their material characteristics.
9-12

 Marrying the 

exquisitely tunable properties of these two very different materials to produce 

hybrids offers yet another degree of freedom in the preparation of designer 

materials that find application in far reaching areas including optoelectronic 

structures,
4, 13

 drug delivery systems,
14

 sensors,
15

 solar cells,
16

 LEDs,
10

 and data 

storage.
17

  

Still, hurdles associated with the development of these hybrids remain that 

could slow and even preclude their practical implementation.  Important among 

these are homogeneous distribution of QDs throughout the host polymer,
18-20

 

material stability,
21-22

 and the established cytotoxicity of many prototypical 

QDs.
22-24

 If QDs are not uniformly distributed, variable material properties will 

likely result.  Unstable QD dispersions will certainly have variable properties 

and even degrade under some application conditions.  It is reasonable issues 
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associated with uniformity and stability can be mitigated through direct bonding 

between the host polymer and the QD surface.  Few examples of direct 

polymerization from the surface of archetypical CdSe QDs have appeared,
25

 

presumably because QDs and/or bonds tethering ligands to their surface are 

frequently not compatible with common polymerization conditions.
26

 Fortunately, 

the ionic bonding of ligands with QD surfaces can undergo equilibrating exchange 

processes that allow introduction of various surface moieties, including 

polymers.
27-29

 Another promising method for interfacing QDs with polymers 

relies upon exploiting the collective contributions of comparatively weak bonding 

interactions (e.g., van der Waals interactions) between surface groups on QDs and 

polymers.
30-31

 This approach has provided tailored QD solubility.  Polymer 

coating can also slow, and even limit the release of cytotoxic ions, but this largely 

remains an outstanding challenge and clearly the most effective solution is to 

eliminate the use of cytotoxic elements.
24, 32

 

 Recent synthetic advances have resulted in well-defined silicon nanocrystals 

(SiNCs) that have bettered the comm nity’s  nderstanding of their properties and 

reactivity.
33-36

 Modern SiNCs exhibit many, if not all of the favorable properties 

of traditional QDs with the added benefit of being non-toxic.
37-42

 Their surface 

chemistry differs substantially from that of other QDs and is routinely tailored via 

various hydrosilylation approaches that afford robust covalent Si–C bonds.
43-47
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These surface linkages preclude direct application of the surface exchange 

approach (vide supra).  Approaches involving non-covalent 

surface-group/polymer interactions have been successfully applied to prepare 

SiNC/polymer hybrids typically with the intent of tailoring their solubility.
48-49

 As 

with other QDs, this strategy requires multiple synthetic steps to prepare the 

NC/polymer hybrid structure and the comparatively weak interactions between 

the polymer and nanoparticles could limit material stability.  Alternative 

methods for interfacing SiNCs with polymers must be explored if hybrid materials 

with targeted properties are to be realized. 

 Investigations describing bulk silicon surface chemistry are vast and 

examples exist that offer a variety of promising approaches for interfacing SiNCs 

with polymers.  Generally, modification of bulk silicon begins with a reactive 

surface (e.g., Si–H; Si–X where X = Cl, Br) that is subsequently modified by 

active functional groups on grafted molecules.  For example: Tour and 

co-workers designed an efficient surface grafting approach on hydride-terminated 

silicon film surface using diazonium sources that leads to the formation of mono- 

and multilayers (i.e., oligomers and polymers).
50-52

 Xu et al. investigated surface 

initiated atom transfer radical polymerization (ARTP) on Si surfaces derived from 

monolayer modification of hydride and halogen terminated silicon and effectively 

induced the formation of polymer grafted surface.
53-54

 Similarly, Zhang et al. 
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reported a rapid grafting method to grow thick and dense polymer brushes on 

silicon using a multiple-step functionalization including UV-induced 

hydrosilylation followed by rare metal catalyzed polymerization.
55

 All of these 

reports provide a basis for the preparation of SiNC/polymer hybrids, but many 

employ metal catalysts or reaction conditions that could compromise favorable 

SiNC properties.   

 Most reports of photochemically and thermally induced hydrosilylation are 

aimed at monolayer formation, but they also provide important platforms for 

controlled surface polymerization.  Such "one-pot" hydrosilylation/ 

polymerizations would dramatically simplify material preparation, minimize 

impurities, and assist in material processing. Our group, and others have reported 

polymerization of monomers (e.g., propionic acid), indicating that catalyst free 

polymerization from SiNC surfaces is indeed possible.
56-58

 Styrene has long been 

a preferred monolayer surface modification for SiNCs.
59

 Polystyrene (PS) is a 

ubiquitous polymer with wide ranging applications.  It has been introduced to 

bulk silicon surfaces via radical initiated polymerization,
60-61

 and very recently 

thin films of PS composites containing ill-defined, blue-emitting Si nanoparticles 

were investigated as an active material in prototype thin film transistors.
61

  

 To date, the bulk synthesis and processing of well-defined SiNC/PS hybrid 

materials have not been reported.  Furthermore, demonstrations of micro and 
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nanostructured SiNC/PS hybrid architectures exhibiting tunable photoluminescent 

properties have not appeared.  Clearly, a comprehensive study on the physical 

and chemical properties as well as the solution processability of SiNC/PS hybrids 

would provide substantial benefit to the realization of functional materials and 

materials applications.  To this end, this Chapter outlines a systematic 

investigation of the preparation of a series of covalently linked SiNC/PS hybrids 

with tunable luminescence arising from state-of-the-art SiNCs that exhibit 

SiNC-based photoluminescence arising from quantum confinement.  We also 

demonstrate the solution processability of the present SiNC/PS hybrids and 

prepare a variety of chemically resistant, uniform nano- and microscale 

photoluminescent architectures. 

 

3.2 Materials and Methods 

3.2.1 Reagents and Materials 

 Hydrogen silsesquioxane (HSQ) was purchased from Dow Corning 

Corporation (Midland, MI) as FOx-17.  Electronics grade hydrofluoric acid (HF, 

49% aqueous solution) was purchased from J. T. Baker.  Reagent grade 

methanol, toluene, ethanol, and 1-dodecene (97%) were purchased from Sigma 
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Aldrich and used as received.  Styrene was purified by passing over neutral 

alumina immediately prior to use.  Anodic aluminum oxide (AAO) membranes 

with 200 nm pores were obtained from Whatman. 

 

3.2.2 Synthesis and Liberation of SiNCs 

 Preparation of oxide-embedded SiNCs (3 nm): Established literature 

procedures were used to prepare oxide-embedded silicon nanocrystals 

(SiNC/SiO2).
62

 Briefly, solvent was removed from the stock HSQ solution under 

vacuum to yield a white solid.  The solid (ca. 4 g) was placed in a quartz reaction 

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 a two-step 

process.  The solid was crushed using an agate mortar and pestle to remove the 

large particles, and finally ground to a fine powder using a Burrell Wrist Action 

Shaker by shaking with high-purity silica beads for 5 hours.  The resulting 

SiNC/SiO2 powders were stable for extended periods and stored in standard glass 

vials.  
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 Preparation of oxide-embedded SiNCs (d = 5 nm and 8 nm): After grinding 

with a mortar and pestle (vide supra), 0.5 g of the SiNC/SiO2 composite 

containing 3 nm SiNCs were transferred to a high temperature furnace (Sentro 

Tech Corp.) for further thermal processing under an inert argon atmosphere.  

This procedure leads to particle growth while maintaining a relatively narrow 

particle size distribution.  In the furnace, the SiNC/SiO2 composite was heated to 

appropriate peak processing temperatures at 10 °C/min to achieve the target 

particle size (i.e., 1200 °C for 5 nm NCs and 1300 °C for 8 nm NCs). Samples 

were maintained at the peak processing temperature for 1 hour. After cooling to 

room temperature, the brown composites were ground using procedures identical 

to those noted above. 

 Liberation of SiNCs: Hydride-terminated SiNCs were liberated from the 

SiNC/SiO2 composite by HF etching. Predefined quantities of SiNC/SiO2 

composite corresponding to the final hybrid SiNC loading (i.e., 0.8, 1.6, and 2.4 

wt% SiNC/polystyrene hybrids, 0.25 g, 0.50 g and 1.0 g of ground SiNC/SiO2, 

respectively) were transferred to a polyethylene terephthalate beaker equipped 

with a Teflon coated stir bar.  Ethanol (3 ml) and water (3 ml) were added under 

mechanical stirring to form a brown suspension followed by 3 ml of 49% HF 

aqueous solution (Caution! HF must be handled with extreme care).  After 1 

hour of etching in subdued light the suspension appeared orange/yellow.  
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Hydride-terminated SiNCs were subsequently extracted from the aqueous layer 

into ca. 30 ml of toluene by multiple (i.e., 3 x 10 ml) extractions.  The SiNC 

toluene suspension was transferred to test tubes and the SiNCs were isolated by 

centrifugation at 3000 rpm. 

 

3.2.3 Formation and purification of SiNC/polystyrene hybrids 

 After decanting the clear toluene supernatant, hydride-terminated SiNCs were 

dispersed in 12 ml of a 1:1 styrene:toluene mixture to yield a cloudy suspension.  

This suspension was transferred to a dry 100 mL Schlenk flask equipped with 

magnetic stir bar and attached to an argon charged Schlenk line.  The reaction 

mixture was subjected to three freeze–pump–thaw cycles and finally backfilled 

with argon.  The temperature was increased to 110 °C in an oil bath under a 

static argon atmosphere. The reaction mixture was stirred for a minimum of 15 

hours to yield a transparent orange solution. 

 Following cooling to room temperature, equal volumes of the orange solution 

were dispensed into 4 test tubes and 10 ml of ethanol was added to yield a cloudy 

light yellow dispersion.  The precipitate was isolated by centrifugation at 3000 

rpm for 10 minutes.  The supernatant was decanted and the precipitate was 

redispersed in a minimum amount (ca. 5 ml) of toluene with ultrasonication for 
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0.5 hour and subsequently reprecipitated by addition of ethanol.  This 

dissolution/precipitation/centrifugation procedure was repeated twice.  Finally, 

the purified hybrid material were redispersed in toluene, filtered through a 0.45 

μm  TF  syringe fi ter and dried  nder vacuum for 12 hours to yield an amber 

solid that was stored in a vial for further use until needed.  

3.2.4 Fabrication of SiNC/Polystyrene Coated Fibers and 

Nanofabrics 

 Fabrication of polystyrene/SiNC coated fibers: Polyimide coated fused-silica 

capillary tubing was purchased from Polymicro Technologies with a 102 μm inner 

diameter (ID) and a 164 μm o ter diameter ( D)   T bing was c eaved into ca. 5 

cm long pieces, placed in a quartz boat and transferred into a tube furnace 

(Barnstead Thermolyne 21100).  The tube was evacuated with a roughing pump 

and backfilled with oxygen, then heated at 650 °C for 45 minutes under a steady 

flow of oxygen to remove the polyimide cladding layer.  After cooling to room 

temperature, the fibers were stored in air in a covered plastic petri dish for until 

needed. 

 Coating of the internal surface of the capillaries was achieved by dissolving 

0.2 g of the 2.4 wt % SiNC (d = 3 nm)/polystyrene hybrid in ca. 3 ml of toluene.  

The end of the capillary was dipped into the toluene solution causing it to be 



89 

 

drawn into the tube by capillary action.  The fibers were subsequently placed 

perpendicularly in a glass vial and dried in the air at room temperature for 24 

hours. 

 Fabrication of SiNC/polystyrene nanofibres: Anodic aluminum oxide (AAO) 

membranes were placed on a standard glass microscope slide.  0.1 g of 0.8 wt % 

SiNC(d=3 nm)/polystyrene hybrid was dissolved in 3 ml of toluene and a 

predefined volume (i.e.  60 μL) of the so  tion was drop-cast using a micropipette 

onto the top surface of the AAO.  A second glass slide was placed on top of the 

liquid and gently pressed to form a "glass-liquid-AAO-glass" assembly.  After 

drying in air, the glass slides were removed and the coated AAO was immersed in 

10 M aqueous KOH for 24 hours to remove the AAO template. The resulting 

transparent film was washed with deionized water and ethanol and finally dried in 

air at room temperature for 24 hours. 

 

3.2.5 Fabrication and Stability of Hybrid Thin Films 

 The toluene solution (700 μL) used for AAO templated nanofiber preparation 

(vide supra) was dropped into the wells of a glass spot plate.  The solvent was 

evaporated after 15-hours in air at atmospheric pressure to yield a curved thin film 

that was readily released from the glass surface.  The chemical resistance of the 
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thin films was assessed by immersing it in a saturated NaOH solution for a 

predefined time (i.e., 15 days or 30 days) after which the photoluminescence (PL) 

was evaluated.  Before the evaluation of the PL response, the samples were 

rinsed with deionized water and ethanol, and dried in vacuum for 24 hours.  For 

the fabrication of a 500 nm-thick thin film, ca. 25 μL of the toluene solution used 

for AAO templated nanofiber preparation was transferred onto a clean silicon 

wafer (1.5 cm  1.5 cm) and spin-coated three times with a speed of 3000 rpm for 

30 seconds.  Then the silicon wafer supported thin film was soaked in a saturated 

NaOH solution for 7 days.  Finally, the supported thin film was removed from 

the solution and rinsed repeatedly with deionized water and ethanol, and dried 

under vacuum for 24 hours prior to evaluating the surface morpholoy using SEM. 

 

3.2.6 Material Characterization and Instrumentation 

 PL spectra were obtained upon irradiating a quartz vial containing a toluene 

solution of the sample in question with the 441 nm line of a GaN laser (Wicked 

Laser Arctic Blue, ~600 mW).  Emitted photons were collected with a fiber optic 

connected to an Ocean Optics USB2000 spectrometer. The spectrometer spectral 

response was normalized using a black body radiator.   

 1
H NMR spectra were recorded on an Agilent/Varian INova four-channel 500 
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MHz spectrometer and referenced externally to SiMe4. 

 FT-IR spectroscopy was performed on uniform powder samples using a 

Nicolet Magna 750 IR spectrophotometer.   

 Raman spectroscopy was performed using a Renishaw inVia Raman 

microscope equipped with a 514 nm diode laser on the sample. 

 Gel-permeation chromatography (GPC) was performed at 35 °C using THF 

(stabilized with 250 ppm butylated hydroxytoluene) as the eluent at a flow rate of 

1 mL min
-1

.  GPC measurements were made using a Varian GMBH GPC50 

instrument and calibrated to polystyrene standards. 

 X-ray photoelectron spectroscopy (XPS) was acquired in the energy spectrum 

mode at 210 W, using a Kratos Axis Ultra X-ray photoelectron spectrometer.  

Samples were prepared as films drop-cast from solution onto a copper foil 

substrate.  CasaXPS (VAMAS) software was used to process the high-resolution 

spectra. All spectra were calibrated to the C1s emission (284.8 eV) arising from 

adventitious carbon. After calibration, the extrinsic loss structure in the 

background from each spectrum was subtracted using a Shirley-type background. 

Sample compositions were determined from the emission intensities of the survey 

spectra using appropriate sensitivity factors. The high-resolution Si 2p region of 

spectra were fit to Si 2p1/2/Si 2p3/2 partner lines, with spin-orbit splitting fixed at 

0.6 eV, and the Si 2p1/2/Si 2p3/2 intensity ratio was set to 1/2. 
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 Thermal gravimetric analysis (TGA) was performed using a Perkin-Elmer 

Pyris 1 TGA.  Samples were heated in a Pt pan under N2 gas from 20 to 900 °C 

at a rate of 10 °C/min.  

 Transmission electron microscopy (TEM) and energy dispersive X-ray (EDX) 

analyses were performed using a JEOL-2010 (LaB6 filament) electron microscope 

with an accelerating voltage of 200 keV.  TEM samples of SiNCs were 

drop-casted onto a holey carbon coated copper grid (SPI supplies) and the solvent 

was evaporated under vacuum. Secondary electron scanning electron microscopy 

(SEM) images of the nanofibres were obtained using field-emission SEM (JEOL 

JSM 7500F) with an accelerating voltage of 0.5 to 1.0 kV.  Optical fibers and 

thin films were imaged using a JEOL 6301F field-emission SEM with an 

acceleration voltage of 5 kV.  TEM and SEM images were processed using 

ImageJ software.  Particle size distribution was processed by visual analysis of 

the images aided by the ImageJ software. 

 An Ar
+
 laser with the wavelength of 488 nm was applied at a pumping power 

of 300 mW for the fluorescent imaging of the polymer-coated capillaries.  The 

beam was incident in free space through the side of the optical fiber, which was 

placed on the stage of an epifluorescence microscope. The resulting fluorescence 

was collected through a 10× microscope objective (numerical aperture of 0.22) 

and imaged using a color CCD camera (Fast 1394 FireWire
TM

, Retiga EX).  
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3.3 Results and Discussion 

3.3.1 Functionalization of SiNCs with Polystyrene 

 The methodology used to prepare the present SiNC/PS hybrids is summarized 

in Scheme 3-1.  Well-defined SiNCs (i.e., d = 3, 5 and 8 nm) were prepared 

using a well-established procedure that exploits thermally induced 

disproportionation of commercially available hydrogen silsesquioxane (HSQ).  

Briefly, HSQ was heated in a slightly reducing atmosphere (i.e., 5% H2/95% Ar) 

at 1100 °C to induce formation of SiNCs inside an SiO2-like matrix.  Larger 

SiNCs were obtained following a second processing of the composite obtained 

from this procedure at higher temperatures (i.e., 1200 °C d = 5 nm; 1300 °C d = 8 

nm) in an Ar atmosphere.
63

 The resulting brown solids were mechanically ground 

and etched using an ethanol/water HF solution to liberate hydride-terminated 

SiNCs.   
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Scheme 3-1: Synthetic pathway from HSQ to polystyrene functionalized silicon 

nanocrystals/polystyrene hybrid material. 

 

 Subsequent functionalization/polymerization of styrene onto the SiNC 

s rfaces was achieved  sing a convenient “one-pot” proced re fo  owed by 

purification.  SiNCs were combined with a toluene solution of styrene and 

heated to 110 °C in an Ar atmosphere.  Prolonged heating (i.e., at least 15 hours) 

yielded an orange solution from which an amber solid was precipitated upon 

addition of ethanol.  FT-IR spectra of the products are consistent with SiNC 

surface functionalization and formation of polystyrene (Figure 3-1).  Prior to 

reaction with styrene, the SiNC IR spectrum shows two distinctive signals at ca. 

2100 cm
-1

 and ca. 850 cm
-1 

which are readily attributed to Si–Hx stretching and 

scissoring, respectively.
36

 IR spectra of the SiNC/PS products are independent of 

the SiNC size and strongly resemble literature spectra of polystyrene.
64

 The 
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stretching bands are attributable to the C–Hx of phenyl rings (3000–3200 cm
-1

) 

and aliphatic polymer backbone (2650–2900 cm
-1

).  In addition, weak 

absorptions characteristic of overtone bands arising from mono-substituted 

aromatic rings are observed at 2000 cm
-1

 and 1650 cm
-1

.  Strong features at ca. 

1600 cm
-1

 and ca. 1500 cm
-1

 are readily assigned to C=C stretching of the phenyl 

rings and a weak signal at ca. 1370 cm
-1

 is associated with C–Hx bending in 

aliphatic chain.  The intense peak at ca. 1450 cm
-1

 has also been assigned to the 

combination of phenyl group the C=C stretching and aliphatic C–Hx bending.
64

 

Additional features, such as the weak features between 1250 cm
-1

 and 1000 cm
-1

, 

and the strong peak at ca. 760 cm
-1

 arise from in-plane and out-of-plane the C–Hx 

bending.  Of important note, there is no evidence of features arising from Si–Hx 

which supports the conclusion that SiNCs are covalently attached to the 

polystyrene.  NMR analysis confirms no free styrene is present in the purified 

samples (Figure 3-2). Raman spectroscopy shows a clear absorption at 624 cm
-1

, 

confirming the Si-C covalent linkages between the polystyrene and SiNC surface 

(Figure 3-3).
65
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Figure 3-1: FT-IR spectra of (a) 3 nm hydride-terminated and (b-d) Si 

nanocrystals with different sizes (b: 3 nm, c: 5 nm and d: 8 nm). 
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Figure 3-2: 
1
H NMR spectrum (CDCl3, 500 MHz) of SiNC/polystyrene hybrid 

material. Peak at 2.41 rpm is correspondent to a trace amount of toluene. 

 

 

Figure 3-3: The Si-C stretching region of the Raman spectrum of the hybrid 

material.  The huge background results from the photoluminescence of the 

material. 
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 The uniformity of the SiNC/PS hybrids was evaluated using bright field 

transmission electron microscopy (TEM).  Figure 3-4 shows minimal clustering 

of the SiNCs regardless of size, indicating the NCs are uniformly dispersed 

throughout the polymer.  Photoluminescence spectroscopy clearly shows the 

size-dependent emission of the SiNCs (i.e., d = 3 nm, em= 700 nm; d = 5 nm, 

em= 786 nm; d = 8 nm, em= 888 nm) is preserved with functionalization (Figure 

3-5).  Consistent with this emission arising from a band gap transition, we note a 

radiative lifetime decay of 164.5 μs (Figure 3-6) indicative of a SiNC-based band 

gap emission and no evidence of excitation wavelength dependence. 
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Figure 3-4: Bright field TEM images (a-c) and size distribution (d-f) of 

ensembles of the polystyrene-functionalized silicon nanocrystals with several 

average diameters: (a, d) 3.1 nm, (b, e) 5.1 nm, and (c, f) 7.9 nm. 
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Figure 3-5: PL spectra of toluene solutions containing SiNC/PS hybrid materials 

with indicated mean particle sizes determined using TEM. 

 

 

Figure 3-6: Representative data of lifetime decay with fitting curve (using 3 nm 

SiNC/PS hybrids in toluene solution under 476 nm (10 mW) irradiation). The 

decay was fit with a stretched exponential function: F(t) = A*exp(-(t / τ)
γ
), where 

A = 19623.4, γ= 0.809206, lifetime decay τ = 146.5 μs. 
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 Survey X-ray photoelectron (XPS, not shown) and Energy Dispersive X-ray 

spectra (EDX) indicate the present SiNC/PS hybrids contain only silicon, oxygen 

and carbon.  High-resolution XPS analyses further supports the formation of PS 

functionalized SiNCs (Figure 3-7).  The C 1s emission located at 284.8 eV and a 

second emission at 291.6 eV (Figure 3-7a) substantiate the presence of aromatic 

groups (i.e., phenyl rings).
60

 Multi-component features appear in the Si 2p spectral 

region (Figure 3-7b).  For clarity only the Si 2p3/2 components of the spin-orbit 

coupling pairs are displayed.  Consistent with previous reports of functionalized 

SiNCs,
66

 an emission attributable to elemental Si is noted at 99.3 eV.  Other 

fitted features (i.e., 100.4, 101.6, 102.4 and 103.4 eV) are readily assigned to Si–C 

and silicon oxides.
57

 

 

 

Figure 3-7: High-resolution XPS spectra of carbon (1s) and silicon (2p) for the 

SiNCs/PS hybrid material.  Fitting results are shown for the silicon spectrum 

with only the Si
 
2p3/2 signal shown.  The Si 2p1/2 signals have been omitted for 

clarity.  
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3.3.2 Polymer Behavior and Functionalization Mechanism 

 To investigate the impact of the SiNC concentration on hybrid material 

properties, a series of materials were prepared using varied concentrations of 3 nm 

diameter SiNCs.  The SiNC content was determined using thermal gravimetric 

analysis (TGA, Figure 3-8). We note that in order to achieve complete SiNC 

functionalization, qualitatively determined by the formation of a non-opalescent 

solution, longer processing times are required when more NCs are present (15 

hours for 0.8 wt% SiNCs, 59 hours for 2.4 wt% SiNCs).  GPC provides 

molecular weight information for the SiNC/PS hybrids (Figure 3-9).  Two major 

components are observed: a weak signal indicating a component with a Mw of 

several million g/mol and a second more intense peak is found at a longer 

retention time corresponding to Mw = 200000 – 330000 g/mol.  We attribute the 

larger molecular weight component to the PS functionalized silicon particles, 

while those molecules with smaller Mw values are free PS formed during 

hydrosilylation.  Based on the GPC results, the thickness of the polymer brush 

on SiNC surface is about 30 to 90 nm depending on the particle sizes. 
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Figure 3-8: Thermogravimetric analysis (TGA) of hybrid materials with indicated 

3 nm SiNC concentration. 
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Figure 3-9: GPC results of SiNC/PS hybrid material with various particle sizes: 

(a) 3 nm, (b) 5 nm, and (c) 8 nm. 
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Figure 3-9 (Continued): GPC results of SiNC/PS hybrid material with various 

particle sizes: (a) 3 nm, (b) 5 nm, and (c) 8 nm. 
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 As noted above, styrene has been a SiNC surface functionalization of choice 

because of the favorable solution properties and stability this surface modification 

endows.  Surprisingly, reports of polymerization/oligomerization of styrene 

on/from the surface of SiNCs are rare.
61

 Previously, styrene polymerization on the 

presence of Si nanoparticles has been attributed to the homolytic cleavage of the 

Si-H bond.
61

 While this reaction mechanism is likely active at high reaction 

temperatures (i.e., ≥150 °C), there is little question it is not the dominant reaction 

pathway for the comparatively low temperatures used here.  Scheme 3-2 

illustrates how polymerization is expected to proceed.  Rather than relying upon 

thermally induced homolytic cleavage of the Si–H bond,
44

 or the presence of an 

external radical initiator,
60

 styrene can thermally self-initiate producing radicals 

via a Diels-Alder cycloaddition.
67

 Besides the initiation of styrene polymerization 

in solution, these radicals can abstract hydrogen atoms from the Si–H terminated 

SiNC surface and the resulting silyl radicals are free to react with solution-phase 

styrene.  This would form Si–C bonds and new radicals localized on the 

beta-carbon of the surface bonded moiety, which can subsequently react with 

more styrene to produce surface bonded oligomers/polymers or react in a surface 

chain-hydrosilylation reaction.
68

 Finally reactions end with radical–radical 

termination events.  A more detailed study of the polymerization mechanism and 

the roles of various additives are necessary to extend to the synthesis and 
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applications of other types of polymer/SiNCs hybrids. 

 

 

Scheme 3-2: Possible routes for the PS functionalization of the hydride 

terminated SiNCs.  Note (*) indicates multiple products co-exist during the 

initiation step.
67

 Si surface radicals might also be created by the hydrogen transfer 

from the surface to the ligand radical,
44

 which is not shown here for clarity. 
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3.3.3 Processability and Stability of Hybrid Material 

 One of the primary goals of developing functional hybrid materials like the 

SiNC/PS hybrids presented here is to effectively combine the characteristics of 

the constituent components. Photoluminescent response, solution processability, 

and chemical stability are key properties of the present systems. To demonstrate 

the unification and utility of these hybrid characteristics the fabrication and 

properties of three photoluminescent prototype PS/SiNCs micro/nanostructures is 

described. 

 Photoluminescent optical fibres were fabricated by solution-coating of the 

interior surfaces of commercially available quartz capillaries.  A toluene solution 

of the SiNC/PS (d = 3 nm) was drawn into a fiber that had been freed from its 

protective polyimide coating. Following evaporation of the solvent, a smooth thin 

film of the hybrid is formed on the inner capillary wall (see Figure 3-10). To 

approximate the residual solvent content, TGA analysis of a thin film sample was 

performed which indicated ca. 8 mass % toluene remained (See Figure 3-11).  

This solvent content exhibits no obvious influence on the material properties. 

While the coating layer cannot be imaged directly with an optical microscope, 

intense and uniform red PL couples the whole fiber under 488 argon laser 

irradiation (Figure 3-10f and g).  Scanning electron microscopy (SEM) shows a 
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smooth ca. 1.5 μm thick polymer layer (Figure 3-10a–d).  

 

Figure 3-10: SEM images (a-d) of optical fibers with 3 nm SiNC/PS coating on 

the inner wall.  Dotted lines indicate the coating layer.  (e) optical microscope 

and (f, g) fluorescence microscope images of the fibers with red emission from (f) 

the top and (g) cleaved end shown upon 488 nm excitation. 

 

 

Figure 3-11: Thermogravimetric analysis of a thin film sample. The weight loss 

below 360 
o
C is reasonably attributed to the evaporation of residual toluene. 
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 To extend our solution coating procedure and fabricate nanoscaled structures 

it was necessary to determine if the present hybrids were resistant to the basic 

etching environment used to remove our nano-templates of choice (i.e., anodic 

aluminum oxide, AAO).  This is particularly true considering that 

hydride-terminated SiNCs are readily oxidized and their luminescence 

compromised upon exposure to basic solutions.
69

 Reports also indicate that the 

SiNC-based luminescence of hybrid materials is compromised or blue-shifted 

upon treatment with NH4OH or NaOH solutions despite encapsulation.
70

 To 

investigate the resistance of our hybrids in strongly basic conditions, samples 

were cast as transparent SiNC/PS luminescent thin films with thicknesses in the 

range of 45–60 μm (See Fig re 3-12). These films were immersed for 15- and 

30-day intervals in NaOH aqueous solutions (19.4 M) followed by evaluation of 

their morphology, texture, as well as the intense PL.  Negligible changes were 

detected (Figure 3-12a) in the optical response, however some minor damage to 

the outer polymer surface was noted (Figure 3-12d).  Freestanding thin films (i.e., 

thickness ca. 500 nm) were also prepared via spincoating (See Figure 3-13) and 

were exposed to saturated aqueous NaOH solutions for 7 days.  No material 

degradation was detected at the sensitivity of SEM. 
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Figure 3-12: Characterization of PS functionalized 3 nm SiNC/PS thin film 

before and after the base solution resistance test.  (a) PL spectra and (b) images 

showing their luminescent property before and after the test: (i) before the test; (ii) 

15 days after, and (iii) 30 days after (scale bar: 1 cm).  (c, d) SEM images of a 

thin film before and after the immersion test ((c) side view, (d) top view, scale bar: 

50 μm). 
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Figure 3-13: SEM images of thin film spin-coated onto a silicon substrate before 

(a) and after (b, c) the 7-day immersion test. The thickness was ca. 500 nm. No 

significant change was observed.  Inset: image of a freestanding thin film during 

immersion test under 365 nm UV light irradiation. 

 

 Having established our hybrids are chemically resistant, we endeavored to 

exploit their properties and fabricate hybrid nanostructures using a sacrificial 

template, as summarized in Scheme 3-3.  Briefly, a piece of commercial by 

available AAO bearing pore sizes of d = 250 – 300 nm (Figure 3-14) was 

dropcoated with a toluene solution of SiNC/PS (d = 3 nm).  A glass slide was 

placed on top of the template and gently pressed, resulting in a uniform thin film 

on top of the AAO.  The hybrid solution was draw into the nanopores by 

capillary action.  The solvent was evaporated upon standing under ambient 

conditions to yield a highly luminescent solid film with hybrid nanofibers within 

the pores (See Figure 3-15). The chemical resistance of the polystyrene 

component of the hybrid enabled basic etching of the AAO template without any 
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detectable deterioration of the SiNC optical response.  Following template 

removal, no trace aluminum was detected by EDX, consistent with complete 

template removal.  SEM images of the liberated thin films clearly show bundles 

of flexible nanofibres with a diameter of ca. 250 nm and lengths exceeding 30 μm 

(Figure 3-15c–f).  The interface between the surface film layer and nanofibres is 

shown in Figure 3-15f.  The thin film is ca. 3 μm thick with a smooth surface.  

On the interface we also notice branch-like ends of the nanofibres that can be 

reasonably attributed to pore branching within the AAO template. 

 

 

Scheme 3-3: A schematic of the fabrication of SiNC/PS hybrid nanofibres. 
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Figure 3-14: SEM images of the anodic aluminum oxide template with 200-300 

nm pore size: (a) top view, (b) bottom view, and (c) side view. 

 

 

Figure 3-15: (a) Luminescent nanofibres fabricated using the 3 nm SiNC/PS 

hybrid material by drop-casting.  (b) EDX showing the presence of silicon, 

carbon and oxygen.  Cu signals arise from the sample grid.  (c-f) SEM images 

of nanofibres liberated from the template.  
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3.4 Conclusions 

 In summary, a straightforward synthetic route for preparing highly 

luminescent, solution processable, SiNC/PS hybrid materials was reported. 

Hydride-terminated SiNC surface have been surface modified with polystyrene 

using a size-independent radical-initiated hydrosilylation.  Detailed material 

information including, composition, optical properties and particle distribution, 

has been obtained. Combining the properties of SiNCs with PS significantly 

increases solubility, rendering the particles solution processable and provides the 

opportunity to fabricate uniform nano- and microscale architectures.  

Furthermore, the polystyrene matrix renders the SiNC chemically resistant to 

prolonged exposure to strongly basic conditions.  
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Chapter 4 

Surface-Induced Alkene 

Oligomerization: Does Thermal 

Hydrosilylation Really Lead to 

Monolayer Protected Silicon 

Nanocrystals?
3   

                                                 
3
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Yang, Z.; Iqbal, M.; Dobbie, A. R.; Veinot, J. G. C., J. Am. Chem. Soc. 2013, 135, 

17595-17601. 



121 

 

4.1 Introduction 

Silicon nanocrystals (SiNCs) are intriguing materials because their properties 

differ substantially from those of their bulk counterparts.
1-3

 Their tunable 

optoelectronic response, as well as low toxicity and biocompatibility, has garnered 

much attention, and prototype applications including light-emitting diodes, solar 

cells, and biological probes have been demonstrated.
4-7

 Claims have also been 

made that hydride-terminated SiNCs can “sp it water” witho t any energy inp t 
8
 

While some exceptions exist,
9-12

 most methods to prepare functionalized SiNCs 

begin with partic es terminated with Si−  moieties that are, in turn, modified 

using various hydrosilylation strategies based upon widely known work on bulk 

and porous silicon.
13-19

 These procedures provide alkyl and alkenyl surface groups 

that render SiNCs environmentally stable and compatible with common organic 

solvents. Broadly, hydrosilylation reactions add an Si−  bond across the C−C 

multiple bond; however, the exact mechanism depends upon the conditions 

employed (e.g., thermal initiation, photochemical activation, metal-based catalysis, 

among others). 

 For reactions on bulk silicon surfaces, Linford and Chidsey have proposed 

that the reaction proceeds via a self-propagating chain reaction that leads to 

close-packed monolayers.
14

 Investigations probing these reactions under 
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somewhat “idea ” ultra-high-vacuum (UHV) conditions with low monomer 

concentration, flat single-crystal surfaces, and single initiation sites support this 

mechanism.
20-22

 Subsequently, numerous contributions have reported that 

analogous surface passivation of silicon nanostructures (e.g., porous silicon, 

SiNCs) provides close packing of ligands.
17, 23-25

 Still, the exact hydrosilylation 

mechanism remains elusive and the subject of ongoing discussions.
25-30

 

Unquestionably, typical reaction conditions are far from the ideal UHV scenario 

noted above, and the reaction pathways depend upon the experimental parameters 

employed.  Among the various approaches, thermally initiated hydrosilylation is 

widely employed for SiNCs because it is not influenced by particle size and 

shape,
14-15, 31-32

 it affords comparatively high yields, and there is no need to 

remove trace catalyst impurities.  A commonly accepted thermal hydrosilylation 

mechanism req ires s fficient heat (T ≥ 150 °C) to homolytically cleave Si−H 

bonds to create silyl radicals that subsequently react with solution-borne terminal 

alkenes or alkynes.  Once initiated, it is assumed the reaction propagates via a 

surface chain reaction similar to that proposed for bulk systems.
14

 However, 

thermal hydrosilylation can occur at much lower temperatures (e.g., 110 °C
31

), 

suggesting Si−H thermal cleavage is not the only mode of activation. Woods et al. 

invoked a kinetic model for hydrosilylation in which reaction initiation occurs via 

hydrogen abstraction by trace oxygen to explain low-temperature initiation.
26
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 Regardless of the mode of initiation, surface silyl radicals react with 

 nsat rated C−C bonds  To date  it has been reasonably assumed that these 

reactions yield monolayer coatings. However, faceted and curved surfaces of 

SiNCs differ substantially from ideal bulk Si substrates, solution-phase reactions 

with SiNCs are pseudo-homogeneous vs. heterogeneous for bulk surfaces, and 

typical concentrations of reagents bearing  nsat rated C−C bonds are very 

high.
33-34

 Given these differences, it is possible that surface silyl radicals formed 

in the initial stages of thermally induced reactions could lead to a variety of 

products.  An important consideration that is largely absent from the discussion 

is that of oligomerization (or polymerization) of unsaturated solution species (e.g., 

alkenes) leading to surface-bonded oligomers (or polymers). It has been revealed 

that silane molecules are efficient initiators for the polymerization of acrylate 

systems.
35

 In this context, it is important to recall the exceptionally high resolution 

imaging of SiNCs by transmission electron microscopy (TEM) reported by 

Panthani et al.
36

 that suggests particles may be covered by multilayers or 

polymerics. Similarly, our group recently reported the preparation of covalently 

linked SiNC/polystyrene hybrids obtained from thermal hydrosilylation 

conditions.
37

 

 Herein, we describe the results of a methodical investigation that was 

designed to critically examine the products from the thermally induced 



124 

 

hydrosilylation of SiNCs by exploring the influence of reaction temperature and 

atmosphere (i.e., dry argon vs. air). Using well-established protocols developed in 

our laboratory, we prepared oxide-free, surface hydride-terminated SiNCs with 

different sizes upon HF etching of a hydrogen silsesquioxane-derived SiNC/SiO2 

composite.
32, 38

 SiNC surfaces were subsequently functionalized via a thermally 

initiated hydrosilylation. Dodecene was chosen as the alkene of choice because it 

affords a wide reaction temperature range bracketing that req ired for Si−  

cleavage (i.e.  80−190 °C)   eaction progress is qualitatively evaluated by 

monitoring the visual transparency of the reaction mixture, which started as a 

cloudy yellow suspension and became transparent orange.  Products were 

purified and evaluated using IR and PL spectroscopy, XPS, and mass 

spectrometry (MS). 
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4.2 Materials and Methods 

4.2.1 Reagents and Materials 

 Hydrogen silsesquioxane (HSQ, trade name Fox-17, sold commercially as a 

solution in methyl isobutyl ketone) was purchased from Dow Corning Corp. 

(Midland, MI).  Electronic-grade hydrofluoric acid (HF, 49% aqueous solution) 

was purchased from J. T. Baker. Methanol (reagent grade), toluene (reagent 

grade), ethanol (reagent grade), 1-dodecene (97%), and dodecane (99%) were 

purchased from Sigma-Aldrich and used as received. 

4.2.2 Synthesis and Liberation of SiNCs  

Preparation of Oxide-Embedded Silicon Nanocrystals (d = 3 nm): The 

solvent was removed from the stock HSQ solution under vacuum to yield white 

solid powders. HSQ solid (ca. 4 g) was placed in a quartz reaction boat, 

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 h.  Upon cooling to room temperature, the resulting 

amber solid was ground into a fine brown powder using a two-step process. First, 

the solid was crushed using an agate mortar and pestle to remove large particles.  
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Further grinding was achieved using a Burrell wrist-action shaker upon shaking 

with high-purity silica beads for 5 h.  The resulting SiNC/SiO2 composite 

powders were stable for extended periods and stored in standard glass vials. 

Preparation of Oxide-Embedded Silicon Nanocrystals (d = 5 and 8 nm): 

Following mortar and pestle grinding (vide supra), 0.5 g of SiNC/SiO2 composite 

containing 3 nm SiNCs was transferred to a high-temperature furnace (Sentro 

Tech Corp.) for further thermal processing in an argon atmosphere. This 

procedure leads to particle growth while maintaining relatively narrow particle 

size distributions.  In the furnace, the SiNC/SiO2 composite was heated to 

appropriate peak processing temperatures at 10 °C/min to achieve the target 

particle size (i.e., 1200 °C for 5 nm NCs and 1300 °C for 8 nm NCs).  Samples 

were maintained at the peak processing temperature for 1 h.  After cooling to 

room temperature, the brown composites were ground using procedures identical 

to those noted above. 

Liberation of SiNCs: Hydride-terminated SiNCs were liberated from the 

SiNC/SiO2 composites using HF etching. First, 0.2 g of the ground SiNC/SiO2 

composite was transferred to a polyethylene terephthalate beaker equipped with a 

Teflon-coated stir bar.  Ethanol (3 ml) and water (3 ml) were then added under 

mechanical stirring to form a brown suspension, followed by 3 mL of 49% HF 

aqueous solution. (Caution! HF can be dangerous and must be handled using 
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appropriate safety precautions and extreme care.) After 1 h of etching in subdued 

light, the suspension appeared orange/yellow. Hydride-terminated SiNCs were 

subsequently extracted from the aqueous layer into ca. 30 mL of toluene by 

multiple (i.e., 3 × 10 mL) extractions.  The SiNC toluene suspension was 

transferred to test tubes, and the SiNCs were isolated by centrifugation at 3000 

rpm. 

4.2.3 Thermal Hydrosilylation and Purification 

Thermal Functionalization of Dodecyl-Modified SiNCs: After decanting the 

toluene supernatant, the resulting hydride-terminated particles were redispersed 

into ca. 20 mL of dodecene to yield a cloudy suspension, which was transferred to 

a dry 100 mL Schlenk flask equipped with a magnetic stir bar and attached to a 

Schlenk line. The flask was evacuated and backfilled with argon three times to 

remove air and residual toluene from the solution. The temperature was increased 

to the set processing temperatures (i.e., 100, 120, 140, 160, and 190 °C, 

respectively), and the reaction was left stirring for a minimum of 15 h.  For those 

comparison reactions in air atmosphere, the flask was reconnected to air 

atmosphere before the heating process. 

Thermal Functionalization of SiNCs with Diluted Dodecene Solution: The 

dodecene was diluted by dodecane to form two solutions with different 
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concentration: (1) 5 mL of dodecene/15 mL of dodecane and (2) 2.5 mL of 

dodecene/17.5 mL of dodecane. Following the extraction and centrifugation (vide 

supra), hydrideterminated SiNCs were redispersed into these solutions, 

respectively.  The mixed solution, which was cloudy yellow, was further 

transferred to a dry 100 mL Schlenk flask equipped with a magnetic stir bar and 

attached to a Schlenk line. Similarly, the flask was evacuated and backfilled with 

argon three times. The temperature was set at 190 °C, and the reaction was left 

stirring for a minimum of 15 h. 

SiNC Purification: Following thermal hydrosilylation, the solution was 

evenly dispensed into 1.5 mL centrifuge tubes (ca. 0.3 mL each).  Next, ca. 1.2 

mL of 1:1 methanol/ethanol mixture was added into each tube, resulting in a 

cloudy yellow dispersion. The precipitate was isolated by centrifugation in a 

high-speed centrifuge at 17000 rpm for 15 min. The supernatant was decanted, 

and the particles were redispersed in a minimum amount of toluene and 

subsequently precipitated by addition of the 1:1 methanol/ethanol again.  The 

centrifugation and decanting procedure was repeated twice.  Finally, the 

purified-functionalized SiNCs were redispersed in toluene, filtered through a 0.45 

μm PTFE syringe filter, and stored in vials for further use. 
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4.2.4 Control Reactions 

 First, 10 mL of neat dodecene was transferred to a dry 100 mL Schlenk flask 

equipped with a magnetic stir bar and attached to a Schlenk line.  The flask was 

evacuated and backfilled with argon three times.  The temperature was then 

increased similarly to the thermal hydrosilylation reactions (vide supra, i.e., 100, 

120, 140, 160, and 190 °C, respectively) for a minimum of 15 h.  For those 

control samples heated under air atmosphere, the flask was reconnected to air 

atmosphere before the heating process.  

4.2.5 Material Characterization and Instrumentation 

 PL spectra were obtained by irradiation of a quartz vial containing the sample 

toluene solution with a 441 nm line of a GaN laser (Wicked Laser Arctic Blue, 

~600 mW).  Emitted photons were collected with a fiber optic connected to an 

Ocean Optics USB2000 spectrometer. FT-IR spectroscopy was performed on 

powder samples using a Nicolet Magna 750 IR spectrophotometer.  X-ray 

photoelectron spectra were acquired in energy spectrum mode at 210 W, using a 

Kratos Axis Ultra X-ray photoelectron spectrometer. Samples were prepared as 

films drop-cast from solution onto a copper foil substrate. For 

nanostructure-assisted laser desorption/ionization (NALDI)-MS sample 
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preparation  1 μL of the sample solution was spotted onto a Bruker Daltonics 

NALDI target and air-dried. Mass spectra were obtained in the positive/negative 

reflectron mode using a Bruker Daltonics (Bremen, Germany) UltrafleXtreme 

MALDI TOF/TOF mass spectrometer.  EI-MS spectra were recorded on a 

Kratos MS-50 (high resolution, electron impact ionization). Samples were loaded 

by direct probe. 
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4.3 Results and Discussion 

4.3.1 Low Temperature Thermal Hydrosilylation and 

Oligomerization 

 FT-IR analysis is the most commonly employed method for evaluating SiNCs 

surface modification and provides valuable information regarding covalent 

attachment of the surface groups.  The FT-I  spectr m of Si− -terminated 

SiNCs (Figure 4-1a) shows strong absorptions attrib ted to Si− x (ca. 2100 and 

850 cm−1, respectively). Following hydrosilylation (see Figure 4-1), absorptions 

associated with Si−  are rep aced by intense vibrations at 2650−2900 and 1380−

1470 cm
−1

, characteristic of alkyl functionalities and consistent with surface 

modification.
32

 Of particular importance to the present discussion, these features 

cannot be used to distinguish among monolayers, oligomers, or polymers.  Weak 

absorptions at ca. 1100 cm
-1

 are also observed that indicate some limited surface 

oxidation of SiNCs has occurred.  The oxidation state(s) of the SiNC cores 

was(were) evaluated using XPS (Figure 4-2).  An emission at 99.3 eV routinely 

attributed to Si(0) was noted, while other components at 100.3, 101.3, 102.4, and 

103.4 eV were assigned to the functionalized surface atoms as well as Si 

sub-oxides.
39
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Figure 4-1: FTIR spectra of 3 nm (a) hydride-terminated and (b-f) dodecyl 

passivated Si functionalized under argon atmosphere at various temperatures: (b) 

100 °C, (c) 120 °C, (d) 140 °C, (e) 160 °C and (f) 190 °C. 
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Figure 4-2: High-resolution XPS spectra of silicon (2p) for dodecyl passivated 

silicon nanocrystals functionalized under Ar atmosphere at various temperature 

(100 °C – 190 °C).  Fitting results are shown for the silicon spectrum with Si
 

2p3/2 signal .  The Si 2p1/2 signals have removed for clarity.  
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 MS was employed to evaluate the identity of SiNC surface groups.  In light 

of the strong cova ent Si−C bonds that bind the alkyl-based moieties to the 

SiNCs,
40

 NALDI was employed. The MS data for functionalized particles 

obtained from a reaction performed at 190 °C under inert Ar atmosphere are 

shown in Figure 4-3.  No fragments associated with the molecular weight of 

dodecene (MW = 168.3) were detected, consistent with effective purification.  

The fragmentation pattern observed is complex; however, this is not unexpected 

when comparing the various bond strengths at the SiNC surface (i.e.  Si−Si  

210−250  Si−C  369  and C−C  292−360    mo 
−1

).
40

 Because the Si−Si  in age is 

the weakest of the surface bonds, it will cleave preferentially, and liberated groups 

are expected to include differing numbers of silicon atoms. This complexity 

precludes definitive assignment of individual MS signals. Still, important insight 

into the nature of the SiNC surface species can be obtained when considering 

series of signals that are separated by m/z = 168.3, consistent with the loss of a 

dodecyl repeat unit from an oligomer or polymer.  Further evaluation of the 

fragmentation pattern suggests that species liberated from the NC surfaces consist 

of two (purple and orange labels), three (blue labels), and four (green labels) 

dodecyl repeat units, consistent with surface oligomerization.  Even more telling, 

when a blank sample (i.e., pure dodecene, without SiNCs) was also heated 

following the identical procedure, only a trace amount of dimer (i.e., MW = 336.4) 
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was detected (Figure 4-4).  These observations suggest that high-temperature 

functionalization of hydride-terminated SiNCs with alkenes leads to ligand 

oligomerization. 

 

 

Figure 4-3: NALDI mass spectra of 3 nm dodecyl-passivated SiNCs 

functionalized at 190 °C under argon. Numbers in different colors indicate the gap 

corresponding to a dodecene unit (i.e., m/z = 168.3).  Numbers in black are 

assigned to unspecific fragments.  Asterisks indicate background signals. 
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Figure 4-4. EI mass spectra of neat dodecene after heating under argon 

atmosphere at various temperatures: (a) 100, (b) 120, (c) 140, (d) 160 and (e) 

190 °C. 
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(Figure 4-4 continued) 
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Based upon the generally accepted mechanism that involves the homolytic 

c eavage of the Si−  bond  it is expected that reaction temperature will play a 

crucial role in thermal hydrosilylation.  By extension, temperature is certainly a 

key factor in the formation of oligomers.  In this context, we explored how 

changes in reaction temperature impacted the product distribution for reactions 

carried out at predetermined temperatures between 80 and 160 °C.  With heating 

to 80 °C, no qualitative changes in the appearance of the reaction mixture were 

noted, even after prolonged (i.e., 3 days) heating.  This observation is expected, 

given that homo ytic c eavage of Si−  requires temperatures of at least 150 °C.
40

 

To our surprise, reactions performed at 100 °C afforded transparent orange SiNC 

solutions after 72 h; when they were heated to 120 and 140 °C, only 15 h was 

required.  Removal of solvent provided a dark brown powder.  IR and XPS 

analyses of samples prepared at 100, 120 and 140 °C confirmed surface 

functionalization and limited oxidation (Figures 4-1 and 4-2). No obvious 

evidence of ligand oligomerization was detected in the NALDI-MS analysis of 

products from reactions heated to 100 °C, suggesting monolayer formation.  

Spectral signatures of products prepared at 120 and 140 °C (Figures 4-5 and 4-6) 

do suggest oligomerization. More specifically, samples prepared at 120 °C show a 

series of four peaks separated by 168.3 Da (green labels in Figure 4-5), consistent 

with the presence of dodecyl trimers.  Similarly, products from reactions at 140 
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and 160 °C show peaks separated by 168.3 Da.  Again, neat dodecene was 

heated under identical conditions, and only signals attributable to the monomer 

were detected (Figure 4-4), indicating that oligomer formation relies upon the 

presence of the SiNCs and the hydrosilylation process. 

 

 

Scheme 4-1: Proposed mechanism of thermal hydrosilylation and ligand 

oligomerization processed at different temperatures, involving homolytic cleavage 

of Si−H bond and hydrogen abstraction by oxygen. 

 



140 

 

 

Figure 4-5: Zoom-in NALDI mass spectra of 3 nm dodecyl passivated Si 

nanocrystals functionalized at different temperatures under argon.  
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Figure 4-6: Overall NALDI mass spectra of 3 nm dodecyl passivated Si 

nanocrystals functionalized at different temperatures under argon. Note: * indicate 

background signals. 

 

 Our observations, that thermally induced hydrosilylation of SiNC surfaces 

occ rs in ambient and s bd ed  ight at 100 ≤ T ≤ 140 °C  contradict the widely 

accepted mechanism involving the thermally induced formation of silyl radicals 
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via homolytic cleavage of surface Si−H bonds.
40

 One explanation for our findings 

was proposed by Woods et al., who considered hydrogen abstraction by trace 

oxygen while simulating a kinetic model for the hydrosilylation initiation step.
26

 

Those authors found that the computationally determined activation energy was 

much lower when trace oxygen was considered.  This is in good agreement with 

our observations of low-temperature hydrosilylation and supports the hypothesis 

that hydrogen abstraction is another initiation pathway.  In the context of our 

observations, we provide a possible mechanism of thermal 

hydrosilylation/oligomerization (see Scheme 4-1).  We propose two reasonable 

modes of initiation: homolytic cleavage and hydrogen abstraction.  Subsequently, 

the surface dangling bond (or silyl radical) reacts with a terminal alkene, 

producing a Si−C linkage and a secondary radical that reacts with additional 

terminal alkenes, leading to chain propagation and the formation of a 

surface-bonded oligomer.  Because there is no evidence of oligomers in our 

control dodecene samples prepared at < 190 °C, it is clear that the silyl radical is 

crucial for ligand oligomerization.  This is further supported by our observations 

that more and longer oligomers are detected in the samples functionalized at 

higher temperatures. 
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4.3.2 Ligand Oligomerization in Air and Mechanism Study 

 If the silyl radical is responsible for the formation of oligomers, then reaction 

of Si− -terminated SiNCs with dodecene in the presence of oxygen should lead 

to more oligomerization.  To e  cidate this potentia  “oxygen effect” on 

hydrosilylation/oligomerization, we performed thermal-induced hydrosilylation in 

air.  Potential nitrogen influence is readiley excluded by control tests, whose 

results are similar to those obtained by reactions under Ar.  Reactions performed 

at 100 °C provided only surface-oxidized SiNCs.  Upon increasing the reaction 

temperature to 120 °C, partially functionalized SiNCs bearing alkyl-based ligands 

and surface oxide were obtained.  It is not surprising that silicon surfaces get 

oxidized when exposed to air; however, when the reaction was performed at 

higher temperatures, hydrosilylation proceeded qualitatively more quickly (i.e., 

140 °C, ca. 3 h; 160 °C, ca. 1 h; 190 °C, ca. 30 min.) than the identical reactions 

carried in an argon atmosphere.  The resulting products were obtained as 

photoluminescent transparent orange solutions. Unlike samples prepared in Ar 

atmosphere (vide supra), these solutions afforded a viscous orange oil upon 

solvent removal suggesting polymer or oligomer formation.  IR spectra (Figure 

4-7) confirmed effective passivation with alkyl chains and suggested that the 

degree of surface oxidation decreases with higher temperature, as evidenced by 
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Si− −Si stretching at ca. 1100 cm
−1

.  Detailed XPS analysis of the Si oxidation 

states for samples obtained at 140, 160, and 190 °C are shown (Figure 4-8).  Not 

unexpectedly, oxide components are more dominant than those obtained from 

samples reacted under Ar, and, consistent with our IR data, we note a decrease in 

oxidation with higher reaction temperature.  As anticipated, a slight blue-shift 

was observed in PL spectra (Figure 4-9), which could be assigned to surface 

oxidation states.
41-42

 The observation of faster hydrosilylation in air at higher 

temperature supports the eceoncept of an initiation pathway involving silyl radical 

formation by oxygen abstraction.  Furthermore, the present observations that 

functionalization does not occur at lower temperature (i.e., 100 and 120 °C) 

suggest a competitive relationship between the oxidation and hydrosilylation 

reactions and that higher temperature favors hydrosilylation. 
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Figure 4-7: IR spectra of 3 nm dodecyl passivated Si functionalized under air at 

various temperatures. 

 

Figure 4-8: High-resolution XPS spectra of silicon (2p) for dodecyl passivated 

silicon nanocrystals functionalized under air at various temperatures.  Fitting 

results are shown for the silicon spectrum with Si
 
2p3/2 signal shown.  The Si 

2p1/2 signals have been removed for clarity. 
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Figure 4-9: PL spectra of 3 nm dodecyl functionalized under (a) argon and (b) air 

environments at various processing temperatures: (I) 100, (II) 120, (III,VI) 140, 

(IV,VII) 160, and (V,VIII) 190 °C.  The dotted lines indicate the wavelength 

value corresponding to the peak maxima of spectra V and VIII. 

 

 Again, NALDI-MS analysis of the functionalized SiNCs showed no signals 

attributed to free dodecene monomer, and there was clear indication of dodecene 

oligomers (Figures 4-10 and 4-11). Similar to our inert atmosphere 

functionalization, when air is included in the reaction, we note that a higher 

reaction temperature generates more and longer dodecyl oligomers (i.e., up to n = 

7).  Comparing the products obtained from inert and air reaction atmospheres, 

we find that air provides longer oligomer chains (i.e., nair = 7 vs nAr = 4).  As was 
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the case with all dodecene controls, no oligomer was detected by EI-MS upon 

heating to 140 °C in the absence of hydride-terminated SiNCs; trace quantities of 

dimer and trimer were detected after heating to 160 and 190 °C, respectively 

(Figure 4-12).  These contro  samp es c ear y high ight the ro e of Si−  

terminated SiNCs in dodecene oligomerization. 

 

Figure 4-10: Zoom-in NALDI mass spectra of 3 nm dodecyl-passivated SiNCs 

functionalized at different temperatures under an air atmosphere. 
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Figure 4-11: Overall NALDI mass spectra of 3 nm dodecyl passivated Si 

nanocrystals functionalized at different temperatures under air. 
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Figure 4-12: EI mass spectra of neat dodecene after heating under air at various 

temperatures: (a) 100 °C, (b) 120 °C, (c) 140 °C, (d) 160 °C and (e) 190 °C. 
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(Figure 4-12 continued) 
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 Having identified that surface functionalization of SiNCs via thermal 

hydrosilylation yields complex mixtures of surface products, we endeavored to 

identify if this reaction exhibited size dependence.  In this regard, we performed 

reactions with d = 5 and 8 nm SiNCs in dodecene and observed identical trends 

associated with oligomer formation, reaction temperature, and atmosphere 

(Figures 4-13 and 4-14).  We also discovered that decreasing the dodecene 

concentration led to lower oligomer production.  When reactions were performed 

at 190 °C in argon using dodecene diluted with dodecane (i.e., 5 mL of dodecene 

in 15 mL of dodecane, and 2.5 mL of dodecene in 17.5 mL of dodecane), we 

noted a marked decrease in oligomer formation (Figure 4-15). 
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Figure 4-13: Zoom-in NALDI mass spectra of 5 and 8 nm dodecyl passivated 

SiNCs functionalized at 190 °C under argon and air atmosphere. The numbers in 

different colors indicate the gap corresponding to a dodecene unit. The numbers in 

black are attributed to unidentified fragments. 
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Figure 4-14: Overall NALDI mass spectra of 5 nm and 8 nm dodecyl passivated 

Si nanocrystals functionalized at 190 °C under argon and air atmosphere. 
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Figure 4-15: NALDI mass spectra of 3 nm dodecyl passivated Si nanocrystals 

functionalized with dodecene solution diluted by dodecane (i.e., 5 ml dodecene in 

15 ml dodecane and 2.5 ml dodecene in 17.5 ml dodecane, repsectively) at 190 °C 

under argon and air atmosphere.  
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4.4 Conclusions 

 In conclusion, this chapter describes the first reported detailed investigation 

into the nature of the surface species on freestanding SiNCs obtained from 

thermally induced hydrosilylation.  We show convincing evidence that ligand 

oligomerization occurs under a variety of conditions and confirm that hydrogen 

abstraction by oxygen enables hydrosilylation to proceed at lower temperature 

through the production of silyl radicals.  The resulting silyl radicals react with 

the unsaturated C=C bond, which subsequently promotes chain propagation and 

ultimately generates ligand oligomers on SiNC surfaces.  These findings are 

supported by similar reactions under an air atmosphere, in which both rate of 

reaction and amount ofsurface oligomers increased.  Based on this systematic 

study, it is clear that comparatively low temperature, inert atmosphere, and dilute 

ligand concentration are crucial to limit surface oligomerization and to obtain 

monolayer surface coverage.  Furthermore, it should be possible to apply 

chemical trapping (e.g., butylated hydroxyanisole or butylated hydroxytoluene) to 

operate with tolerable quantities of oxygen. 
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Chapter 5 

The Origin of Nanosecond Lifetime 

Decay from Orange-Emitting 

Alkyl-Functionalized Silicon 

Nanocrystals   
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5.1 Introduction 

Silicon nanocrystals (SiNCs) exhibit promising properties that have potential 

applications in the fields of optoelectronics devices, ultrafast data communication 

and data storage, fluorescent labels and biological sensors.
1-6

 Researchers have 

been investigated photoluminescent silicon nanomaterials for no less than twenty 

years following the discovery of light-emitting porous silicon by Canham.
7
 

However, the origin of the SiNC PL remains the subject of ongoing debate and 

numerous explanations exist.
8-16

 For quantum dots with direct band gaps (e.g., 

CdSe, PbS), PL arises from direct relaxation of excited electrons from conduction 

band back to valance band.  Silicon is an indirect band gap semiconductor and 

thus electrons excited to the conduction band need to seek other paths to return to 

the ground state (e.g., phonon-assisted transition).  Several models, including 

quantum confinement, defects, and surface states, have been applied to explain the 

emissive properties of porous silicon and colloidal SiNC systems.  Among these 

explanations, quantum confinement is considered to be a major, if not the factor 

contributing to SiNC PL and is supported by common observation of 

size-dependent emission and other experimental results;
10, 17-18

 still, many 

phenomena contradict this model leading to the continued debate.
19-22

 For 

example, pressure-dependent SiNC PLs was observed by Hannah et al., 
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suggesting that a long-lived phonon-assisted band-gap transition contributes to the 

PL.
23

 This study may finally result in the consensus of the origin of SiNC PL 

within ultra high vacuum, however, few of these proposals address how SiNC PL 

is affected by other factors (e.g., surface states, doping effects).
24-27

 This is a 

significant deficiency in our understanding of SiNC optical response, particularly 

in the context of numerous studies the show PL arising from colloidal SiNCs is 

dramatically influenced by surface ligands and molecular interactions.
28-30

 Clearly, 

the origin of SiNC PL is a unsolved complex problem. 

 In general, two broad classifications of PL arising from silicon 

nanostructures (e.g., porous silicon, SiNCs) have been discovered: i) long lifetime 

decay (microsecond scale) PL from yellow to infrared region, and ii) a short 

lifetime decay (nanosecond scale) usually leading to an emission in the blue to 

green region.
31-32

 To date, it has been widely accepted that the comparatively slow 

microsecond lifetime decay corresponds to the electron relaxation within the 

intrinsic silicon indirect band structure which requires the assistance from a 

phonon.  While the specific origin of the nanosecond lifetime decay remains 

unknown, it has been considered as one of the major pieces of experimental 

evidence for quantum confinement in SiNC PL and points toward the indirect 

band gap of bulk silicon becomes "direct-like" leading to fast electron-hole 

recombination.
33-35

 Although this hypothesis is supported computationally,
36
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recently experimental results strongly suggest the preservation of indirect band 

structure within ultrasmall SiNCs.
23

 Concomitantly, other explanations for the 

short-lived excited state lifetime have surfaced and primarily involve fast 

recombination of the electron and hole via alternative pathways (e.g., surface 

states or defects created by ligand or oxidation).
10-11, 18, 31, 37-43

 While a charge 

transfer mechanism involving surface species and/or defects have been implicated 

in the nanosecond scale lifetime of blue-emitting particles,
30, 44

 the origin of 

similar short lifetime decay found from yellow/orange-emitting SiNCs is still 

unclear. 

Some consensus exists that surface oxidation can influence the PL from 

nano-silicon (e.g., porous silicon, SiNCs).  Oxidation on nano-silicon surfaces 

reportedly induces red- and blue-shifts in the PL maximum, as well as changes 

(i.e., increases and decreases) in the PL quantum yield.
16

 Wolkin and Fauchet 

found the PL of hydride-terminated porous silicon exhibited a significant red-shift 

following exposure to oxygen and proposed a model invoking the formation of 

metastable surface silanones (Si=O) that introduced new electronic states leading 

to “trapped-electron-to-band” recombination.
16

 This silanone surface species 

remains the subject of controversy and some molecular analogues of this 

functional group have been reported.
45-48

 However, in light of the anticipated 

complexity of the NC surface, unique bonding motifs cannot be ignored.  
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Nanosecond lifetime decay has also been reported for alkyl-functionalized and 

hydride-terminated freestanding yellow/orange emitting SiNCs with significant 

oxide signals, invoking the reconsideration of the role of surface oxidation.
14, 42-43, 

49
 However, due to the rapid, spontaneous oxidation of silicon surfaces, most PL 

studies have focused on uncontrolled oxidation of Si nanomaterials or ignored the 

influence of surface oxide species unintentionally.  Because SiNCs exhibit 

attractive features for far reaching potentially revolutionary applications and 

investigation of nanosilicon surface oxidation is a nontrivial,
4, 50

 it is crucial that 

the origin of SiNC nanosecond lifetime decay be studied methodically and 

thoroughly. 

In an effort to exert some control over surface oxidation and correlate a 

response in the PL of colloidal SiNCs, we designed an approach to limit oxidation 

using general thermal and photochemical hydrosilylation methods to form 

dodecyl functionalized SiNCs with two different sizes (diameters ca. 3 nm and 5 

nm).  Hydride-terminated particles were prepared and liberated following 

well-established solid state synthetic protocol and HF etching process
51

. Thermal 

hydrosilylation allows particle surfaces to be sufficiently passivated by alkyl 

ligands following a generally accepted size-independent radical mechanism.
52

  

The relative quantities and the identities of surface oxides on SiNCs were 

confirmed by Fourier transform-infrared FT-IR and XPS.   
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Detailed and accurate photoluminescence data was acquired for the SiNCs 

using a frequency doubled 400 nm pulses from a regenerative Ti:Sapphire laser 

(RegA 9000) and a continuous wave 406 nm line from a diode laser (Toptica, 

iBeam 405) and monitored using a thermoelectrically cooled ultrasensitive CCD 

couple to a grating spectrometer.  The nanosecond- and microsecond-carrier 

recombination lifetimes were measured using a time-correlated single photon 

counting (TCSPC) system and a fast photodiode coupled to a 300-MHz 

oscilloscope, respectively.  We observed two types of PL with microsecond and 

nanosecond lifetime decays from SiNCs that we propose originate from the SiNC 

core and surface oxide related defects/traps, respectively.  Furthermore, the lack 

of nanosecond lifetime decay from oxide free functionalized SiNCs using 

photochemical hydrosilylation under prolonged UV irradiation time (i.e., 39 hours) 

is consistent with the fast lifetime decay corresponding to SiNC orange PL 

reported previously by others results from partial oxidized surfaces.
14, 49
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5.2 Materials and Methods 

5.2.1 Reagents and Materials 

 Hydrogen silsesquioxane (HSQ) was purchased from Dow Corning 

Corporation (Midland, MI) as FOx-17.  Electronics grade hydrofluoric acid (HF, 

49% aqueous solution) was purchased from J. T. Baker.  Reagent grade 

methanol, toluene, ethanol, and 1-dodecene (97%) were purchased from Sigma 

Aldrich and used as received.  Dry toluene was prepared by adding sodium 

pieces and benzophenone indicator, refluxing for 24 hours. 

5.2.2 Synthesis and Liberation of SiNCs  

Preparation of oxide-embedded SiNCs (d = 3 nm): Established literature 

procedures were used to prepare oxide-embedded silicon nanocrystals 

(SiNC/SiO2).
51

  Briefly, solvent was removed from the stock HSQ solution 

(FOx-17) under vacuum to yield a white solid.  The solid (ca. 4 g) was placed in 

a quartz reaction 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 a two-step 
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process.  The solid was crushed using an agate mortar and pestle to remove large 

particles and finally ground to a fine powder using a Burrell Wrist Action Shaker 

upon shaking with high-purity silica beads for 5 hours.  The resulting SiNC/SiO2 

powders were stable for extended periods and stored in standard glass vials. 

Preparation of oxide-embedded SiNCs (d = 5 nm): After grinding with a 

mortar and pestle (vide supra), 0.5 g of SiNC/SiO2 composite containing 3 nm 

SiNCs were transferred to a high temperature furnace (Sentro Tech Corp.) for 

further thermal processing in an inert argon atmosphere.  This procedure leads to 

particle growth while maintaining relatively narrow particle size distributions.  

In the furnace, the SiNC/SiO2 composite was heated to 1200 °C at 10 °C/min to 

achieve the target particle size. Samples were maintained at the peak processing 

temperature for 1 hour. After cooling to room temperature, the brown composites 

were ground using procedures identical to those noted above. 

Liberation of SiNCs: Hydride-terminated SiNCs were liberated from the 

SiNC/SiO2 composite by HF etching.  0.25 g of ground Si-NC/SiO2 composite 

were transferred to a polyethylene terephthalate beaker equipped with a Teflon 

coated stir bar.  Ethanol (3 ml) and water (3 ml) were added under mechanical 

stirring to form a brown suspension followed by 3 ml of 49% HF aqueous 

solution (Caution! HF must be handled with extreme care). After 1 hour of 

etching in subdued light the suspension appeared orange/yellow. 
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Hydride-terminated SiNCs were subsequently extracted from the aqueous layer 

into ca. 30 ml of toluene by multiple (i.e., 3 x 10 ml) extractions. The SiNC 

toluene suspension was transferred to test tubes and the SiNCs were isolated by 

centrifugation at 3000 rpm. 

5.2.3 Thermal and Photochemical Hydrosilylation 

Approaches  

Formation of 3 nm and 5 nm dodecyl-functionalized SiNCs (thermal 

hydrosilylation): After decanting the toluene supernatant, the resulting 

hydride-terminated particles were re-dispersed into ca. 20 ml dodecene to yield a 

cloudy suspension which was transferred to a dry 100 ml Schlenk flask equipped 

with a magnetic stir bar and attached to an argon charged Schlenk line.  The 

flask was evacuated and backfilled with argon three times  The Schlenk flask 

was placed in an oil bath and the temperature was increased to 190 °C. The 

reaction was stirred at peak temperature for a minimum of 15 hours yielding a 

transparent orange/yellow solution. 

 Formation of 3 nm and 5 nm dodecyl-functionalized SiNCs (photochemical 

hydrosilylation): After centrifugation at 3000 rpm for 5 minutes, the toluene 

supernatant was decanted and the precipitated hydride-terminated SiNCs were 

redispersed into dry toluene. The solution was recentrifuged at 3000 rpm for 
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another 5 minutes.  Again, the toluene supernatant was decanted and the particles 

were redispersed into dodecene: dry toluene mixture (7.5 ml of dodecene and 30 

ml toluene).  The mixture was transferred into a pre-dried Schlenk flask 

equipped with a stir bar and quartz insert for photochemical reaction under an 

argon atmosphere. The reaction mixtures were subjected to three 

freeze–pump–thaw cycles, and photochemical hydrosilylation was carried out 

using a 365 nm UV LED light source for 15 hours. For the functionalization 

time-dependent study, 5 nm hydride-terminated SiNCs were chosen for model 

experiments.  The UV initiated hydrosilylation reaction mixtures were processed 

for predefined times (i.e., 20, 30, and 39 hours). 

5.2.4 Purification of SiNCs  

Following thermal and photochemical hydrosilylation, reaction mixtures were 

equally distributed amongst 1.5 ml centrifuge tubes (ca. 0.3 ml each).  ca. 1.2 ml 

of 1:1 methanol/ethanol mixture was added to each tube to yield a cloudy yellow 

dispersion.  The precipitate was isolated by centrifugation in a high-speed 

centrifuge at 17000 rpm for 15 minutes.  The supernatant was decanted and the 

particles were redispersed in a minimal amount of toluene and subsequently 

precipitated by addition of 1:1 methanol water.  Centrifugation and decanting 

procedure was repeated twice.  Finally, the purified functionalized Si-NCs were 
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redispersed in to  ene  fi tered thro gh a 0 45 μm  TF  syringe fi ter and stored 

in vials for further use. 

5.2.5 Material Characterization and Instrumentation  

 FT-IR spectroscopy was performed on powder samples using a Nicolet 

Magna 750 IR spectrophotometer.  X-ray photoelectron spectroscopy (XPS) 

measurements were acquired in the energy spectrum mode at 210 W, using a 

Kratos Axis Ultra X-ray photoelectron spectrometer. Samples were prepared as 

film drop-cast from solution onto a copper foil substrate.  CasaXPS software 

(VAMAS) was used to interpret the high-resolution spectra.  All of the spectra 

were internally calibrated to the C 1s emission (284.8 eV).  Transmission 

electron microscopy (TEM) and energy dispersive X-ray (EDX) analyses were 

performed using a JEOL-2010 (LaB6 filament) electron microscope with an 

accelerating voltage of 200 keV.  TEM JEOL 2010 with AMT imaging system is 

calibrated with standard Au nanoparticles (20 nm).  The resolution with the 

analytical polepieces is 0.23nm point to point.  High resolution TEM (HRTEM) 

imaging was performed on a JEOL-2200FS TEM instrument with an accelerating 

voltage of 200 kV.  TEM and HRTEM samples of SiNCs were drop-casted onto 

a holey carbon coated copper grid and allowing the solvent to evaporate under 

vacuum. TEM and HRTEM images were processed using ImageJ software 



169 

 

(version 1.45). 

 PL emission spectra were measured using a thermoelectric-cooled CCD 

(Acton Pixis 400B, Princeton Instruments) coupled to a spectrometer (Acton 

SP2500, Princeton Instruments).  For ultrafast PL and ns lifetime measurements, 

the excitation pulse was a 400-nm second harmonic signal from a BBO crystal 

pumped by 800-nm pulses from a Ti:Sapphire laser (RegA900 with 65 fs pulse 

width and 250 kHz repetition rate) with an average excitation power of 1.83 mW.  

The steady state PL was excited by a continuous wave 406 nm (Toptica, iBeam 

405) with an average power of 1.05 mW.  The PL spectra were corrected to the 

combined spectral response of the grating and CCD detector.  The PL spectra 

were integrated for 120 s.  A 435-nm long pass filter (Edmund optics) was 

placed at the entrance of the spectrometer to cut off scattered laser pulses. The 

excitation pulses were focused to the sample using a microscope objective (Nikon, 

M Plan Apo, 20x/0.45) and the PL was collected by the same objective.  

Time-resolved PL was recorded using a single-photon avalanche photodiode 

(SPAD, MAPD) coupled to a TCSPC unit (Picoharp 300, Picoquant).  For the 

microsecond carrier recombination lifetime measurements, 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 
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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. 
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5.3 Results and Discussion 

5.3.1 Thermal and Photochemical Hydrosilylation of 3 nm 

SiNCs 

 Hydride-terminated SiNCs with diameters of ca. 3 nm were prepared 

following a well-established approach.
51

 In a slightly reducing atmosphere (95% 

Ar/ 5% H2) at 1100 °C the solid white residue obtained upon evaporation of the 

solvent was heated to induce disproportionation and formation of well-defined 

SiNCs embedded in an SiO2-like matrix.  Then the particles were liberated using 

an ethanol/water HF solution mixture and functionalized using thermal and 

photochemical hydrosilylation protocols. High temperature (i.e., 190 °C) or UV 

irradiation (λ = 365 nm, 0.06 mW) was applied in the presence of dodecene to 

replace the hydride surface termination with dodecyl groups.  This procedure 

was performed under an inert Ar atmosphere for 15 hours and yielded a 

transparent orange solution.  Particles were purified by multi-step antisolvent 

precipitation and finally redispersed in toluene.  Transmission electron 

microscopy (TEM) confirmed the morphological uniformity of the SiNCs 

functionalized using these two routes (Figure 5-1).  Minimal particle 

agglomeration was noted in the TEM micrographs and the lattice planes (e.g., 

Si{111} from the silicon core were revealed by high-resolution TEM (Figure 5-1b, 
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5-1e).  Particles functionalized using both approaches exhibit near identical, 

statistically equivalent sizes and narrow distributions (Figure 5-1).  

 

 

Figure 5-1: Bright field TEM, HRTEM images and size distribution of ensembles 

of 3 nm dodecyl-passivated silicon nanocrystals functionalized via using thermal 

(a-c) and photochemical (d-f) hydrosilylation approaches. 

 

 FT-IR spectra are consistent with the surfaces of SiNCs being terminated with 

dodecyl groups (Figure 5-2a).  Freshly etched hydride-terminated particles have 

two distinctive signal regions corresponding to Si–Hx stretching and scissoring 

(2000 - 2100 cm
-1

 and 900 cm
-1

).  These two signals disappear after 

hydrosilylation and are replaced with intense vibrations at 2650-2900 cm
-1 

and 
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1380-1470 cm
-1

, which are confidently assigned to the dodecyl chain C–H 

stretching and bonding vibrations.  Features in the Si–O–Si stretching region at 

ca. 1100 cm
-1

 are evidence of particle surface oxidation.  Experimental and 

computational studies indicate that surface oxidation is inevitable on alkyl 

functionalized SiNCs because of the ligand steric hindrance.
53-55

 A 

straightforward comparison of the FTIR spectra from ca. 3 nm SiNCs shows more 

intense Si–O–Si stretching and lower intensities of Si–Hx signals at ca. 2100 cm
-1

 

and ca. 900 cm
-1 

for the photo-functionalized particles.  This is consistent with 

functionalized particles obtained using the thermally induced functionalization 

possess more complete dodecyl coverage than those obtained from irradiation 

with 365 nm UV light after equivalent reaction time (i.e., 15 hours).  
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Figure 5-2: (a) FT-IR spectra of 3 nm hydride-terminated (color in black), 

thermally prepared (red) and photochemically prepared (orange) SiNCs. (b, c) 

High-resolution XPS spectra of silicon (2p) for 3 nm SiNCs functionalized using 

these two approaches.  The fitting results are shown for the silicon spectrum with 

Si 2p3/2 signals.  The Si 2p1/2 signals have been omitted for clarity. 
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 Details of the SiNC surface oxidation were obtained using X-ray 

photoelectron spectroscopy (XPS).  High resolution spectra of Si 2p regions 

were obtained and calibrated to the C 1s peak at 284.8 eV (Figure 5-2b and 5-2c).  

Multiple components are found in the Si 2p region within these two materials.  

For clarity only the Si 2p3/2 spin-orbit coupling components are shown.  The 

emission at 99.3 eV arises from elemental Si, consistent with previous reports of 

dodecyl passivated SiNCs.
56

 Other features, such as the components at 100.3, 

101.4, 102.4 and 103.4 eV, are assigned to ligand functionalized surface, as well 

as Si oxides.  Supporting the FT-IR results, surface oxide species are observed in 

both XPS samples, while the intensities of Si oxide features are more 

pronounced/intense for samples functionalized using the photochemical approach. 

 Functionalized SiNC samples were dispersed in toluene and filtered to yield 

transparent solutions for PL and lifetime decay measurements.  Figure 5-3a 

shows the images of visible PL from surface modified SiNCs upon exposure to 

365 nm UV irradiation.  SiNCs functionalized using thermal hydrosilylation 

show intense red luminescence, while the photochemically processed sample 

emits bright yellow/orange.  The significant difference in emission maximum is 

reflected in the PL spectra (Figure 5-3b).  The emission from the photochemical 

functionalized SiNCs is centered at ca. 634 nm, substantially blue-shifted 

compared to the thermally functionalized particles (peak center at ca. 758 nm). 
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The origin of the wider linewidth of the PL from the thermally functionalized 

sample is unclear.  One explanation may be the presence of larger particles, 

which are known to be readily functionalized by size-independent thermal 

hydrosilylation while similar surface modification is greatly suppressed under 365 

nm UV irradiation, however these are not observed in the present TEM analysis.
57

 

Also, it is possible that the coupled phonon modes of the ligand passivated surface 

cause broadening of the emission bandwidth.
58-60

 Luminescence obtained upon 

exposure to 400-nm pulses (fluence of 65.4 mJ/cm
2
) and 406-nm continuous wave 

(CW) (average power = 1.05 mW) were compared.  The steady-state PL of the 

SiNCs is slightly red-shifted (10-20 nm) compared to the ultrafast PL.  To 

evaluate the photostability of the SiNC photoluminescence under different laser 

intensities, a 406 nm CW laser was also applied.  Shifts of 1 nm and 13 nm were 

observed for photochemical and thermal functionalized samples, respectively 

(Figure 5-3c, 5-3d). 
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Figure 5-3: (a) Images of toluene dispersion of 3 nm dodecyl functionalized 

SiNC via thermal (left) and photochemical (right) approaches under UV 

irradiation and (b) their corresponding PL spectra.  (c, d) The comparison spectra 

of these samples irradiated by CW and pulse laser sources, respectively.  
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 The PL emission maximum of quantum dots, regardless of the material, is 

frequently predicted using effective mass approximation (EMA)
61

 given in 

Equation 5-1: 

  
   

     
  

     
  

       

   
                                                

           
  

   
 

  
     

  

where d is the nanocrystal diameter, e is the electron charge,    is the 

relative permittivity, for silicon 11.68, me
*
 and mh

*
 are the effective masses of the 

electron and hole equal to 0.19 mo and 0.286 mo, where m0 is the free electron rest 

mass.
62

 The EMA affords predicted peak emission energies for 3.06 nm and 2.97 

nm SiNCs at 843 nm (1.47 eV) and 832 nm (1.49 eV), respectively.  Both of the 

experimentally observed PL maxima occur at higher energy than that predicted by 

the EMA prediction; this is a known deficiency of the EMA.
61

 The present PL 

experimental results are in agreement with previously reported values
62-63

 as well 

as direct band gap measurements using scanning tunneling microscopy results.
26

 

Furthermore, the evident PL blue-shift for photochemically functionalized SiNCs 

cannot be simply explained by quantum confinement mechanism since the size 

and functionalized ligand for the particles prepared both hydrosilylation 

approaches are alike (Figure 5-1b and 5-1d).  

To gain insight into the dynamics of the present red and yellow-orange 

emitting SiNCs, two different excitation sources were used: a 250-kHz 



179 

 

Ti:Sapphire laser which facilitated evaluation of nanosecond excited state lifetime 

measurements and a 1-kHz Ti:Sapphire laser for evaluation of microsecond 

lifetimes.  For nanosecond recombination lifetime measurements, time-resolved 

PL measurements were conducted using a single-photon avalanche photodiode 

(SPAD) coupled to a time-correlated single-phonon counting (TCSPC) unit.  The 

TCSPC system provides a time resolution of 54 ± 1 ps.  The microsecond 

lifetime component was measured using a fast silicon photodiode coupled to a 300 

MHz oscilloscope. 

Figure 5-4 shows representative lifetime decay plots for the dodecyl 

functionalized SiNCs.  The microsecond and nanosecond decay plots were fit by 

a bi-exponential curve (Equation 5-2): 

    
  

      
  

                                                          

 For particles prepared by thermal hydrosilylation, only microsecond lifetime 

decays were observed where τ1 = 36.06 μs and τ2 = 182.5 μs.  The results are in 

agreement with the consensus that SiNC PL with microsecond lifetime decay 

originates from the excited electron-hole recombination.
49, 64-66

 Microsecond 

lifetime decays are also found for photochemically modified SiNCs, but the 

values are smaller (τ1 = 17.52 μs and τ2 = 75.14 μs).  Nanosecond lifetime decay 

components were also observed for the present photochemically modified SiNCs. 

Figure 5-4b shows the decay curves for the short-lived excited states.  All time 
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constants (i.e.  τx) are sub-7 ns although they show some emission wavelength 

dependence and when shorter wavelength is chosen.  Nanosecond lifetime decay 

has been commonly found from blue/blue-green emitting SiNCs and most 

frequently attributed to surface trap and/or charge transfer states (vide supra); 

similar findings for yellow/orange luminescent particles are rare.
14, 49

  Kim et al. 

observed similar short lifetime decay from freshly-etched freestanding SiNCs 

(emission maximum: ca. 657 nm).
14

 Relying upon the observation of silicon oxide 

signals in their XPS analysis, they proposed inevitable (and uncontrollable) 

surface oxidation creates interface defects in which fast electron-hole 

recombination occurs to explain the nanosecond lifetime.  In our case, surface 

oxides are present in the thermally and photochemically functionalized SiNCs.  

Moreover, the XPS spectra data indicate that the photochemically modified SiNCs 

bear more silicon oxide (vide supra).  Analogous results have been reported by 

Tsybeskov et al. who investigated porous silicon that was intentionally oxidized.
67

 

These observations suggest it is reasonable that the blue-shifted PL and the 

nanosecond lifetime exhibited photochemically modified SiNCs originate from 

the presence of various amount of surface oxide species due to different 

hydrosilylation approaches. 
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Figure 5-4: (a) Comparison photoluminescence decay in the microsecond regime 

from 3 nm SiNCs functionalized via thermal and photochemical hydrosilylation.  

(b) Wavelength dependence of photoluminescent decay in the nanosecond regime 

of 3 nm photochemically functionalized SiNCs.   
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5.3.2 Thermal and Photochemical Hydrosilylation of 5 nm 

SiNCs 

 If the hypothesis of “oxide-induced nanosecond lifetime” is reasonable, the 

emission should be size independent and the introduction of silicon oxide-based 

surface defects/traps should invoke similar PL (i.e., blue-shifted PL and 

nanosecond lifetimes) for SiNCs with different sizes.  To explore this possibility, 

we prepared d = 5 nm SiNCs using an established high temperature annealing 

process (1200 °C), functionalized and purified following the identical procedures 

(i.e., 15-hour thermal or photochemical hydrosilylation) used for particles with d 

= 3 nm.  Particle morphology and size distribution of the functionalized 5 nm 

SiNCs are shown in Figure 5-5.  Particles obtained from the two methods are 

statistically the same (4.89 ± 0.59 nm (thermal) and 4.68 ± 0.77 nm 

(photochemical)).  Solutions/suspensions of surface functionalized 5 nm SiNC 

depend upon the surface functionalization methodology: a non-opalescent deep 

orange solution was obtained from thermally induced surface modification, 

whereas even after 15-hours of photochemical hydrosilylation, an orange/brown 

cloudy suspension remained, suggesting the functionalization process was 

incomplete.  
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Figure 5-5: Bright field TEM images and size distribution of ensembles of 5 nm 

dodecyl-passivated silicon nanocrystals functionalized via using thermal (a, b) and 

photochemical (c, d) hydrosilylation approaches. 

 

 Samples were purified and passed through syringe filters to remove any large 

agglomerates prior to characterization.  The resulting particles were 

characterized by FT-IR and XPS (Figure 5-6).  Again, FT-IR spectra indicate the 

surface modification by dodecyl chains (Si–C stretching at 2650 - 2900 cm
-1

) 

while hydride and oxidized silicon are also observed (Si–Hx and Si–O–Si signals 
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at 2000 - 2150 cm
-1

 and 1100 cm
-1

, respectively).  The XPS spectrum of 

thermally modified 5 nm SiNCs is similar to that of its 3 nm counterpart but 

exhibited a negligible Si (IV) peak.  In contrast, the photochemically modified 5 

nm SiNCs showed evidence of more Si (IV) even when compared to its 3 nm 

equivalent.  It is very likely that spontaneous oxidation also occurs on those 

unfunctionalized hydride-terminated surfaces during purification and the more 

complete oxidation originates from more unmodified hydride-terminated surface 

due to lower reactivity of bigger particles during UV irradiation. 
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Figure 5-6. (a) FT-IR spectra of 5 nm dodecyl functionalied SiNCs. (b, c) 

High-resolution XPS spectra of silicon (2p) for 5 nm SiNCs functionalized using 

these two approaches.  The fitting results are shown for the silicon spectrum with 

Si 2p3/2 signals.  The Si 2p1/2 signals have been omitted for clarity. 
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The PL and lifetime measurement of the two d = 5 nm particle samples were 

measured using a thermally-cooled CCD and a TCSPC system.  Photographs of 

SiNC solutions and corresponding visible PL upon exposure to 365 nm UV lamp 

are shown in Figure 5-7a; both samples have dark red luminescence.  Figure 

5-7b shows the PL of 5 nm SiNCs after photochemical and thermal 

hydrosilylation with dodecene.  As expected, for both functionalized samples 

increasing the size of NCs from 3 nm to 5 nm results in the PL red-shifting (55 

nm and 84 nm for the thermally and photochemically prepared samples, 

respectively); this is in agreement with quantum confinement effects influencing 

the SiNC PL.  Similar to the observations made for d = 3 nm SiNCs, the PL from 

the photochemically prepared dodecyl SiNCs (PL maximum at 718 nm) is 

significantly blue-shifted (ca. 93 nm) from the emission band obtained from 

SiNCs prepared via thermal hydrosilylation (PL maximum at 813 nm).  The 

possibility that it is the small size difference between two samples that causes 

such blue-shift is simply excluded by EMA calculated results.  Based on EMA, 

the emission energy difference resulting from the slight size difference between 

these two samples (Figure 5-5) should be smaller than 0.05 eV, while the actual 

measured difference is 0.21 eV (1.73 eV vs. 1.52 eV).  The measured excited 

state lifetimes are also presented in Figure 5-7c and 5-7d.  Again, only 

microsecond lifetime component was found for the thermally modified SiNCs (τ1 
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= 45.40 μs and τ2 = 234.0 μs), while nanosecond and microsecond lifetimes 

coexist for SiNCs photochemically functionalized.  All lifetime values obtained 

for the present d = 5 nm samples are slightly larger than those obtained from their 

d = 3 nm equivalents, consistent with previous studies.
13, 49, 68

 Although all PL 

emission maxima have been red-shifted by size increase, the general trend of PL 

lifetime decay of these 5 nm samples is retained.  The stark similarities (i.e., 

quantity and identity) of the oxide species determined by FT-IR and XPS as well 

as the PL response of SiNCs functionalized by both approaches regardless of 

particle size difference strongly supports the origin of those nanosecond lifetime 

being the same for the d = 3 and 5 nm NCs.  
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Figure 5-7: (a) Images of toluene dispersion of 5 nm dodecyl functionalized 

SiNC via photochemical (left) and thermal (right) approaches under visible light 

and UV irradiation and (b) their corresponding PL spectra.  (c) Comparison of 

overall lifetime decays in microsecond region.  (d) Wavelength dependent 

lifetime in nanosecond region of 5 nm photochemically functionalized SiNCs. 
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Figure 5-8: (a) PL spectrum of 5 nm unpurified photochemically functionalized 

SiNCs.  The corresponding PL spectrum obtained from 5 nm thermally prepared 

SiNCs is shown here as comparison.  (b) Overall lifetime decay in microsecond 

region of this unpurified sample. 

 

 To further explore the possibility that oxidation resulting from the sample 

purification procedure induced the change in NC PL properties, a 5 nm dodecyl 

SiNC sample was freshly prepared by a 15-hour photochemical approach and 

immediately sent for emission and lifetime measurement without purification 

(free dodecene does not contribute any PL or lifetime in this experiment).  The 

corresponding emission maximum is ca. 781 nm (Figure 5-8a), which is also 

slightly blue-shifted from the thermal prepared sample (emission maximum at ca. 

813 nm), but is red-shifted compared to the PL maximum obtained for the purified 

photochemically modified NCs (emission maximum at ca. 718 nm).  Moreover, 

it is important to note that only the microsecond lifetime decay was observed 
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from this fresh, unpurified sample (Figure 5-8b).  The τ1 and τ2 were equal to 

34.30 and 240.0 μs, respectively which are very close to the values obtained from 

the thermally prepared sample.  These pronounced differences in PL maximum 

and lifetime decay suggest thermally and photochemically initiated 

hydrosilylation approaches endow similar optical responses of SiNCs during 

functionalization, however the surfaces of the photochemically functionalized 

SiNCs are not suitably passivated to prevent as of yet unidentified modification 

during post functionalization purification. It is reasonable that the affects of post 

functionalization purification are more pronounced for larger SiNCs particles 

because of the established size dependence of photochemical hydrosilylation,
57

 

which leads to less efficient surface passivation.  In this context, oxidation of the 

resulting unfunctionalized silicon surfaces by water or air introduced during 

purification could induce changes in SiNC optical response.  
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5.3.3 Time Dependent Photochemical Hydrosilylation of 5 

nm SiNCs 

 To better understand the influence of surface oxidation on the optical 

response of SiNCs, a series of time-dependent photochemical hydrosilylation 

experiments were performed.  The hypothesis leading this experiment was that 

higher functionalization temperatures or prolonged reaction times can increase the 

surface functionalization rate of the thermal hydrosilylation on the SiNCs.
56

 It is 

expected that the prolonged photochemical approach would also provide more 

complete passivation of the SiNC surfaces and allow for indirect tailoring of the 

amount of surface oxidation resulting from the workup procedures.  Herein, d = 

5 nm SiNCs were chosen as the model due to their comparatively slow rate of 

photochemical hydrosilylation was expected to provide a larger range of surface 

passivation.  Figure 5-9a shows the PL of these SiNCs after functionalization for 

the indicated reaction times following purification.  The PL arising from the 

20-hour sample is centered at ca. 715 nm.  Extending the reaction time to 30 

hours induced an obvious red-shift in the PL maximum to ca. 776 nm.  The 

red-shift continues with increased reaction time and after 39-hour reaction the PL 

maximum of SiNCs is centered at ca. 792 nm.  Consistent with more complete 

surface functionalization with longer reaction time, samples obtained after a 15 
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hour photochemical reaction are cloudy, while the solution of SiNCs after 39 

hours was completely transparent.  Despite the solution appearing 

non-opalescent and the PL maximum of the shifted to lower energy than that 

observed for shorter photochemical reactions, the PL maximum exhibited by the 

39 hour sample remains slightly PL blue shifted (ca. 21 nm) compared to samples 

prepared thermally.  This is readily understood considering larger particles (e.g., > 

6 nm) are not readily functionalized using photochemical method. 
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Figure 5-9： (a) PL spectra of 5 nm dodecyl-passivated SiNCs functionalized via 

time-dependent photochemical hydrosilylation with indicated reaction time.  (b) 

Wavelength dependent lifetime in nanosecond region of 5 nm SiNCs after 

20-hour photochemical functionalization.  (c) Excited-state lifetime decays and 

(d) the comparison of fast and slow components (τ1 and τ2) in the microsecond 

region of these photochemically prepared samples. 

 

 Based upon our hypothesis, if the PL blue-shift is minimized/eliminated by 

ensuring complete surface passivation, the nanosecond lifetime component should 

be suppressed and ultimately disappear if a prolonged photochemical reaction is 
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employed. Indeed, this is the case for the present reaction time-dependent 

experiments.  All samples exhibited microsecond lifetime components while 

nanosecond components were only detected for samples obtained from shorter 

photochemical reactions (i.e., 15 and 20 hours, shown in Figure 5-9b). The trend 

in the microsecond component (i.e., increase in τ1 and τ2) followed the red-shift of 

the PL maximum (Figure 5-9c) with the values of τ1 and τ2 obtained for the “39 

hour” samples (τ1 = 46.79 μs and τ2 = 240.2 μs) approaching that of the 5 nm 

thermally modified particles (i.e., τ1 = 45.40 μs and τ2 = 234.0 μs).  Also, when 

comparing the lifetimes of the samples obtained from the 15 and 20 hour 

photochemical reactions times, it was noticed that lifetime in the nanosecond 

region decreases while lifetime in microsecond increases with increasing reaction 

time (Figure 5-9b and 5-9c). 

 The proposal that the abovementioned trends in PL response as a function of 

reaction time are related to the degree of NC surface oxidation is supported by 

XPS analysis (Figure 5-10).  Increasing the reaction time (from 20 hours to 39 

hours) for the photochemical surface modification resulted in a decrease in the 

intensity of the Si(IV) component (i.e., SiO2). Simultaneously, the intensities of 

the signals arising from the silicon sub-oxides (i.e., Si(I), Si(II) and Si(III)) 

increase slightly, consistent with the proposal that more hydride terminated Si 

surfaces have been modified by alkyl ligands.  However, trace surface oxidation 
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appears inevitable for the photochemical modification, even after 30-hour UV 

irradiation. 

 

Figure 5-10: High-resolution XPS of the silicon region for purified 

dodecyl-functionalized 5 nm SiNCs after (a) 20, (b) 30 and (c) 39 hour 

photochemical hydrosilylation.  The Si 2p1/2 signals have been omitted for 

clarity.  
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5.4 Conclusions 

 In this chapter the interconnection of SiNC nanosecond excited state lifetime 

and surface oxidation has been examined and confirmed by using carefully 

designed systematic studies involving SiNC functionalized by dodecene. 

Differences in the degree of surface reactivity of the thermal and photochemical 

hydrosilylation methods provide opportunities to control the amount of surface 

modification on alkyl terminated SiNCs.  Microsecond lifetime components 

were observed from all samples, regardless of functionalization methodology and 

have been attributed to silicon particle core electron-hole radiative band gap 

recombination.  However, nanosecond lifetime components (< 5 ns) were only 

observed for samples prepared using the photochemical approach, regardless the 

size of particles.  Time dependent and control experiments indicate the origin of 

nanosecond lifetime is related to the degree and nature of surface oxidation due to 

incomplete functionalized SiNC surface which can result from the purification 

procedure.  The phenomena of this fast recombination are consistent with 

observations in previous reports and the relationship with surface oxidation is 

supported by detailed electron microscopy and spectroscopy data.  Future work 

will involve quantum yield measurement and single particle studies (e.g., 

scanning tunneling microscopy or spectroscopy) to investigate the detailed 
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influence on SiNC surface by oxide species.  
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Chapter 6 

Conclusions and Future Directions   
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6.1 Conclusions 

As one of the important members in the family of semiconductor 

nanomaterials, silicon nanocrystals (SiNCs) have been widely studied and applied 

in areas of energy conversion and storage, catalyst, biotechnology, and 

optoelectronic devices not only because of their unique size-dependent intense 

photoluminescence, but also many favorable physical and chemical properties.
1-4

 

These properties open the door to many new applications such as, magnetic 

resonance imaging (MRI) and anodes for lithium ion batteries.  Despite the 

practical potential of these exciting materials, it is important to realize that 

fundamental studies are still necessary if their full potential is to be realized.   

Four research projects comprising this thesis belong to three major areas 

within the scope SiNC science: (i) particle morphology control and crystal 

evolution; (ii) silicon surface chemistry and (iii) its corresponding influence on 

optical properties; and (iv) synthesis and fabrication of homogenous 

SiNC/polymer hybrid materials.  All particles utilized in these projects were 

synthesized and liberated following an well-established solid state synthetic 

protocol and HF etching procedure developed since 2006 by the Veinot Group.
5
  

Chapter Two demonstrated the shape evolution of SiNCs upon high 

temperature annealing of oxide embedded SiNCs obtained from thermal 
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processing of hydrogen silsesquioxane (HSQ).  The control of SiNCs size 

through alternating synthetic parameters have been shown previously.  Yet 

reports of shape controlled syntheses of silicon nanomaterials are rare and even 

nonexistent because the strong directional bonding in Si precludes standard 

colloidal synthesis.  Using TEM and XRD, it was shown that prolonged 

annealing induces diffusion of the surface atoms of spherical SiNCs to 

self-optimize and yield a variety of faceted structures (e.g., cubic, truncated 

trigonal and hexagonal structures). The optimization of the processing time and 

temperature could effectively form nanocubes in an oxide matrix.  Similar 

atomic diffusion was indirectly observed through the formation of larger faceted 

structures (i.e., 1400 °C). 

For preparing nanoparticle/polymer hybrids, one of looming challenges is 

achieving a uniform dispersion of small particles within the polymer matrix while 

also minimizing agglomeration.  In Chapter Three, a facile approach to highly 

luminescent homogenous SiNC/polystyrene hybrid materials was described.  

Instead of following Si-H bond hemolytic cleavage mechanism in thermal 

hydrosilylation method, in the work presented herein styrene was a radical 

initiator.  SiNC surface modification by polymers was confirmed by IR and 

Raman spectra and the molecular weight information and particle concentration of 

such hybrids were studied by GPC and TGA.  Furthermore, it was shown that 
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combining the properties of silicon nanocrystals with polymers significantly 

increases solubility, and processability.  Thus providing the opportunity to 

fabricate various uniform nano- and microscale architectures (i.e., inner 

wall-coated optical fibers/capillaries, nanofibers and thin films).  

 In Chapter Four, the surface functionalization of hydride-terminated 

SiNCs with dodecene via thermal hydrosilylation was reexamined.  MALDI-MS 

detected the presence of dodecyl oligomers (n ≤ 4) in the products obtained from 

the reaction performed under in argon atmosphere at various temperatures (100 °C 

– 190 °C).  In a comparative study, surface hydrosilylation and ligand 

oligomerization were found to be more pronounced when reactions were 

performed air (n up to 7).  These observations strongly suggest that hydrogen 

abstraction by oxygen accelerates hydrosilylation and generates sufficient silyl 

radicals to induce reaction with unsaturated bonds, promote chain propagation and 

generate ligand oligomers.  Furthermore, systematic experiments showed it is 

feasible to control ligand oligomerization and obtain monolayer coverage on 

SiNC surfaces. 

There is a protracted debate over how surface atoms influence the SiNC PL 

response.  Red/blue shifts of PL during hydrosilylation of SiNCs with alkyl 

terminated surface is frequently mentioned.  Chapter five reported a systematic 

study to compare the difference of PL shift from two hydrosilylation methods: 
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thermal and photochemical.  It was noted that after functionalization SiNCs 

showed oxide signals in the XPS and IR with different intensities, that correlated 

with the degree of blue-shift in emission spectrum.  Microsecond lifetime 

components were detected in all time resolved PL analysis of these samples, and 

were attributed to recombination from the conduction band to the valence band; in 

addition nanosecond lifetime components were only observed in samples prepared 

using photochemical hydrosilylation, regardless of the size of particles.  Time 

dependent and control experiments strongly suggest the origin of nanosecond 

lifetime is relative to surface defects/traps created by oxidation of incomplete 

functionalized SiNC surface during purification process. 

6.2 Future Directions 

6.2.1 Development of SiNC surface modification approaches. 

 Numerous approaches have been discovered and developed for 

functionalizing SiNCs and most of them originate from the reactions reported on 

the bulk silicon system.  Still, the curved and faceted surfaces of SiNCs are 

substantially different with those on ideal flat silicon films, which might introduce 

unexpected results even from similar reactions.  While hydrosilylation is 

relatively effective and efficient for passivating the SiNC surface, shortcomings 



207 

 

remain and significantly restrain the applicability of hydrosilylation in particular 

circumstances as described in this thesis (i.e., Chapters Four and Five).  The 

development of alternative surface modification approaches is certainly possible.  

For example, preliminary investigations of radical initiator involved 

hydrosilylation indicate that hydride-terminated SiNC surfaces can be modified at 

much lower temperature without the formation of ligand oligomers/polymers.  

Another potential promising method is dehydrocoupling functionalization of 

SiNCs with organosilanes.  Unpublished results show Wi  inson’s cata yst is can 

catalyze dehydrocoupling between hydride-terminated SiNC and various silanes 

(e.g., primary and tertiary alkylsilanes) under mild reaction conditions. 

6.2.2 Conjugated Polymer/Silicon Nanocrystal Hybrid 

Silicon Solar Cell. 

 Hybrid solar cells containing the mixture of SiNCs and conjugated polymers 

are definitely appealing, not only because of the energetically favorable electron 

dissociation at the interface, solution processability and lower cost of 

manufacturing, but also because it merges the advantages of SiNCs (e.g., strong 

UV absorption, tunable band gap and feasible surface modification)
6-8

 and the 

properties of conjugated polymers (e.g., light weight, flexibility and customizable 

composition).
9
 Since 2009, several prototypes of polymer/SiNC solar cell have 
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been fabricated by the integration of hydride-terminated SiNCs and widely-used 

conjugated polymers (e.g., polythiophene, poly(p-phenylene vinylene)).
7-8, 10

 

Currently the power conversion efficiency (PCE) of polymer/SiNC hybrid solar 

cells has been improved to 3.2 %,
11

 yet it is still much lower than those records 

achieved by conjugated polymer or CdSe QD based solar cells.  The relativity 

low PCEs of those SiNC devices may be primarily caused by lack of covalent 

hydride-terminated silicon surface. Both of these two factors would significantly 

affect electron/hole mobility and device stability. Hydrosilylation is a versatile 

method for functionalization of silicon surface with organic ligand 

monomer/polymer and protecting silicon from oxidation.  In Chapter 3, a bulk 

synthetic approach to form homogenous SiNC/polystyrene hybrids with high 

photoluminescence and solution processability was developed, which could be 

feasible to extend to other polymer/SiNC systems. Also, literature has shown 

thiophene species can directly attached silicon surface by surface modification.
12

 

Therefore, it is possible that using conjugated polymer functionalized SiNCs as 

the absorption layer may effectively improve the performance of SiNC hybrid 

solar cells. 
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6.2.3 Carbon/Silicon Nanocrystal Based Lithium-Ion Battery 

Electrodes 

 Silicon is an ideal anode material candidate for lithium-ion battery application 

because of its high capacity (4200 mAhg
-1

) and low toxicity.
13-15

 However, its 

large volume change during lithiation/delithiation may induce crystal 

pulverization and cause rapid capacity decay upon continuous cycling.
16-17

 Using 

SiNCs as an electrode can effectively avoid the influence of volume change 

mainly because there is sufficient space between particles to accommodate the 

volume change.  However, during cycling they might impinge during lithiation 

and detach from their electrical connections, which also leads to capacity fading.
15

 

To overcome these challenges, new structures such as Si materials (e.g., SiNCs, Si 

nanowires) encapsulated in a conductive coating layer have been proposed and 

show improved performance.
18-19

 Carbon nanomaterials, such as graphene, 

graphene oxide, and ultrathin graphite have high electrical conductivity, low 

density, and superior flexibility and thus have been applied as the coating 

materials to improve SiNC electrode stability.
20-23

 Since both graphene and 

ultrathin graphite have a similar sp
2
 unsaturated carbon network, it is believed that 

an optimized hydrosilylation approach could also be utilized to graft carbon 

surface on hydride-terminated SiNC surfaces.  These chemical linkages are able 



210 

 

to enlarge ion conductivity between carbon and silicon and further stabilize SiNCs 

onto carbon matrix is foreseeable to become an important process for the 

development of lithium-ion battery electrodes.  
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