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Abstract 
Silicon nanoparticles (SiNPs) have garnered significant attention as a biologically compatible 

alternative to traditional quantum dots. SiNPs are well suited for a wide range of applications 

due to their photoluminescence (PL) and chemical properties. These advantageous properties 

can be controlled on the basis of the internal and surface structure of the SiNPs. The internal 

structure can be tuned during the synthesis of the SiNP core, while the surface typically is 

modified by functionalization after. This thesis examines the internal structure of SiNPs and 

the impact of the internal structure on the luminescence response. 

Chapter 1 introduces SiNPs and the important role that the structure plays on their 

properties. Chapter 2 explores the internal structure of 3, 6, 9, 21, and 64 nm hydride-

terminated SiNPs (H-SiNPs) using a series of characterization techniques. A graded internal 

structure is identified, consisting of a crystalline core, a semi-ordered subsurface, and a 

disordered surface. This structure breaks down for 3 and 6 nm SiNPs, in which no long-range 

order is observed. 

The insight from Chapter 2 is used in Chapter 3 to explore the impact of the internal 

structure on the photoluminescence properties. Two groups of SiNPs were studied, one with 

a thick amorphous shell (>1 nm) and one with a thin amorphous shell (<0.8 nm), determined 

by the difference between the overall diameter (dTEM) and the crystalline domain size (dXRD). 

For SiNPs with a thick amorphous shell, the PL emission maximum (PL max) and lifetimes 

correlate better with dXRD than dTEM, while PL max and lifetimes correlate well with both 

dXRD and dTEM for SiNPs with a thin amorphous shell. 

The impact of oxidation on the internal structure of SiNPs and their 

photoluminescence is outlined in Chapter 4. Upon oxidation, a decrease in dXRD and an 
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increase in dTEM are observed that appear to correlate with the SiNP size, where smaller 

SiNPs show a larger change in dXRD and dTEM. This corresponds with a size-dependent blue-

shift in the PL max with increasing oxidation. A summary of the experimental chapters is 

provided in Chapter 5, along with future research directions.  

iii 



 
 

 
  

    

     

 

  

  

 

   

  

  

 

   

  

  

 

  

   

 

 

   

     

    

  

 

    

   

    

  

Preface 
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H.; Oliynyk, A. O.; Veinot, J. G. C.; Michaelis, V. K, Silicon Nanoparticles: Are They 
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Faramus, A.; Veinot, J. G. C., Lewis Acid Protection: A Method towards Synthesizing Phase 

Transferable Luminescent Silicon Nanocrystals. Phys. Status Solidi A. 2018, 215, 1700620. I 

was responsible for concept formation, data collection and analysis, and manuscript 

preparation. T. K. Purkait assisted with concept formation. A. Faramus helped with data 

collection. J. G. C. Veinot was the supervisory author and assisted with concept formation, 
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I dedicate this thesis to my family. 

“Around here, however, we don’t look backwards for very long. We keep moving forward 

opening up new doors and doing new things, because we’re curious…and curiosity keeps 

leading us down new paths.” – Walt Disney 

“Immediately Jesus reached out his hand and caught him. ‘You of little faith,’ he said, ‘why 

did you doubt?’” – Matthew 14:31 (NIV) 
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Chapter 1 

Introduction 

1.1 Quantum Dots – Inorganic Semiconductor Nanoparticles 
The National Nanotechnology Initiative (NNI) defines nanotechnology as science, 

engineering, and technology conducted at the nanoscale, which is about 1 to 100 

nanometers.1 Antibodies, proteins and viruses are found in this size regime (Figure 1-1). 

Nanomaterials are thousands of times smaller than the width of a piece of paper. When 

materials are prepared on the nanoscale, unique properties emerge that are not observed in 

bulk systems, for example, gold appears red due to plasmonic interactions with light.2 Due to 

the extremely small size of nanomaterials, surfaces and quantum mechanics play a more 

pronounced role in defining material properties.3 The importance of surfaces means that the 

size, shape and surface all play a critical role in defining material properties. The complex 

nature of these systems requires an interdisciplinary approach to understand, tune, and apply 

nanomaterials in novel technologies. 

Quantum dots (QDs) are semiconductor nanomaterials that exhibit light emission due 

to their nanoscale dimensions. When the dimensions of semiconductor particles are below 

the dimensions of a Bohr exciton in the corresponding bulk material (the diameter where the 

electron–hole pair is confined by the boundaries of the nanoparticle instead of Coulombic 

attraction),4 the electrons and holes become quantum mechanically confined. This 

confinement manifests itself through a widening of the band gap (the energy gap separating 

the conduction and valence bands), which enables QDs to emit light. The energy of the 

emitted light is dominated by the composition and dimensions of the nanoparticle.5 Quantum 

confinement in semiconductor nanomaterials manifests itself in the emergence of discrete 

energy levels at the band edges of the semiconductor. In a bulk semiconductor, the 

conduction and valence bands are comprised of pseudo continuous energy levels separated 

by the band gap. In shifting to the nanoscale, atomic orbitals are removed from the band 

structure of the material as a result of the removal of atoms (Figure 1-2).6 
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Figure 1-2. A schematic representation of the change in band structure when going from bulk (conduction and 
valence bands) to nano to molecular systems (highest occupied and lowest unoccupied molecular orbitals; 
HOMO and LUMO). 

This results in a quantization of the energy levels at the band edge, similar to that 

observed for molecular systems. As the particle becomes smaller, more energy levels are 

removed from the band edge, causing the band gap to increase and resulting in a blue shift of 

the photoluminescence. A pictorial representation of this effect is shown in Figure 1-2. 

Epitaxial growth of another material on the surface of a QD passivates the surface, 

yielding a core@shell QD.7 The composition of the core and shell can be tuned to control the 

confinement of the carriers within the core and/or shell.8, 9 These core@shell systems are 

separated into four categories based on the relative band positions of the core and shell 

material, as shown in Figure 1-3: Type I, Inverse Type I, Type II, and Inverse Type II QDs. 

Type I QDs are the most common; the band gap of the core falls within the band gap of the 

shell.7 This system increases trapping of the carriers within the particle core and leads to near 

quantitative photoluminescence quantum yields (i.e., 99.5%).10 In the Inverse Type I system, 

the shell band gap is smaller than and falls within the band gap of the core, as shown in 

Figure 1-3.11 These systems confine the carriers to the shell, facilitating electron and hole 

transfer out of the QD.11 
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Figure 1-3. Schematic representation of band edge alignment of materials for different types of core@shell 
QDs. 

Type II QDs are characterized by nesting of the energy bands so that they lead to the 

spatial separation of the electron and the hole between the core and the shell. In a Type II 

QD, the conduction and valence bands of the shell are of lower energy than the conduction 

and valence bands of the core.12 This confines the holes to the core and the electrons to the 

shell. When the conduction bands are close in energy, the electrons will be delocalized over 

the whole QD (referred to as a Quasi-Type II QD).13 This system typically has a low 

quantum yield and is limited by insufficient carrier confinement.9 In the inverse Type II 

system, the bands are nested the opposite way, confining the electron to the core and the hole 

to the shell, however, delocalization of the carriers over the system is still possible.12, 13 This 

system improves quantum yields, however, not as much as Type I QDs.9 While the relative 

position of the bands typically is controlled by the composition of the core and the shell, the 

band structure also can be tuned by manipulating the diameter of the core and the thickness 

of the shell.14 For example, if a CdS shell is thin enough, then the band gap increases so that 

it will form a Type I system with CdTe instead of a Type II system, as shown in Figure 1-4.14 
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Figure 1-4. A schematic representation of the band edges for CdTe@CdS core@shell QDs showing the 
transition from a) Type I to c) Type II QDs as a function of the shell thickness and d) the relative band edges of 
the bulk CdTe and CdS systems. Image adapted from Opt. Mater. 2016, 53, 34-38 (Ref 14). Copyright 2016 
Elsevier. 

Core@graded shell (C@GS) QDs gradually transition from the core composition to 

the shell in a radially graded fashion (Figure 1-5a).15, 16 This transition is different from the 

abrupt transition in the core@shell systems described above. This also is different than 

core@alloyed shell@shell (C@A@S) QDs where the alloyed shell adds a step in between 

the band edges of the core and the shell, as can be observed in Figure 1-5a.17, 18 In QDs, the 

graded shell provides unique control over the band alignment and, as a result, the carrier 

dynamics at the interface. Gradient shell systems emerged due to their “soft” interface 

dynamics relative to traditional core@shell systems (Figure 1-5b).19 It is proposed that the 

soft interface arises from delocalized surface states (Figure 1-5a) enabling the exciton to 
19, 20 decay evanescently into the core, as shown in Figure 1-5b. This decreases 

photoluminescence from surface states, as evidenced by the ratio of the PL intensity from 

core emission and total PL intensity shown in Figure 1-5c.19 The transition region also lowers 

strain, suppressing Auger recombination (a non-radiative recombination of the exciton that 

results in the emission of an electron), leading to increased quantum yields.17, 21, 22 Together, 

the soft interface and suppression of Auger recombination in graded shell systems make them 

intriguing examples of the influence of interface dynamics on QD systems. 
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Figure 1-5. a) A schematic representation of core@shell, C@A@S, and C@GS QDs, their band structures (the 
black lines), and the associated wavefunctions of the carriers (blue lines). b) A comparative illustration of the 
interaction of the electronic wavefunction at the interface of a core@shell QD with a hard interface and a 
C@GS QD with a soft interface. The black lines represent the band structure, and the blue lines represent the 
interaction of the wavefunction. c) The ratios of the integrated areas of the PL emission from the core and the 
total PL emission for CdSe QDs (no shell), CdSe@ZnS (core@shell), and CdSe@Cd,Zn,S (C@GS). Reprinted 
with permission from Chem. Mater., 2013, 25 (23), 4731-4738 (Ref 20) and J. Phys. Chem. C, 2016, 120 (34), 
19409-19415 (Ref 19). Copyright 2013 and 2016 American Chemical Society. 

1.2 Silicon Nanoparticles 
Quantum dots in current use often rely on toxic and non-earth abundant elements (e.g., Cd 

and In).23, 24 Instead, it is desirable to use QDs based on earth abundant and biologically 
23, 25 compatible materials, such as silicon. In early studies, luminescence from silicon was 

26, 27 demonstrated by applying current to a p-n junction. In 1990, Leigh Canham 

demonstrated that silicon-based luminescence could also be achieved through quantum 

confinement of carriers.28 Since then, applications and properties of luminescent silicon 

nanostructures have been explored widely. 

Silicon is an indirect band gap semiconductor. In a direct band gap semiconductor, 

the minimum of the conduction band sits directly above the maximum of the valence band in 

momentum space (k space), as shown in Figure 1-6a. Direct transitions between the valence 

and conduction bands in direct band gap semiconductors conserve both momentum and 
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energy and, therefore, are allowed. For indirect band gap semiconductors, the minimum of 
29, 30 This the conduction band and the maximum of the valence band are offset (Figure 1-6b). 

offset makes direct transitions between the conduction and valence bands forbidden as the 

transition would not follow the Law of Conservation of Momentum; thus, it requires a 

change in symmetry. In order to satisfy this condition, a phonon must be released during the 

transition (Figure 1-6b).31 

The forbidden vertical transition made Canham’s original discovery of luminescence 

from silicon surprising. However, when silicon is below its Bohr exciton radius (~4 nm for 

Si), the transition occurs more readily.4 It is thought that these transitions are enabled by 

spreading of the hole and electron wavefunctions in k space due to the spatial confinement of 

the carriers, causing an increase in the overlap of the wavefunctions. This breaks the crystal 

momentum selection rules, facilitating the otherwise forbidden transition.32, 33 Further, when 

the dimensions of a silicon particle are below the Bohr exciton radius, the finite size enables 

the required momentum changes to come from a combination of surface scattering and 

phonons in the particle.32, 34 Together, these factors provide an explanation for the long-lived 

luminescence from nanostructured silicon that is typically referred to as S-band emission 

(emission of orange to near-infrared radiation). However, the exact origin of silicon-based 

photoluminescence is undoubtedly more complex. Insights into the nature of silicon-based 

luminescence are further complicated by the high energy emission with short-lived lifetimes 

(typically referred to as the F-band), which will be discussed briefly in Section 1.5. 

Figure 1-6. A schematic representation of the band structure of a) direct and b) indirect semiconductors. Image 
adapted from Scientific Reports, 2017, 7, 15365 (Ref 30). Licensed under CC BY 4.0.  

7

http:particle.32
http:transition.32
http:1-6b).31


 
     

    

          
     

     

      

     

  

  
     

     

        

      

    
      

   

   
        

          

   

    

 

            

   

      

  

  

1.3 Applications of Silicon Nanoparticles 
Silicon nanoparticles (SiNPs) have been studied widely because of their unique optical and 

chemical properties.35-38 Applications of these materials range from medical (i.e., 

luminescence imaging,39, 40 MRI)41, 42 to defense (i.e., sensors for high-energy materials and 

neurotoxins)43, 44 to energy (i.e., luminescent solar concentrators,45, 46 light-emitting diodes,47, 

48 and battery anode materials).36, 49 It is a combination of the biological compatibility, earth-

abundance, long-lived excited states, large Stokes shift (the difference between the 

absorption and emission), and tunable luminescence, among other chemical properties that 

enable diverse potential applications. 

1.3.1 Biological Imaging 
The good biological compatibility of silicon relative to other QDs, combined with its 

luminescence in the near infrared (IR), makes these materials desirable for biological 

imaging.23 There are many reports using silicon-based QDs for fluorescence imaging of 

biological systems. Efforts to synthesize water-soluble SiNPs for this application have been 

extensive, including direct grafting of water-soluble ligands (i.e., PEG, carboxylic acids, 

amines),25, 50-52 indirect grafting of water-soluble moieties (i.e., using Click-Chemistry),40, 53 

and incorporation into water-soluble media (i.e., quatsomes and micelles).39, 54, 55 

These systems exhibit photoluminescence, ranging from blue (with nanosecond 

lifetimes)51, 53 into the near infrared region (with microsecond lifetimes),39, 40, 54, 55 and have 

been used for both in vitro39, 50, 51, 53, 55 and in vivo imaging.40, 54, 55 While many examples of 

photoluminescence imaging with SiNPs exist, recently, the community has worked to 

leverage the long-lived photoluminescence lifetimes to improve contrast over the 

autofluorescence of cells using time-gated imaging. Sailor first demonstrated this with porous 

SiNPs in a mouse model.56, 57 While SiNPs have a lower quantum efficiency than typical 

fluorescent dyes (i.e., fluorescein isothiocyanate [FITC]), time-gated imaging can remove 
58, 59 background fluorescence, thereby enhancing the contrast. In fact, by using time-gated 

imaging, the signal to background ratio is increased up to 3x compared to steady state 

imaging for SiNPs, as shown in Figure 1-7.40 
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Figure 1-7. Athymic nude mouse imaged with a) white light, b) steady-state luminescence imaging, and c) time-
gated luminescence imaging after subcutaneous injection of SiNPs. d) A comparison of the signal-to-
background ratio using time-gated imaging (with a delay of 10 μs) and steady state imaging. Reproduced from 
Nanoscale, 2020, 12, 7921-7926 (Ref. 40) with permission from the Royal Society of Chemistry. 

Imaging of SiNPs has been extended beyond fluorescence and optical imaging to 29Si 

magnetic resonance imaging (MRI). It is non-trivial to probe the 29Si nuclei directly as the 

nuclei have a small absorption cross section, low gamma, and are not abundant, making 

detection of small quantities of these materials in vivo difficult.60 

In order to overcome these deficits, “hyperpolarization” using dynamic 

nuclear polarization (DNP) can be employed (Figure 1-8).41 This method involves the 

transfer of spin polarization from electrons (i.e., radicals) either directly to the nuclei of 

interest or to protons and then the nuclei, thus requiring a source of radicals near the 

SiNP.61, 62 A 29Si MRI of large SiNPs (50 nm–2 µm) has been achieved using both 

external and internal radical sources. The addition of a radical agent, such as TEMPO 

into the solution (an external radical), is able to provide enough enhancement to get a 

clear 29Si MR image.63 However, 

radicals from oxidation induced defects in large SiNPs also can be used.41, 42 29Si MR images 

can be observed for SiNPs polarized using both methods in mouse models.42, 63 While the use 

of an external radical shortens the relaxation time relative to the internal radicals (i.e., 20 vs 

30 min), the improvement in signal allows clear 29Si MR imaging of both after 60 min.42, 63 

While small particles with long T1 relaxation rates have shown potential for this application, 

they have not been employed for imaging.64 
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Figure 1-8. A 29Si magnetic resonance image taken of hyperpolarized silicon microparticles in an H-shaped 
phantom. Reprinted with permission from ACS Nano, 2009, 3(12), 4003-4008 (Ref 41). Copyright 2009 
American Chemical Society. 

The tailorable surface chemistry (vide infra) combined with time-gated fluorescence 

imaging and 29Si MRI make these materials seemingly great candidates for multimodal 

imaging applications. While fluorescence imaging and 29Si MRI have not been combined, 

SiNPs doped with Mn2+ exhibiting blue PL have shown promise for combined fluorescence 

and T1 weighted 1H MRI.65 In fact, these SiNPs can be derivatized further with DOTA 

(1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) to chelate the PET active 64Cu ion 

to provide a more versatile imaging system.66 This work was extended further to Fe-doped 
1H silicon as a similarly promising candidate for T2 weighted MRI and fluorescence 

imaging.67 

1.3.2 Sensors 
The visible photoluminescence of SiNPs makes them promising as luminescence-based 

37, 38 sensors. Sensor designs often are based upon photoluminescence quenching through 

electron transfer.38 SiNPs have been used to detect high energy compounds (such as DNT, 
68 69 70 TNT RDX),43, metal cations (Hg2+, Cu2+, Cr4+),71 biologically relevant molecules 

(glucose,72, 73 dopamine,74 ethanol),75 and pesticides (carbaryl, parathion, diazinon, 

phorate).44, 76 SiNP sensors are capable of sensing DNT to 18.2 ng with oligomer alkyl 

passivation43 and Hg2+ to 50 nM with amine termination.69 To improve the visual detection, 

ratiometric sensors have been developed based on SiNP hybrids with green fluorescent 

protein.44 This enables detection of nerve agents (paraoxon and parathion) by a clear visible 

change from yellow to green photoluminescence due to the quenching of the silicon 

nanoparticle.44 
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1.3.3 Luminescent Solar Concentrators 
Recently, SiNPs have been employed as emitters in luminescent solar concentrators (LSCs). 

LSCs take advantage of the large Stokes shift that has been attributed to the indirect band gap 

of silicon to turn windows into solar energy generators (Figure 1-9).45 SiNPs absorb UV light 

from solar irradiation and down convert it to near infrared photoluminescence, which is 

absorbed more efficiently by Si-based solar cells. Then, the light is propagated along the 

glass pane to the edges, where the concentrated light illuminates photovoltatic (PV) cells. 

Recent work has focused on reducing light scattering of the SiNP film to improve 

transparency by tuning the surface moieties to improve compatibility with the polymer 

matrix.46, 77 Other work has targeted shifting the absorption of the LSC system to correspond 

better with the solar spectrum. To accomplish this, Ceroni and co-workers mixed 9,10-

diphenylanthracene (DPA) chromophores with silicon nanoparticles to capture visible light 

more efficiently. They found that physical mixing of DPA and SiNPs works better than 

covalent linking as functionalization decreases the photoluminescent quantum yields of the 

silicon core.78 

Figure 1-9. a) A schematic representation of a luminescent solar concentrator based on silicon QDs. b) A plot 
showing the overlap of the solar spectrum (gray trace) with the absorbance (black trace) and photoluminescence 
emission (red trace) of 4.3 nm silicon nanoparticles. The transparency window is indicated by the gray shading. 
Reprinted by permission from Springer Nature: Nature, Nat. Photon. 2017, 11, 177-185 (Ref 45). 

1.3.4 Light-emitting Diodes 
The emergence of QDs as highly tunable emitters for LEDs in TVs, coupled with the 

European Union’s ban on Cd-based materials, has driven investigations into alternative QDs 

for LEDs.79 While this work has focused largely on the use of InP systems, these systems 
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rely on In, which has limited earth abundance.80 SiNPs provide an intriguing alternative. 

SiNPs of different sizes have been utilized to make LEDs with luminescence, spanning 
47, 81 between the orange and near IR regions of the electromagnetic spectrum (Figure 1-10). 

Despite promising luminescent properties, before commercialization for TV applications, 

SiNPs have several limitations that must be overcome: their wide full-width half maximum 
47, 81 (FWHM) of the luminescence spectrum and intrinsically low quantum efficiencies. 

Figure 1-10. a) Electroluminescence and photoluminescence spectra of 1.3, 1.6 and 1.8 nm SiNPs. b) 
Photographs of LEDs made from SiNPs demonstrating visible luminescence taken under ambient lighting 
conditions. Reprinted with permission from Nano Lett. 2013, 13(2), 475-480 (Ref 81). Copyright 2013 
American Chemical Society. 

1.3.5 Lithium Ion Batteries 
With the world moving toward portable energy, there is a great desire to improve the 

capacity of batteries, specifically lithium ion batteries (LIBs). This can be accomplished 

through optimization of the various components of LIBs. Silicon is a prime candidate for 

replacing graphite as the anode material as it has a much higher theoretical specific capacity 

(4200 mAh/g for Si vs. 372 mAh/g for graphite).36 However, this is associated with large 

volume changes upon lithiation (>300%) that lead to pulverization of the silicon after several 

cycles and deterioration of the anode.82 These limitations can be overcome by shifting to 

nanoscale Si, which is able to accommodate the volume changes better.49 Other limitations, 

including low conductivity and the formation of the solid electrolyte interphase, can be 

addressed by employing a conductive matrix and careful manipulation of surface 
chemistry.83, 84 
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1.4 Synthesis and Functionalization of Silicon Nanoparticles 
To realize these diverse applications, free-standing SiNPs first must be synthesized. The 

synthetic procedure can be separated broadly into two main categories: synthesis of the 

silicon nanoparticle core and the functionalization with surface passivating ligands. Both the 

nanoparticle core and surface ligands are important for determining the final properties of the 

silicon nanoparticles and their applications. This section explores bottom-up synthetic 

methods for making silicon nanoparticles and passivation of hydride-terminated silicon 

nanoparticle surfaces. 

1.4.1 Synthesis of Silicon Nanoparticles 
Synthesizing silicon nanoparticles is of great interest owing to their desirable properties 

outlined above. While top-down synthetic methods, such as ball-milling85, 86 and laser 

ablation,87 often are used, this section will focus on bottom-up approaches. The bottom-up 

synthetic methods will be broken down into three categories: gas-, solution-, and solid-phase 

synthesis. 

1.4.1.1 Gas Phase Synthesis 
The gas phase synthesis of SiNPs typically revolves around the decomposition of silane and 

the subsequent clustering of silicon atoms into nanoparticles. Thermal decomposition of 

silane at 1100 °C was reported first by Murthy et al. in 1976 for the synthesis of large 

(d = 30–80 nm) octahedral SiNPs.88 However, silicon in this size regime does not 

demonstrate luminescence, making other methods to produce small luminescent SiNPs 
89, 90 desirable. CO2 laser induced pyrolysis of silane forms small SiNPs (5 nm; Figure 1-11). 

However, only after HF or HNO3/HF etching can photoluminescence spanning the visible 

spectrum be observed.90-93 

Figure 1-11. SiNP synthesis from silane using the pyrolysis and plasma methods. 
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Silane also decomposes to form silicon nanoparticles upon introduction into a plasma. 

The hot electrons in the plasma decompose molecules into highly reactive radicals and ions 
94, 95 that can nucleate, aggregate, and grow to form nanoparticles. Plasma-based synthetic 

methods (i.e., nonthermal,96 RF thermal,97 microwave,98 etc.) yield luminescent, hydride-

terminated SiNCs without the need for HF etching (Figure 1-11).96 By using different power 

levels, the crystallinity of the resulting SiNPs can be controlled (from completely amorphous 

to highly crystalline).99, 100 The size of the SiNPs can be tuned by reducing the residence time 

of the particles in the plasma,96 changing the silane flow rate,96 and subsequent etching in a 

second plasma using CF4 or SF6 as the etching gas.101, 102 This synthetic method has been 

expanded further to other precursors, such as cyclohexasilane (a liquid precoursor)103 and 

tetrachlorosilane (which provides chloride-terminated SiNCs), demonstrating the flexibility 

that this method offers.104 

1.4.1.2 Solution Phase Synthesis 
It is highly desirable to make SiNPs through solution methods, however, many of these 

techniques result in SiNPs with size-independent blue photoluminescence instead of the 

often-desired size-dependent (or band gap) emission.35, 105 Typically, SiCl4 is used as a 
51, 106, 107 silicon source and is reduced using a variety of reducing agents (i.e., LiAlH4, 

Na(naphthalide))108, 109 or decomposed at high temperature (385 °C) in the presence of 

tricholorosilane (or octyltrichlorosilane).110 The resulting SiNP surfaces vary, depending on 

the synthetic procedure employed (hydride,107 chloride,108 and mixed surfaces, ).110 

Zintl salts (an intermetallic phase where the anions or anionic network can be 

considered valence satisfied;111 MSi, M = Na, K, Mg) can be used to synthesize SiNPs either 

as a reducing agent or a silicon source. Zintl salts were utilized first as a reducing agent for 

SiCl4 to form chloride terminated SiNPs.112-114 After that, Liu et al. demonstrated that Mg2Si 

could be used as the Si source and oxidized to form SiNPs using Br2 in refluxing octane to 

yield SiNPs with a bromide surface.115 Using NaSi with NH4Br, Kauzlarich and co-wokers 

were able to synthesize hydrogen capped SiNPs.116 
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1.4.1.3 Solid-state Methods 
In the solid-state, SiNPs are synthesized through thermally-induced disproportionation of 

silicon-rich oxides (i.e., silicon oxide (SiOx; 0 < x < 2),117-120 and hydrogen silsesquioxane 
121, 122 (HSQ; ~SiO1.5H)). In this method, the oxide is heated at elevated temperatures to 

encourage disproportionation into Si (0) and SiO2. The Si is protected from thermal 

decomposition into SiO2 in a nitrogen or argon atmosphere, while the addition of H2 also is 

used to passivate defects.123 The resulting SiNPs are embedded in a SiO2 matrix (shown for 

HSQ in Figure 1-12) and can be liberated from the oxide-matrix via HF etching to produce 

free-standing hydride-terminated SiNPs.121, 122 The size of the SiNPs prepared from HSQ is 

controlled by the annealing temperature: 3 nm from 1100 °C, 6 nm from 1200 °C, and 9 nm 

from 1300 °C (Figure 1-12).122, 124 Facetted SiNPs often are observed after annealing for 1 h 

at 1400 °C,124, 125 , and further shape control can be achieved through tuning of the annealing 

program (i.e., cubes, 1300 °C for 20 h;126 cubeoctahedra, quick cycling between 1400 and 

800 °C).127 

Figure 1-12. Schematic representation of the thermal disproportionation of HSQ to make 3, 6, and 9 nm SiNPs 
embedded in SiO2 and the subsequent liberation via HF etching. 

1.4.2 Functionalization of Hydride-terminated Silicon Nanoparticles 
Many of the synthetic procedures outlined above result in either a hydride or halide surface 

passivation. This type of bonding on the surface of SiNPs renders them highly susceptible to 

surface oxidation,128 which is undesirable as it can lead to degradation of the optical response 

of the material.129 In order to minimize surface oxidation from occurring, surface 
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functionalization can be performed to form more stable surface bonds that help limit 

oxidation. These surface functional groups also can improve solubility130 and optoelectronic 

properties,131 as will be discussed in Section 1.5.1. 

1.4.2.1 Silicon—Carbon Bonds: Hydrosilylation 
Hydrosilylation is the main method used for the functionalization of SiNPs. Starting with 

hydride-terminated silicon nanoparticles (H-SiNPs), Si—H bonds are added across 

unsaturated bonds; typical reactions on SiNPs utilizing alkenes and alkynes to form Si—C 
132-134 are shown in Figure 1-13. Covalent Si—C bonds protect the surface from oxidation, 

and the R-group is used improve SiNP solubility and functionality. Many hydrosilylation 

techniques were developed first on porous and bulk silicon substrates and transferred to SiNP 
135, 136 138 surfaces.130, While many hydrosilylation methods (i.e., thermal,137, 

143 107 photochemical,139-141 radical,142, platinum catalyzed,51, Lewis-acid mediated,130 and 

etchant initiated)132, 133 have been employed to passivate SiNP surfaces, this section will 

focus on the three most common methods: thermal, photochemical and radical-initiated. 

Figure 1-13. Schematic representation of the different hydrosilylation methods that have been used to passivate 
SiNP surfaces. 

Thermal Hydrosilylation 
Thermal hydrosilylation utilizes high temperatures (typically 140 °C or more) to activate the 

SiNP surface, forming radicals by breaking either Si—Si or Si—H bonds.137, 138, 144 While 

there is some debate about which bond breaks first to form the radical,145 it is expected that 

the produced radical will propagate along the SiNP surface as the alkene adds to the surface, 
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providing an alkyl radical that is capable of abstracting a neighboring hydride.137 However, 

these radicals often undergo side-reactions with other alkenes to produce oligomers off the 

surface.138 While the oligomers effectively passivate the surface from oxidation, they also 

electronically insulate the particle. This method is robust and straightforward, with tolerance 

for methyl esters, carboxylic acids, and aromatic functional R groups; however, it requires 
146, 147 high boiling point ligands that can withstand the reaction temperatures. Dodecyl 

surface termination yields very high surface coverage (over 200%), without accounting for 

the formation of oligomers.143 

Photochemical Hydrosilylation 

Photochemical hydrosilylation is induced by irradiating H-SiNCs under UV light 

(wavelengths of 365 nm135, 140 or 254 nm148). The mechanism has been explored for porous 

silicon and free-standing SiNPs, illuminating diverse mechanisms for various hydride-
136, 141, 149 terminated silicon systems and different wavelengths of light. Two wavelength 

dependent mechanisms are dominant on SiNP surfaces due to the energetics involved in the 

cleavage of the Si—H bond. At 254 nm, the light is strong enough to cleave the Si—H bond 

homolytically, providing a radical on the surface that can propagate and react with incoming 

alkenes to form Si—C bonds.136, 148 This radical initiated reaction leads to both the 

Markovnikov and anti-Markovnikov addition of the alkene to the SiNP surface, as evidenced 

by NMR.148, 150 However, 365 nm light does not contain enough energy to cleave the Si—H 

nm).136, 151 bond (requiring 81 kcal/mol or light with a wavelength of ~354 The 

hydrosilylation reaction with 365 nm light likely goes through an exciton mediated 

mechanism instead.136 This mechanism is supported by the observed size dependent surface 

passivation.135, 152 Functionalization using UV-irradiation shows relatively strong functional 

group tolerance (e.g., vinyl acetate, styrene, ethyl undecylenate, 1-dodecene, 5-hexen-1-ol, 

and allylamine) and can be used for both alkenes and alkynes.140, 148, 153 

Radical-Initiated Hydrosilylation 

Radical-initiated hydrosilylation takes advantage of external radical sources to initiate 

hydrosilylation at lower temperatures compared to thermally initiated procedures, thus 

enabling the use of lower boiling point ligands. This method of hydrosilylation proceeds 

across both alkenes and alkynes with good functional group tolerance: carboxylic acids, 
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methyl esters, alkyl, styrene, phenylacetylene, and vinyltrimethylsilane.143, 154 Many different 

radical-initiators have been explored (e.g., 2,2’-azobis(2-methylpropionitrile) (AIBN), 

benzoyl peroxide (BP), 1,1’-azobis(cyclohexanecarbonitrile) (ABCN), diazonium salts, 
143, 145, 154 diaryliodonium salts, etc.).142, The reaction time and temperature is highly 

dependent on the half-life of the initiator143, 145 as well as synergistic effects with the SiNP 

surface.142, 154 

The reaction rate depends on the concentration of the radical initiator and the steric 

bulk of the alkene; however, it is independent of the monomer concentration, which suggests 
155 It that the activation of the surface is the rate limiting step in this hydrosilylation method. 

follows that the surface coverage can be limited by the presence of other functional groups 

and bulky substituents (64% for dodecene to 34% for ester and phenylacetylene) as bulky 

substituents limit initiator access to the surface.143 While initial reports explore a mechanism 

based on hydride abstraction, Neale and co-workers have demonstrated that a silyl radical 

can be abstracted from the SiNP surface, as shown in Figure 1-14.143, 145 Both mechanisms 

introduce a surface radical that can propagate along the surface as the hydride is abstracted 

by the adjacent alkyl radical, as explained for thermal hydrosilylation. 

Figure 1-14. Schematic representation of silyl radical abstraction and radical propagation along the silicon 
surface during hydrosilylation. Reprinted with permission from Chem. Mater. 2015, 27 (19), 6869-6878 (Ref 
145). Copyright 2015 American Chemical Society. 

1.4.2.2 Silicon—Carbon Bonds: Other Methods 
Organolithium Reagents 

While hydrosilylation is extremely effective for forming Si—C bonds and can be achieved 

using a wide-range of methods, it is limited as there is no way to have a triple bond or 

aromatic group directly bound to the surface. These functional bonding modalities can be 
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realized by utilizing organolithium reagents.156 These reagents add across Si—Si bonds at 

room temperature forming R-Si-Si-Li groups that are readily protonated using HCl to form 
156, 157 additional Si-H species, as shown in Figure 1-15. 

The addition of the lithiated species to the SiNP surface allows direct attachment to 

conjugated systems, such as 5-hexyl-2-thienyl, phenyl, and phenylacetylene groups.156, 158 

Furthermore, the SiNPs functionalized with organolithium reagents have significant residual 

hydrogen left on the surface.156 These moieties can be functionalized further via 

hydrosilylation to yield a mixed surface. The lithium that is remaining on the surface also can 

be utilized directly by functionalization with a brominated alkane or propylene oxide to yield 

an additional alkyl or secondary alcohol on the surface.156 

Figure 1-15. Scheme showing the functionalization of Si surfaces with organolithium reagents. Reprinted with 
permission from Chem. Eur J. 2015, 21, 2755-2758 (Ref. 156). Copyright 2015 Wiley-VCH Verlage 
GmbH&Co. KGaA, Weinheim. 

Dehydrocoupling 

Dehydrocoupling of organosilanes on H-SiNP surfaces passivate the surface with Si—C 

species by forming Si—Si bonds.159, 160 This reaction can be accomplished using Wilkinson’s 

catalyst at 50 °C with a reaction time of 15 h.160 While this reaction proceeds regardless of 

size, the photoluminescence properties of the smaller SiNPs are quenched.160 This is likely 

due to remaining “Si-Rh-Si” impurities on the surface from the catalyst, as has been shown 

previously on porous silicon.160, 161 Dehydrocoupling on porous silicon occurs at 80 °C 

without requiring a catalyst and without degrading the photoluminescence, rendering a well-

passivated surface.159 Extension of this surface passivation method to SiNPs is desirable as 

an efficient, catalyst-free means of passivating the surface. 
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1.4.2.3 Silicon—Heteroatom Bonds 
While many surface passivation reactions are focused on the formation of Si—C bonds,112 

bonds with other elements can also be realized when starting from H-SiNP surfaces. These 

bonds often heavily impact the photoluminescence of SiNPs, as outlined in Section 1.5.2.113 

Exchange reactions also can be realized by replacing Si—OR and Si—SR with Si—C 

bonds.51, 114 The broad range of ligands that can be employed through heteroatom bonding to 

SiNP surfaces enable further tailoring of SiNPs properties for future applications. 

Si—X bonds (X=Cl, Br, I) 

While many synthetic schemes result in silicon nanocrystals with halide-terminated surfaces, 

halogenating H-SiNPs also can be achieved. Halide-passivated SiNPs are a reactive platform 

for functionalization of SiNPs with Grignard reagents, alcohols, and amines.162-166 Chloride-

terminated SiNPs are particularly reactive and have been realized by reacting H-SiNPs with 
132, 162, 163, 167 chlorinating agents, such as PCl5. Other halide-terminated surfaces can be 

achieved by exposing H-SiNPs to Br2 or I2.163 Chlorination and bromination of H-SiNPs 

using these methods etched the particles, while complete iodination was not observed.163 

Si—O bonds 

Though less common than their alkyl-terminated counterparts, alkoxy-terminated SiNPs 

(Si—OR) often are prepared in the literature. Typically, they are produced through reactions 

of halide- and hydride-terminated silicon nanoparticles with alcohols.75, 108, 164, 168 This is 

typically a spontaneous reaction involving the elimination of hydrogen,168 however, it is a 

slow reaction for H-SiNPs.75 The reaction can be accelerated by adding an oxidant such as 

ferrocenium, to activate the Si surface towards alcohols and carboxylic acids to form Si—O 

bonds, as evidenced by the decrease in the Si-H stretching mode in FTIR (~2100 cm -1) and 
-1 169 increased C-H stretching at ~3000 cm . Si—OR bonds also can be made through 

133, 134 hydrosilylation of ketones using microwave and etchant-based procedures. 

Si—N, Si—S, and Si—P bonds 

Other heteroatom bonds with SiNPs also have been reported. Si—N bonds can be formed by 

reacting H-SiNPs with alkyl amines, tetraoctylammonium bromide, and ammonium bromide 

at room temperature.105 Si—N bonds also can be formed by reacting H-SiNPs with 

alkylamines in the presence of ferrocenium, as described above for alcohols and carboxylic 

acids.169 This oxidant-activated method also works to cap silicon nanoparticles with 
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disulfides and alkylphosphines to form Si—S and Si—P bonds, respectively.169 Si—S bonds 

also have been created by reacting H-SiNPs with thiols at 190°C, however, they are 

extremely reactive and quickly react with moisture to quench the SiNP PL.170 

1.5 Structure of Freestanding Silicon Nanoparticles 
The structure of nanomaterials often determines the resulting properties. For example, a 

core@shell nanoparticle with a graded shell exhibits a different photoluminescence response 

than an epitaxially grown shell, as discussed in Section 1.1. In this section, the structure of 

free-standing SiNPs is separated into two major components: the nanoparticle core and the 

surface groups that are attached to it (Figure 1-16). The size, crystallinity, and strain of the 

SiNP core can be controlled by the synthetic method (i.e., power used in plasma synthesis) 

and external forces (i.e., hydrostatic pressure), where the surface groups can be controlled by 

the functionalization method. Both structural components impact the optical and chemical 

properties and can tailor the SiNPs for desired applications. Oxidation of SiNPs plays a 

unique role as it can influence both the surface and the core. During oxidation, surface 

defects are initially passivated, however, further oxidation penetrates into the core. This 

unique role is explored further in Chapter 4, and only its surface influence will be outlined 

here. 

Figure 1-16. An illustration of the aspects of a SiNP and an overview of how they can be tuned. 

1.5.1 Structure of the Silicon Nanoparticle Core 
Control over the structure of the SiNP core can be afforded by the synthetic method used. 

The size of the SiNP, which is known to play a role in the luminescence and reactivity of the 

nanomaterial, can be tuned during SiNP synthesis96, 122, 171 and post-synthesis via HF or 
92, 121 HF/HNO3 etching. In the HSQ method, the size is controlled by the annealing 
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122, 126, 127, 171 temperature, and the shape is controlled by the annealing profile. Plasma 

synthesis also offers considerable control over the resulting SiNPs because the size can be 

controlled by the precursor concentration and residence time in the plasma and the 
96, 100, 172 crystallinity and internal structure can be controlled by the power applied. 

To date, much of the work in evaluating the structure of SiNPs has been focused on 

the impact of size, however, some work also has examined the uniformity of the internal 

structure. In 2013, pair distribution function (PDF) analysis examining the Si-Si-Si bond 

angles and structural coherence in SiNPs indicated that small particles were quite disordered. 

As the particle size increased, the atoms became more ordered, as evidenced by more 

consistent Si-Si-Si bond angles and a Si—Si coordination number closer to 4 (Figure 1-

17).173 Examination of plasma synthesized SiNPs using Raman spectroscopy combined with 

modelling was used to identify the thickness of a thin amorphous shell on the outer 

surface.172 Together, these studies point toward a complex internal structure for SiNPs. 

Figure 1-17. Structure of a) 2.4, b) 3.3, c) 7.9, and d) 13.6 nm SiNPs generated from Reverse Monte Carlo 
simulations based on experimental PDF data. Details of the modelling can be found in Ref 173. Reprinted with 
permission from Chem. Mater. 2013, 25(11), 2365-2371 (Ref 173). Copyright 2013 American Chemical 
Society. 

1.5.1.1 Impact of Structure on Optical Response 
SiNPs often are separated broadly into two groups, based on their PL properties: one that 

exhibits size-dependent PL emission with long luminescent lifetimes and one that exhibits 

size-independent PL with short lifetimes.35 The size-dependent emission often is attributed to 

quantum confinement of the carriers in the SiNP core, as is observed typically for QDs.35, 124, 

145, 174 However, the relationship between size and PL emission maximum (PL max) is not as 
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well defined as it is for Cd-based systems.145 This is thought to be related, in part, to size-

dependent quantum yields, which cause a shift in the PL max, based on the size distribution 

of the synthesized SiNPs.174 The relationship between the size and PL max is outlined in 

more detail in Chapter 3. 

SiNPs typically are viewed as being either crystalline or amorphous, which is an 
175, 176 important distinction since amorphous and crystalline Si have different band structures. 

While quantum confinement is observed for both crystalline and amorphous SiNPs,177 

amorphous silicon nanoparticles typically show a larger band gap and a smaller Stokes shift 

than their crystalline counterparts.178 Previously, Anthony and Kortshagen demonstrated that 

the quantum yields are considerably lower for freestanding amorphous SiNPs than crystalline 

SiNPs (Figure 1-18a and b).100 

Figure 1-18. a) A plot of the relationship between the input power during the plasma synthesis of SiNPs and the 
quantum yields. b) A comparison of the PL emission spectra of crystalline (red trace) and amorphous (blue 
trace) SiNPs made through the plasma synthesis. c) The relationship between amorphous SiNP diameter and 
band gap with (red) and without (blue) exposure to H2. Images a) and b) reprinted with permission from 
Anthony, R.; Kortshagen, U., Phys. Rev. B, 2009, 80, 115407 http://dx.doi.org/10.1103/PhysRevB.80.115407 
(Ref 100). Copyright 2009 by the American Physical Society. Image c) reprinted from Adv. Mater., 2015, 
27, 8011-8016 (Ref 179). Licensed under CC BY. 
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Amorphous SiNPs are intriguing because their internal composition can be altered 

further upon hydrogenation.179 This structural change influences the band gap and, in turn, 

their photoluminescent response, as shown in Figure 1-18c.179 The authors found that 

exposure to H2 yielded different levels of hydrogenation depending on the SiNP diameter. 

Increasing levels of hydrogenation widen the bulk band gap, therefore, the authors employed 

a varying band gap when fitting the photoluminescence data for SiNPs exposed to H2.179 This 

work clearly shows the impact that the internal structure can have on the photoluminescence 

of SiNPs. 

The crystalline phase also can impact the band gap of silicon and, potentially, the 

photoluminescence properties. Allotropes of Si with direct band gaps (0.39–1.25 eV) have 

been proposed,180, 181 as opposed to the indirect band gap (1.12 eV) of diamond-cubic Si that 

typically comprises SiNPs. Unfortunately, these alternate crystalline phases are difficult to 

access using traditional techniques, making the study of the photoluminescence properties of 

these phases in SiNPs difficult. 

The optical response of SiNPs also is influenced by strain in the core. In a study on 

the impact of pressure on SiNP photoluminescence, increasing pressure caused the PL max to 

red-shift.182 During this study, other crystal phases of Si were accessed through further 

increased pressure, however, the photoluminescence of these phases was not studied. Further 

to this, tensile strain causes a blue shift in PL max and introduces a direct band gap.183 By 

placing tensile strained SiNPs under hydrostatic pressure, the authors showed that this can be 

reversed, and the PL max red shift is similar to that observed in the diamond anvil study.183 

While little has been done to examine the impact of structure uniformity on the 

photoluminescence, one study on plasma synthesized SiNPs suggested an amorphous layer 

on the crystalline core as a possible source for the fast-photoluminescence band at higher 

energy (the F-band).172 However, it is not clear if the same conclusions hold for silicon 

nanoparticles synthesized through other methods.184, 185 In the PDF study described above, 

the authors reported a correlation between the SiNP structure and photoluminescence 

response, however, the nature of the relationship was not expanded on.173 Further insight into 

the relationship between structure and photoluminescence would be valuable for tuning 

luminescence for various applications. 
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1.5.1.2 Impact of Structure on Applications: Beyond the Photoluminescence 
The internal structure and size of SiNPs impact their properties beyond the 

photoluminescence response outlined above. In LIBs, both the size and internal structure of 

SiNPs influence anode performance. SiNP size is of particular importance as smaller SiNPs 

demonstrate improved tolerance to volume changes and increase the rate of lithiation and 

delithiation.36, 186 While smaller SiNPs exhibit better cycling performance, larger SiNPs have 

a higher initial capacity.83, 186 During the lithiation and delithiation processes, SiNPs undergo 

amorphization due to the breaking and reforming of Si—Si bonds from the accommodation 

of lithium.187 By starting with amorphous Si, the SiNPs do not need to undergo this 

amorphization step.188 This improves robustness and increases first-cycle Coulombic 

efficiency (92.5%) compared to their crystalline counterparts, making amorphous SiNPs 

more well suited for LIB anodes.188 

The size and internal structure of SiNPs also have implications for 29Si MRI 

applications. 29Si MRI relies on the transfer of polarization from radicals to highly polarize Si 

nuclei prior to imaging.41, 42 This typically is accomplished through radicals that exist within 

the SiNP.42 Varying the internal structure can change the radical concentration, which 

impacts the effectiveness of the hyperpolarization (with more internal radicals being 
128, 189 desirable). Furthermore, the SiNPs must remain polarized long enough for injection 

and subsequent imaging, which is related to the T1 relaxation rates. SiNPs exhibit size 

dependent T1 relaxation rates, where smaller particles have shorter relaxation times, making 
41, 64 larger SiNPs desirable. However, large SiNPs are not photoluminescent, thus, it is 

important to optimize the size for the desired imaging applications. 

1.5.2 Surface Structure of Silicon Nanoparticles 
When discussing the surface of SiNPs, this section will focus on the structure of the ligand 

and its bonding to the surface. As described above, surface passivation of SiNPs typically is 

performed to prevent oxidation and improve processability. While the surface ligands are 

often exploited to improve compatibility with solvents and polymer matrices,25, 77, 190 various 

ligand moieties can be utilized to improve SiNP properties for a wide-array of applications. 

The surface ligand influence over the optical response has been studied widely. However, the 

influence of the ligands on other applications should not be overlooked. 
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1.5.2.1 Impact of Surface on Optical Response 
Silicon nanoparticles exhibit interesting changes in the luminescence properties, based upon 

the surface bound atoms. For example, halide-termination of the surface has been shown to 

quench the PL of hydride-terminated SiNPs.163 However, oxidation of chlorinated SiNPs 

leads to blue photoluminescence.163 In fact, several methods convert red-emitting SiNPs 

(band gap or S-band emission) to blue (F-band emission), including exposure to ethanol and 

alkyl amines (Figure 1-19).105, 162, 167, 191 This blue PL often has a fast luminescence decay 

rate and typically is attributed to oxide and oxynitride defect states,191 though the exact origin 

of this luminescence is debated.37, 192 By using aromatic nitrogen-containing ligands instead 

of alkyl amines, green PL is observed, which is difficult to achieve for SiNPs.167 

Unfortunately, this green PL quickly degrades under UV-illumination.167 

Surface oxidation of SiNPs often yields orange PL while maintaining long 

luminescence lifetimes.129, 167, 192 This shift often is attributed to a decrease in the core size of 

the particle,193 however, trap-states based on Si-O-Si phonons or donor-acceptor interactions 

with the SiOx shell also have been implicated.194, 195 Further work is required to understand 

the nature of this shift. Minor surface oxidation also increases quantum yields of SiNPs due 

to passivation of surface defects, as evidenced by EPR.48, 189 

Figure 1-19. Illustration outlining the influence of surface functionalization on the photoluminescence, showing 
tuning throughout the visible and near infrared. Image adapted from: ACS Nano 2014, 8 (9), 9636-9648 (Ref 
167) https://pubs.acs.org/doi/abs/10.1021/nn504109a. 
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The photoluminescence also can be tuned by Si—C passivation. Si—C bonds 

normally do not influence the PL max of SiNPs relative to their hydride counterparts but 

have been shown to increase the quantum yields.131, 196 However, the addition of extended 

conjugated systems, such as phenylacetylene (grafted through the organolithium reaction), 

can introduce in-gaps states to the SiNP,197 which narrows the band gap, red-shifting the 

photoluminescence.197 This work was extended to 2-ethynylnaphthalene and 2-ethynyl-5-

hexylthiophene, which further red-shifted the photoluminescence (Figure 1-19).158 

Surface species also impact SiNP photoluminescence quantum efficiencies. Quantum 

yields appear to be impacted detrimentally by SiH3 species on the surface of SiNPs. It has 

been shown that SiH3 can be removed through etchant-based hydrosilylation procedures, 
132, 133 such as XeF2 and PCl5, yielding SiNPs with reasonably high quantum yields. The 

inverse relationship between F-band emission and quantum yields also points to the negative 

influence of surface states on the emission efficiency. 103 Further study into the nature of these 

surface states requires more control over the structure of SiNPs. 

The F-band, though implicated in surface-dependent photoluminescence as described 

above, is complex and not well understood.37 Though it has been suggested that it is related 

to quantum confinement of carriers in small SiNP,198 its appearance is more often related to 

the presence of oxide species and changes to the SiNP surface chemistry (e.g., high levels of 
162, 163, 167, 191, 199-202 The origin of the surface oxidation and exposure to amines and alcohols). 

changing luminescence is still unclear but has been attributed to the silicon/oxide 

interface,199, 200 defect states in the oxide layer,201 and contamination of the oxide layer.202 

Carbon-dots have also been implicated in the observation of F-band emission for a few 
203-205 bottom-up synthetic methods. Thus, showing that a deeper understanding of the 

material is required to gain significant insight into F-band emission for SiNP systems. 

1.5.2.2 Impact of Surface on Applications: Beyond the Photoluminescence 
Manipulation of surface ligands increases the suitability of SiNPs for a wide range of 

applications. Often, surface functionalities are tuned to improve compatibility with a variety 

of media to target a wide range of applications. For example, ester-moieties are used to 

improve compatibility with poly(methyl methacrylate) in order to improve transparency for 
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LSCs,77 and mixed-surfaces can be used to improve water-solubility for biological imaging.25 

However, functional groups can also play a more active role. 

In LEDs, the structure of the surface can be used to improve the transfer of carriers 

into the SiNPs to improve quantum efficiencies. Bulky phenylpropyl ligands have been 

shown to improve the optical power density over octyl ligands as the phenylpropyl 

passivation has less unpaired electron defects (due to increased oxidation) and improves 

electron transport.48 However, the phenyl functionality hinders hole transport, thus 

decreasing the external quantum efficiency relative to their alkyl counterparts.48 The surface 

functionalization method also impacts the efficiency of LEDs.206 The LED performance of 

hexyl-passivated SiNPs functionalized by radical-initiated hydrosilylation and with 

organolithium reagents were compared. Improved parameters (such as lower turn-on 

voltages, higher brightness, and higher external quantum efficiencies) were observed for 

SiNPs functionalized with organolithium reagents due to the reduced surface coverage and 

increased photoluminescent quantum yields.206 

Lithium ion battery performance also is influenced by the surface of the SiNPs. One 

intrinsic issue with SiNPs when being employed as an anode material for LIBs is the low 

conductivity of Si. This can be overcome by covalent attachment of the SiNPs to a 

conductive matrix.207 Non-covalent incorporation into conductive matrices also has been 

explored.83, 208 Recently, it was shown that surface ligands can decrease lithium uptake in 

very small (i.e., 3 nm) SiNPs detrimentally, making them inefficient as an anode material.83 

However, subsequent removal of the surface groups increased the uptake and showed 

excellent stability over 500 cycles (when incorporated in a graphene aerogel).83 

Functionalization of SiNPs with other functional groups (i.e., epoxy groups) can mitigate 

parasitic reactions between the silicon and the electrolyte during lithiation and delithiation 

and improve battery performance over H-SiNPs.84 Further studies are required to optimize 

SiNP surfaces for LIB applications. 

1.6 Thesis Outline 
This chapter highlights the importance of SiNPs for a wide array of applications. The internal 

and surface structure of SiNPs can be controlled via various synthetic procedures and 

influences their photoluminescence and chemical properties. This thesis focuses on 
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furthering the understanding of the internal core structure of HSQ-derived SiNPs and 

applying that understanding to the photoluminescent properties and oxidation of these 

materials. 

In Chapter 2, we aim to identify the internal structure of H-SiNPs made through the 

thermal disproportionation of HSQ. In order to accomplish this, a combination of 29Si solid-

state NMR (SS NMR), transmission electron microscopy (TEM), X-ray diffraction (XRD), 

X-ray photoelectron spectroscopy (XPS), and Fourier transform infrared spectroscopy 

(FTIR) were employed. Different NMR pulse sequences were applied to study the internal 

structure of SiNPs of different sizes. 

Armed with insight into the internal structure of SiNPs from Chapter 2, Chapter 3 

aims to identify the influence of this internal structure on the photoluminescence properties. 

By controlling the internal structure through HF etching, SiNPs of varying degrees of 

crystallinity were synthesized. The size of the crystalline domain was determined using XRD 

and compared with the overall particle size (from TEM) to approximate the thickness of the 

disordered component. The photoluminescence emission and lifetimes were investigated in 

the context of the overall particle size and crystalline domain size. 

Intrigued by the insight into the internal structure provided by XRD, Chapter 4 

explores the influence of oxidation on the structure of these materials. The investigation 

reported in this chapter set out to understand these structural changes as they relate to the 

internal structure of well-passivated SiNPs and, ultimately, the impact that the structural 

changes have on the photoluminescence properties. Chapter 5 summarizes the main findings 

of Chapters 2–4 and explores relevant future research directions. 
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Chapter 2 

Silicon Nanoparticles: Are They Crystalline from Core to 
the Surface?a 

2.1 Introduction 
Semiconductor nanoparticles (i.e., quantum dots, QDs) exhibit exquisitely tunable 

optoelectronic properties, making them useful for a variety of applications, including displays, 

photovoltaics, and sensors. Unfortunately, many QDs are based upon toxic constituents (e.g., 

Cd) that are regulated in many jurisdictions.1 In this context, identifying, preparing, and 

tailoring the properties of toxic metal-free (TMF) QDs is of paramount importance. Silicon 

nanoparticles (SiNPs) are TMF QDs that are prepared readily using abundant materials;2, 3 they 

possess tailorable surface chemistry, exhibit size- and surface chemistry-tunable 

photoluminescence that spans the visible and near-infrared spectral regions with absolute 

quantum yields that compete with their CdSe-based counterparts,4, 5 possess long-lived 

(microsecond) excited states,6 are biologically compatible,2, 7 and reversibly alloy with lithium. 

As such, SiNPs are being explored as functional materials in luminescence-based biological 

imaging,3, 8 medical imaging,9, 10 light-emitting diodes, photovoltaics,12-14 sensors, 15 solar 

concentrators,16 and lithium ion battery anodes.17-19 For many of these applications, SiNP size 

and surface profoundly impact material performance.20 

For example, when employed in lithium ion battery anodes, the SiNP surface has been 

implicated in the formation of the solid electrolyte interphase layer that drastically impacts 

device performance.19, 21 Similarly, the SiNP surface plays an important role in defining their 

optical properties (e.g., luminescent color, brightness, photoluminescence (PL) quantum yield, 

excited state lifetime); by defining the surface bonded moiety, the SiNPs PL can be tuned 

through the visible range, and the excited state lifetime can be defined within the micro- to 

nanosecond regime.22-24 Furthermore, various ill-defined surfaces (e.g., defects, oxidation, 

etc.) have been implicated in low SiNP PL quantum yields.5, 25 

a The contents of this chapter have been adapted with permission from the following publication:Thiessen, A. N.; 
Ha, M.; Hooper, R. W.; Yu, H.; Oliynyk, A. O.; Veinot, J. G. C.; Michaelis, V. K, Silicon Nanoparticles: Are 
They Crystalline from the Core to the Surface? Chem. Mater. 2019, 31, 678-688. Copyright © 2019 American 
Chemical Society. 
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In light of their key roles in material properties, establishing an understanding of the 

SiNP surface and internal structure is of paramount importance. Approaches to probing SiNP 

surfaces have been multifaceted. Quantum chemical calculations provide insight into the 
26-28 nature of the SiNP-oxide interface for oxide-embedded NPs. These modeling studies 

suggest that, when embedded in oxides, SiNPs possess a strained structure that leads to the 

formation of species such as distorted (i.e., elongated or shortened) Si—Si bonds, dangling 

bonds, coordination defects, and Si—O—Si bridging species.26, 27, 29 The surfaces of SiNPs 

also have been interrogated directly using various spectroscopic methods. Raman spectroscopy 

provides direct probing of Si—Si bonds;30-32 multiple Si–Si species have been identified for 

small particles (d ~ 3 nm), and as the particle size is increased, features associated with surface 

species disappear.30 Fourier transform infrared spectroscopy (FTIR) also provides information 

regarding bonding in SiNP surface species, including different Si—Hx, Si—O, and Si—R (R 
33-36 = alkyl, aryl, etc.); however, due to dipole considerations, FTIR does not probe Si–Si 

bonding directly. 

Nuclear magnetic resonance (NMR) spectroscopy is a workhorse method for molecular 

and materials characterization; 1H NMR spectroscopy has been applied, in combination with 

other methods (e.g., Raman, FTIR, etc.), to evaluate SiNP surface derivatization.4, 37-46 It, as 

well as 19F NMR spectroscopy, also have been used to probe the speciation of surface 

functionalities on hydride-terminated SiNPs (H-SiNPs) indirectly via the evaluation of reaction 

byproducts.4 Solid-state NMR spectroscopy is a powerful analytical method that provides data 

related to atomic-level short- and medium-range structural differences within nanomaterials.47 

Despite suffering from a low natural abundance (4.7%), 29Si is an NMR-active nucleus, with a 

nuclear spin I = 1/2, a moderate Larmor frequency (19.9% that of 1H), and a moderate chemical 

shift range. These combined properties result in relatively narrow line widths and good 

resolution for solids when using magic-angle spinning (MAS) and allow for identification of a 

variety of silicon species. To date, applications of solid-state NMR spectroscopy for SiNP 
37-43, 45, 48 evaluation have been confined largely to functionalized, ammonium/chloride 

49 46, 51 capped,44, doped,50 porous, nanoclusters,52 or micrometer-sized high polarization 

studies,9, 53 while nondoped hydride-terminated studies are less prevalent54-56 due, in part, to 

their reactivity and limited solution processability. Previously, a combination of cross-
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polarization and single-pulse methods with strategic wetting aided in decoding various Si-

based surface species on SiNPs of d ~ 50 nm;54 this approach was expanded quickly to assess 

the impact of surface functionalization.55 These examples and others57-65 demonstrate the wide-

ranging utility of NMR spectroscopy and its applicability to a diverse array of Si-based 

nanomaterials. 

In this regard, size-dependent 29Si NMR analyses of SiNPs are expected to provide 

invaluable insight into their structure, which may be used to optimize material performance in 

far reaching applications. In this work, we describe a methodical investigation of H-SiNPs with 

predefined dimensions ranging from 3 to 64 nm, employing a complementary suite of 

characterization methods: X-ray photoelectron spectroscopy (XPS), Fourier transform infrared 

(FTIR) spectroscopy, bright-field transmission electron microscopy (TEM), powder X-ray 

diffraction (XRD), and 29Si solid-state NMR spectroscopy that together reveal the size 

dependent order/disorder within the NPs. We further elucidate an intermediate layer, denoted 

here as the subsurface, using cross-polarization NMR spectroscopy and SiNP size dependent 

nuclear spin-lattice relaxation behavior. 

2.2 Experimental Section 

2.2.1 Materials 

2.2.1.1 Starting Materials 
Hydrofluoric (Electronic grade, 48–50%) and sulfuric (reagent grade, 95–98%) acids were 

purchased from Fisher Scientific and Caledon Laboratory Chemicals, respectively. Fuming 

sulfuric acid (reagent grade, 20% free SO3 bases), trichlorosilane (99%), and toluene (HPLC 

grade) were purchased from Sigma-Aldrich. Toluene was purified using a Pure-Solv 

purification system and collected immediately prior to use. Benzene was purchased from EMD 

Millapore (now MilliporeSigma). All reagents and solvents were used as received unless 

otherwise specified. 

2.2.1.2 Preparation of Hydrogen Silsesquioxane (HSQ) 
HSQ was synthesized following a modified literature procedure.66 Briefly, dry toluene 

(45.0 mL) was added to a mixture of concentrated (15.0 mL) and fuming (7.2 mL) sulfuric 

acid under an inert atmosphere. A second solution of dry toluene (110 mL) and trichlorosilane 
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(16 mL) was prepared and added dropwise to the sulfuric acid mixture over a few hours. The 

toluene layer was isolated and washed with a sulfuric acid solution. After drying the organic 

layer over MgSO4 (neutralized with CaCO3 overnight), the volume was reduced initially using 

a rotary evaporator and then evaporated to dryness in vacuo to yield the desired product as a 

white solid that was stored under vacuum until use. 

2.2.1.3 Preparation of the H-SiNPs 
Thermally induced disproportionation of the HSQ was exploited to produce the well-defined 

SiNPs used in this study.67 Briefly, 6 g of HSQ were processed thermally in a standard tube 

furnace under flowing 5% H2/95% Ar at 1100, 1200, 1300, 1400, or 1500 °C. This procedure 

yielded oxide composites containing SiNPs of predefined sizes (See Table 2-1). 

The resulting composites containing SiNPs were ground using an agate mortar and 

pestle, followed by shaking in a wrist action shaker with high purity glass beads for 6 h. The 

resulting powder was etched using a 1:1:1 solution of ethanol:deionized water:HF to liberate 

the H-SiNPs; a typical etching procedure employed ~1 g and 30 mL of composite and etching 

solution, respectively. The composite was exposed to the etching solution for 1 h after which 

the H-SiNPs were extracted into toluene and isolated by centrifugation. Next, the H-SiNPs 

were subjected to two suspension/centrifugation cycles in toluene, followed by dispersion in 

benzene for freeze-drying. The benzene suspension was freeze-dried to obtain a free flowing 

H-SiNP powder. Samples were packed into ZrO2 NMR rotors and sealed with Kel-F drive 

caps. Identical samples also were evaluated using FTIR, XPS, and bright-field TEM. All 

material manipulations were performed in a nitrogen filled drybox to ensure negligible surface 

oxidation or reaction with water. 

Table 2-1. Particle Band Gap and Size Analysis from TEM and XRD 

Nominal (nm) Annealing Temp. (৹C) Band Gap (eV)b TEM (nm) XRD (nm)c 

3 1100 1.57 3.5 ± 0.9 1.2 ± 0.1 
6 1200 1.33 5.5 ± 1.2 2.5 ± 0.1 
9 1300 1.22 8.7 ± 1.2 4.7 ± 0.2 
21 1400 1.14 20.7 ± 4.0 10.2 ± 0.3 
64 1500 1.12 64.0 ± 16.9 22.4 ± 0.2 
microcrystallinea - 1.12 44 × 103 -

a Bulk microcrystalline (44 µm) silicon (Aldrich). b Band gap determined from Wheeler et al.25 
c Values determined from powder X-ray diffraction using the integral breadth method.68 
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2.2.2 Characterization 

2.2.2.1 Fourier Transform Infrared Spectroscopy (FTIR) 
FTIR was performed on a Thermo Nicolet Continum FT-IR microscope by drop casting SiNPs 

onto a silicon wafer from dry toluene suspensions. 

2.2.2.2 X-ray Photoelectron Spectroscopy (XPS) 
XPS was measured using a Kratos Axis 165 Ultra X-ray photoelectron spectrometer. A 

monochromatic Al Kα source operating at 140 W with an energy hν = 1486.6 eV was used. 

Survey spectra were collected with an analyzer pass energy of 160 eV and a step of 0.3 eV 

(Figure 2-1). For high-resolution spectra, the pass energy was 20 eV and the step was 0.1 eV, 

with a dwell time of 200 ms. Samples were prepared by drop-coating a dry toluene dispersion 

of SiNPs onto a copper foil. Spectra were calibrated to the aliphatic C component of the C 1s 

binding energy of adventitious carbon (284.8 eV)69, 70 and fitted to appropriate spin-orbit pairs 

using CasaXPS (VAMAS) software taking into account a Shirley-type background. To fit the 

Si 2p high-resolution spectrum, the spin-orbit couple doublet area ratio was fixed at 2:1 and 

the peak-to-peak separation was defined to be 0.62 eV (Figure 2-2). The spectral window was 

fit using a variant of a literature procedure.71 Briefly, the spectral components (i.e., spin-orbit 

couple doublet) arising from elemental Si (near 99.4–99.5 eV here) were fitted first using a 

symmetric Gaussian–Lorentzian line shape for small-size particles. When splitting was 

observed in the envelope shape (i.e., d ~ 9, 21, and 64 nm), a Lorentzian asymmetric (LA) line 

shape was applied (LA = 1.93, 3.2, n; where n defines the Gaussian width).72 To account for 

the decrease in structural order with SiNPs arising from a decreased particle size, the full-width 

at half maximum (FWHM) of the spectral components used to fit the elemental Si features 

were constrained as follows: d, FWHM: 3nm, 1.13 eV; 6 nm, 0.93 eV; 9 nm, 0.63 eV; 21 nm, 

0.6 eV; 64 nm, 0.58 eV. The residual area always was fitted using a Gaussian–Lorentzian line 

shape with the same doublet relationship noted above. The fitting was evaluated by 

examination of the residuals. 
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Figure 2-1. Survey XPS data for 3 nm (black), 6 nm (red), 9 nm (blue), 21 nm (green), and 64 nm (purple); 
tabulated elemental composition and peak composition for C and O at% from survey. 
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Figure 2-2. Peak fitting for C and Si XPS data for 3, 6, 9, 21, and 64 nm nanoparticles. 
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2.2.2.3 Transmission Electron Microscopy (TEM) 
TEM imaging was performed using a JEOL-2010 electron microscope equipped with a LaB6 

source and an accelerating voltage of 200 kV. Specimens were prepared by drop-casting 

toluene suspensions of H-SiNPs onto carbon-coated copper grids. The NP size was determined 

by averaging the size of 300 particles using ImageJ software (Version 1.51j8), Figure 2-3. 

Bright field images of d ~ 3 nm SiNPs showed substantial aggregation, making imaging 

impractical for sizing the material. To overcome this, d ~ 3 nm H-SiNPs were functionalized 

with dodecene using established thermally induced hydrosilylation and then imaged. 73 

Figure 2-3. Histograms showing size distributions for (a) 3 nm, (b) 6 nm, (c) 9 nm, (d) 21 nm, and (e) 64 nm 
H-SiNPs. 

2.2.2.4 Powder X-ray Diffraction (XRD) 
Lyophilized samples were placed on a zero-background Si wafer. XRD data were acquired 

using a Rigaku XRD Ultima IV equipped with a Cu Kα radiation source. Data for H-SiNPs 

with TEM-determined sizes 64, 21, 9, 6, and 3 nm were analyzed using a series of diffraction 

line-broadening methods (i.e., integral breadth, FWHM, and Lorentzian broadening) to 

determine crystallite sizes. Material properties as well as instrumental factors contribute to 

diffraction peak line broadening. Instrumental effects were accounted for by refining a NIST 
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LaB6 standard to ensure instrument alignment, and a Si standard was used as an infinitely large 

crystallite size reference (Figure 2-4). After subtraction of instrumental contributions, line 

broadening was assumed to result only from size/strain effects. The patterns were analyzed 

and fitted using the TOPAS Academic software package.74 

Figure 2-4. XRD alignment with (a) LaB6 (NIST) and (b) Si standards. The black traces are the experimental 
data, the colored traces are the fitted data and the grey is the residuals. 

2.2.2.5 Solid-State NMR Spectroscopy 
Silicon-29 NMR spectra were obtained at 9.39 T (v0 (1H) = 399.95 MHz, v0 (29Si) = 

79.46 MHz) on a Bruker Avance III HD 400 NMR spectrometer. All data were acquired using 

a 4 mm double-resonance (H-X) MAS Bruker probe. To ensure that samples had not degraded 

during analysis, all samples were checked pre- and post-NMR analysis using XPS and FTIR. 

All NMR data were acquired under magic-angle spinning conditions at ambient temperature, 

with a spinning frequency of 10 ± 0.002 kHz. The data for all experiments were acquired using 

TPPM75 1H decoupling (γB1/2π = 62.5 kHz). 29Si NMR data were referenced to TMS (δ = 0) 

by setting the high frequency peak of tetrakistrimethylsilylsilane to −9.8 ppm.76 All spectral 

deconvolutions were performed within Origin 2018, T1 data were fitted within MATLAB 2017 

assuming mono- or biexponential recoveries, and NMR data were processed within TOPSPIN 
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using between 50 and 200 Hz Lorentzian broadening. Unless otherwise noted, data were 

collected with at least 5 × T1 of the longest measured T1 time. 

Analysis of H-SiNP Surface and Core: Direct excitation 29Si MAS NMR data were acquired 

using a Bloch77 pulse with a 4 µs π/2 pulse (γB1/2π = 62.5 kHz), optimized recycle delays 

(below) between 3.3 min and 24 h, and between 4 and 2048 co-added transients. 

Analysis of the H-SiNP Surface: Cross-polarization78 (CP) 29Si[1H] MAS NMR data were 

acquired with a 4 µs π/2 pulse (γB1/2π = 62.5 kHz) on 1H, ramped Hartman–Hahn match on 
29Si, 5 ms contact time, 10 s recycle delay and between 7776 and 10240 c-oadded transients. 

Deconvolution of H-SiNP Surface/Subsurface: The contact time was varied from 0.05 to 8 ms 

to elucidate spectral changes in the CP MAS data, as longer contact times provide time for 

nuclear spin diffusion to propagate further into the particle. A two-dimensional 29Si[1H] 

HETCOR experiment was obtained on the 64 nm particle using 1024 co-added transients, 3 ms 

contact time (conditions identical to CP experiments above), and 16 t2 increments. 

Nuclear Spin-Lattice Relaxation: Spin-lattice 29Si relaxation data were acquired using the 

saturation recovery79 experiment, with a pre-saturation train of 16 pulses and a 4 µs π/2 pulse 

(γB1/2π = 62.5 kHz), 1–1024 co-added transients; the relaxation delay was varied from 0.5 to 

1000 s (Table 2-1 and Figure 2-5). Note: Due to the large H-SiNPs (d ~ 21 and 64 nm) 

exhibiting long nuclear T1, additional data points were collected (up to 144 h). 

Figure 2-5. T1 buildup curves for H-SiNPs using a mono-exponential longitudinal magnetization recovery for 
smaller H-SiNPs (3 and 6 nm) and a bi-exponential recovery for larger H-SiNPs (9, 21, and 64 nm). 
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2.3 Results and Discussion 
Solid-state NMR spectroscopy is an ensemble technique that probes comparatively large 

quantities of material (i.e., tens to hundreds of milligrams) and provides information regarding 

local structure and dynamics. If nanomaterial structural property relationships are to be 

elucidated from such investigations, it is imperative that the NP size, shape, and composition 

be as uniform as possible to allow effective differentiation/identification of the nuclear 

environments that are present. To achieve this for SiNPs, we have prepared SiNP/SiO2 

composites that contain nanoscale inclusions of silicon with predefined sizes using a well-
6, 67, 80 established, scalable method involving the thermal processing of HSQ; high-quality 

freestanding H-SiNPs are liberated routinely from these composites via alcoholic HF etching. 

In most cases, H-SiNPs are rendered solution processable and oxidation resistant upon surface 

derivatization using various approaches (e.g., hydrosilylation).40, 81-86 The focus of this study 

is to investigate the internal SiNP structure free from the influences of surface functionalities; 

H-SiNPs provide the nearest approximation to “naked” SiNPs available outside ultrahigh 

vacuum environments. 

X-ray photoelectron spectroscopy is an information rich method that provides data 

related to material composition and constituent element chemical environment (e.g., oxidation 

state, nearest neighbor bonding environment, etc.). The survey spectra of the present H-SiNPs 

were calibrated to the aliphatic C1s signal of adventitious carbon. These data indicate that all 

specimens contain only Si, C, O, and F (Figure 2-1). Fluorine impurities arise from the 

alcoholic HF etching procedure that liberates H-SiNPs from the composite and cannot be 

avoided. Close examination of the C1s high-resolution XP spectra shows evidence of 

substantial oxygen containing carbon species (i.e., C–O, C=O, O–C=O, etc.; Figure 2-2). The 

relative ratios of these carbon-containing components are consistent for all sizes of H-SiNPs 

and are correlated with the amount of oxygen detected in the respective samples (Figure 2-1). 

From these analyses we conclude that the majority of the oxygen within the present H-SiNP 

specimens resides within the adventitious carbon species and is not associated with H-SiNP 

oxidation. This conclusion is supported further by FTIR analyses (Figure 2-6) and the high-

resolution Si 2p spectra (Figures 2-2 and 2-7a) that are deconvolved readily into Si 2p 3/2 and 

Si 2p 1/2 spin-orbit couples. For all H-SiNPs, the energy separation of these doublets was fixed 

at 0.62 eV, and the Si 2p 1/2 to Si 2p 3/2 area 
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Figure 2-6. FTIR spectra for H-SiNPs annealed at 1500 °C (purple), 1400 °C (green), 1300 °C (blue), 1200 °C 
(red), and 1100 °C (black). The spectra show peaks associated with Si-H (highlighted in gray) and Si-O 
(highlighted in blue). 

was fixed at 0.50. For small H-SiNPs (d ~ 3 and 6 nm), all components (including minor oxide 

contributions denoted in green) were fitted to a Voigt GL(30) line shape (70% Gaussian; 30% 

Lorentzian). The rationale for applying this fitting procedure lies in the nature of the NP sizes 

investigated. If NPs are small enough (<9 nm for the present SiNPs), a considerable number 

of atoms experience slightly different (disordered) chemical environments (See NMR 

discussion below) that lead to a distribution of binding energies and symmetric broadening that 

is Lorentzian in nature. As a result, the overall observed signal is dominated by a symmetric 

Gaussian/Lorentzian line shape. For the largest SiNPs (d ~ 21 and 64 nm), which represent 

bulk silicon (See XRD and NMR below), the spectral envelope was fitted using a Lorentzian 

asymmetric line shape LA(a,b,n), where a and b define the asymmetry and n defines the 

Gaussian width. Similar procedures have been employed when fitting the Si 2p data of bulk 

crystalline silicon.72 The d ~ 9 nm H-SiNPs lie within an intermediate size regime, where it is 

possible to isolate the surface and core Si contributions to the Si 2p emission. The Si 2p 

spectrum of these H-SiNPs was fitted effectively by first applying the procedure noted for large 

NPs (highlighted in red in Figures 2-2 and 2-7a), and the remaining residual signal arising from 

surface atoms was fitted using a GL (30) line shape (highlighted in blue). Of important note, 
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the binding energy of the surface silicon species is shifted to higher energy as a result of 

electronegativity considerations arising because of bonding interactions with surface hydride 

moieties (i.e., SiHx). 

TEM imaging of H-SiNPs can be exceptionally challenging because of their limited 

electron contrast and poor solution processability. NP dimensions determined from bright-field 

TEM imaging (Figure 2-3 and 2-7) are summarized in Table 2-1. All H-SiNPs were imaged 

readily, with the exception of d ~ 3 nm H-SiNPs, which were agglomerated heavily. To 

determine the size of these NPs, it was necessary to render them solution processable by 

Figure 2-7. (a) High-resolution Si 2p XPS showing the 2p3/2 and 2p1/2 emission for 64, 9, and 3 nm H-SiNPs. The 
colored traces correspond to: gray = experimental data, dotted black = complete fit, red = crystalline core Si, blue 
= surface Si, orange = disordered Si, and green = Si oxides. (b) Bright-field TEM images of H-SiNPs (d ~ 64 and 
9 nm) and dodecyl-SiNPs (d ~ 3 nm). (c) XRD patterns for d ~ 64 (blue), 21 (red), 9 (green), 6 (cyan), and 3 
(brown) nm H-SiNPs, showing characteristic Si 111, 220, 311, 400, 331, and 422 reflections. 
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modifying their surfaces with dodecyl moieties using standard nonsize selective thermally 

induced hydrosilylation (Figure 2-7b); functionalized NPs obtained from the identical 

composites used to prepare those evaluated in our NMR studies showed a TEM-derived 

diameter of 3.5 ± 0.9 nm. 

It is well-established that X-ray powder diffraction peak broadening provides an 

indirect method for approximating the nanocrystal/crystallite size, complementary to direct 

TEM imaging. After instrumental contributions are accounted for, only size and strain factors 

remain. It is possible to identify these contributions qualitatively by considering the 

dependence of peak broadening on diffraction angle; size-induced broadening follows a 1/cos θ 

relationship, while strain-induced broadening follows a tan θ trend. For the present NPs, the 

broadening distribution (i.e., full-width at half maximum, FWHM) shows what is expected for 

size-induced broadening (Figure 2-8), with deviations arising from strain contributions being 

noted for smaller particles (d ~ 3 and 6 nm). In this context, the peak fits were refined 

appropriately by taking into account size-dependent strain contributions. The diffraction peak 

geometry was fitted successfully using a pseudo-Voigt function. A polynomial background 

also was included, and no overfitting (absolute correlation) was found for all polynomial terms. 

In addition, it was necessary to include a synthetic peak at 22° to describe effectively the peak 

shapes of the 3 nm particle diffraction pattern. 

Figure 2-8. XRD Peak broadening distribution for nanocrystalline materials. 
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Finally, all diffraction data were analyzed using integral breadth, FWHM, and 

Lorentzian broadening methods (Table 2-1) that all assume a normal distribution of spherical 

crystallites.68 A straightforward comparison of TEM and XRD derived data (Figure 2-7, Table 

2-1) shows that the TEM determined dimensions of H-SiNPs are consistently larger; this is not 

surprising and is consistent with present XPS and NMR analyses, given that XRD peak 

broadening only gives a volume-average distribution of crystallite sizes that are routinely 

smaller than the size of the entire NP (i.e., XRD analyses only probe the crystalline portion of 

NPs). 

To evaluate the H-SiNPs further, direct excitation (surface and core) and cross 

polarization (surface) 29Si MAS NMR spectroscopy was employed. Figure 2-9 shows the direct 
29Si MAS NMR data, revealing a considerable evolution from ultrahigh resolution (1 ppm, 

FWHM) for microcrystalline silicon to a broad resonance spanning nearly 40 ppm, from −75 

to −120 ppm, as the particle size shrinks to 3 nm. Peak positions and line widths in the 29Si 

NMR spectra are consistent with size-dependent changes in the atomic and/or electronic 

structure of the NPs. The center-of-gravity chemical shift (δcgs) of amorphous silicon (a-Si) 

has been reported to be −41 ± 3 ppm (with a Gaussian-like resonance that spans 40 to −130 

ppm); crystalline (c-Si) silicon appears at lower frequency (isotropic chemical shift, δiso = 

−80.9 ± 1 ppm; 1 ppm FWHM).87-90 In this context, we attribute the sharp resonance appearing 

at −81 ppm to c-Si (i.e., the material possesses a highly ordered structure); this feature shifts 

to lower frequency with decreasing particle dimensions from 44 µm to 21 nm. As the NP size 

decreases to below 10 nm, a broad resonance emerges, 

Table 2-2. List of Common 29Si Chemical Shifts for Silicon Containing Materials 

Bonding Environment 
Amorphous – SiO2 
Quartz – SiO2 
Cristobalite – SiO2 
SiO5 /  SiO6 

SiN4 

SiC4 

OSi-Hx / HO-Si(-OSiHx)x 

Chemical Shift (ppm) 
-110 
-107 
-109 
-150 /  -200 
-49 ([4]Si) / -225 ([6]Si) 
-18 
-89 to -109 

Ref 

4, 5 

4 
4, 6 
4 
7, 8, 9 

-SiH3 /  -SiH2 /  -SiH -90 to -110 10,11 

Molecular – H3Si-SiH3; H2Si(-SiH3)2; 
HSi(-SiH3)3; Si(-SiH3)4 

-103 to -165 9, 12 
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Figure 2-9. Direct (a) and CP (b) 29Si MAS NMR spectra of H-SiNPs with varying particle diameter. 

eventually replacing the sharp c-Si resonance that would be associated with highly-ordered 

silicon. We attribute this change in peak shape and breadth to an increased influence of surface 

states with decreasing NP size. Since the total surface areas of the NP increase as the 

dimensions decrease, the fraction of silicon atoms residing in disordered atomic positions 

increases (see below). These NP structural changes are manifested in the NMR because of the 

sensitivity of the 29Si magnetic shielding to local atomic structure, such as variations in bond 

angles and lengths, defects caused by dangling bonds, variations in surface species (e.g., SiHn, 

where n = 1 to 3), and/or combinations thereof, consistent with previous Raman30 spectroscopy 

results. Magnetic shielding also can be influenced by the local electronic structure, which is 

discussed further below. These effects are not unique to SiNPs and have been reported for 

numerous nanomaterials, including InP, Zn3P2, ZnSe, Cd, Na, Ag, Pb, etc.47, 91-99 

To elucidate further the origin of the apparent NP size dependent 29Si chemical shift, 

line width, and shape, we employed a 29Si[1H] CP MAS NMR to interrogate silicon atoms 

selectively at the NP surface.78, 100 This experiment depends on dipole interactions between 
29Si and 1H nuclei and enhances signals arising from 29Si nuclei in close proximity to hydrogen 

atoms (i.e., directly bonded or through space; ~ <10 Å). All CP MAS NMR spectra (Figure 2-

9b, Figure 2-10) are broad (i.e., −80 to −120 ppm) and featureless for the smallest 
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nanoparticles; features emerge as the NP size increases. Knowing that hydride moieties are 

present on the SiNP surfaces (FTIR; Figure 2-6), we attribute the main broad resonances to 

surface Si-Hx species that experience substantial structural variability (local disorder). It is 

reasonable to assume that the Si atomic positions at the NP surfaces are ill-defined (i.e., the 

structure lacks long-range periodicity) and exist in a distribution of chemical environments 

(vide supra); doubtless, the number of Si nuclei chemical environments is compounded by the 

presence of a distribution, however small it may be, of NP sizes in every sample (Table 2-1).54-

56, 101-104 

Closer examination of the spectra obtained for the smallest NPs (d ~ 3 and 6 nm) reveals 

a broad, featureless, slightly asymmetric resonance centered at ~ −96 ppm. While crystalline 

and amorphous SiO2 could appear within a similar chemical shift range (δiso ~ −110 ppm),62, 

105 our complementary XP analysis confirms that oxygen bonded silicon is small (~ 0.7 to 

6 at%), and FTIR shows no evidence of Si-bonded hydroxyl groups (e.g., Si-OH). Hence, if 

present, we contend that surface oxides contribute negligibly to the NMR spectra (d ~ 6 to 64 

nm), and these features result from SiHx species (Table 2-2 provides a summary of common 
29Si chemical shifts). One interesting feature worth noting is the 

-120-100-80-60 -140
δ 29Si / ppm

-40-120-100-80-60 -140
δ 29Si / ppm

-40

8.0 ms

5.0 ms

3.0 ms

1.0 ms

0.2 ms

0.5 ms

0.05 ms

-120-100-80-60 -140
δ 29Si / ppm

-40

3 nm 9 nm 64 nm

Figure 2-10. Contact time array for 29Si CP MAS ranging from 0.05 to 8.0 ms for 3, 9, and 64 nm H-SiNPs. 
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slightly different features of the 3 nm particle when overlaying the direct and CP 29Si NMR 

data. An extra signal from the direct 29Si NMR spectrum appears between –100 and –120 ppm 

that does not have 1H’s nearby. This may be due to a small amount of the Si surface being 

oxidized (<7%, SiOx) or the electronic structure further impacting the chemical shift of these 

high surface area particles which have a bandgap of ~1.6 eV. As a control illustrating the 

impact of oxygen on the spectra of H-SiNPs, we purposefully oxidized a sample over a period 

of months, revealing the formation of SiO2 (Figure 2-11), and analyzed the SiNPs pre- and 

post-NMR analysis using XPS and FTIR (Figure 2-12). 

-20 -40 -60 -80 -100 -120 -140 -160 -180
29Si Chemical Shift / ppm

Fresh

Post 4 months

Post 9 months

Figure 2-11. Silicon-29 NMR spectra for 9 nm H-SiNPs purposefully oxidized over a period of 9 months to 
indicate contamination of oxygen under ambient storage. Presence of Si-O species at δiso of ~ −110 ppm 4 and 9 
months post-synthesis. 

Figure 2-12. Sample of the post-NMR analysis of the H-SiNPs (6 nm) using (a) Si 2p high resolution XPS data 
(with only the 2p3/2 shown for clarity) and (b) FTIR spectra of 6 nm H-SiNPs. 
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Turning our attention to the largest NPs considered here (d ~ 21 and 64 nm), they too 

exhibit a broad resonance with two superimposed sharp features. These features emerge in the 

2D 29Si[1H] HETCOR spectrum (Figure 2-13a) and in the CP MAS NMR data (Figures 2-13b 

and 2-10) with longer contact times. Closer examination of the 29Si MAS NMR data (Figures 

2-13b and 2-9a) also confirms two new features in low intensity. Their appearance and 

increased intensity, with longer mixing times, suggests the presence of an intermediate or sub-

surface of quasi-ordered Si atoms. The 29Si MAS NMR spectra of intermediate dimension of 

H-SiNPs (d ~ 9 nm) show evidence of these two extremes (Figures 2-9a), consistent with the 

presence of three structural regimes within the NPs: a crystalline core, a quasi-crystalline sub-

surface, and a disordered surface (Figure 2-13c). Similar effects have been reported in other 

NPs, including CeO2 and noble metal nanomaterials.99, 106 

Building on our understanding of the underlying structure of the presented H-SiNPs, 

we turned our attention to the NP size-dependence of the 29Si chemical shift. A disturbance of 

the local nuclear electronic environment about a given nucleus typically manifests itself in a 

change of the observed chemical shift. The magnetic shielding interaction107-109 (chemical 

and/or Knight shift) could be responsible for the observed effect, depending upon the 

nanomaterial studied. Knight shifts dominate in metallic systems, while SiNP 

Figure 2-13. (a) Two-dimensional 29Si[1H] HETCOR MAS NMR spectra of 64 nm H-SiNPs with a mixing time 
of 3.0 ms. (b) Overlay of direct excitation 29Si MAS NMR and 29Si[1H] CP MAS NMR with variable mixing 
times for 64 nm H-SiNP to illustrate NMR features corresponding to H-SiNP surface (yellow), subsurface (red), 
and core (blue) signatures. Red arrows indicate sharper subsurface NMR features present in the direct excitation 
29Si MAS NMR, as seen with 29Si[1H] CP MAS NMR with a mixing time of 3.0 ms. Direct excitation 29Si MAS 
NMR with a recycle delay of 200 s was used to artificially inflate the surface resonance still present at shorter 
recycle delays. (c) Artistic schematic of a H-SiNP indicating the silicon surface, subsurface, and core with a model 
of the first ten atomic layers of H-SiNPs. 
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semiconductors are impacted by diamagnetic and paramagnetic chemical shielding 

contributions.47, 109 Changes in the paramagnetic contributions can be rationalized by the size-

dependence of the electronic excitation energy (ΔE),98, 109 whereby decreasing the NP size 

causes an increase in band gap (as the case for the SiNPs considered here). An increase in ΔE 

causes greater magnetic shielding and the 29Si chemical shifts appearing at lower frequencies 

(Figure 2-14a).47, 95, 98, 109-111 This general reasoning is invoked often when considering the 

NMR spectra of nanomaterials originating from molecular systems that have appropriate 

molecular orbital symmetries.107, 108 Therefore, the changes in δcgs observed for the samples 

studied here appear to be related to the size-dependent electronic properties of SiNPs and are 

expected to be continuous until the band gap reaches its bulk value of 1.12 eV (δiso of d ~ 64 

nm ≈ bulk c-Si). 

Figure 2-14. (a) Relationship of cgs as a function of inverse bandgap of SiNPs. (b) Surface/subsurface area % 
for NMR experiments (black) and model (red) and 29Si full-width at half maximum (FWHM, blue) with increasing 
H-SiNP size. As the H-SiNPs move from a disordered to an ordered system, the corresponding surface area % 
and line width decreases as NP size increases. 
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Another notable feature of the presented 29Si NMR spectra is the broad underlying 

feature, whose intensity is inversely related to NP size for dimensions 21 nm (Table 2-3). 

With decreasing NP diameter, the relative contribution from surface nuclei increases such that 

the contribution from the ordered core becomes minor (even negligible) for the smallest NPs; 

long-range order simply is not possible within the confines of such small NP. Nevertheless, 

the factors discussed previously still are expected to play a role and give rise to a range of 

chemical shifts for nuclei at or near the surface. These observations are consistent with the 

XRD data (Figure 2-7c): reflections broaden with decreasing size, as expected with a reduction 

in the number of repeating units in the NP, which results in structural strain and poorer 

coherence in the diffraction of the material.114 

To investigate the impact of local structure on line width, we modeled and estimated 

(from the 29Si MAS NMR data, Figure 2-15) the surface/subsurface volume as a function of 

particle size (Figure 2-14b and Table 2-3). The number of surface Si atoms on the H-SiNPs 

was calculated as a function of size based on an assumed icosahedral shape for all sizes except 

the 64 nm (where a spherical shape was invoked).112, 113 This allowed us to estimate the number 

of surface/sub-surface atoms, assuming four layers (five layers total, including the surface), by 

removing one layer at a time from the surface; the values determined from this analysis are 

summarized in Table 2-4. Combining these estimates with the XRD data allows an assessment 

of the reduction in the size of the ordered bulk lattice with the formation of a disordered surface. 

With increasing surface area (decreasing NP size), the 

Table 2-3. Experimental 29Si MAS NMR FWHM, Nuclear Spin-Lattice Relaxation Times (T1) 
and Surface Fraction Deconvolutions of the H-SiNPs with Varying Particle Diameters 

Particle 
Size 
/nm 

FWHM 
(± 10%)† 

kHz 

H-SiNC, T1 
/min 

Surface Core 

29Si Surface Fraction 
/% 
NMRa 

(± 10%) 
Modelb 

64 0.3 0.9 ± 0.1 158.2 ± 15.0 15 7 
21 0.5 3.8 ± 0.4 102.1 ± 10.1 25 23 
9 
6 
3 

1.2 
2.1 
2.8 

1.3 ± 0.1 
5.8 ± 0.6* 
1.4 ± 0.1* 

6.9 ± 0.7 60 
91 
96 

51 
71 
93 

† FWHM reported for the most intense resonances * Experimental data were best represented using 
a single exponential (i.e., only a single T1 to describe the 3 and 6 nm H-SiNPs). a NMR surface 
fraction estimates were based on fitting of direct NMR data (Figure 2-15). b Model surface fraction 
estimates using geometric calculations based on the SiNP structure described by Zhao et al. and 
Avramov et al. and informed by Si lattice parameters.112, 113 
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relative contribution of the ordered core atoms to the NMR spectra at ~ –81 ppm is reduced 

and no longer resolved for 3 and 6 nm NPs. These observations are consistent with the XRD 

and TEM particle size determination. Considering that the unit cell length for crystalline silicon 

is 5.4 Å and the smallest particle investigated here has a diameter of 35 Å, only about six unit 

cell lengths would be needed for the particle cross section. This reinforces the complementary 

nature of both XRD (long-range) and NMR (short-range) for materials that exhibit both 

structural order and local disorder. While we cannot discount the influence of quantum 

confinement, computational studies show that oxide-embedded 3 nm SiNPs have significant 

strain throughout the particle.27 It would follow that this strain would manifest itself as defects, 

including distorted Si—Si bonds, dangling bonds, and coordination defects that are delocalized 

around the surface of the SiNP, as outlined by Lee et al. 26 These defects limit long-range order 

in the nanoparticle, as is evidenced by the extreme broadening of the XRD reflections and 

NMR spectra. A Scherrer analysis of the XRD reveals an average crystallite size of 1.2 nm for 

3 nm SiNPs, which correlates to just under three Si unit cell lengths115, lacking long-range 

structure. 

Figure 2-15. Estimated core (blue) vs surface/subsurface (gray) fractions from 29Si MAS NMR (Bloch) using 
appropriate delay times (i.e., 5 x T1). The black line is the experimental data and the red dashed line is the fitting 
envelope. 
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Table 2-4. Calculated Fraction of Surface, Sub-surface and Core Si 
Species Based on the Model by Zhao et al. and Avramov et al.2,3 

Further exemplifying the combined benefits of preparing well-defined H-SiNPs and 

evaluating them using NMR spectroscopy, the determination of the nuclear spin lattice 

relaxation yields an intriguing size dependence (Table 2-3). As expected, smaller NPs (d ~ 3 

and 6 nm) exhibit shorter T1 values,9, 48, 53 with a monoexponential longitudinal magnetization 

recovery; larger H-SiNPs (d ~ 9, 21, and 64 nm) show biexponential recovery (Figure 2-5). 

We assign the rapid (i.e., minutes) and slow (i.e., hours) T1 components of the large NPs to 

surface and core 29Si species, respectively. To elucidate the surface of the larger particles 

further, one may select a relaxation time (~200 s) that enhances the signal from the 

surface/subsurface nuclei that have a much shorter T1 relaxation time (on the order of minutes) 

than the core nuclei. The differences in regard to surface vs. core arise due to the two 

chemically distinct environments: the surface being disordered allows for the ability of more 

motion and larger distribution of Si environments, improving the efficiency in relaxation; while 

the core aligns itself into a diamond-like structure with a rigid lattice, impeding relaxation as 

the particle size increases. The presence of unpaired electrons on the surface (i.e., dangling 

bonds) would cause a reduction in 29Si spin-lattice relaxation, therefore, as the size of the NP 

increases, the core nuclei become increasingly distant from the surface, resulting in an increase 

in the experimentally determined nuclear T1. 

2.4 Conclusions 
In this work, we present a state-of-the-art multifaceted approach to characterizing and 

understanding the atomic-level structure of H-SiNPs. Using a combination of XPS, bright field 

TEM, XRD, FTIR, and 29Si MAS NMR spectroscopy, we probe the complex surface and core 
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structure of H-SiNPs. Solid-state NMR methods allowed us to interrogate further a series of 

H-SiNPs with dimensions in the range of 3 to 64 nm, where three unique structural 

environments (surface, subsurface, and core) were identified. The surface silicon atoms are 

found between −80 to −120 ppm, while core Si, which becomes observable in H-SiNPs > 6 nm, 

exhibits chemical shifts similar to that for bulk silicon. Based upon the present experimental 

data, strain in the long-range periodicity emerges below 9 nm particles, suggesting a critical 

size-junction; however, the NMR chemical shifts are dominated by changes to the electronic 

structure of H-SiNPs. Are SiNPs crystalline to the core? Generally yes, but below 3 nm, the 

definition of order vs disorder becomes unclear since the number of repeating unit cells 

becomes limited, further straining the surface structure that makes up the bulk of the particle. 

The structural insight provided by this investigation provides invaluable information, key to 

the rational design and development of SiNP-based applications, including but not limited to, 

sensors, battery electrodes, optical materials, and contrast agents. 
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Chapter 3 

A Tale of Seemingly “Identical” Silicon Quantum Dot 
Families: Structural Insight into Silicon Quantum Dot 
Photoluminescence.a 

3.1 Introduction 
Semiconductor nanoparticles (quantum dots; QDs) are fascinating structures that exhibit size-

and shape-dependent optoelectronic properties. Prototypical CdSe@ZnSQDs have been 

studied widely, are generally well understood, and many reports of prototype applications have 

appeared; in fact, InP-based QDs are revolutionizing consumer electronics as active systems 

in QLED-TV™ displays.1, 2 Unfortunately, legislation limits use of heavy metals in consumer 

products and curtails widespread implementation of many QDs;3 furthermore, alternative QD 

materials, such as InP, contain costly non-earth abundant elements and exhibit ‘clear evidence 

of carcinogenic activity’ in animal models.4 In this context, QDs comprised of abundant, non-

toxic elements must be prepared, manipulated, understood, and deployed.5 

Silicon-based QDs are attractive for many applications because they are heavy metal-

free, comprised of earth-abundant elements, and biologically compatible. In this context, a 

variety of methods have been developed to prepare and functionalize these promising 

materials6-11 and prototype applications, including light-emitting diodes,12 luminescent solar 
15, 16 concentrators (LSCs),13, 14 biological imaging agents, sensors,17, 18 and lithium ion battery 

anodes,19, 20 have appeared. Many of these uses rely on the unique tailorable optical properties 

of SiQDs; for example, LSCs take advantage of the large Stokes shift (i.e., the energy 

difference between excitation and photoluminescence maxima) that arises, in part, because of 

the indirect nature of the Si band gap.13, 14 Despite impressive advances, including spectral 

tuning throughout the full visible region and photoluminescence (PL) quantum yields rivaling 

that of compound semiconductor QDs, challenges remain;21-25 paramount 

a The contents of this chapter have been adapted from the following submitted manuscript: Thiessen, A. N.; Zhang, 
L.; Oliynyk, A. O.; Yu, H.; O’Connor, K. M.; Meldrum, A.; Veinot, J. G. C., A Tale of Seemingly “Identical” 
Silicon Quantum Dot Families: Structural Insight into Silicon Quantum Dot Photoluminescence. Chem. Mater 
2020, 32 (16), 6838 - 6846. 
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37-39 

among these is the limited predictability of the PL maximum size dependence that appears 

throughout the literature.26 

27-32 The origin of SiQD PL is clearly complex; for convenience, SiQDs can be 

categorized into two broad groupings based upon PL properties and associated excited-state 

lifetimes.28 The first involves SiQDs exhibiting PL characterized by short-lived excited states 

(i.e.,  = nanoseconds); in these cases the PL maximum that often appears in the blue spectral 

region (i.e., 390–500 nm), is dependent on the excitation wavelength and is largely independent 

of particle size. Such behavior previously has been attributed to surface-state mediated 
21, 28, 29, 33-35 relaxation processes involving heteroatom containing species (e.g., N, Cl, O, etc.). 

Other SiQDs show PL throughout the yellow/orange to near-IR regions with long-lived excited 

states (i.e.,  = microseconds), consistent with the indirect band gap of silicon; the proposal 

that this luminescence arises from band gap-based processes is supported further by the fact 

that the PL maximum generally trends with particle size and is broadly consistent with carrier 

quantum confinement.25, 29, 33, 36 

A comprehensive review of SiQDs exhibiting microsecond lifetimes has appeared, and 

a detailed discussion is beyond the scope of the present contribution.33 However, it is useful to 

consider that, while the PL response of these QDs has been attributed to carrier confinement, 

the PL maximum of seemingly identical particles can vary greatly, and its energy frequently 

does not correlate well with effective mass approximation (EMA) predictions (Figure 3-1).26, 

Numerous explanations for these deviations have appeared, broad particle size 

distributions,40 among others.38, 41 Alternative strategies, such as empirical pseudopotential 
42, 43 approximations (linear combination of atomic orbitals), empirical tight binding band 

theory,44, 45 and ab-initio local density approximations,46 for correlating PL maximum to SiQD 
26, 38, 39, 42 dimensions have been proposed. 

It is well-established that many challenges as well as intriguing properties associated 

with preparing and exploiting SiQDs arise from the extended covalent bonding manifested 

within the Si diamond-like crystal structure. While amorphous surface layers have been 

implicated in ultra-fast SiQD photoluminescence,47-50 the uniformity of the SiQD internal 

structure often has been overlooked.51 We previously demonstrated that the Si core of large 

(dTEM ~9–64 nm) SiQDs exhibits a radially graded structure consisting of a highly disordered 
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Figure 3-1. A summary of representative literature data showing the relationship between SiQD peak PL emission 
37, 39, 40, 52-56 and particle dimension. Predicted relationships obtained using the effective mass approximation57 

1.39) (solid line; Egr = 1.12 + 3.77/r2) and linear combination of atomic orbitals26, 42 (dashed line;Egr = 1.12 + 3.77/r
are shown for comparison. 

surface that transitions to a crystalline core; in contrast, the structure of small SiQDs (dTEM 

~3 nm) is dominated by disorder and it only possesses very small crystallite regions (i.e., dXRD 

~1.2 nm).51 Knowing that the electronic structure of bulk silicon strongly depends on 

crystallinity (e.g., amorphous Si Eg,optical= 1.6–1.7 eV; bulk crystalline Si Eg = 1.1 eV),58 we 

endeavored to explore the impact of internal structure on SiQD optical response. Herein, we 

describe an evaluation of the size dependence of SiQD PL maximum and excited-state lifetime, 

while systematically varying particle and crystallite sizes, as determined by transmission 

electron microscopy (TEM) and X-ray powder diffraction (XRD), respectively. 

3.2 Experimental 

3.2.1 Materials 

3.2.1.1 Reagents 
Hydrofluoric acid (Electronic grade, 48–50%) was purchased from Fischer Scientific. Sulfuric 

acid (reagent grade, 95–98%) was purchased from Caledon Laboratory Chemicals. Fuming 

sulfuric acid (reagent grade, 20% free SO3 bases) and trichlorosilane (99%) were purchased 

from Sigma (now MilliporeSigma). All reagents were used as received, unless otherwise 
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specified. All solvents were reagent grade and used as received. Toluene was collected from a 

Pure-Solv purification system immediately prior to use. Benzene was purchased from EMD 

Millipore (now Millipore Sigma). 

3.2.1.2 Preparation of Hydrogen Silsesquioxane (HSQ) 
HSQ was synthesized via known literature procedures where sulfuric acid is used to selectively 

oxidize trichlorosilane. Dry toluene (45.0 mL) was added to a mixture of concentrated (15.0 

mL) and fuming (7.2 mL) sulfuric acid under an inert atmosphere. Once the addition was 

complete, 110 mL of dry toluene were added to 16 mL of trichlorosilane and this mixture was 

added dropwise to the sulfuric acid solution over a few hours. The product dissolved in the 

organic layer was washed with a sulfuric acid solution. After drying the organic layer, most of 

the toluene was removed via rotary evaporation, and the rest was removed in vacuo. The 

resulting white solid was stored under vacuum until use. 

3.2.1.3 Preparation of the SiQDs/SiO2 Composite 
Thermal decomposition of the HSQ, as previously reported, was used to produce the SiQDs 

used in this study. Six grams of HSQ were annealed in a tube furnace under a 5% H2/Ar 

atmosphere at 1100, 1200, and 1300 °C to get various sizes of nanocrystals (the sizes associated 

with each temperature can be seen in Table 3-1). The composite was ground using an agate 

mortar and pestle then shaken for 6 h to prepare a fine powder. 

3.2.1.4 Preparation of Alkyl Passivated SiQDs 
The composite was etched using a 1:1:1 solution of ethanol:DI water:HF to remove the SiO2 

matrix from the particles using 0.5 g of composite per etch and 15 mL total etching solution. 

The composite was etched as described in the supporting information (Table 3-1), and the 

resulting particles were extracted in toluene. The hydride-terminates SiQDs (H-SiQDs) were 

centrifuged twice in toluene and redispersed in 10 mL dry toluene with 6 mL of dodecene and 

300 mg AIBN. The reaction mixture was degassed using three freeze-pump-thaw cycles and 

placed in an oil bath at 70 °C overnight (~17 h). The resulting SiQDs were purified via 

centrifugation using 10 mL of toluene and 20 mL of methanol thrice to remove any unreacted 

dodecene and AIBN. The purified SiQDs were redispersed in toluene for subsequent 

characterization. 
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Table 3-1. A Summary of Experimental Parameters and Results for All Samples. 

Sample # Anneal Etch timeb dTEM dXRD PL Max Lifetimec QEd 

Ta (oC) (min) (nm) (nm) (nm) (μs) (%) 
1300-SiQDe 1300 240g 5.5 4.69 955 546.8 N/A 
1200-SiQDf 1200 60 5.4 3.24 837 266.6 19.7 
1f 1200 90 4.1 2.07 715 98.8 21.5 
2f 1200 60 4.7 2.62 826 190.4 33.6 
3f 1300 135 5.8 2.99 782 135.7 19.0 
4e 1200 165 3.1 2.33 701 97.0 9.4 
5e 1200 75 3.2 2.64 815 218.7 20 
6e 1300 240 3.3 3.13 800 208.1 14.9 
7e 1100 30 2.8 1.71 659 73.6 8.8 
8e 1200 60 3.4 2.64 823 172.1 33.0 
9e 1200 130 2.5 2.21 675 81.6 7.3 
10e 1200 120 2.8 2.45 700 98.5 10.1 
11e 1100 45 2.8 2.05 684 107.3 4.3 
12f 1300 210 5.3 3.06 819 159.0 15.6 
13f 1200 105 4.8 1.63 641 63.1 10.0 
14f 1200 40 4.7 2.67 860 205.7 24.5 

a Temperature used for annealing HSQ to make the composite. b Time used for HF etching. c Mean lifetimes were 
calculated as described above. d Quantum efficiency. e “Thin” amorphous shell samples (Figure 4 b and d). f 

“Thick” amorphous shell samples (Figure 4 a and c). g 5 mL of 49% HF added halfway through etch. 

3.2.2 Characterization 

3.2.2.1 Fourier Transform Infrared Spectroscopy 
Fourier transform infrared spectroscopy (FTIR) was performed on a Thermo Nicolet Continum 

FT-IR microscope by drop casting SiQDs onto a silicon wafer from dry toluene solutions. 

3.2.2.2 X-ray Photoelectron Spectroscopy 
X-ray photoelectron spectroscopy (XPS) was measured using a Kratos Axis 165 Ultra X-ray 

photoelectron spectrometer. A monochromatic Al Kα source operating at 210 W with an 

energy hν = 1486.6 eV was used. Survey spectra were collected with an analyzer pass energy 

of 160 eV and a step of 0.3 eV. For high-resolution spectra, the pass energy was 20 eV and the 

step was 0.1 eV with dwell time of 200 ms. XPS samples were prepared by drop-coating a 

dispersion of SiQDs in dry toluene onto a copper foil. Spectra were calibrated to the C 1s 

(284.8 eV) and fitted to appropriate spin-orbit pairs using CasaXPS (VAMAS) software with 

a Shirley-type background. To fit the Si 2p high resolution spectrum, the doublet area ratio was 

fixed at 2:1 and the separation was set at 0.6. 
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3.2.2.3 Electron Microscopy 
Transmission electron microscopy (TEM) and HR-TEM were performed on a JEOL JEM-

ARM200CF S/TEM (Cold Field Emission Gun) electron microscope with an accelerating 

voltage of 200 kV using SiQDs drop-coated from a toluene solution onto a holey carbon-coated 

copper grid. The SiQD size was determined by averaging the size of 300 particles using ImageJ 

software (version 1.51j8) and plotted as an average shifted histogram, as outlined previously 

by Buriak and co-workers.59 

HAADF-STEM was performed using the same instrument and sample grids. 

Subsequently, images were processed using a Radial Wiener Filter in the Gatan Microscopy 

Suite 3.0 and subjected to trend subtraction (Figure 3-2).60 The thickness of the amorphous 

layer was determined using ImageJ by overlaying two perpendicular lines span the diameter 

of the crystalline domain (Fig 3-2a filtered image) and total particle diameter (Fig. 3-2b) and 

calculating the difference. This procedure was repeated for no fewer than 20 particles for each 

sample. 

3.2.2.4 Powder X-ray Diffraction 

Powder X-ray diffraction was measured using a Rigaku Ultima IV multipurpose X-ray 

diffraction system equipped with a Cu Kα source for most of the samples. Samples were drop 

cast on a zero-background Si wafer, and data was collected in a thin film orientation. 

Figure 3-2. a) Trend subtracted STEM image highlighting lattice fringes of sample. b) Original HAADF STEM 
image showing full size of SiNCs. (Note: Colored lines illustrate particle measurement method.) 
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For thin film diffraction, a parallel beam was used with a glancing angle of 0.5˚. Some 

data also was collected at the Canadian Light Source (CLS) synchrotron with a wavelength of 

0.6892 Å, using transmission mode. These methods gave equivalent data within the errors 

associated with the techniques and fitting parameters. To account for instrumental effects, a 

diffraction pattern for the NIST Si line shape standard (640f) was acquired using the identical 

conditions (i.e., sample holder, size step, calibration file, etc.) employed for SiQD analyses. 

The standards were analyzed by fitting the width of the reflections, taking into account Kα1 

and Kα2 contributions. The fit can be found in Figure 3-3. Pawley fitting of powder patterns 

was performed using the TOPAS software package to determine the crystallite domain size 

using the integral breadth, FWHM, and Lorentzian broadening methods.63 A sample-

independent synthetic peak was required at ~22° for all measurements on the laboratory 

instrument, which is believed to originate from the sample holder imperfections or amorphous 

products/unreacted materials. Synchrotron diffraction data required corrections of other small 

peaks (8, 9, 11, 14, 16, and 19°) due to imperfections in the background subtraction from the 

Kapton tube (sample holder). 

3.2.2.5 Photoluminescence Characterization 

Photoluminescence spectroscopy measurements were performed on a solution of silicon 

nanocrystals dispersed in toluene in a quartz cuvette. Silicon nanoparticles were excited using 

an argon ion laser with a 351 nm emission wavelength. 

Figure 3-3. Fitting of Si NIST linewidth standard (640f) measured on the Rigaku Ultima IV. 
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The resulting photoluminescence was collected by an optic fibre, passed through a 500 

nm long-pass filter to eliminate scattered light from the excitation source, and fed into an Ocean 

Optics USB2000+ spectrometer with a spectral range of 300–1000 nm and a sensitivity of 41 

photons per count at 600 nm. The spectral response was calibrated using a reference light 

source from Ocean Optics. Photoluminescence lifetime measurements were acquired using an 

argon ion laser (351 nm, ~20 mW) modulated by an acousto-optic modulator (~50 ns response 

time) operated at a frequency of 200 Hz with a 50% duty cycle. The photoluminescence was 

fed into an optic fiber and passed through a 500 nm long-pass filter, which then was incident 

on a Hamamatsu H7422P-50 photomultiplier tube (PMT) interfaced with a Becker-Hickl PMS-

400A gated photon counter. The photoluminescence data was collected with a total of 10 000 

sweeps for good signal-to-noise ratio and using 1 μs time steps. A log-normal fitting of the 

data in MatLab was used to calculate the luminescence decay, and the fitting parameters are 

shown in Table 3-2. The lifetimes were measured for each sample individually, with peak 

emissions at different energies (no wavelength selection was performed). 

Table 3-2. Lifetime Fitting Parameters for 1200-SiQDs and 1300-QDs 

A β Dc 
1200-SiQDs 1.031 0.8608 0.00091 
1300-SiQDs 1.024 0.8346 0.0053 

Quantum efficiency measurements were performed using a homemade integrating 

sphere with a 365 nm light emitting diode excitation source. Sample solutions were diluted to 

have an absorbance between 0.1 and 0.15 at 405 nm, then they were transferred into a cuvette 

that was lowered into the integrating sphere on a magnetic holder, as was a distilled water 

blank. The photoluminescence and excitation intensities were captured through a fibre attached 

to the sphere and analyzed with a calibrated Ocean Optics spectrometer. The equation QE = 

(IPL,sample – IPL,blank)/(Iex,blank – Iex,sample) was used to calculate the absolute quantum efficiency, 

were IPL is the integrated photoluminescence intensity and Iex is the excitation intensity 

recorded inside the sphere. The measurements were performed in quintuplicates. 
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3.3 Results and Discussion 
To probe the impact of an internally graded crystal structure on SiQD optical properties, it was 

necessary to prepare QDs with the same particle (determined using TEM; dTEM) and different 

crystallite (determined using XRD, dXRD) sizes, while maintaining all other contributing 

factors (e.g., surface chemistry/oxidation) the same. Drawing on our intimate knowledge of 

the hydrogen silsesquioxane (HSQ)-based procedure and the structure of the resulting 
51, 61-63 SiQDs, we prepared two different composites consisting of nanocrystalline silicon 

domains encased within an SiO2-like matrix via HSQ reductive thermal processing at 1200 and 

1300 °C. Evaluation of the Si domain sizes using TEM was precluded by the oxide matrix; 

however, consistent with expectation,37, 62 XRD revealed reflections attributable to 

nanocrystalline Si domains and, as expected, it revealed larger domains for products processed 

at higher temperature (i.e., dXRD, 1200 ~3.7 nm; dXRD, 1300 ~6.1 nm). 

Freestanding SiQDs were liberated from an HSQ-derived SiO2-like matrix upon 

etching with alcoholic aqueous hydrofluoric acid. Drawing on the reasonable expectation that 

amorphous/disordered silicon is more susceptible to this etching process, definition of the 

etching time allowed isolation of SiQDs from the composites that possess statistically identical 

dTEM but different dXRD dimensions (i.e., different thicknesses of disordered Si shells). As a 

result of experimental variations of the SiQD/SiO2 composite, it is important to monitor the 

appearance/colour of the etching mixture qualitatively. Doing so provides a qualitative 

indication of SiQD size (i.e., d ~2.5 nm, yellow; d ~3 nm, yellow/orange; d ~5 nm, orange; not 

freestanding, brown/black), however, the exact etching time depends on the specific 

composite, and all SiQDs must be characterized following surface functionalization using 

quantitative methods (vide infra) to confirm dimensions. 

Following isolation, the SiQDs were surface functionalized using size independent 

radical-induced hydrosilylation to render them solution processable and minimize reactions 

(e.g., oxidation) that are known to deleteriously impact optical response.11 Fourier Transform 

Infrared spectra of the resulting materials are consistent with successful functionalization and 

show the features expected for surface-bonded dodecyl-moieties (Figure 3-4).11 
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Figure 3-4. FTIR of 1200-SiQDs (red) and 1300-SiQDs (purple). 

For the following discussion, SiQDs resulting from composites prepared at 1200 and 

1300 °C will be referred to as 1200-SiQD and 1300-SiQD, respectively. Prior to evaluating the 

size and optical properties of the SiQDs, it is essential to confirm that the degree and speciation 

of surface oxidation is consistent across the samples because these factors also can impact 

SiQD PL response.29, 64 To do so, the Si 2p XP spectra of the 1200- and 1300-SiQDs (Figure 

3-5a) were deconvoluted into component spin-orbit couples (Si 2p1/2 and 2p3/2) corresponding 

to Si(0) (i.e., orange), Si(I) (i.e., green), and Si(II) (i.e., blue).51 Integrating the total area of the 

Si (I) and Si(II) components and comparing it to the integrated area of the Si(0) component 

provided an estimation of the ratio of oxidized surface silicon species to elemental silicon. For 

the present samples, the total integrated signal of the Si(I) and Si(II) components corresponds 

to 21% for 1300-SiQDs and 27% for 1200-SiQDs of the total Si 2p signal intensity. This, 

combined with the reasonable assumption that the degree of surface functionalization (i.e., 

surface density of Si-C bonds) is equivalent for both samples, indicates that the 1200- and 

1300-SiQDs have similar amounts of oxidation. Furthermore, closer inspection of the O and 

Si spectral envelopes indicates that the speciation of the oxides is near identical. In this context, 

we expect the influence, if any, of surface oxide species on the optical properties of 1200- and 

1300-SiQDs to be similar. 
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Figure 3-5. a) Si 2p XP spectrum with deconvolution/fitting of the data for 1200-SiQDs and 1300-SiQDs. Fitting 
peaks are shown as Si 2p1/2 and 2p3/2 components corresponding to Si(0) (i.e., orange), Si(I) (i.e., green), and 
Si(II) (i.e., blue). The black trace is the experimental spectrum and the red dashed line represents the overall fitting 
envelope. b) TEM image of 1200-SiQDs and 1300-SiQDs inset: average shifted histogram with the average size 
and the distribution width. c) XRD data for 1200-SiQDs and 1300-SiQDs showing experimental powder pattern 
(black) with fitting (red for 1300-SiQDs and purple for 1200-SiQDs) and residuals (light gray). 

Turning to the evaluation of QD particle and crystallite sizes, bright-field TEM 

analyses of the liberated dodecyl-functionalized particles afforded dTEM of 5.4 ± 1.1 and 

5.3 ± 1.4 nm (Figure 3-5b) for the 1200- and 1300-SiQDs, respectively, and are statistically 

similar to a 95% confidence interval. To complement the TEM analyses, crystallite sizes of the 

identical samples were determined using XRD. Diffraction data were fitted to the NIST Si line 

shape standard (640f) as an “infinite” crystallite reference to account for instrumental 

broadening and line shape. Having accounted for instrumental broadening, Gaussian and 

Lorentzian peak shape parameters, with the assumption that atomic displacement parameters 

and crystallographic site deficiencies do not play a role, only size and strain contributions to 

line broadening remain; they can be accounted for qualitatively based on their diffraction angle 
51, 65 dependence. In contrast to the dTEM, which were statistically identical, the dXRD (i.e., 

crystallite sizes) determined from diffraction data (Figures 3-5e and f) were 3.2 ± 1.2 and 4.7 

± 0.4 nm for 1200-SiQDs and 1300-SiQDs, respectively. A straightforward comparison of the 

dTEM and dXRD clearly shows that, despite having the same physical dimensions, 1200-SiQDs 

have a smaller crystallite size and, by extension, a thicker disordered Si shell. This is supported 
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further by high annular angle dark field scanning transmission electron microscopy (HAADF-

STEM) that shows thicker disordered layers on 1200-SiQDs (1.7 nm 1200-SiQDs vs. 1.0 nm 

for 1300-SiQDs; Figure 3-6 and 3-7). Our data analyses reasonably assume that the bright area 

in the HAADF-STEM images is representative of the overall SiQD size without the organic 

ligand, which has a lower Z-contrast compared to the silicon, and that the lattice fringes are 

representative of the dimensions of the crystalline core. With these caveats, the difference in 

the dimensions of these particles indicates a thicker disordered layer on the 1200-SiQDs. 

Having shown that 1200-SiQDs and 1300-SiQDs exhibit near-identical physical size 

(i.e., dTEM) as well as composition (i.e., degree of oxidation, oxidation speciation, surface 

functionalization) and differ only in the size of the crystalline core (i.e., dXRD), we endeavored 

to evaluate the impact of the disordered Si shell on the SiQD optical properties. The PL spectra 

of SiQD toluene solutions (Fig. 3-8) were evaluated using the 351 and 364 nm lines of an Ar 

ion laser and show maxima of 837 and 955 nm for 1200-SiQDs and 1300-SiQDs, respectively. 

The marked red-shift in PL maximum with increased dXRD suggests that the dimensions of the 

nanocrystalline domain dominate the SiQD PL and band gap; there is no demonstratable 

indication of a contribution from the disordered surface silicon species to these properties. 

Figure 3-6. High annular angle dark field STEM images of a) 1200-SiQDs and b) 1300-SiQDs. 
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Figure 3-7. Histograms showing the STEM determined non-crystalline shell thicknesses for a) 1200-SiQDs and 
b) 1300-SiQDs. Experimental data are represented by the blue bars below the x-axis. The density of these bars 
indicates the frequency. The line in the plot was determined using a fitting routine described in Ref 59 that is 
designed to minimize binning bias. 

Figure 3-8. Comparing a) the photoluminescence emission of 1300-SiQDs (purple) and 1200-SiQDs (red) as well 
as b) the luminescence lifetimes of 1300-SiQDs (purple fit) and 1200-SiQDs (red fit). Photoluminescence 
emission data were collected on an Ocean Optics 2000+ spectrometer. Luminescence lifetimes were fitted to a 
stretched exponential function, and then the mean time constants were calculated as described below.66 The fitting 
parameters are reported in Table 3-2. 

This observation is also consistent with the amorphous silicon shell having wider band 

gap than the crystalline core, providing a core@shell structure similar to that of more 

commonly studied CdSe@ZnS systems (i.e., Type I QDs).67 Contrary to the CdSe@ZnS QD 
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case, in which the ZnS shell grows epitaxially on the CdSe core to reduce interfacial dark 

defects and increase the PL QY, the graded interface between the crystalline and amorphous 

components of the present SiQDs can be expected to be ill-defined.51, 68, 69 As such, there is no 

obvious trend in the present PL QY data for the core@shell systems (Figure 3-9). 

Time-resolved photoluminescence (TRPL) traces were fitted with a stretched 

exponential model given by: 

It = Aexp[–(t/)] + dc (1) 

where t is time and dc is a fitting parameter. From the  and  fitting parameters, the mean time 

constant (referred to henceforth as the mean lifetime) was obtained according to: 

𝜏 ̅ = [(2/)/(1/)] (2) 

This model has been applied widely to SiQDs and tends to fit the TRPL data quite well for the 

purposes of extracting a mean lifetime.66 The 1300-SiQDs exhibit a longer mean lifetimes (i.e., 

547 s for 1300-SiQDs vs. 267 s for 1200-SiQDs), consistent with experimental reports53 

and models72 showing longer lifetimes for larger SiQDs. Upon examining the mean lifetimes 

of all of the SiQDs here studied as a function of PL energy, an obvious trend was observed, 

where 1/𝜏 ̅ = 𝐴′∗𝑒𝐸/𝐸0 (Figure 3-10). This trend is consistent across literature;70, 71 it is 

independent of the synthetic method and has been implicated with the indirect band gap of 

silicon.72 

Figure 3-9. A comparison of the relationship between quantum efficiency with dTEM (blue squares) and dXRD (red 
circles) for SiQDs with a thick amorphous layer (>2 nm; a) and a thin amorphous layer (<0.8 nm; b). 
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Figure 3-10. A plot of the maximum photoluminescence energy against the lifetimes for all SiQDs in this study. A 
clear trend is observed that can be fit to the equation 1/�̅� = A′*e E/Eo,70-72 where A′ = 62.5 s-1 and E0 = 0.34 eV (the 
black line). 

To explore the broader scope of the relationship between SiQD optical properties with 

dXRD further, SiQD/SiO2 composites were prepared via reductive thermal processing of HSQ 
37, 62 SiQDs at 1100, 1200, and 1300 °C, in order to have a wider range of Si crystallite sizes.

were liberated upon alcoholic HF etching for pre-determined times (See Table 3-1) and surface 

functionalized with Si-C tethered 1-dodecyl surface groups via AIBN radical-initiated 

hydrosilylation. Subsequently, the dTEM, dXRD, and PL properties were evaluated and 

compared. This method yielded SiQDs with varying disordered layer thicknesses, where in all 

cases the dTEM is larger than dXRD (Figure 3-11). 
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Figure 3-11. Plot showing dTEM vs. dXRD, where the line is dTEM = dXRD. 
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To illustrate/understand the relationship between SiQD dimensions and optical 

properties better, we categorized the present data into two groupings. 1. Samples in which the 

dTEM is substantially larger than dXRD (i.e., dTEM – dXRD > 2 nm); these particles possess 

comparatively thick amorphous/disordered Si layers on their surfaces. 2. Samples for which 

dTEM and dXRD are similar (i.e., dTEM – dXRD < 0.8 nm); these particles possess a thin 

amorphous/disordered Si layer on their surfaces. The data were plotted and compared with the 

predictions of the effective mass approximation (EMA; Figures 3-12c and d). 

Consistent with our previous observations (see above), there is a clear correlation 

between dXRD and EMA predictions for the photoluminescence of SiQDs in Group 1 (i.e., dTEM 

– dXRD > 2 nm; Figure 3-12c) – this is not the case for dTEM. We also note that the EMA 

consistently overestimates particle size when comparing to dXRD. In contrast, for Group 2 

SiQDs that bear a thin amorphous Si layer, the PL emission energy is related closely to dXRD 

and dTEM (Figure 3-12d); furthermore, the EMA appears to agree better with the data. We also 

note similar relationships when evaluating time-resolved photoluminescence data in the 

context of dTEM and dXRD. 

To investigate the effect of size distribution on the mean luminescence energies, we 

tested a model similar to that reported in Ref. 39. For particles with the same annealing 

temperature, and thus presumably similar defect distributions and shell thickness, we find that 

a somewhat better match to the XRD data can be obtained if the size distribution is factored 

into the analysis (Fig. 3-13). It is important to note that the impact of size distribution is not as 

obvious for the materials presented here when compared to those reported in Ref. 39 because 

the SiQDs reported previously were isolated through size selected precipitation (i.e. they have 

narrow size distributions) and likely have no disordered shell due to the extended etching 

process employed. 

Theory predicts that the radiative lifetime of a silicon nanocrystal scales approximately 

as the inverse cube of the radius.73, 74 Thus, the mean lifetime data were fit to an inverse cubic 

function of the XRD radius given by: 

1/𝜏 ̅ = A″(1/dXRD)3 + C (3) 

which appeared to yield a good fit to the experimental data (Figure 3-12e and f). Of course, 

there is also a strong non-radiative contribution, which cannot be measured directly; however, 
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under certain specific conditions (i.e., for a single defect), the dominant non-radiative decay 

rate also scales inversely with the crystallite volume.75 Obviously, the actual nonradiative rate 

depends on the abundance and types of defects present in the samples, which may differ and 

likely explains some of the differences between the data and the model shown in Figure 3-12e 

and f. 

Figure 3-12. A schematic representation of Si QDs showing the thick (a) and thin (b) amorphous layers 
surrounding the crystalline core. A comparison of the relationship between PL energy (c and d) and lifetimes (e 
and f) with dTEM (blue squares) and dXRD (red circles) for SiQDs with a thick amorphous layer (>1 nm; a, c, e) and 
a thin amorphous layer (<0.4 nm; b, d, f). The solid and dashed black lines in c) and d) represent the EMA and 
LCAO as in Figure 1. The solid black line in e) and f) is a fitting from all of the dXRD vs. lifetime data, according 
to Eq.3. 
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Figure 3-13. The XRD (red points) and TEM (green points) mean diameters as a function of the mean PL energy. 
The blue lines are model fits that incorporate the quantum efficiency, absorption cross sections, size distributions, 
and effective mass approximation using methods similar to those in Ref. Yu et al. 2017. The uppermost light blue 
line is the pure EMA; increasing the size distribution “pulls” the model downward, mainly due to the higher QY 
of the larger particles (darker blue lines). 

The direct relationship between theoretical PL energy and lifetimes and the crystallite 

diameter of these SiQDs, especially when they have a thin amorphous layer (Group 2), suggests 

that the crystalline core controls the optical response. However, the relationships between 

SiQD luminescence, graded structure, and size presented for Group 1 are similar to those 

previously noted for CdSe@CdSexS1–x@CdS QDs, in which the confinement of carriers (i.e., 

electrons and holes) depends upon a radially varied structure.76 A detailed study of the interplay 

of these factors in the SiQD optical behavior obviously is complicated by the poorly-defined 

nature of the transitional region between the crystalline core and the amorphous shell; however, 

one can expect that the confinement should be stronger when the shell is thinner, as implied 

by the results in Fig. 3-12. This clearly highlights the importance and promise of establishing 

methods for controlling the uniformity of the internal SiQD structure, as well as preparing 

well-defined core@shell SiQD systems. 
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3.4 Conclusions 
In conclusion, the photoluminescence of functionalized SiQDs has been evaluated in the 

context of internal crystallinity by examining crystallite and particle dimensions using X-ray 

diffraction and transmission electron microscopy. For SiQDs prepared via the widely 

employed “HSQ method”, the dXRD provides a better representation of the optically active QD 

dimensions, regardless of the presence of an amorphous overlayer. In cases in which a thick Si 

amorphous layer is present, no obvious correlation between dTEM and the photoluminescence 

is noted. However, EMA estimates derived from dTEM and dXRD dimensions agree reasonably 

well with the data when thin amorphous Si layers are present. This fundamental understanding 

of SiQD structure and its influence on their luminescence properties illuminates a foundation 

on which future efforts to better control SiQD optical response can be constructed. 
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Chapter 4 

Insights into the Structure and Optical Response of Oxidized 
Silicon Nanoparticles: A Study on the Role of Structure on 
Oxidation 

4.1 Introduction 
The photoluminescent properties of silicon-based materials has been of great interest to 

researchers since first demonstrated for porous silicon by Leigh Canham in 1990.1 Silicon 

nanomaterials exhibit photoluminescence across the visible spectrum,2-4 which makes them 

particularly useful for application as fluorescent probes,5, 6 sensors, 7 luminescent solar 
8, 9 11 concentrators, and light-emitting diodes.10, Orange to near infrared photoluminescence 

typically is ascribed to quantum confinement and exhibits microsecond luminescent lifetimes 

that are attributed to the indirect band gap of silicon.12 

The desirable photoluminescent properties of silicon nanoparticles (SiNPs) can be 

impacted deleteriously by oxidation of the silicon to form SiOx,12 however, the exact role of the 

oxygen species is still unclear. In porous silicon and SiNPs, silicon oxidation can introduce a 

new radiative decay at high energy (i.e. 400–500 nm), known as the F-band due to its short 

photoluminescence lifetimes.13, 14 It is speculated that the F-band arises from intrinsic core 

emission from small SiNPs15 or oxygen defects,16 but strong luminescence from the band often is  

observed for highly oxidized systems.14 In addition to its influence over the F-band, oxidation of 

colloidal systems also leads to a shift in the S-band (the longer-lived excited state associated with 

quantum confinement in the silicon core).17 A handful of theories on the origin of this shift exist 

in the literature. One theory suggests that this band is comprised of two components: one with a 

longer lifetime (due to the quantum confinement of the core) and one with a shorter lifetime 

(attributed to donor–acceptor recombination within states associated with the native oxide 

shell).18 Another theory suggests that electron–phonon coupling between excitons in the SiNPs 

and Si-O-Si phonons in the shell limits the photoluminescence tunability of these materials.19 

The blue shift also has been attributed to shrinking of the crystalline core, consistent with 

quantum confinement of the carriers.20 Beyond the photoluminescence emission wavelengths, 

the impact of oxidation on the photoluminescence quantum yields is varied in the literature, with 
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reports showing both quenching (for H-terminated SiNPs)21 and enhancement of the S-band (for 

dodecyl-passivated SiNPs).22 Insight into structural changes that occur in SiNPs during oxidation 

may illuminate the evolving photoluminescence properties during oxidation. 

Structural changes during oxidation of hydride-terminated SiNPs (H-SiNPs), including an 

examination of the change in surface structure, crystalline core size, and radical concentration, 

have been explored.23 Examination of the oxidation process using electron spin resonance (ESR) 

shows an initial decrease in unpaired electron defect density for plasma synthesized H-SiNCs 

that is attributed to the formation of surface Si-O-Si bonds, following the Cabrera–Mott 

oxidation theory. As more oxidation occurs, the defect density begins to increase due to 

introduction of interfacial defects, with further formation of Si-O-Si bridges.23, 24 During this 

process, surface Si–H species are replaced with Si-O-Si, as evidenced by FTIR, and the 

crystalline core decreases.23-25 The strain within the nanoparticle also changes, though the exact 

nature of this strain is debated.26, 27 A recent report exploring the impact of oxidation on strain in 

plasma synthesized H-SiNPs showed that oxidation causes the initially unstrained SiNPs to 

become compressively strained.28 Size dependence of the structural changes associated with 

oxidation and their impact on the photoluminescence of SiNPs have not been studied 

comprehensively . 

The goal of this work was to make SiNPs of different sizes with varying degrees of 

oxidation to investigate the influence of oxidation on the internal structure and 

photoluminescence response. Understanding the size-dependent structural changes that SiNPs 

undergo as they oxidize may help identify if the blue-shift in the photoluminescence occurs 
18, 19 primarily due to the shrinking of the core,20 if other factors (such as trap-states) play a role, 

or combinations thereof. 

To accomplish this, we aimed to control the oxidation of SiNPs by varying the degree of 

surface functionalization, drawing on our established understanding of radical-initiated 

hydrosilylation reactions on SiNP surfaces, and to limit their progression.22, 29 To ensure that the 

starting SiNPs were identical (apart from the varied level of surface functionalization), aliquots 

were removed from hydrosilylation reaction mixtures. The resulting materials were purified via 

centrifugation, then stored in a home-built relative humidity chamber at 73 ± 5% humidity for 30 

days to ensure uniform oxidation. The resulting materials were characterized using XPS, 
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synchrotron XRD, and brightfield TEM to identify changes in the structure and 

photoluminescence spectroscopy (steady-state and time-resolved) in order to identify changes in 

the optical response. 

4.2 Experimental Section 

4.2.1 Materials 

4.2.1.1 Starting Materials 
Hydrofluoric acid (Electronic grade, 48–50%) was purchased from Fischer Scientific. sulfuric 

acid (reagent grade, 95–98%) was purchased from Caledon Laboratory Chemicals. Fuming 

sulfuric acid (reagent grade, 20% free SO3 bases), ethanol (reagent grade, 100%), 1-dodecene 

(95%), azobisisobutyronitrile (AIBN), and trichlorosilane (99%) were purchased from Sigma 

(now MilliporeSigma). All reagents were used as received, unless otherwise specified. All 

solvents were reagent grade and used as received. Toluene was collected from a Pure-Solv 

purification system immediately prior to use. Benzene was purchased from EMD Millipore (now 

Millipore Sigma). 

4.2.1.2 Preparation of Hydrogen Silsesquioxane (HSQ) 
HSQ was prepared as outlined in Section 2.2.1.2. 

4.2.1.3 Preparation of Hydride-Terminated Silicon Nanoparticles (H-SiNPs) 
Silicon nanoparticles were prepared via the thermal disproportionation of HSQ under a slightly 

reducing atmosphere (5% H2/95% Ar) at 1100, 1200, and 1300 °C, as previously reported.3 This 

yielded SiNP/SiO2 composites that were ground using an agate mortar and pestle, followed by 

shaking in a wrist action shaker with high purity glass beads for 6 h. The resulting powder was 

dried using vacuum filtration and the resulting powder was stored. 

Subsequently, 1.5 g of the ground SiNP/SiO2 composite was etched using 45 mL of 1:1:1 

mixture of ethanol:DI water:HF for 1 h to remove the SiO2 surface. Longer etching times were 

used to remove a portion of the amorphous layer: the composite annealed at 1200 °C was etched 

for 2 h, and the composite annealed at 1300 °C was etched for 4 h. The resulting particles were 

extracted with three aliquots of ~10 mL of toluene and purified via centrifugation with toluene at 

5000 rpm three times. The resulting H-SiNPs were functionalized immediately as follows. 

94



 

         
               

              

              

             

                   

                

            

                  

          

              

             

                 

               

                 

           

       
 

     
               

                  

            

            

                   

    

 

 

 

 

 

4.2.1.4 Preparation of Alkyl-Passivated SiNPs with Varied Surface Coverage 
The H-SiNCs obtained from the etching procedure were redispersed in dry toluene (~15 mL) and 

transferred into an oven-dried Schlenk flask with a teflon-coated magnetic stir bar and attached 

to an argon-charged Schlenk line. Then, 1-dodecene (~15 mL) and AIBN (~0.19 mmol) were 

added, and the reaction mixture was subjected to three freeze-pump-thaw cycles. The reaction 

was heated and maintained at 70 °C for 900 min, with aliquots removed after 30, 45, and 75 min 

to yield SiNPs with varied surface coverage. Reaction times were chosen based on in situ IR 

studies previously reported for this functionalization method.29 Reaction aliquots were placed in 

PTFE centrifuge tubes with 2 mL of acetonitrile and 30 mL of ethanol and stored for the duration 

of the reaction (i.e. 900 min) at –20 °C. 

Once the reaction was completed (i.e., after 900 min), the remaining SiNPs also were 

placed into a PTFE centrifuge tube with approximately equal volumes of acetonitrile and 

ethanol. The four mixtures were centrifuged at 12,000 rpm for 1 h to isolate the SiNPs. The 

supernatant was decanted, and the precipitate was redispersed in ~5 mL of toluene. A small 

amount of acetonitrile (~2 mL) was added, and the centrifuge tube was filled to ~50 mL with 

ethanol. This solvent/antisolvent precipitation method was repeated twice, and the resulting 

particles were redispersed in toluene for storage. 

4.2.1.5 Oxidation of Alkyl-Passivated SiNPs 
To oxidize the SiNPs bearing varied surface coverage, open 4 dram glass vials containing the 

SiNPs dispersed in ~5 mL of toluene were stored in a home-built humidity chamber at 73 ± 5% 

relative humidity for 30 days. These oxidized SiNPs subsequently were characterized. A 

schematic representation of the humidity chamber, whose temperature was maintained at room 

temperature (293 ± 1 K), can be found in Figure 4-1.30 The set-up did not allow for monitoring 

the flow rate. 
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Figure 4-1. Schematic representation of a home-built relative humidity chamber. The blue box represents the 
plexiglass box that was taped shut, and the orange cylinders represent the vials containing toluene solutions of the 
silicon samples. 

4.2.2 Characterization 

4.2.2.1 Thermogravimetric Analysis (TGA) 
TGA was performed using a Mettler Toledo Star TGA/DSC system. SiNP samples were 

lyophilized from benzene and then placed into a Pt pan and heated under an Ar atmosphere from 

25 to 800 °C at a rate of 10 °C/min. 

4.2.2.2 X-ray Photoelectron Spectroscopy (XPS) 
Samples were prepared by drop casting silicon nanoparticles from toluene solutions onto copper 

foil. All XPS data were collected using a Kratos (Manchester, UK) AXIS Supra system at the 

Saskatchewan Structural Sciences Centre. This system is equipped with a 500 mm Rowland 

circle monochromated Al K-α (1486.6 eV) source and combined hemi-spherical analyzer and 

spherical mirror analyzer. A spot size of hybrid slot (300x700) microns was used. All survey 

scan spectra were collected in the 0–1275 binding energy range using 1 eV steps, with a pass 

energy of 160 eV. High resolution scans of multiple regions also were conducted using 0.05 eV 

steps, with a pass energy of 20 eV. An accelerating voltage of 15 keV and an emission current of 

15 mA were used for the high-resolution analysis. 

4.2.2.3 X-ray Diffraction (XRD) 
Powder diffraction data was collected at the Canadian Light Source using the CMCF beamline. 

Samples were loaded in polyimide Kapton tubes, with an inner diameter of 0.488 mm and outer 
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diameter of 0.538 mm, purchased from Cole-Parmer. The samples were loaded into the set up 

using a magnetic sample holder in transmission mode. Powder data was collected using a 

Rayonix MX300HE 2D detector, with a detector distance of 150 mm. The beam energy was set 

to 18 keV, with a spot size of 150 microns. The synchrotron radiation wavelength was calibrated 

using a LaB6 standard and found to be 0.68745 Å. The powder data was integrated using GSAS-

II using the LaB6 calibration to identify the integration area and radiation wavelength. The 

background from the empty Kapton also was subtracted prior to integration. 

Pawley fitting of the powder pattern was performed using TOPAS31 to determine the 

crystallite domain size with integral breadth, FWHM, and Lorentzian broadening methods. 

Instrumental effects were accounted for by refining a NIST Si line shape standard (640f) to 

ensure instrument alignment and pattern line shape. A sample-independent synthetic peak was 

required at ~8.4° as well as other small peaks (8, 9, 11, 14, 16, and 19°) due to imperfections in 

the background subtraction from the Kapton tube (sample holder). 

4.2.2.4 Electron Microscopy 

Transmission electron microscopy (TEM) and HR-TEM were performed on a JEOL JEM-

ARM200CF S/TEM (Cold Field Emission Gun) electron microscope, with an accelerating 

voltage of 200 kV using SiQDs drop-coated from a toluene solution onto a holey carbon-coated 

copper grid. The SiQD size was determined by averaging the size of 300 particles using ImageJ 

software (version 1.51j8) and plotted as an average-shifted histogram, as outlined previously.32 

4.2.2.5 Photoluminescence Spectroscopy 
Photoluminescence spectroscopy measurements were performed for toluene dispersions of 

silicon nanoparticles in a 1 mL quartz cuvette. Silicon nanoparticles were excited using the 

351 nm line of an Ar ion laser (20 mW). The resulting photoluminescence was collected by an 

optical fiber, passed through a 500 nm long-pass filter to eliminate scattered light from the 

excitation source, and fed into an Ocean Optics USB2000 spectrometer. The spectral response of 

the spectrometer was calibrated using a blackbody radiator (Ocean Optics LS1). 

Photoluminescence lifetimes were acquired using an Ar ion laser (351 nm, 20 mW), modulated 

by an acousto-optic modulator (50 ns response time) and operated at a frequency of 200 Hz with 

a 50% duty cycle. The emitted light was fed into an optical fiber and passed through a 500 nm 
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long-pass filter; it was then incident on a Hamamatsu H7422P-50 photomultiplier tube (PMT) 

interfaced with a Becker-Hickl PMS-400A gated photon counter. The photoluminescence data 

were collected with a total of 10,000 sweeps for good signal-to-noise ratio and using 1 s time 

steps. A log-normal fitting of the data in MatLab was used to determine the luminescence decay 

rate. 

4.3 Results and Discussion 

4.3.1 Size Dependent Impact of Oxidation on Structure of SiNPs 
To determine the impact of the oxidation on SiNP structure and photoluminescence, we first 

must establish that the SiNPs that were originally identical were functionalized and, by 

extension, oxidized to different extents. In this work, this was accomplished by functionalizing 

H-SiNPs of different sizes (nominally 3, 5, and 7 nm SiNPs based on TEM derived diameter, 

dTEM; Figure 4-2) to varying degrees using the well-established radical-initiated hydrosilylation 

approach.33 Following previous work by our group, we set out to make SiNPs with varying 

degrees of functionalization by controlling the time for which radical-initiated hydrosilylation 

reactions proceeded.29 Based on this work, three reaction times (30, 45, and 75 min; Figure 4-3) 

were chosen, and aliquots were extracted from the reaction mixture at these time intervals while 

maintaining stirring. This approach relies on the assumptions that removing aliquots does not 

influence the reaction progression, that the reaction mixture is homogenous, and that materials 

within these aliquots are representative of the reaction mixture at that time. The remaining 

reaction mixture was left to react for 900 min to achieve maximal functionalization (i.e., ~40% 

surface coverage). Aliquots were stored at –20 °C until isolation of the final sample (i.e., the 

long-term overnight reaction, 900 min). Subsequently, the reaction mixtures were purified, and 

the products were collected and stored in toluene in a home-built humidity chamber at 73 ± 5% 

humidity for 30 days to allow further oxidation of the SiNPs.23 This work assumes that oxidation 

due to purification and oxidation due to the storage in the humidity chamber are equivalent (i.e., 

similar oxidation species). 
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Figure 4-2. Formation of different sizes of SiNP through thermal annealing of hydrogen silsesquioxane (HSQ), and 
subsequent liberation to form H-SiNPs of various sizes. 

Figure 4-3. Schematic representation of reaction showing different levels of functionalization obtained through 
different reaction times. Si-H represents all Si-Hx (x = 1–3) species. This ultimately leads to different levels of 
oxidation after exposure to 73% relative humidity for 30 days. 
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To estimate the degree of surface coverage for the samples investigated here, 

thermogravimetric analysis (TGA) was performed. TGA for 3, 5, and 7 nm SiNPs (dTEM) are 

shown in Figure 4-4. Using the weight loss from the thermal degradation, the surface coverage of 

the ligand can be approximated, as shown in Table 4-1.33, 34 This method of surface coverage 

determination assumes that the surface coverage is homogeneous throughout the samples and 

that all weight loss observed between 200 and 550 °C arises from the release of covalently 

bonded dodecyl ligands. The results of the surface coverage analysis for 7 nm SiNPs indicate 

that SiNPs isolated after 30 min reaction have less surface passivation than those isolated after 

900 min. Samples functionalized for 45 and 75 min showed the same surface coverage within the 

error of the measurement. The 3 nm SiNPs also showed less surface coverage for samples 

functionalized for 30 min compared to 900 min. Overall, as the dTEM increases, the surface 

coverage is less for SiNPs functionalized for 900 min, as shown in Table 4-1. 

X-ray photoelectron spectroscopy (XPS) was employed to probe the degree of surface 

oxidation for the present samples. High resolution Si 2p XPS was used to help evaluate the 

relative surface oxidation of the samples. The Si 2p spectra were deconvoluted into component 

spin-orbit couples (Si 2p1/2 and 2p3/2) corresponding to Si (0) (i.e., orange), Si (I) (i.e., green), Si 

(II) (i.e., purple), Si (III) (i.e., blue), and Si (IV) (i.e., magenta), as shown in Figure 4-5. 

Figure 4-4. TGA plot of dodecyl-terminated a) 3, 5, and b) 7 nm SiNPs functionalized for different lengths of time. 
The experiments were performed with a heating rate of 10 °C/min in an Ar atmosphere. The initial weight loss in the 
7 nm 75 min sample is due to residual solvent loss. 
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Table 4-1. Surface coverage determination using TGA 

Sample Funct. 

Time 

(min) 

% wt. loss % mole of 

ligand 

% mole of 

Si atoms 

Ligands 

per SiNP 

% Surface 

Coveragea 

7 nm SiNPs 30 5.9 0.03 3.4 106 7 

7 nm SiNPs 45 12.8 0.08 3.1 244 17 

7 nm SiNPs 75 12.8 0.08 3.1 243 17 

7 nm SiNPs 900 17.6 0.10 2.9 356 25 

5 nm SiNPs 900 33.4 0.20 2.4 267 40 

3 nm SiNPs 30 30.3 0.18 2.5 43 20 

3 nm SiNPs 900 48.1 0.28 1.8 92 42 
a Methods used to calculate surface coverage are summarized in Appendix B. 

Figure 4-5. High resolution Si 2p spectrum showing the 2p3/2 and 2p1/2 emissions for a) 3 nm, b) 5 nm, and c) 7 nm 
SiNPs with different levels of surface passivation after oxidation. The colored traces correspond as follows: black = 
experimental data, dashed red = fitting envelope, orange = core Si, green = ~SiO0.5 or silicon-carbon species, purple 
= ~SiO, blue = ~SiO1.5, and magenta = ~SiO2. 
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The spin-orbit couples were fitted with a Voigt GL(30) lineshape (70% Gaussian, 30% 

Lorentzian); the only exception was fitting the Si (0) emission for samples with a crystallite size 

>5 nm (vide infra), where a Lorentzian asymmetric line shape LA(a, b, n) was employed (see 

Chapter 2, page 51 for detailed discussion). Samples functionalized for 900 min consistently 

have the least amount of higher binding energy (i.e., Si (I), (II), (III), (IV)) Si, based on 

deconvolution of Si 2p XP spectra; these species can be attributed to increased oxidation (though 

Si-F species contribute to emissions in this spectral region) and that the samples functionalized 

for shorter periods have more of these higher oxidation state species. 

To investigate this characteristic further, the intensity of high binding energy Si 

components was used to estimate the O to Si ratio within the SiNPs (See: Appendix C) and 

compared to the functionalization time. To account for differences in particle size, the 

calculation was normalized to the surface area to volume ratio (SA/V), as found in Figure 4-6a. 

The SA/V was estimated from dTEM assuming a simple spherical model. Generally, the O:Si ratio 

is lower for SiNPs functionalized for longer (i.e. 900 min vs. 30 min). The results were compared 

to the ratio of the atm% O and Si found in the survey XPS scan (Table 4-2); it was found that 

similar trends in the O:Si ratio emerged (Figure 4-6b). The higher ratio of O:Si obtained from the 

XPS survey scan can be attributed to carbon–oxygen species that typically are found in 

adventitious carbon.35 Smaller particles (i.e., dTEM = 3 nm) functionalized for 30 min have more 

oxidation, even when normalized to the surface area to volume ratio, than their larger counter 

parts, as demonstrated by Figure 4-5. This is reasonable as the higher surface area to volume 

ratio is also likely to make them more reactive. 

Figure 4-6. Plots showing the ratio of oxygen and silicon normalized to the surface area to volume ratio for the 
SiNPs calculated from a) the ratio of high oxidation state Si and b) the relative atm% from the survey spectrum. 
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Table 4-2. Table of surface area to volume ratio (SA/V) and relative atm% of Si, C, O, and F from survey XPS 
spectrum 

Sample Funct. 

Time 

SA/V Si (atm%) C (atm%) O (atm%) F (atm %) 

7 nm SiNPs 30 min 0.83 45 35 19 1.2 

45 min 0.82 40 37 22 1.3 

75 min 0.82 38 43 18 1.0 

900 min 0.82 34 53 12 1.4 

5 nm SiNPs 30 min 1.05 26 51 22 0.5 

45 min 1.20 26 52 21 0.4 

75 min 1.20 26 54 20 0.5 

900 min 1.20 22 62 15 0.9 

3 nm SiNPs 30 min 1.28 16 59 24 0.6 

45 min 1.94 11 70 19 0.0 

75 min 2.17 18 62 19 0.2 

900 min 2.10 15 71 13 0.5 

While XPS provides a measure of particle oxidation, it provides limited quantification of 

the surface oxide due to the presence of adventitious and passivating hydrocarbons.36 The 

presence of the hydrocarbons impacts the photoelectron attenuation length (attenuation length of 

Si2p electron travelling through an alkyl monolayer on silicon is 3.24 nm, and the attenuation 

length through silicon is 1.8 nm),36 thus limiting the depth that can be probed within the SiNP. 

This dampening effect of the carbonaceous species (from increased adventitious carbon or 

increased surface coverage) will differ from sample to sample because each SiNP system was  

functionalized differently purposefully for the present study.36 The influence of the dampening is 

expected to be the greatest for more completely functionalized samples obtained from longer 

reaction times; this implies that XPS analyses will probe the surface of these SiNPs more 

effectively. For the present study, samples functionalized for 900 min showed the lowest amount 

of oxidation and should be the most surface limited. Hence, it is reasonable that they are less 

oxidized than the samples functionalized for the shortest length of time. 

To evaluate the impact of oxidation on the internal SiNP structure, we examined the 

overall nanoparticle size (dTEM) and compared it to the size of the crystalline domain (dXRD). We 

used brightfield TEM (Figure 4-7) to evaluate the change in size with increased oxidation and 

found that dTEM generally increased with oxidation. 
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Figure 4-7. Brightfield TEM images showing (a and b) 3, (c and d) 5, and (e and f) 7 nm SiNPs functionalized for 
(a,c,e) 900 and (b, d, f) 30 min after oxidation. 

Size distributions were plotted as average shifted histograms (Figure 4-8).32 The 

difference in dTEM (dTEM, 30 min – dTEM, 900 min) provides an estimate for the change in diameter 

arising as a result of oxidation; we observe that it is inversely related to the dTEM of particles 

functionalized for 900 min (dTEM, 900 min.; Figure 4-9). From this, we conclude that smaller SiNPs 

grow more than larger SiNPs with upon oxidation. 

Figure 4-8. Histograms showing the size distribution of a) 3, b) 5, and c) 7 nm SiNPs functionalized for 900 min 
(top) and for 30 min (bottom). Sizes were determined based on brightfield TEM imaging. 
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Figure 4-9. A plot showing the difference in dTEM for samples functionalized for 30 min (dTEM, 30 min) and 900 min 
(dTEM, 900 min) as a function of dTEM, 900 min. Error bars represent standard deviations based on the size distributions. 

To complement the TEM size analyses, we also evaluated the crystalline domain using 

XRD (dXRD). Through refinement of the powder pattern (Figure 4-10), as outlined previously,37 

we gained insight into the domain size, associated strain, and lattice parameter for each of the 

samples. The crystalline domain size decreases with increased oxidation for 3 and 5 nm SiNPs 

(Figure 4-11a and b). The short-range order (dXRD = 1.3 nm) virtually disappears (dXRD = 0.7 nm) 

for the 3 nm SiNPs, consistent with oxidation disrupting structural order in the small domains. In 

cases in which a larger domain exists (dXRD = 3.3 nm), the decrease in crystalline domain size is 

more pronounced (change in dXRD = 1.8 nm). The largest SiNPs studied here (dTEM = 7 nm) do 

not show a significant change in the size. 
XRD can also provide information related to changes in crystal strain, which manifests as 

broadening of the reflection (non-uniform broadening) and changes in lattice parameter (uniform 

broadening).38 Falcão et al. showed that unstrained SiNPs synthesized using a nonthermal 

plasma showed increased compressive strain upon oxidation.28 No similar investigation of SiNPs 

prepared using the HSQ method has been performed. 
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Figure 4-11. Plots comparing the a) size, b) strain, and c) lattice parameter determined from the XRD fitting for the 
SiNPs functionalized for different amounts of time and different functionalized TEM sizes. 

Synchrotron XRD provides more Bragg reflections than what is observed from a lab 

scale experiment utilizing a Cu K source. As a result, a more accurate determination of the size 

and strain of the crystalline domain is possible because these parameters scale with 1/(cos ) and 

tan , respectively. Refinement of the powder pattern provides insight into size and strain 

induced broadening of the peaks. The fitting showed decreased strain for the most oxidized 3 and 

5 nm SiNPs (See: Figure 4-11b). For the 3 nm SiNPs, this likely arises because the crystalline 

core has largely amorphized. This is evidenced by dXRD (i.e., 0.68 nm) approaching the lattice 

parameter for bulk silicon (i.e., 0.543 nm), suggesting that little crystalline domain remains, and 

that the lattice parameter of the crystallite increases compared to bulk crystalline silicon (~5.56 

vs 5.43 Å; Figure 4-9c), suggesting that the average spacing between atoms is increasing. 
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For 5 nm SiNPs, a more interesting situation arises. The dXRD corresponds to a few unit 

cells (i.e., ~3 unit cells for dXRD, 30 min), and the lattice parameter approaches that observed for 

crystalline silicon (i.e., ~5.43 Å). In this sample, lattice parameter shifts toward values that are 

more consistent with bulk systems as the level of oxidation increases. The widened lattice 

parameter (5.46 Å) for samples functionalized for 900 min suggests that tensile (i.e., expansive) 

strain exists in the less oxidized SiNPs. This suggests atoms are, on average, located further apart 

from each other. With increased oxidation (and decreased functionalization time), a decrease in 

the lattice parameter is observed (5.44 Å), suggesting that the atoms are, on average, closer 

together. The shift to a less strained system can be attributed to the compressive strain caused by 

the oxidation of the nanoparticle28 counteracting the tensile strain present in the less oxidized 

SiNPs. It is unclear how much the change in strain within these systems can be attributed to the 

oxidation and how much is induced by differing degrees of functionalization.39 For the 7 nm 

SiNPs, where less strain is observed, the strain within the SiNPs remains largely unchanged, with 

varying degrees of oxidation. This likely results from a combination of having less strain initially 

and less oxidation. Further work using variable temperature XRD at the synchrotron would 

elucidate useful information about the nature of the strain in these systems and allow more 

accurate quantification. 

4.3.2 Impact of Oxidation on the Optical Response of SiNPs 
It is well-known that oxidation of freestanding SiNPs impacts their optical properties. The goal 

of the work described in this chapter was to gain insight into the role of the crystalline domain of 

oxidized SiNPs in the photoluminescence response; clearly, the present system is exceptionally 

complex, with contributions from interconnected factors, such as NP size, crystallinity, strain, 

surface oxidation, among others. We endeavored to prepare and structurally interrogate SiNPs of 

different sizes and surface chemistry that would lead to differing degrees of oxidation (see 

above). Subsequently, we evaluated SiNP photoluminescence emission and lifetimes in the 

context of dTEM and dXRD as well as the amount of surface functionalization. 

A blue-shift of the photoluminescence maximum was observed for less functionalized 3 

and 5 nm SiNPs after oxidation (Figure 4-12a and b). In contrast, the emission maximum of 7 

nm SiNPs remained constant (Figure 4-12c). The shifting photoluminescence seems to correlate 

with the decrease in dXRD for the samples and be consistent with carrier quantum confinement. 
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Figure 4-12. Photoluminescence spectra for a) 3 nm, b) 5 nm, and c) 7 nm SiNPs with varying functionalization 
times after oxidation. 

However, when the PL max is compared with dXRD in Figure 4-13a, the changes in dXRD 

and PL max no longer follow a quantum confinement model. Chapter 3 shows that the PL max 

trends with dXRD in reasonable agreement with the effective mass approximation, however, 

SiNPs with dXRD < 2.5 nm do not follow this trend. The PL emission also does not trend towards 

one high energy trap state (i.e., 2.1 eV) that has been reported previously.19 Instead, our 

observations point to more complex interactions between the crystalline core, the disordered 

silicon shell, and the silicon oxide. 

The influence that oxidation imposes on the excited-state lifetimes of SiNPs was 

evaluated as described in Chapter 3. The 7 nm SiNPs (which showed the least amount of 

oxidation) showed the largest change in the lifetimes and the smallest samples showed the 

smallest change in lifetimes (Figure 4-14). 
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Figure 4-13. Comparing the PL max as a function of a) dXRD for 3, 5, and 7 nm SiNPs with varying degrees of 
oxidation to the effective mass approximation (black trace: Eg(r) = 1.12 + 3.77/r2). For further understanding, the 
change in photoluminescence is compared to b) dXRD. 

1 2 3 4 5 6

103

104

 30 min
 45 min
 75 min
 900 min

1/
t̅ 

 (1
/s

)

dXRD, 900 min (nm)

Figure 4-14. A comparison of lifetimes as a function of dXRD, 900 min with different functionalization times after 
oxidation. 

4.3.3 Internal Structure Dependent Impact of Oxidation on Structure of 
SiNPs 
Prolonged etching, described in Chapter 3, removes most of the amorphous layer on the surface 

of SiNPs and results in SiNPs, where dXRD aligns more closely with dTEM. Employing the 

functionalization procedures described herein, we achieved SiNPs with varied degrees of 

functionalization and degrees of oxidation. Over etched samples were annealed at 1200 °C and 

subjected to prolonged etching (over-etched), as shown in Figure 4-15. 

110



 

 
 

              
 

 
      

     

   

      

    

 

   

   

      

     

     

    
 

 
 

               
               

       

Figure 4-15. Scheme showing the synthesis of hydride-terminated 3 nm SiNPs and 3 nm SiNCs from hydrogen 
silsesquioxane (HSQ). 

From here on, these samples will be referred to as 3 nm SiNCs and compared with the 

3 nm SiNPs described above. Referring to the more ordered, over-etched sample as SiNCs serves 

for nominal differentiation only. For these samples, discussion will focus on the two extremes by 

looking at material that was functionalized for 30 min and 900 min. Using these materials, we 

aimed to identify the role of the crystalline component and the particle diameter in the oxidation 

of SiNPs. 

To identify differences in the degree of oxidation, XPS analysis and fitting was 

performed as described above. The Si 2p XP spectra for 3 nm SiNPs described above is shown in 

Figure 4-16a, and the spectra for 3 nm SiNCs in Figure 4-16b. Both samples show increased 

oxidation with decreased functionalization times, similar to that discussed above for 3, 5, and 7 

nm SiNPs. More oxidation is observed for 3 nm SiNCs than for 3 nm SiNPs, however, this 

difference could be a result of more carbonaceous species on the surface. 

Figure 4-16. High resolution Si 2p spectrum showing the 2p3/2 and 2p1/2 emissions for oxidized samples of a) 3 nm 
SiNPs and b) 3 nm SiNCs The colored traces are: black = experimental data, dashed red = fitting envelope, orange = 
core Si, green = ~SiO0.5 or silicon-carbon species, purple = ~SiO, blue = ~SiO1.5 ,and magenta = ~SiO2. 
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To gain further insight into the impact of oxidation on the materials, TEM analysis was 

performed on the well-functionalized samples as well as the oxidized samples to compare the 

impact on the size (Figure 4-17). On average, the 3 nm SiNCs exhibited a similar amount of 

oxide induced growth as was observed for the 3 nm SiNPs (Figure 4-18). The 3 nm SiNCs 

exhibit a bimodal size distribution, where one portion of the distribution aligns with the 

functionalized sample and the other shows a significant increase in particle size. There are at 

least two possible explanations for this observation: 1) the initial functionalization step resulted 

in two types of particles, one that was well-passivated and one that had no functionalization and 

oxidized readily or 2) that the internal structure of the particles lead to one set of particles that 

was more easily oxidized than the other. The first explanation is more likely, as the rate of 

oxidation is similar for amorphous and crystalline silicon in bulk systems.40 It also supports 

previous theories and studies on the hydrosilylation mechanism. Specifically, it supports that 

hydrosilylation separates SiNP aggregates during the functionalization process.29 If we assume 

that the radical propagates across the surfaces after the functionalization has been initiated, then 

it is reasonable that varying degrees of functionalization would be exaggerated for samples with 

short functionalization times. Further evaluation of the bimodal distribution may be achieved by 

exploring the impact of oxidation for hydride-terminated 3 nm SiNCs. 

Figure 4-17. TEM images showing (a and b) 3 nm SiNPs and (c and d) 3 nm SiNCs functionalized for (a,c) 900 and 
(b, d) 30 min after oxidation. 
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Figure 4-18. Histograms showing the size distribution of a) 3 nm SiNPs, and b) 3 nm SiNCs that were 
functionalized for 900 min (top) and for 30 min (bottom). Sizes were determined based on TEM imaging of the 
SiNPs. 

The final structural characterization used to probe the 3 nm SiNPs and 3 nm SiNCs was 

XRD (Figure 4-19). XRD provides insight into the crystalline domains and confirmed that 

dXRD 900 min aligns more closely with dTEM, 900 min for 3 nm SiNCs than 3 nm SiNPs. Relative to the 

3 nm SiNPs, the change in dXRD with increased oxidation is less for the 3 nm SiNCs. Strain 

analysis shows similar trends of decreasing strain with increased oxidation for 3 nm SiNPs and 3 

nm SiNCs (Table 4-3), but the change in strain is less for 3 nm SiNCs. Contrary to the other 

samples, little change is observed in the lattice parameter for 3 nm SiNCs with different degrees 

of oxidation. While the trends in size, strain, and lattice parameter are similar to what is observed 

for 3, 5, and 7 nm SiNPs, it is unclear if less change is observed because of the internal structure 

or if, instead, the well-passivated fraction of the SiNCs are dominating the diffraction pattern. 

Therefore, more work is required to understand the nature of these difference and the role that 

the internal structure has during oxidation. 
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Figure 4-19. XRD patterns for a) 3 nm SiNPs and b) 3 nm SiNCs functionalized for 900 min and for 30 min after 
oxidation, showing the experimental data (black trace), the fit (red, dashed trace), and the difference between the 
two (gray trace). The SiNCs show reflections characteristic of crystalline Si. 

Table 4-3. Table of dTEM obtained from TEM analysis and dXRD, strain, and lattice parameter, obtained from XRD 
fitting of 3 nm SiNPs and 3 nm SiNC 

3 nm SiNPs 3 nm SiNCs 
Functionalization time (min) 900 30 900 30 
dTEM (nm) 2.86 ± 0.93 4.7 ± 1.7 3.1 ± 1.0 4.8 ± 2.4 
dXRD (nm) 1.3 0.7 2.3 1.8 
Strain from broadening 0.009 0.000 0.006 0.003 
Lattice parameter (Å) 5.46 5.56 5.46 5.46 

4.3.4 Influence of Internal Structure on Oxidation-based Changes in 
Photoluminescence 
In addition to the structural changes explored in the previous section, the changes in the 

photoluminescence (PL) emission for 3 nm SiNPs and 3 nm SiNCs upon oxidation were 

examined. The goal was to identify the impact of the crystalline core and oxidation on the 

photoluminescence of SiNPs. The 3 nm SiNPs and 3 nm SiNCs are compared with 5 and 7 nm 

SiNPs, which have a larger dXRD, to provide more insight into the role of the crystalline core. The 

3 nm SiNCs exhibit a blue-shift of the PL max, as discussed above; however, the total shift is 

smaller for 3 nm SiNCs than for 3 nm SiNPs, but more than for 6 nm SiNPs (Figure 4-20). The 

increased PL emission energy is associated with a decrease in dXRD, as observed above (Figure 4-

21a). While there may be some correlation between the change in PL max and dXRD, 900 min 

(Figure 4-21b), any detailed analysis would be speculatory and requires further understanding of 

the changes in structure as outlined above and a larger sample size. 
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Figure 4-20. Photoluminescence spectra for a) 3 nm SiNPs, b) 3 nm SiNCs, and c) 5 nm SiNPs with varying 
functionalization times after oxidation. 

Figure 4-21. a) A plot of the PL max as a function of dXRD for 3, 5, and 7 nm SiNPs, as well as 3 nm SiNCs with 
varying degrees of oxidation. b) The change in photoluminescence is plotted against dXRD, 900 min, with the 3 nm 
SiNCs showed in orange. 
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4.4 Conclusions and Future Work 
This work identifies anticipated structural changes associated with the oxidation of silicon 

nanoparticles, including an increase in overall particle diameter (dTEM) and a decrease in 

crystallite size (dXRD). Increased oxidation also corresponds to changes in the strain and lattice 

parameter of the SiNPs, which can be investigated further using temperature dependent XRD and 

Raman spectroscopy.28 The change in dTEM and XPS-derived Si to O ratios appear to relate to 

dTEM, 900 min, suggesting that the degree of oxidation is dependent on the overall particle size, and 

thus, the surface area to volume ratio of the SiNPs. This trend is consistent for 3 nm SiNCs as 

well as 3, 5, and 7 nm SiNP samples, but the bimodal size distribution observed for 3 nm SiNCs 

needs to be explored before conclusions can be drawn. While the degree of oxidation appears to 

be related to dTEM, 900 min, changes in dXRD, strain, and lattice parameters appear to be related to 

dXRD, 900 min. However, further work examining samples with a higher dXRD:dTEM ratio is required 

to understand this relationship. 

When examining the photoluminescence properties, the PL max of oxidized SiNPs no 

longer corresponds with dXRD, as shown in Chapter 3, suggesting that more complex mechanisms 

influence the optical response. This could be related to electron–phonon coupling with the Si-O-

Si or donor–acceptor recombination in the oxide shell.18, 19 Further investigation into the 

relationship between dTEM and dXRD and the photoluminescence blue-shift and the change 

lifetimes is required. 
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Chapter 5 

Conclusions and Future Directions 

5.1 Conclusions 
Luminescent silicon nanoparticles (SiNPs) are biologically compatible quantum dots (QDs) that 

are based upon the second most abundant element in the earth’s crust.1, 2 They exhibit 

photoluminescence (PL) and chemical properties that make them well suited for a wide-range of 

applications.3-10 The structure of SiNPs, which can be controlled during the nanoparticle 
11-14 synthesis and its subsequent functionalization, dominates the desirable properties. This, in 

turn, impacts the suitability of the resulting SiNPs for various applications.15, 16 The aim of this 

thesis was to explore the internal structure of SiNPs (Chapter 2 and Chapter 4) and evaluate the 

influence of that structure on the photoluminescence response (Chapter 3 and Chapter 4). 

Chapter 2 employs a combination of complementary techniques to examine the internal 

structure of hydride-terminated SiNPs (H-SiNPs) of different sizes derived from the thermal 

annealing of hydrogen silsesquioxane (HSQ). Fourier-transform infrared spectroscopy and X-ray 

photoelectron spectroscopy indicate the presence of Si–H species and little-to-no oxidation of the 

SiNPs. Brightfield TEM and XRD analyses indicate that the SiNP overall diameter (dTEM) is 

consistently larger than the crystalline domain (dXRD). Two 29Si SS NMR pulse sequences were 

utilized, a Bloch pulse and 29Si[1H] cross-polarization, to probe Si atoms in the entire SiNP and 

near the surface. These techniques were employed for 3, 6, 9, 21, and 64 nm SiNPs (nominal 

sizes based on dTEM). For the largest SiNPs studied (i.e., 64 nm), a clear graded structure was 

identified, where the SiNPs exhibit a crystalline core and a disordered surface, bridged by a 

semi-ordered subsurface (Figure 5-1). The smallest SiNPs studied (i.e., 3 nm) do not exhibit a 

significant crystalline core (dXRD = 1.2 nm; i.e., ~ two unit cells of diamond-cubic Si). The 3 and 

6 nm SiNPs also exhibited strain in the crystalline domain that was not observed for other sizes. 

The 9 nm SiNPs appear to be the critical size, where long-range order appears for SiNPs made 

through the HSQ method. This suggests a size-dependence of the graded internal structure of 

SiNPs, as represented in Figure 5-1. 

119

http:applications.15


 

 
 

            
          
       

 

   

  

      

    

       

      

     

          

      
 

 
 

            
            

   

Figure 5-1. A schematic representation of the internal structure of SiNPs of various sizes, as outlined in Chapter 2. 
Blue represents the crystalline core; red, the semi-ordered subsurface; and yellow, the disordered surface. Reprinted 
with permission from Chem. Mater., 2019, 31 (3), 679-688. 

In Chapter 3, the impact of the internal structure on the photoluminescence properties 

was evaluated. For this study, HF etching was used to remove the amorphous layer of the SiNPs, 

resulting in SiNPs where dTEM and dXRD were closer. A detailed study of two SiNPs with the 

same dTEM and different dXRD showed that the sample with the larger dXRD exhibited longer 

luminescence lifetimes and a red-shifted PL emission maximum (PL max) relative to the other 

sample (Figure 5-2). Next, this work was expanded to a series of SiNPs that were categorized by 

the difference between dTEM and dXRD. The study demonstrated that dXRD better correlates with 

the PL max and lifetimes than dTEM when the amorphous shell is thick (dTEM – dXRD > 2 nm) and 

that both correlate well when the amorphous shell is thin (dTEM – dXRD < 0.8 nm). 

Figure 5-2. An artistic rendering of SiNPs with different amorphous shell thicknesses and a demonstration of the 
impact on photoluminescence emission for SiNPs of the same dTEM. Reprinted with permission from Chem. Mater., 
2020, 32 (16), 6838-6846. 
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Chapter 4 attempts to understand the impact of oxidation on the internal structure and 

photoluminescence properties of SiNPs as it relates to the size and initial internal structure of the 

SiNPs. SiNPs of different sizes (~ 3, 5, and 7 nm dTEM) were made through the thermal annealing 

of HSQ. The resulting SiNPs were functionalized with radical-initiated hydrosilylation using 

varied reaction times to yield SiNPs with different surface coverage. Subsequently, the samples 

were oxidized to provide SiNPs with varying degrees of oxidation. With increasing oxidation, 

dXRD decreases and dTEM increases for SiNPs annealed at the same temperature. This corresponds 

with a blueshift in the PL max. The amount of oxidation appears to correlate with dTEM for the 

SiNPs with the lowest surface coverage. SiNPs with the same dTEM and different dXRD also were 

studied. The sample with a larger dXRD exhibited a similar change in dTEM upon oxidation 

(though a bimodal distribution emerged) and a smaller change in dXRD. Unfortunately, we were 

unable to determine if this was a result of the ligand surface coverage or the different internal 

structure. Further work is required to evaluate the observed structural and luminescence changes 

upon oxidation. 

5.2 Future Directions 

5.2.1 Expanding Insights into the Structure of SiNPs 
Insights into the structure of H-SiNPs are important as they are the closest approximation we 

have to a “naked” SiNP. However, H-SiNPs rarely are used due to their tendency to oxidize and 

their limited solution processability. Future studies into SiNPs made through other synthetic 

techniques and more complicated systems, such as functionalized and oxidized SiNPs, will 

deepen our understanding of SiNP structure, enabling further insight into the relationships 

between the structure and properties of these materials. 

5.2.1.1 Exploring Oxidation on H-SiNPs 
The study described in Chapter 4 was hindered by the application of partially functionalized 

surfaces. Future work using H-SiNPs will elucidate better the origin of the observed structural 

changes, based on the size and initial internal structure. To complete these studies, a combination 

of techniques, like those employed in Chapter 2, would be most beneficial. Further, variable 

temperature XRD and Raman spectroscopy could be performed to identify the nature of the 

changing strain and to quantify it accurately.17-19 When combined with 29Si SS NMR, this can 
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provide detailed insight into the structural changes that SiNPs undergo during oxidation. 

Understanding the structural changes that occur may provide insight into the observed 

photoluminescence changes and is beneficial for understanding the degradation of SiNPs. 

5.2.1.2 Impact of Synthetic Methods on Internal Structure of SiNPs 
Due to the influence of structure over SiNP properties, understanding the impact of synthetic 

methods on the structure is important. The internal structure can be influenced by the synthesis 

of the SiNP core and the functionalization method used to passivate the surface. 

The graded internal structure observed for SiNPs made through the thermal 

disproportionation of HSQ is attributed, at least in part, to the lattice mismatch between the SiO2 

matrix and the crystalline SiNP core.20, 21 SiNPs made through the plasma-synthesis method are 

not oxide embedded and could yield more crystalline SiNPs than the HSQ method.11 A 

systematic study examining H-SiNPs made from both methods employing the techniques 

outlined in Chapter 2 would be informative. Further comparison with SiNPs made through other 

synthetic methods (e.g., CO2 laser pyrolysis)22 could enable tailoring of SiNPs for the desired 

application. For example, a more disordered SiNP may be more suited for lithium ion battery 

(LIB) anode applications.15 

The internal structure of the SiNP also may be impacted by the functionalization method 

employed. Etchant-based hydrosilylation methods (e.g., XeF2) isotropically etch the surface of 

the SiNPs, likely removing the disordered layer, while radical and thermal hydrosilylation 

methods are anticipated to maintain the internal structure.13 To probe this, initial 29Si SS NMR 

experiments examining 9 nm SiNPs functionalized using XeF2 and AIBN were performed 

(Figure 5-3). Brightfield TEM indicates a decrease in dTEM for SiNPs functionalized with XeF2. 

The 29Si NMR spectra of XeF2 functionalized SiNPs is sharper than the spectra of 6 nm H-SiNPs 

but shifted relative to 9 nm H-SiNPs; this is consistent with the decrease in dTEM (Figure 5-3). 

The 29Si NMR spectra of AIBN functionalized SiNPs is similar to 9 nm H-SiNPs, with an 

additional peak around –115 ppm, which is likely due to surface oxidation. Further work 

evaluating the data and employing other characterization methods (e.g., cross-polarization, XRD, 

XPS) will help illuminate the structural changes. This work could be extended to other 

functionalization methods, such as dehydrocoupling or reactions with organolithium reagents, 

and analyzing the impact of functionalization method on the photodegradation of SiNPs.23 
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Figure 5-3. 29Si NMR spectra of 9 nm SiNPs functionalized with dodecene using AIBN and XeF2 as the initiators. 
The spectra of 6 and 9 nm H-SiNPs are presented for comparison. 

5.2.2 Impact of SiNP Internal Structure on Applications 
As discussed in Chapter 1, the structure of SiNPs is important for their applications. Now that we 

have a better understanding of the structure of SiNPs made through the thermal 

disproportionation of HSQ (Chapter 2) and some control over the internal structure (Chapter 3), 

we can evaluate the impact that the internal structure has on various applications. 

5.2.2.1 Impact of SiNP Internal Structure on Performance of Lithium Ion Battery Anodes 
While it has been shown that amorphous SiNPs outperform more crystalline SiNPs as LIB anode 

materials,15 further work looking at the effect of a graded shell could be insightful. To do this, 

SiNPs of similar sizes but varying degrees of crystallinity can be prepared, as outlined in Chapter 

3. Comparing the performance of anodes based upon SiNPs of different crystallinity can provide 

further insight into the impact of the internal structure. This will help with optimization of SiNPs 

as anode materials for LIBs as these materials begin to move towards commercialization.24 

5.2.2.2 Optimization of Structure for Multimodal Imaging 
SiNPs are excellent candidates for multimodal imaging as the photoluminescence falls in the 

near-IR;7 the SiNP core is promising for 29Si magnetic resonance imaging (MRI),25 and the 
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surface ligands can be optimized for other imaging modes (i.e., 64Cu or 18F positron emission 

tomography (PET) imaging).26, 27 The ideal imaging agent based upon SiNPs would have large 

quantities of radicals in the core to optimize hyperpolarization (i.e., DNP) and long relaxation 

times so the SiNPs remain polarized for imaging. In a DNP study (follow up from Chapter 2), we 

found that 6 nm H-SiNPs have a low radical concentration (0.16 and 0.10 mM from two 

synthetic batches), yielding no DNP enhancement.28 However, oxidation of SiNPs has been 

shown to increase radical concentration.29 In Chapter 4, it was observed that oxidation of 6 nm 

SiNPs does not impact the near-IR photoluminescence detrimentally, thus making oxidation of 

the SiNPs a viable route to increase the radical concentration to improve DNP enhancements. 

The radical concentration also may be increased by annealing the SiNPs in an inert atmosphere 

(i.e., Ar) as H2 is known to passivate unpaired electron defects.20 By capping the resulting SiNPs 

with a mixed-surface using PEG for water solubility and a fluorinated ligand capable of 

conversion to 18F for PET imaging (e.g., SiFA),30 it is possible to envision a multimodal imaging 

agent based upon SiNPs. Bruker’s preclinical imaging device, capable of simultaneous PET and 

MRI, makes multimodal contrast agents such as this practical for real world applications.31 

Figure 5-4. Purposed structure for a SiNP-based multimodal imaging agent. 

5.2.3 Moving into a New Size Regime 
Metamaterials are artificial media that interact with electromagnetic waves due to the structure 

and composition of the materials.32 The first optical metamaterials used split ring resonators to 

interact with microwave radiation, demonstrating a negative refractive index.33 It is highly 

desirable to push these properties into the visible range for applications such as cloaking devices 

or super resolution lenses.34, 35 Large SiNPs (80–280 nm) offer a high refractive index and low 

absorption coefficient that are necessary to make low loss meta-atoms (building blocks for 

metamaterials).36 The optimal SiNPs for meta-atoms are highly crystalline and non-porous, with 

narrow size distributions and uniform composition.36 
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In Chapter 2, 64 nm SiNPs were synthesized by annealing HSQ at 1500 °C for 1 h. Since 

that work, the temperature profile has been expanded up to 1700 °C, resulting in spherical SiNPs 

113 ± 35 nm in diameter (Figure 5-5a). The prepared SiNPs are crystalline, with no observable 

porosity (Figure 5-5 a and b). In a collaboration with Drs. Glenna Drisko and Philippe Barois at 

the University of Bourdeaux, the optical scattering of these promising materials is being 

investigated. Early scattering experiments show an overlap in the magnetic and electric 

scattering coefficients that was not anticipated (Figure 5-5c). This effect can be simulated by 

accounting for the broad size distribution (Figure 5-5d), however, further work examining 

samples with narrow size distributions and larger sizes is required to provide insight into this 

response. Once understood, these SiNPs can be employed as meta-atoms for creating new 

metamaterials operating in the visible spectrum. 

Figure 5-5. a) Bright field TEM image, b) X-ray diffraction pattern, and c) experimental and d) simulated light 
scattering data for 113 ± 35 nm SiNPs. The bright field TEM image was acquired as outlined in 4.2.2.4 and the 
diffraction pattern was acquired at the Canadian Light Source (as described in 4.2.2.3). Static light scattering 
experiments and simulations were performed by Philippe Barois at the University of Bordeaux. Static light 
scattering experiments were performed using a custom built set-up. Colloidal solutions of the SiNPs were irradiated 
using a super continuum white source (SuperK EXB-6 with SuperK Split visible filter from NKT Photonics), and 
the scattered light is collected at 90° using a Minispectrometer (Hamamatsu C10083CA) fed with an optical fiber. 
Simulations were performed using software that solves the equations of Mie scattering theory (coded in Maple). The 
software calculates the scattering efficiency of the diagonal elements of the scattering matrix and every individual 
mode. Size, size distribution, porosity, and crystallinity of the SiNPs are accounted for in the simulations. 
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Appendix A 

Lewis Acid Protection: A Method Towards Synthesizing 
Phase Transferable Luminescent Silicon Nanocrystalsa 

A.1 Introduction 
Quantum dots have been the subject of intense investigation due to their promising 

optoelectronic properties and potential for biological imaging and sensing.1 

Photoluminescent silicon-based quantum dots, in particular, have been explored for 

biological imaging due to their relatively low toxicity compared to their CdSe counterparts.2-6 

Silicon nanocrystals (SiNCs) also exhibit photoluminescence lifetimes on the microsecond 

timescale that can be useful in time-gated imaging and red photoluminescence that optically 

stands out from the background luminescence in cells.7 However, when the silicon 

nanocrystals are exposed to even trace amounts of nitrogen, the photoluminescence becomes 

blue.8 While the specific chemical nature of the blue emitter is still unknown, it is established 

that it exhibits faster decay times that are likely caused by surface trap states.8 For biological 

applications, this blue emission is undesirable because it falls within the same spectral 

window as the background fluorescence of the cells. 

Introducing a nitrogen-containing chemical functionality terminal to the surface of the 

SiNCs, while maintaining the bandgap-based photoluminescence, is desirable to access a 

new scope of reactivity. One method of achieving this is to “protect” the lone pair electrons 

on the nitrogen atom with a Lewis acid, such as borane. This general approach has been 

employed previously to protect the nitrogen in the pyridine for the synthesis of vitronectin,9 

however, it never has been extended to SiNC surface chemistry. Coordinating the lone pair 

on the pyridinic nitrogen prevents the cyclization of (3-bromopropyl)(pyridin-2-yl)amine in 

the presence of a base, allowing subsequent base-catalyzed reaction of the bromine.9 Once 

this protecting group has been removed, the pyridinic nitrogen retains its original reactivity. 

a The contents of this chapter have been adapted with permission from the following publication: Thiessen, A. 
N.; Purkait, T. K.; Faramus, A.; Veinot, J. G. C., Lewis acid protection: a method towards synthesizing phase 
transferable luminescent silicon nanocrystals. Phys. Status Solidi A. 2018, 215, 1700620. Copyright © 2017 
WILEY-VCH Verlag GmbH & Co. kGaA, Weinheim. 
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It is reasonable that this approach can be employed to introduce nitrogen containing 

functional groups terminal to the SiNC surface by protecting the lone pairs. Introducing 

nitrogen-containing functionalities terminal to the SiNC surface, while maintaining red 

photoluminescence, would serve to expand the repertoire of surface chemistry that can be 

done with these materials. 

Amidines are nitrogen-containing chemical moieties that exhibit switchable 

hydrophilicity properties, which can be controlled via a defined exposure to dissolved 
10,11 CO2. By rendering the solution slightly acidic, one of the nitrogen atoms becomes 

protonated and becomes hydrophilic (as shown in Figure A-1). Upon purging with argon or 

nitrogen gas, the ligand is deprotonated and hydrophobicity returns. Utilizing CO2 as the 

trigger for the conversion is advantageous as it is benign, inexpensive, and abundant. CO2 

responsive materials have found applications as surfactants10 and drying agents12 and are 

suitable for drug release13 as well as polymer self-assembly.14 With all these diverse potential 

applications of CO2 responsive materials, it is desirable to combine these ligand properties 

with nanomaterials to control their solubility. Pocoví-Martínez et al. demonstrated that by 

interdigitating N’-oleyl-N,N-dimethylacetamidine with oleylamine capped gold 

nanoparticles, they were able to control the solubility properties of the nanoparticles.15 

However, covalent attachment is desirable to prevent ligand displacement. 

In this work, BH3 was used as a protecting group to synthesize amidine functionalized 

SiNCs with the nitrogen containing group distal to the surface while maintaining desirable 

photoluminescence properties. The reactive properties of the surface are maintained during 

the synthesis, and hydrophilicity switchable, photoluminescent SiNCs were produced. These 

nanocrystals could act as removable sensors or controlled targeting agents for imaging 

different tissues in biological systems. By covalently linking the amidine to the surface of 

the particle, instead of interdigitating it as has been done previously, the surface is more 

accessible for sensing applications of the material, and displacement is less likely to occur. 

Figure A-1. Scheme showing amidine switching hydrophilicity in the presence of CO2. 
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A.2 Experimental Section 

A.2.1 Materials 

A.2.1.1 Starting Materials 
Hydrogen silsesquioxane (HSQ, trade name Fox-17) was purchased from Dow Corning, and 

the solvent was removed to yield a white solid that was used directly. Hydrofluoric acid 

(Electronic grade, 48–50%) and hydrochloric acid (36.5–38%) were purchased from Fischer 

Scientific. 1-Amino-10-undecene (97%) was purchased from GFS Chemicals. 

Azobisisobutyronitrile (AIBN, 98%), BH3·THF complex (1 M solution in THF), and 

dimethylacetamide dimethyl acetal (90%) were purchased from Sigma Aldrich. All reagents 

were used as received, unless otherwise specified. All solvents were reagent grade and used 

as received. Toluene was collected from a Pure-Solv purification system immediately prior to 

use. 

A.2.1.2 Preparation of N’-undec-10-enyl-N,N-dimethylacetamidine 
The N’-undec-10-enyl-N,N-dimethylacetamidine was synthesized using the method 

developed by Jessop and coworkers.10 1-amino-10-undecene was added to 

dimethylacetamide dimethyl acetal in equimolar amounts and heated without solvent at 

65 °C for 30 min. The methanol biproduct was removed using rotary evaporation under high 

vacuum. The crude mixture was used without further purification. 1H NMR (CDCl3): 1.22 

(m, 12 H, C6H12), 1.37 (quintent, J=6.0 Hz, 2 H, N-C-CH2), 1.74 (singlet, 3 H, C-CH3), 1.91 

(sextet, J=5.6 Hz, 2H, =C-CH2), 2.74 (singlet, 6 H, N(CH3)2), 3.05 (triplet, J=6.0 Hz 2 H, 

NCH2), 4.82 (m, 2 H, C=CH2), 5.67 (m, 1 H, C=CH) 13C NMR (CDCl3): 12.3, 27.5, 28.9, 

29.0, 29.4, 29.5, 32.3, 33.7, 37.9, 50.1, 114.0, 139.0, 158.6. IR (neat): 722 (w), 909 (m), 1007 

(w), 1139 (w), 1188 (w), 1261 (w), 1343 (m), 1385 (m), 1408 (w), 1438 (m), 1464 (m), 1629 

(s), 1686 (w), 2854 (s), 2925 (s) 2975 (w), 3002 (w), 3076 (w). 

A.2.1.3 Preparation of the H-SiNCs 
Hydride-terminated SiNCs (H-SiNCs) were prepared via previously reported procedures.16 

Approximately 5 g of hydrogen silsesquioxane (HSQ) were annealed for 1 h at 1100 °C 

under a slightly reducing atmosphere (flowing 5% H2/95% Ar). The resulting SiNCs are 

embedded in an SiO2 matrix. The SiNC/SiO2 composite was ground using an agate mortar 
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and pestle for 30 min, before adding to a shaker flask equipped with borosilicate glass beads 

and shaken on a wrist action shaker for ca. 7 h. 

H-SiNCs were liberated from the SiO2 matrix upon HF etching: 500 mg of the 

SiNC/SiO2 powder were mixed with 5 mL H2O, 5 mL ethanol, and 5 mL 48% HF in a PET 

beaker. The etching mixture was stirred at room temperature for 50 min.  The resulting H-

SiNCs were extracted with toluene and isolated via centrifugation at 3000 rpm. 

A.2.1.4 Synthesis of Amidine Functionalized SiNCs 
H-SiNCs (25 mg) were dispersed in 15 mL of dry toluene containing 0.48 mmol of 

azobisisobutyronitrile (AIBN) in a Schlenk flask, and N’-undec-10-enyl-N,N-

dimethylacetamidine (10 mmol) was added to a second Schlenk flask.17 The contents of both 

flasks were subjected to three freeze-pump-thaw cycles. Then, 12 mL of 1M BH3·THF 

adduct was added to the amidine and allowed to stir for 15 min. The amidine/borane mixture 

was transferred to the Schlenk flask containing the SiNCs, causing the mixture to change 

colour from yellow-orange to brown. The reaction mixture was heated to 70 °C and stirred 

overnight (15 h) to yield an orange reaction mixture that contained some dark brown solid. 

The functionalized SiNCs were removed from the reaction mixture by centrifugation 

at 3000 rpm, and the supernatant was decanted and discarded. The recovered solid pellet was 

redispersed in toluene (5 mL), and aqueous HCl (1 mL) was added to the mixture, rendering 

the particles dispersable in H2O. Methanol (5 mL) was added to the solution, and the SiNCs 

were centrifuged again at 3000 rpm. The SiNCs were washed once more with methanol and 

once with toluene to remove any unreacted amidine. The purified SiNCs were stored as a 

toluene solution (ca. 5 mL). 

A.2.2 Characterization 
Fourier transform infrared spectroscopy (FT-IR) was performed on a Nicolet Magna 750 IR 

spectrophotometer by drop casting SiNCs from toluene solutions. Nuclear magnetic 

resonance (NMR) spectra were collected using an Agilent/Varian VNMRS two-channel 

500 MHz spectrometer at 27.0 °C. X-ray photoelectron spectroscopy (XPS) was measured 

using a Kratos Axis Ultra X-Ray photoelectron spectrometer operated in energy spectrum 

mode at 210 W. XPS samples were prepared by drop-coating a toluene dispersion of SiNCs 
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onto a copper foil. Spectra were calibrated to the C 1s (284.8 eV) and fitted to appropriate 

spin-orbit pairs using CasaXPS (VAMAS) software with a Shirley-type background. To fit 

the Si 2p high resolution spectrum, the doublet area ratio was fixed at 2:1, and the separation 

was set at 0.6. Transmission electron microscopy (TEM) was performed on a JEOL-2010 

(LaB6 filament) electron microscope, with an accelerating voltage of 200 kV using SiNCs 

drop-coated from a toluene solution onto a carbon-coated copper grid. The SiNC size was 

determined by averaging the size of 300 particles using ImageJ software (version 1.51j8). 

Photoluminescence emission measurements were collected on a Cary Eclipse 

spectrophotometer, with an excitation wavelength of 350 nm. 

A.2.3 Hydrophilicity Switch Experiments 
Functionalized SiNCs (ca. 2 mg) were dispersed in a test tube containing additional toluene 

(ca. 2 mL), water (ca. 4 mL) was added, and the tube was capped with a septum equipped 

with a venting needle. To track the location of the SiNCs, their photoluminescence was 

qualitatively evaluated using a handheld UV light (365 nm). CO2 was bubbled through the 

SiNC mixture for 1 h at room temperature (20 °C) to acidify the water and remove the 

toluene. Following this procedure, the previously hydrophobic SiNCs were dispersed readily 

in the water phase. Addition of fresh toluene (4 mL), followed by vigorous bubbling with Ar 

and heating to 65 °C for 1 h, rendered the SiNCs hydrophobic, causing them to partition into 

the toluene phase. 

A.3 Results and Discussion 

A.3.1 Synthesis of Amidine Functionalized SiNCs 
Lewis acid mediated surface hydrosilylation of SiNCs using BH3·THF has been reported.18 

For the present reaction involving alkene/amidine bifunctional substrates, this approach 

would require at least 3 molar equivalents of BH3·THF to achieve the desired surface 

modification; the first 2 equivalents coordinate to the nitrogen atoms, and the third drives the 

hydrosilylation reaction. Unfortunately, removal of excess boric acid byproducts can 

compromise material properties and be challenging to remove. In this regard, we 

investigated a hybrid procedure involving Lewis acid protection of the amidine functionality, 

the radical initiated hydrosilylation followed by deprotection. 
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Amidine-terminated SiNCs were prepared upon reaction of hydride-terminated SiNCs 

with a BH3 protected N’-undec-10-enyl-N,N-dimethylacetamidine (Figure A-2). It is 

reasonable that the Lewis acid coordinates to the most basic nitrogen of the amidine 

functionality, limiting its reactivity with the H-Si surface. This leaves the terminal alkene to 

participate in radical initiated hydrosilylation and the formation of a Si—C surface linkage. 

The BH3 protecting group can be removed readily upon exposure to aqueous HCl, recovering 

the original amidine functionality. Throughout the procedure the integrity of the SiNC core 

(Figure A-3a, 2.85 ± 0.67 nm) and its photoluminescent (PL) properties are maintained 

(Figure A-3b). 

Figure A-2. Scheme showing the functionalization of SiNCs with a terminal amidine group using radical 
initiated hydrosilylation, followed by deprotection using HCl. 

Figure A-3. a) Brightfield TEM image and b) photoluminescence emission spectrum of the amidine-
functionalized SiNCs. Inset: Histogram depicting measured SiNC size. 
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Information about the surface chemistry of the SiNCs investigated here can be gained 

by comparing their IR spectra (Figure A-4). As expected, the spectrum of hydride-terminated 

SiNCs (Figure A-4, blue trace) shows absorptions associated with Si-Hx (x = 1, 2, 3) at 

2100 cm-1. The spectrum of the amidine (Figure A-4, red trace) shows characteristic features 

associated with N at 1627 cm -1, alkyl C-H stretching at 2900 cm -1, as well as the alkene C–H 

at 3076 cm -1 and C=C at 1685 cm -1. The isolated functionalized particles show a composite 

spectrum of these components (Figure A-4, black trace). The Si-H region (i.e., 2000–2250 

cm-1) has evolved and now shows features at 2243 cm -1 associated with back-bonded to Si-O; 

this evolution is consistent with the appearance of Si-O features at 1100 cm -1 resulting from 

partial surface oxidation. Similar surface oxidation has been noted when comparatively large 

surface groups have been tethered to SiNC surfaces, and they have been attributed to work-

up induced oxidation; however, exposure to water during liberation of the amidine 

functionality is likely also responsible. Further confirming the presence of N’-undec-10-enyl-

N,N-dimethylacetamidine, we note characteristic spectral features related to the C-H and 

C=N stretches at 2900 and 1629 cm-1, respectively, suggesting that the amidine ligand is 

present and the C=N is maintained. In addition, the “tell-tale” C=C alkene features at 

3079 cm-1 and 1685 cm -1 are absent, consistent with successful hydrosilylation. 

Figure A-4. FTIR spectra highlighting the chemical functionalities of hydride-terminated SiNCs (blue), 
N’-undec-10-enyl-N,N-dimethylacetamidine (red), and the amidine-functionalized SiNCs (black). 

158



 

    

     

    

    

      

     

     

     

 
 

 
 

             
           

 
  

         

      

     

 

    

     

      

    

XPS provides information about oxidation of the SiNC as well as further indication of 

amidine surface modification and insight into surface bonding. The survey XP spectrum (not 

shown) indicates the presence of carbon (41 atm%), nitrogen (2 atm%), oxygen (30 atm%), 

silicon (26 atm%), fluorine (1 atm%), and copper (from the copper foil). The high-resolution 

Si 2p XP spectrum (Figure A-5a) shows features associated with an elemental silicon core as 

well as oxidized silicon consistent with Si-O-Si species observed IR (Figure A-4). Figure A-

5b shows the high-resolution N 1s XP spectrum. There are two noticeably distinct nitrogen 

species, consistent with the presence of the amidine surface group. Furthermore, no evidence 

of Si-N species at 397 eV is noted.8 

Figure A-5. High resolution X-ray photoelectron spectroscopy (XPS) of the a) Si 2p and b) N 1s. The black 
trace is the experimental spectra and the red dashed line is the fit. For clarity, only the Si 2p3/2 are shown. 

A.3.2 Hydrophilicity Switch Experiments 
The amidine functional group has previously been shown to exhibit switchable hydrophilicity 

by taking advantage of its acid-base chemistry.10 The phase transfer occurs as a result of the 

protonation of the nitrogen, which induces a positive charge on the otherwise hydrophobic 

molecule (Figure A-1). Having prepared amidine-terminated SiNCs, we endeavoured to 

investigate their phase-transferability between hydrophilic and hydrophobic environments. 

The present amidine modified SiNCs preferentially disperse in hydrophobic toluene 

(note: these particles do not fully solubilize in hydrophobic media). To investigate the acid 

induced phase transfer properties of these SiNCs, toluene dispersions of the SiNCs were 

added into a test tube, followed by addition of water. The organic phase containing amidine-
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terminated SiNCs maintained their bright orange photoluminescence (Figure A-6b). The test 

tube subsequently was capped with a septum, and CO2 was bubbled through the mixture at 

room temperature for 1 h to induce acidification and protonate the amidine. After 

protonation, amidine modified SiNCs preferentially partition into water, as shown in Figure 

A-6c. This partitioning process does not shift the photoluminescence of the SiNCs (Figure A-

7) that typically is observed during oxidation of SiNCs.19 However, the photoluminescence 

intensity is diminished severely. 

To investigate the reversibility of the CO2 induced hydrophilicity, additional toluene was 

added to the test tube, and the mixture was saturated with Ar upon bubbling at 65 °C for 

30 min. The resulting decrease in acidity shifts the acid/base equilibrium, shown in Figure A-

1, to the left, reforming the hydrophobic amidine surface. Figure A-6d shows that the 

material has partitioned back into the toluene phase, however, almost all of the 

photoluminescence intensity is lost. This large decrease in photoluminescence intensity can 

be observed also in the photoluminescence spectrum shown in Figure A-7. 

Figure A-6. Photographs depicting the hydrophilicity switch of the material irradiated under 365 nm light 
depicting the photoluminescence of the SiNCs a) in toluene before switching, b) after adding water, c) after 
bubbling through CO2 for 1 h, and d) after bubbling Ar through the sample for 30 min at 65 °C. 
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Figure A-7. Comparison of normalized photoluminescence spectra of SiNCs in toluene before the switch 
(black), water after bubbling CO2 at room temperature for 1 h (red), and toluene after bubbling Ar through the 
sample for 30 min at 65 °C. 

A.4 Conclusions 
A Lewis acid protecting group has been used to prepare amidine-terminated SiNCs 

exhibiting orange PL and having hydrophilicity switchable properties that can be employed 

to make the material phase transferable. The resulting material was characterized using TEM, 

IR, XPS, and PL emission to confirm the presence of the amidines and that surface bonding 

did not occur through the nitrogen atoms (within the sensitivity of the techniques). Once this 

was confirmed, hydrophilicity control was demonstrated, and the SiNCs were transferred 

successfully into and out of the water, based on the presence of CO2, though significant 

degradation occurred. Future work will look into improving the solubility of the material in 

both phases and limiting oxidation of the material during the phase transfer process to 

improve cyclability. 

A.5 References 
1. Erogbogbo, F.; Yong, K.-T.; Roy, I.; Hu, R.; Law, W.-C.; Zhao, W.; Ding, H.; Wu, F.; Kumar, R.; 
Swihart, M. T.; Prasad, P. N., In Vivo Targeted Cancer Imaging, Sentinel Lymph Node Mapping and Multi-
Channel Imaging with Biocompatible Silicon Nanocrystals. ACS Nano, 2011, 5, 413-423. 
2. Erogbogbo, F.; Yong, K.-T.; Roy, I.; Xu, G.; Prasad, P. N.; Swithart, M. T., Biocompatible 
Luminescent Silicon Quantum Dots for Imaging of Cancer Cells. ACS Nano, 2008, 2, 873-878. 
3. McVey, B. F. P.; Tilley, R. D., Solution Synthesis, Optical Properties, and Bioimaging Applications of 
Silicon Nanocrystals. Acc. Chem. Res., 2014, 47, 3045-3051. 

161



 

                   
          

             
          

         
             

                
           

    
                 

      
   

          
               

          
               

 
         

   
             

         
           

        
             

     
       

       
            

        
      
            
       

     
           

         
     

             
       

     
            

       
 

 

 

4. Zhai, Y.; Dasog, M.; Snitynsky, R. B.; Purkait, T. K.; Aghajamali, M.; Hahn, A. H.; Sturday, C. B.; 
Lowary, T. L.; Veinot, J. G. C., Water-soluble photoluminescent d-mannose and l-alanine functionalized silicon 
nanocrystals and their application to cancer cell imaging. J. Mater. Chem. B, 2014, 2, 8427-8433. 
5. Kirchner, C.; Liedl, T.; Kudera, S.; Pellegrino, T.; Javier, A. M.; Gaub, H. E.; Stölzle, S.; Fertig, N.; 
Parak, W. J., Cytotoxicity of Colloidal CdSe and CdSe/ZnS Nanoparticles. Nano Lett., 2005, 5(2), 331-338. 
6. Bhattacharjee, S.; Rietjens, I. M. C. M.; Singh, M. P.; Atkins, T. M.; Purkait, T. K.; Xu, Z.; Regli, S.; 
Shukaliak, A.; Clark, R. J.; Michell, B. S.; Alink, G. M.; Marcelis, A. T. M.; Fink, M. J.; Veinot, J. G. C.; 
Kauzlarich, S. M.; Zuilhof, H., Cytotoxicity of surface-functionalized silicon and germanium nanoparticles: the 
dominant role of surface charges. Nanoscale, 2013, 5, 4870-4883. 
7. Gu, L.; Hall, D. J.; Qin, Z.; Anglin, E.; Joo, J.; Mooney, D. J.; Howell, S. B.; Sailor, M. J., In vivo 
time-gated fluorescence imaging with biodegradable luminescent porous silicon nanoparticles. Nat. Commun., 
2013, 4, 2326. 
8. Dasog, M.; Yang, Z.; Regli, S.; Atkins, T. M.; Faramus, A.; Singh, M. P.; Muthuswamy, E.; 
Kauzlarich, S. M.; Tilley, R. D.; Veinot, J. G. C., Chemical Insight into the Origin of Red and Blue 
Photoluminescence Arising from Freestanding Silicon Nanocrystals. ACS Nano, 2013, 7(3), 2676-2685. 
9. Zajac, M. A., An Application of Borane as a Protecting Group for Pyridine. J. Org. Chem., 2008, 73, 
6899-6901. 
10. Liu, Y.; Jessop, P. G.; Cunningham, M.; Eckert, C. A.; Liotta, C. L., Switchable Surfactants. Science, 
2006, 313, 958-960. 
11. Alshamrani, A. K.; Vanderveen, J. R.; Jessop, P. G., A guide to the selection of switchable functional 
groups for CO2-switchable compounds. Phys. Chem. Chem. Phys., 2016, 18, 19276-19288. 
12. Boniface, K. J.; Dykeman, R. R.; Cormier, A.; Wang, H.-B.; Mercer, S. M.; Liu, G.; Cunningham, M. 
F.; Jessop, P. G., CO2-switchable drying agents. Green Chem., 2016, 18, 208-213. 
13. Che, H.; Huo, M.; Peng, L.; Ye, Q.; Guo, J.; Wang, K.; Wei, Y.; Yuan, J., CO2-switchable drug release 
from magneto-polymeric nanohybrids. Polym. Chem., 2015, 6, 2319-2326. 
14. Darabi, A.; Jessop, P. G.; Cunningham, M. F., CO2-responsive polymeric materials: synthesis, self-
assembly, and functional applications. Chem. Soc. Rev., 2016, 45, 4391-4436. 
15. Pocoví-Martínez, S.; Francés-Soriano, L.; Zaballos-García, E.; Scaiano, J. C.; González-Béjar, M.; 
Pérez-Prieto, J., CO2 switchable nanoparticles: reversible water/organic-phase exchange of gold nanoparticles 
by gas bubbling. RSC Adv., 2013, 3, 4867-4871. 
16. Hessel, C. M.; Henderson, E. J.; Veinot, J. G. C., Hydrogen Silsesquioxane:  A Molecular Precursor 
for Nanocrystalline Si−SiO2 Composites and Freestanding Hydride-Surface-Terminated Silicon Nanoparticles. 
Chem. Mater., 2006, 18(26), 6139-6146. 
17. Yang, Z.; Gonzalez, C. M.; Purkait, T. K.; Iqbal, M.; Meldrum, A.; Veinot, J. G., Radical Initiated 
Hydrosilylation on Silicon Nanocrystal Surfaces: An Evaluation of Functional Group Tolerance and 
Mechanistic Study. Langmuir, 2015, 31(38), 10540-10548. 
18. Purkait, T. K.; Iqbal, M.; Wahl, M. H.; Gottschling, K.; Gonzalez, C. M.; Islam, M. A.; Veinot, J. G. 
C., Borane-Catalyzed Room-Temperature Hydrosilylation of Alkenes/Alkynes on Silicon Nanocrystal Surfaces. 
J. Am. Chem. Soc., 2014, 136(52), 17914-17917. 
19. Sinelnikov, R; Dasog, M.; Beamish, J.; Meldrum, A.; Veinot, J. G. C., Revisiting an Ongoing Debate: 
What Role Do Surface Groups Play in Silicon Nanocrystal Photoluminescence? ACS Photonics, 2017, 4(8), 
1920-1929. 

162



 
 

  
 

    

       

    

     

        

   

     

    

 
 

 
 

 
 

 
 

        

      

        

   

 

 

 

 

 
 

 

 
 

Appendix B 

Calculation of Surface Coverage from TGA 

In Chapter 4, surface coverage of silicon nanoparticles (SiNPs) was estimated using 

thermogravimentric analysis (TGA).1, 2 The calculation uses the % weight loss determined by 

TGA measurement and requires the number of Si atoms in the SiNP and on the surface. 

The number of Si atoms in an SiNP was calculated using the volume of one unit cell of Si 

(0.16 nm3), which is comprised of eight Si atoms. To estimate the number of surface atoms, an 

atomic density of 8.06 atoms/nm2 was used, which is the average of the 100, 110, and 111 faces 

of Si. The calculations are based on an icosahedral shape, where the length of one edge (a) is 

approximately 0.809x the radius of the particle. 

SiNP volume =
5 3 +  5( )

12
a3

Si atoms per SiNP =  
SiNP volume

0.16
 8

SiNP surface area =  5 3a2

Si surface atoms per SiNP =  SiNP surface area  8.06

For a 3.5 nm SiNP, this yields 1102 Si atoms and 327 surface Si atoms, which is close to the 

1100 Si at s and 300 surface Si atoms previously calculated.3, 4 This method is efficient for 

calculating Si atoms and Si surface atoms for SiNPs of different diameters for use in the surface 

coverage calculations outlined below. 

% mole ligand =
% wt loss

molecular weight ligand (g/mol)

% mole Si atoms =  
100 –  % mole of ligand

weight silicon (g/mol)

number of ligands per SiNP =  
% mole of ligand

% mole of Si atoms
Si atoms per SiNP

% surface coverage =  
number of ligands per SiNP
Si surface atoms per SiNP

100
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Appendix C 

Calculation of Si:O Ratio From High Binding Energy 
Components of High Resolution Si 2p XP Spectrum 

The relative ratio of Si and O in the oxidized SiNPs, discussed in Chapter 4, was calculated by 

the following equation:1

O :Si ratio =
0.5 ISi(I)( )+ ISi(II) +1.5 ISi(III)( )+ 2 ISi(IV)( )

ITotal

Where ITotal is the total intensity of the fitted Si 2p XP spectrum, ISi(I) is the intensity of the Si(I) 

component of the Si 2p XP spectrum, ISi(II) is the intensity of the Si(II) component, and so on. 

Calculation of the O content using this method will provide an overestimate because not all 

higher binding energy Si is bound to O and the attenuation length of the photoelectrons was not 

accounted for in the calculation. 
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