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Abstract

Owing to their rich, tailorable surface chemistry, low toxicity, and elemental abun-

dance, silicon nanocrystals (SiNCs) present an attractive alternative to fluorescent

organic dyes and traditional quantum dots for bioimaging, optoelectronics, and chemi-

cal sensors. These applications capitalize on the optical properties of SiNCs, which are

not fully understood. Thus, the aim of this thesis was to gain a fundamental insight

into the optical response of SiNCs and the factors that affect it. Size, surface chemistry,

oxidation, and attachment of conjugated surface groups were taken into consideration

when evaluating factors influencing the photoluminescence (PL) of SiNCs.

First, temperature-dependent steady-state and time-resolved PL measurements of

SiNCs of different sizes and surface functionalities were carried out. A general emission

mechanism based on the observed phenomena was proposed, suggesting that surface

groups play a crucial role in SiNC PL. Next, the effect of oxidation on the stability

of the SiNC optical response was evaluated. The convergence of the SiNC PL to the

same region of the visible spectrum, regardless of the initial SiNC PL, was postulated to

occur due to the formation of surface suboxide species. Lastly, the effect of interfacing

SiNCs with conjugated surface groups was explored. Scanning tunneling spectroscopy

revealed the formation of in-gap states, which accounted for the observed red-shift in

SiNC PL, thus illustrating another way to tune SiNC PL via surface chemistry.

Overall, the research presented in this thesis demonstrated the intricate relationship

that exists between size and surface when it comes to SiNC optical response, which

should be taken into consideration for any future application design.
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Chapter 1

Introduction

1.1 Nanomaterials

In his famous lecture: ”there’s plenty of room at the bottom” Dr. Richard Feynman

challenged the scientific community to realize the potential of nanoscience.3 A bur-

geoning area of research, nanoscience involves the study of materials and phenomena

in the nanoscale (1–100 nm in at least one dimension) and has attracted the interest of

chemists, physicists, biologists, and engineers alike. With a promise to address several

of mankind’s challenges in healthcare, energy conversion and storage, and technology,

the synthesis and application of nanomaterials is a rapidly evolving area of research.

1.1.1 Quantum Confinement Effect

One of the most fascinating phenomena of nanomaterials is the quantum confinement

(QC) effect, which describes the change in the energy band structure of a material as

a result of size reduction from bulk to nanoscale.4–7 More specifically, when electrons

and holes are spatially confined to one or more dimensions due to size constraints,

quantization of the energy levels is observed. As a result, nanomaterials exhibit size-

dependent properties. The dimensions at which QC effects manifest themselves are

material dependent and can be related to the bulk Bohr radius, aB, of an exciton,8

given by:

aB =
~2ϵ
µe2

(1.1)
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where ~ is the reduced Planck’s constant, ϵ is the material dielectric constant, µ is the

reduced mass of the electron-hole pair, and e is the elementary charge. When a ma-

terial approaches in size its Bohr exciton radius, QC effects become more pronounced,

leading to an increase in band gap energies and blue-shift in absorption and emission

spectra. An additional consequence of QC effects is the disruption in the continuity

of the electronic density of states (DOS), leading to discrete energy levels in one or

more dimensions. Quantum dots (QD) exhibit confinement in all three dimensions,

thus displaying atomic-like energy levels. QDs also are known as ”artificial atoms”

or semiconductor nanoparticles. Materials with spatial confinement in two dimensions

are known as quantum wires. Lastly, confinement in one plane results in a quantum

well, where carriers are free to move in two dimensions.9,10 The QC effect on the DOS

of materials going from bulk to QD is summarized in Figure 1.1.

Figure 1.1: The electronic density of states of a semiconductor as a function of
dimension. Adapted with permission from ref 8.

1.1.2 Quantum Dots

Starting with the seminal work of Rossetti et al.11,12 demonstrating size-dependent

optical properties of CdS QDs, the scientific community has dedicated great efforts to

the synthesis and control over the photodynamics of various QDs. Over the past four

decades, QDs from II-VI compounds (e.g., ZnS, HgS, CdE, E=S, Se, Te),13–16 III-V

compounds (e.g., InP, GaN, GaAs),17–19 IV-VI compounds (e.g., SnS, PbE, E=S, Se,

Te),20–23 group IV (e.g., Si, Ge, Sn)24–26 semiconductors, and even core-shell structures
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Figure 1.2: Schematic representation of the QD band gap as a function of size.
Adapted with permission from ref 8.

(e.g., CdSe@ZnS)27 and alloy QD (e.g., AlGaN, Cu2ZnSnS4, CuInSe)
28–30 have been

synthesized. More recently, lead halide perovskite (CsPbX3, X = Cl, Br, and I)31 and

carbon-based32 QDs also have been investigated.

One underlying commonality among all QD materials is their size-dependent prop-

erties, particularly the observed increase in band gap energy upon decrease in particle

size (Figure 1.2). One early correlation between particle size and band gap is the effec-

tive mass approximation (EMA), which draws the analogy between the QD exciton and

the quantum mechanical particle-in-a-box problem. Further expansion of the model,

accounting for the Coulombic attraction between an electron and a hole, resulted in a

model expressed as follows:33,34

Eg(QD) = Eg(bulk) +
h2

8R2

(
1

me

+
1

mh

)
− 1.8e2

4πϵ0ϵR
(1.2)

where Eg is the band gap of the bulk or QD semiconductor, h is Planck’s constant,

R is the QD radius, and me and mh are the effective masses of the electron and hole,

respectively. This equation relates the inverse relationship between the QD band gap

and its radius and accounts for material dependency (dielectric constant). While the
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model assumes a perfectly spherical QD, it has been employed successfully to predict

the optical band gap of various QDs. However, as will be discussed in Section 1.3,

the optical properties of QDs in general and SiQDs particularly are more complex and

cannot be explained simply with the EMA model.

Nonetheless, the exquisite optical properties of QDs, such as narrow, size-tunable

emission, full rendition of the visible spectrum, photo- and thermal stability, and high

efficiency, make them very appealing active materials for a multitude of applications.9

1.2 Silicon Nanocrystals

Silicon nanocrystals (SiNCs), a fascinating subclass of QDs, boast full visible light

colour emission, rich surface chemistry, and compatibility with existing electronics

industry.24,35,36 Moreover, an advantage silicon has over many other QDs is its abun-

dance (second most abundant element in Earth’s crust), low toxicity, and emission in

the solid-state.

1.2.1 Theoretical Background

Bulk silicon is known to be an indirect semiconductor, where the minimum of the con-

duction band (CB) and the maximum of the valance band (VB) do not align in k -space

(Figure 1.3a).37 Consequently, a phonon (lattice vibration) must be absorbed or emit-

ted in order for an optical transition to occur (conservation of lattice momentum). The

probability for phonon–electron coupling is low; as a result, under standard conditions,

bulk Si is non-emissive.38 However, the observation of visible, room-temperature emis-

sion from nanocrystalline and porous silicon suggests that the band structure picture

is different in the nanoscale.39–42

The confinement of an electron and hole in real space (the nanocrystal) leads to an

increased uncertainty of the crystal momentum and broadening of the exciton wave-

vector in k -space. Thus, the tails of the electron and hole (exciton) wavefunctions

overlap, allowing for non-phonon assisted direct transition (Figure 1.3b–c), also known

as ”quasi-direct” recombination. The breakdown of the k -conservation rule has been

calculated theoretically43 and observed experimentally for silicon by Kovalev et al.44

Interestingly, an increase in the ratio of zero phonon- to phonon-assisted transitions

with decreasing crystal size was observed, suggesting that the smaller the nanocrystal
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Figure 1.3: Simplified band structure diagram of an indirect band gap semiconduc-
tor (a). Corresponding exciton wavefunctions of bulk (b) and nanoscale silicon (c)
illustrating wavefunction broadening leading to ”quasi-direct” band gap in SiNCs.

size, the more ”quasi-direct” its band gap. Another ramification of the silicon band

gap transitioning from indirect to ”quasi-direct” is the decrease in radiative lifetime.

Bulk silicon exhibits millisecond lifetimes due to the slow, phonon-assisted radiative

recombination.45 In the nanoscale, shorter lifetimes ranging from hundreds of microsec-

onds for large SiNCs to single digit values for smaller NCs are predicted.7,46 This has

been shown experimentally for both porous silicon47,48 and SiNCs.49 Direct band gap

transitions in SiNCs, associated with nanosecond lifetime, have been predicated theo-

retically for small nanocrystals (∼1 nm).50 Experimentally, nanosecond lifetimes have

been observed for SiNCs and are proposed to occur due to tensile-strain51,52 or an elec-

tronegative capping/environment, which changes the silicon band structure to become

more direct in nature.53 However, it is still unclear whether the origin of the observed

emission is arising from the silicon core or is due to surface states.

1.2.2 Synthesis of Silicon Nanocrystals

Over the past two decades, a multitude of synthetic routes have been established for

rendering free-standing SiQDs. These methods can be classified broadly into four

different classes: i) physical methods, ii) gas-phase, iii) solution-phase, and iv) solid-

state based methods. The resulting SiQDs are commonly crystalline in nature (SiNCs)

or amorphous (SiNPs).
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Following the discovery of porous silicon and the observation of PL from silicon

nano-domains, several top-down approaches have been developed for the formation of

SiNPs. These physical approaches include laser ablation,54,55 ion-implantation,56–58

ultrasonication,59–61 and ball milling.62 However, most of these methods render par-

ticles with poor size control. Gas-phase synthesis of SiNCs generally involves the

pyrolysis of silanes using a pulsed laser63–66 or nonthermal (cold) plasma.67,68 Various

chemical vapour deposition approaches also have been utilized to produce SiNPs from

silane precursors.69–71 Modification of the latter method afforded full-visible-spectrum

emission from SiNCs.72 The most common approach to solution-based synthesis of

SiNCs involves the reduction of silanes or their derivatives using Na,73 Zintl salts,74

Na(naphthalide),75 or LiAlH4.
76,77 More recently, microwave-assisted78 and photo-

chemical79 one-pot synthesis methods have been utilized to produce silicon-containing

NPs. However, solution-based approaches have been known to produce SiNPs with PL

predominantly in the blue-region of the visible spectrum, irrespective of size.

Lastly, solid-state approaches generally employ the thermal processing of silicon

containing precursors, such as silicon-rich oxides (SROs)80,81 or sol-gel derived Si-rich

polymers.82–84 Under high temperature and/or reducing conditions, these silicon pre-

cursors are reduced to SiNCs embedded in the silica matrix; these can be liberated by

HF or HNO3 treatment. Hydrogen silsesquioxane (HSQ) is a commercially available

SRO precursor used to produce SiNCs in a silica-like matrix upon annealing under

reducing conditions and high temperatures.85 Varying the annealing temperature be-

tween 1100 and 1400 ◦C affords size control from 3 to 90 nm.86 Control over the size of

SiNCs is crucial for any discussion revolving around size-dependent PL, therefore, the

HSQ method is used in this work.

1.3 Optical Properties of Silicon Nanocrystals

The scope and complexity of silicon photonics is a captivating area of study that has

dominated the field ever since room temperature emission from porous silicon was

observed. Questions regarding the origin of SiNC luminescence, effect of crystal size,

and various surface groups, as well as strategies for improvement of SiNCs quantum

efficiency are all active areas of research. The findings to date with respect to these

fundamental questions are summarized below.
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1.3.1 Size Effect

As was discussed in Section 1.1.1, QC effects can play a role in tuning the absorption

and emission of nanoscale materials by changing the band gap energy. Theoretical mod-

els correlating SiNC size with band gap energy include the EMA model, the empirical

tight-binding (ETB) model,46,87 and the empirical pseudopotential method (EPM).88

Unfortunately, none of these methods are able to describe experimental results satis-

factorily, as was demonstrated by Garrido et al.89 One major shortfall is the limitation

in describing surface defects, stress, and interface.90

To date, size-dependent PL (as determined by PL band maximum) has been demon-

strated for SiNCs produced via the HSQ method and nonthermal plasma;72,86 the latter

remains as the only method to exhibit a full visible spectrum based on nanocrystal size

(Figure 1.4). The possibility that SiNC emission greater than 2.1 eV is a result of

QC has been disputed by Wen et al. and was attributed to surface related states.91

SiNCs derived from HSQ or cold plasma exhibit microsecond lifetimes, suggesting that

the radiative recombination is still indirect in nature. More recently, however, short

(nanosecond) lifetimes also have been detected in the same systems.92,93 Yang et al.

attributed the short lifetimes to oxidation defects from incomplete passivation of the

silicon surface.92 Brown et al. suggested that the fast decay originates from minigaps

forming within the conduction and valence bands of small (2–3 nm) SiNCs.93

Figure 1.4: Full visible spectrum emission from variable size SiNCs prepared by non-
thermal plasma. c⃝IOP Publishing. Reproduced with permission. All rights reserved.

The effect of particle size also comes into play when considering the quantum yields

(QY) of SiNCs. Defined as the ratio of the number of emitted photons to the number

of absorbed photons, QY is an important figure of merit when evaluating luminescent

materials. A meticulous study carried out by Mastronardi et al. on size-selected par-

ticles revealed the trend in the SiNCs QY with size; QY decreased from 43% for 2

nm SiNCs to just 5% for 1 nm SiNCs.49 This trend was attributed to an increase in
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non-radiative pathways for smaller particles arising from surface defects and break-

down of crystallinity. In a more recent report, the increase in nonradiative decay for

smaller nanocrystals was explained by a finite confinement model.94 As the nanocrystal

size decreases, the probability of finding an electron or hole outside the nanocrystal

increases, either of which can recombine nonradiatively.

1.3.2 Surface Effects

The nature of the SiNC surface has been shown to be just as important as its size

in terms of optical response. Most synthetic routes to producing SiNCs render parti-

cles that are hydride-, halide-, or suboxide-terminated. However, in order to increase

photostability and solution processability, SiNCs are passivated generally with various

organic ligands through covalent bonding. The effect of common surface termination

on the optical response of SiNCs is summarized below.

H-termination. Generally, the negligible role that hydrogen atoms play in the opti-

cal response of SiNCs has been accepted, and hydride terminated SiNCs (H-SiNCs) are

treated as reference materials for QC effects.95 H-SiNCs have been shown to have mi-

crosecond lifetimes and PL quantum yields anywhere from 3.2% to 52%.96,97 However,

H-SiNCs have poor solution dispersibility and are prone to oxidation; thus, surface

passivation is necessary.

C-termination. Similar to the case of H-SiNCs, the effect of SiNCs passivation with

non aromatic carbon-based ligands (R-SiNCs) on their optical response is considered

minimal.98,99 The most common route to functionalization of SiNCs with alkenes or

alkynes is via hydrosilylation, which involves the addition of Si–H across an unsaturated

bond. A multitude of routes to initiate hydrosilylation have been reported, including

thermal,100 photochemical,101 catalytical,102–104 and via radical initiation,105–107 some

of which are summarized in Scheme 1.1. Thermal hydrosilylation is one of the most

commonly used functionalization methods, largely due to its effective surface coverage

and ability to use the ligand as both the solvent and reactant.106 However, thermal

hydrosilylation requires high-boiling point ligands and/or solvents, which can with-

stand the reaction conditions (100–190 ◦C). In addition, Yang et al. showed thermal

hydrosilylation leads to oligomerization,100 creating an insulating layer that can be

problematic for optoelectronic applications where charge transfer is required.108 Thus,

over the past decade, multiple alternative hydrosilylation routes on SiNCs have been
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explored.

Scheme 1.1: Schematic for common hydrosilylation methods for H-SiNCs: a) thermal,
b) platinum-catalyzed, c) radical-initiated, d) photochemical, e) Lewis acid catalyzed,
f) ligand self-catalyzed.

Room-temperature hydrosilylation can be catalyzed by metal (H2PtCl6, Scheme 1.1b)76,77

or Lewis acid catalysts (BH3
.THF, Scheme 1.1e), which eliminates the need for high

boiling point ligands and presents greater surface group tolerance.102 However, com-

pared to thermal hydrosilylation, poorer surface coverage is afforded by these methods,

leading to surface oxidation. In addition, trace metal impurities have been implicated

in degradation of the optical response of SiNCs.109 A catalyst free hydrosilylation

method that is carried also out at room temperature is photochemical hydrosilylation

(Scheme 1.1d).101 The reaction can be done in a neat solution of the reactant, how-

ever, SiNCs larger than 5 nm are not as effectively passivated as smaller particles,

and reaction times can be quite long (18 h).110 Interestingly, SiNCs functionalized via

photochemical hydrosilylation had higher QY compared to those functionalized via

thermal hydrosilylation.92 An alternative room temperature hydrosilylation method

that requires bifunctional alkenes with distal polar moieties, was introduced by Yu et

al. (Scheme 1.1f).111 While a reaction that proceeds with no external stimuli is appeal-

ing, the long duration of the reaction (12–120 h) and the poor surface coverage detract

from its allure. In addition, significant oxidation of the surface was observed, as well

as lower reactivity for larger SiNCs.

Radical-initiated hydrosilylation has been explored extensively as an alternative
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for thermal hydrosilylation (Scheme 1.1c). Höhlein et al. reported a room tempera-

ture hydrosilylation that was initiated by diazonium salts.105 The reaction proceeded

relatively quickly (2 h) and diverse surface group tolerance was demonstrated. How-

ever, complete surface coverage was not achieved, leading to oxidation. A follow up

study with diaryliodonium salts demonstrated greater nanocrystal size tolerance and

potential for in-situ ring-opening polymerization.107 Traditional radical initiators such

as azobisisobutyronitrile (AIBN) and benzoyl peroxide were also used to induce hy-

drosilylation on the surface of silicon in the presence of various alkenes and alkyens.106

The reactions were carried out at the decomposition temperature of the radical used.

Good monolayer passivation of SiNCs of various sizes was reported for radical-initiated

hydrosilylation.

Scheme 1.2: Schematic for alternative functionalization methods of SiNCs using
organolithium and Grignard reagents.

While hydrosilylation is the most common method for SiNC surface passivation

and the formation of Si–C linkages, it is not the only one. Höhlein et al. demonstrated

H-SiNCs can be directly reacted with organolithium reagents via Si–Si bond cleavage

and the formation of a labile Si–Li surface species (Scheme 1.2a).112 The silicon surface

can be then further reacted with an additional surface group, to form mixed SiNC sur-

face, or quenched by hydrochloric acid. In a recent report, R-SiNCs passivated by the

organolithium method exhibited better QYs and external quantum efficiency in LED

devices compared to their analogous R-SiNCs passivated by radical-initiated hydrosily-

lation.113 Suggesting that even the functionalization method employed can play a role

in the optical response of SiNCs. Another pathway for the passivation of SiNCs with

alkyl groups involves the reaction of halide-terminated SiNCs (X-SiNCs, X=Cl, Br, I)

with Grignard or organolithium reagents (Scheme 1.2b).114–116 The resulting R-SiNCs

10



exhibit blue PL and nanosecond lifetimes, regardless of size, as a result of oxynitride

and oxychloride species (vide infra).

One common characteristic of all the methods summarized thus far is the increased

photostability of the resulting R-SiNCs.117 Generally, the photodynamics of SiNCs do

not change upon functionalization. However, the picture changes if other heteroatoms

exist in the system.

N-termination. Early in the history of SiNCs, a disparity between solution-based

methods and other methods has been observed with respect to the optical properties of

the resulting SiNCs. Solution-based methods rendered SiNCs with emission in the blue

region of the visible spectrum and nanosecond lifetimes.65,75,76 Originally believed to

be due to a direct band gap transition in small SiNCs, it was shown later that the blue

emission was associated with nitrogen based impurities.118 Direct functionalization of

SiNCs with alkylamines or arylamines results in emission spanning from blue to yellow,

depending on the ligand.78,119–121 The origin of this emission was attributed to a charge

transfer from the Si core to an oxynitride related surface state.121

O-termination. The formation of Si–O linkages can be achieved by reacting X-

SiNCs with alcohols at room-temperature, as was demonstrated by Bley74 and Shira-

hata122 (Scheme 1.3a). Reaction of X-SiNCs with methanol rendered methoxy termi-

nated SiNCs, which degraded over time and lost their PL, most likely due to oxida-

tion. Further reaction of the methoxy-SiNCs with octyltrichlorosilane led to the forma-

tion of cross-linked siloxane corona around the SiNC core and stabilization of the PL

(Scheme 1.3b).123 Similar surface coverage was obtained by first reacting H-SiNCs with

nitric acid, followed by the addition of trimethoxy(octadecyl)silane (Scheme 1.3b).66

Since Si–H bonds can add across carbonyls (C=O), aldehydes and ketones have been

used to hydrosilylate H-SiNCs to form Si–O linkages under microwave and/or thermal

treatment (Scheme 1.3d–e).124,125 For red-emitting SiNCs, a blue-shift in PL maximum

was reported when particles were passivated with oxygen containing groups, such as

alkoxy groups, CO2, and trioctylphosphine oxide.117,124 As will be discussed in the

next section, the optical properties of SiNCs change upon oxidation, so the observed

PL maximum changes may be related to partial oxidation of the SiNCs.

Halide-termination. The effect of halides on the optical response of SiNCs is not

apparent immediately. As discussed above, halide-terminated SiNCs have been used

extensively as platforms for further functionalization with organolithium or Grignard

reagents,114,126,127 however, the former are hard to isolate and study on their own. In
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Scheme 1.3: Schematic for routes to form Si–O linkages with halide-terminated SiNCs
(a–b) and hydride-terminated SiNCs (c–e).

2015, Dasog and co-workers showed that chlorination, bromination, or iodination of

SiNCs results in etching of the silicon surface and quenching of the PL.128 However,

upon further reaction with Grignard reagents the PL was recovered. Interestingly, the

resulting colour emission varied depending on the halide used. SiNCs derived from

chloride exhibited blue PL, those derived from iodide appeared to oxidize and exhibit

yellow PL, irrespective of crystal size, while those derived from bromide maintained

core emission. In a related study, N -bromosuccinimide was used to brominate and then

passivate the surface of SiNCs. The original SiNC PL was preserved in this case as

well.129 Another interesting consequence of surface halides is their effect on QY. DFT

calculations of SiNCs passivated with chlorides (and other heteroatoms) suggest that at

low concentrations of chloride higher recombination rates are expected and, as a result,

higher QYs.130 Experimentally, improved QY were observed for alkyl passivated SiNCs

with trace amounts of halides compared to those without halogens present.103,104

Table 1.1: Summary of observed SiNC PL and Possible Culprits

PL Colour Possible Culprits

Blue Size (QC); oxynitride surface state;118 oxychloride surface state128

Blue-green Oxycarbide;117 conjugated oxynitride groups119,120

Yellow Size (QC);85 conjugated oxynitride groups;131 silicon suboxides117

Orange Size (QC);132 silicon suboxides117

Red-near IR Size (QC)86
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Surface chemistry plays an important role in the optical response of SiNCs. Ta-

ble 1.1 summarizes the observed SiNC PL emission colours and possible culprits af-

fecting it. A nice demonstration of the profound effect various surface ligands can

have on the colour emission of SiNCs was reported by Dasog et al.117 (Figure 1.5),

where SiNCs of the same size (and preparation method) were passivated with different

ligands, resulting in colour emission spanning the visible spectrum.

Figure 1.5: SiNCs passivated (from left to right) by dodecylamine, acetal, dipheny-
lamine, trioctylphosphine oxide, and dodecyl under UV illumination. Reprinted with
permission from ref. 115. Copyright c⃝2014 American Chemical Society.

1.3.3 Temperature Dependence

Low-temperature studies of SiNCs can provide insight into their optical response and

help distinguish between surface and core effects. Band gap expansion at low temper-

atures, Eg(T ), is a well-known phenomenon in bulk semiconductors133,134 and often is

described by the modified Varshni model:

Eg(T ) = Eg,0 − A ·

(
2

exp( Ω
kBT

)− 1
+ 1

)
(1.3)

whereEg,0 is the band gap energy of the material at 0 K,A is a temperature-independent

constant describing the electron–phonon interaction strength, Ω is the average phonon

energy, and kB is the Boltzmann constant. This relation appears to hold for SiNCs

as well, where blue-shift in PL was reported upon temperature decrease.135–137 Such

behaviour is a strong argument in favour of core-emission in SiNCs.

In addition to the shift in PL maximum, an increase in PL lifetimes generally is

observed for QDs at lower temperatures.138,139 For silicon, the increase in decay times
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is attributed to population of the triplet state at lower temperatures. Since transitions

from the triplet states are parity forbidden, electron–hole recombination rates from

that state are slower. Calcott et al.140,141 expressed the temperature dependence of the

singlet-triplet exchange, and thus the radiative recombination rate, Γr, as follows:

Γr =
3ΓT + ΓS exp(− ∆

kBT
)

3 + exp(− ∆
kBT

)
(1.4)

where ΓT and ΓS are the decay rates from the triplet and singlet states, respectively, ∆

is the singlet–triplet exchange energy, and kBT represents the thermal energy. Thus,

time-resolved photoluminescence measurements at cryogenic temperatures can be used

to analyze the radiative recombination rates in SiNCs. Together with steady-state PL

measurements, low temperature studies are powerful tools for the evaluation of the

optical response of SiNCs.

1.3.4 The Role of Oxygen in SiNC PL

The nature and effect of oxygen moieties on the optical properties of SiNCs is a heavily

debated area of study. Since many of the promising applications of SiNCs in bioimag-

ing, photovoltaics, and sensing arise from the optical properties of SiNCs, the role

of oxygen must be elucidated fully. Silicon forms strong, thermodynamically stable

bonds with oxygen, which drives the unwanted oxidation of silicon. Numerous reports

recorded the oxidation of H-SiNC and even the gradual oxidation of R-SiNCs under

ambient conditions. The effect is even more drastic for SiNCs dispersed in alcohols

and water.142,143 Both blue- and red-shift in PL maxima of SiNCs as a result of expo-

sure to oxygen have been reported, seeming to vary depending on the nature of the

SiNCs.2,58,144 Additionally, a decrease in PL intensity and absolute QY of SiNCs as a

result of exposure to oxygen has been observed by several researchers,132 while others

reported photoactivation (increase in PL intensity) as a result of oxidation.145

The nature of the oxygen surface species affecting the optical response of SiNCs has

not been determined definitely. Among the implicated moieties are Si/SiO2 interfaces,

bridging oxygen bonds (Si–O–Si), silicon hydroxyls (Si–OH), back-bonded oxygen (H–

Si–O), alkoxy bonds (Si–O–C), and silanones (Si=O).146 The latter has been observed

in bulky molecular systems but is disputed to occur on unstrained silicon surfaces.147–150

Part of the challenge in identifying the ”culprit” is the lack of experimental tools
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capable of probing each surface state individually. Several studies utilized Fourier-

transform infrared spectroscopy (FTIR) in tandem with PL spectroscopy to investigate

the effect of oxidation on the surface of SiNCs.144,145,151 However, an increase in the

signals of various combinations of the above-mentioned functional groups have been

observed, with no conclusive correlation between PL change and a specific surface state.

Theoreticians have proposed several models to explain the observed PL maximum

shift in SiNCs upon exposure to oxygen. Kanemitsu first proposed surface-mediated

emission associated with silicon suboxide defects, where a photon is absorbed by the

SiNC core and recombines at the interface between the Si/SiO2 matrix.152 Koch and

Petrova-Koch expanded on this model, proposing three possible emission pathways:

i) fast carrier-radiative recombination in the SiNC core, leading to a blue emission;

ii) recombination between a bound electron and a VB hole, leading to a yellow-green

emission; and iii) slow recombination between a bound electron and a surface-bound

hole, leading to a red emission, summarized in Figure 1.6a.1,153

Wolkin et al.2 suggested a 3-zone model based on crystallite diameter: i) 3–5 nm,

zone I, ii) 1.5–3 nm, zone II, and iii) below 1.5 nm, zone III (Figure 1.6b). In zone

I, free excitonic recombination occurs, while in zone II radiative recombination occurs

between an electron trapped in a surface-state (Si=O) and a free hole. Lastly, in

zone III, SiNC emission completely deviates from QC and occurs between two trapped

carriers. While this model is straightforward and accounts for some experimental

observations, the existence of a Si=O bond (outside of complex molecular systems)

has been disputed. Rather, it was shown to be an intermediate bond leading to Si–O–

Si. Vasiliev et al.154 calculated the reduced optical band gap of SiNCs as a result of

oxidation, which was attributed to silicon sub-oxides (Si–O–Si and Si–OH) rather than

a Si=O bond. However, due to computational challenges, no model currently exists to

explain the observed blue-shift in PL max of larger SiNCs. The prevailing theory is

the decrease in silicon core as a result of oxidation.155

The wealth of theoretical and experimental evidence of change in the PL properties

of SiNCs as a result of exposure to oxygen suggests that oxygen does play a key role

in SiNC PL. However, it appears that the initial size of the SiNCs dictates in which

direction the PL will shift. Both phenomena have not been observed for the same SiNC

system so far.
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Figure 1.6: Emission mechanism model for oxidized SiNCs proposed by Koch et al.1

for: (E0) carrier recombination across the band gap, (E1) band to surface state re-
combination, and (E2) recombination between carriers trapped in surface states (a).
Emission mechanism model proposed by Wolkin et al.2 to account for the observed red-
shift in silicon PL upon exposure to oxygen (b). Reprinted with permission from Phys.
Rev. Lett. 1999, 82, 197–200. Copyright c⃝2002 American Physical Society.

1.3.5 Effect of Conjugated Aromatic Ligands on SiNCs PL

The attachment of π-conjugated organic ligands to QDs has been explored as an avenue

for QD sensitization or energy transfer for opto-electronic applications. Generally,

attachment of a fluorophore to the surface of SiNC can lead to energy transfer from

the fluorophore to the SiNC (Figure 1.7a) or the other way around (Figure 1.7b).

Through careful energy level matching, the process of exciton insertion or extraction

from QDs can be made efficient.156,157

Energy transfer to SiNC. In the case of SiNCs, one approach to increasing their QY

involves the attachment of fluorescent dyes. Early work by Groenewegen et al. that

demonstrated the attachment of 3-vinylthiophene to the Si surface resulted in excited

energy transfer from the ligand to the Si conduction band upon photo-excitation with

ultrafast pump pulses.158 While comparison with alkyl passivated SiNCs was not pro-

vided, carrier dynamics were monitored directly by femtosecond transient absorption

spectroscopy. Similarly, excitation energy transfer was observed from 2- and 4-vinyl

pyridine to SiNCs.159 Since SiNCs are poor light absorbers, attaching π-conjugated

16



Figure 1.7: General representation for the mechanism of energy transfer to (a) and
from (b) the SiNC to the fluorophore.

organic ligands that can absorb in the UV region can lead to sensitization of the Si

core. The Ceroni and Korgel groups have utilized this approach successfully to make

a molecular light-harvesting antenna. Energy transfer from pyrene units to SiNCs re-

sulted in higher QY and longer lifetimes when the chromophore was covalently attached

to the SiNC core.160 In a follow-up study, the effect of chromophore sensitization as a

factor of distance from the Si core was investigated.161 Not surprisingly, the longer the

distance between the chromophore and the SiNC, the poorer the energy transfer was.

Tetraphenyl porphyrin Zn(II) dyes attached to SiNCs yielded similar light-harvesting

capabilities.162

Energy transfer from SiNC. Compared to SiNC sensitization studies, less has been

reported on energy transfer from the Si core to π-conjugated organic ligands. From

studies done on porous Si, it is known that the attachment of aromatic groups to silicon

can lead to PL quenching and energy transfer from the Si core to a triplet energy level

in the ligand.163 Kelly and Veinot reported the PL quenching of SiNCs upon grafting

of phenylacetylene ligand to the surface.101 Interaction between SiNCs and carbon

allotropes also was reported to result in quenching of the Si PL.161 However, in one

case, attachment of 9-vinylanthracene resulted in dual-emission, coming from the Si

core and the anthracene moiety.164 The varied optical responses observed from the

attachment of π-conjugated ligands to the surface of silicon suggest that energy level

matching is a key to efficient energy transfer.
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1.4 Thesis Outline

The following thesis summarizes the attempts made to gain a fundamental understand-

ing of the origin of SiNC luminescence and the role crystal size and surface chemistry

play in affecting the observed optical response. The thesis chapters are organized in

the following manner:

• Chapter 2 focuses on the temperature-dependent steady-state and time-resolved

PL measurements of SiNCs as a function of size and surface groups. An emission

mechanism is proposed to account for the varying optical response for the studied

SiNCs.

• Chapter 3 discusses the investigation into the role of oxygen in SiNC PL and

attempts to address the disparity that currently exists in the literature regarding

the PL maxima shift as a result of oxidation. A key finding of this work suggests

that the optical behaviour of SiNCs upon oxidation varies depending on their

size.

• Chapter 4 explores the effect that conjugated systems have on the optical response

of SiNCs. Through PL spectroscopy and Scanning Tunneling Microscopy, mid-

gap states were observed for conjugated systems attached to SiNCs.

• Chapter 5 summarizes the key findings of this thesis and proposes avenues for

future investigations.
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Chapter 2

On the Role Surface Groups Play

in Silicon Nanocrystal

Photoluminescence∗

2.1 Introduction

Silicon nanocrystals (SiNCs) showcase an array of favourable attributes, such as bio-

compatibility,165 rich surface chemistry,36 tunable colour photo- and electro-luminescence,117,166

and compatibility within the existing electronics industry. Many far-reaching proto-

type applications, utilizing SiNCs in the areas of opto-electronics, healthcare, optical

sensors, as well as energy conversion and storage, have been reported.166–170 Most of

these applications aim to capitalize on the luminescence of SiNCs, a complex subject

that has been debated for many years.

Almost immediately following Canham’s report of highly photoluminescent porous

silicon,41 the origin of the intense photoluminescence (PL) was debated widely.171 The

PL mechanism of freestanding SiNCs is similarly complex and controversial, with many

different models being proposed to explain the emission spectrum.146 Several factors

appear to play a role in the emission mechanism, including quantum confinement, an

incredibly rich and complicated silicon–oxygen (and hydrogen) surface chemistry, and

∗Part of this chapter has been published: Sinelnikov, R.; Dasog, M.; Beamish, J.; Meldrum, A.;
Veinot, J. G. C. ACS Photonics 2017, 4, 1920–1929. Reprinted with permission. Copyright 2017
American Chemical Society.
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the presence of nonradiative traps. However, the recent preparation of SiNCs with a

well-controlled surface chemistry has become possible, leading to quantum efficiencies

potentially above 60%172 along with new light emission and sensing modalities.168

Bulk silicon is an indirect band gap semiconductor and, consequently, does not

exhibit appreciable PL at ambient pressure and room temperature. When prepared

as discrete nanocrystals, however, the relaxation of crystal momentum conservation

laws and overlapping of the carrier wave functions leads to an increase in the radia-

tive recombination probability, and room temperature PL is observed routinely.173 A

pure quantum confinement model for SiNCs has been supported by several reports

of size-dependent PL.174–176 However, there are numerous reports of SiNCs exhibit-

ing PL maxima incongruent with theory, suggesting that additional mechanisms are

at play.117,177 Surface-state-related emission in SiNCs has, therefore, been proposed by

numerous researchers.120,121,178 Some of the surface species implicated as influencing the

emission wavelength include surface hydroxyl groups (Si-OH), bridging oxygen (Si–O–

Si), silicon-oxygen double bonds (Si=O), and silicon oxynitride (SiN3O) groups, among

others.2,118,146 The many contrasting reports beg the question: Is the PL observed for

SiNCs a manifestation of surface states, nanocrystal size, and/or a combination of these

effects?

The temperature dependence of the band gap of silicon is well-documented and is

described empirically by the Varshni equation;133 at lower temperatures the band gap

increases, leading to a spectral blue-shift of the PL maximum and a lower probability for

nonradiative transitions.179,180 Consistent with this relationship, the optical responses

of SiNCs derived from porous silicon,181 SiNCs embedded in a silica matrix,176,182 and

freestanding SiNCs93,136,137,183 show similar temperature dependence. However, con-

sidering the dramatic influence surface states can have on the SiNC optical response

and the established dependence of the surface structure on the preparation method,

isolating and understanding surface state effects on SiNC PL is important, though not

straightforward. Prior to the incorporation of freestanding SiNCs in practical appli-

cations, a more fundamental understanding of the PL emission mechanisms appears

necessary.

In this study, the emission behavior of freestanding SiNCs was investigated as a

function of temperature, surface chemistry, and size. A series of SiNCs with diameters

d = 3 and 5 nm and three different surface functionalities was prepared, and the

particles’ physical and chemical properties were probed by FTIR, XPS, and TEM.
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To gain insight into the PL mechanism, temperature-dependent PL and time-resolved

photoluminescence (TRPL) were performed from 37 to 377 K in 20 K increments,

demonstrating the dominant influence of surface groups on SiNC emission.

2.2 Materials and Methods

2.2.1 Reagents and Materials

All reagents were used as received, unless otherwise indicated. A methyl isobutyl

ketone (MIBK) solution of hydrogen silsesquioxane (HSQ, trade-name FOx-17) was

obtained from Dow Corning; the solvent was removed under vacuum, and the resulting

white solid was used without further purification. Electronic grade hydrofluoric acid

(HF, 49% aqueous solution) was purchased from J. T. Baker. 1-Dodecene (95%),

dodecylamine (98%), phosphorus pentachloride (PCl5, 98%), methanol (reagent grade),

ethanol (reagent grade), and toluene (HPLC grade) were obtained from Sigma-Aldrich.

HPLC grade acetonitrile was purchased from Caledon Laboratory Chemicals. Toluene

and acetonitrile were dried using a Grubbs-type solvent purification system (Innovative

Technologies, Inc.) prior to use.

2.2.2 Material Synthesis and Functionalization

Si/SiO2 Composite Synthesis and SiNC Liberation from Matrix. A detailed

account of silicon nanocrystal synthesis can be found elsewhere.85 Briefly, HSQ was

annealed for 1 h at 1100 ◦C under slightly reducing conditions (5% H2/ 95% Ar) to

produce a Si/SiO2 composite composed of ∼3-nm silicon nanocrystals embedded in a

silica matrix, composite 1. In order to produce larger nanocrystals (∼5 nm) composite

1 was annealed further for 1 h at 1200 ◦C to yield composite 2. Even larger particles

(∼8 nm) were obtained by annealing composite 1 for 1 h at 1300 ◦C to yield composite

3. Hydride-terminated silicon nanocrystals were liberated from the silica matrix by

etching the composite in a 1:1:1 HF/Ethanol/H2O solution for 1 h, followed by ex-

traction into toluene. (Caution: Hydrofluoric acid is extremely dangerous and must be

handled with great care.)

Thermal Hydrosilylation. Dodecyl functionalized silicon nanocrystals (R-SiNCs)

were synthesized using an established literature procedure for thermal hydrosilyla-
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tion.100 Freshly etched silicon nanocrystals (from composite 1 or 2), suspended in

toluene, were centrifuged twice for 10 min at 3000 rpm. After decanting the super-

natant, the particles were dispersed in 1-dodecene (20 mL) and transferred to an oven-

dried Schlenk flask, equipped with a Teflon stir bar and filled with Ar. The reaction

mixture was degassed three times and then heated for 18 h at 190 ◦C under an inert

atmosphere. On completion of the reaction, the Schlenk flask was transferred to a

glovebox for purification by precipitation. The reaction solution was partitioned into

equal amounts and transferred to predried 50-mL Teflon centrifuge tubes. Next, a 1:1

solvent:anti-solvent mixture of toluene:acetonitrile was added to the centrifuge tubes

for a total volume of ∼40 mL. After centrifugation for 10 min at 7000 rpm, the super-

natant was decanted, and the resulting yellow precipitate was dispersed in a minimal

amount of toluene. Following an addition of ∼10 mL acetonitrile, the centrifugation

was repeated. This step was repeated twice. The resulting precipitate was dispersed

in toluene, filtered through 0.45-µm PTFE syringe filter, and the solution stored in a

Teflon capped vial until further use.

Photochemical Hydrosilylation. Oxidized dodecyl functionalized silicon nanocrys-

tals (Ox. R-SiNCs) were synthesized following a literature procedure with some mod-

ifications.101 Freshly etched silicon nanocrystals (from composite 1 or 2), suspended

in toluene, were centrifuged twice for 10 min at 3000 rpm. After decanting the su-

pernatant, the particles were dispersed in 1-dodecene (20 mL) and transferred to an

oven-dried, argon-filled Schlenk flask equipped with a Teflon stir bar and a quartz in-

sert. Following three cycles of degassing, a 365-nm LED UV light source was placed

in the quartz insert, and the reaction flask was covered with aluminum foil. The pho-

tochemical reaction was carried out for 48 h under a slow argon flow; the resulting

solution was semi-transparent yellow. Purification was carried out by evenly dispens-

ing the reaction solution into 50-mL Teflon centrifuge tubes (∼5 mL) and adding a 1:2

ethanol:methanol mixture, resulting in a cloudy dispersion. Next, the solutions were

centrifuged for 20 min at 12000 rpm. After decanting the supernatant and dispersing

the particles in a minimal amount of toluene, the centrifugation process was repeated

twice more. In the last step, the silicon nanocrystal solution was filtered through a

0.45-µm PTFE syringe filter and stored in a Teflon capped vial until further use.

Chlorination and Amine Functionalization. Dodecylamine functionalized silicon

nanocrystals (RN-SiNCs) were synthesized using a slightly modified procedure pre-
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viously reported by the group.117 Starting from larger particles (composite 2 or 3),

freshly etched silicon nanocrystals, suspended in toluene, were centrifuged for 10 min

at 3000 rpm. After discarding the supernatant, the particles were redispersed in 15

mL dry toluene and transferred to an oven-dried Schlenk flask, equipped with a Teflon

stir bar and filled with Ar. First, the surface of the particles was chlorinated by adding

0.3 g of PCl5 and heating to 40 ◦C for 1 h. After removing the solvent and byproducts

under reduced pressure, the particles were redissolved in fresh, dry toluene (∼10 mL)

and further reacted with 0.2 g dodecylamine for 12 h at 40 ◦C; the resulting solution

was clear yellow. Purification involved multiple washings of the reaction solution with

a brine solution using a separatory funnel, followed by solvent and by-product removal

under vacuum. The resulting yellow precipitate was dispersed in toluene and filtered

through a 0.45-µm PTFE syringe filter, and the solution was stored in a Teflon capped

vial until further use.

2.2.3 Material Characterization and Instrumentation

Fourier-transform infrared spectroscopy (FTIR) was performed using a Nicolet Magna

750 IR spectrophotometer.

X-ray photoelectron spectroscopy (XPS) measurements were performed on a Kratos

Axis Ultra instrument operating in energy spectrum mode at 210 W. Samples were

prepared by drop-casting SiNC dispersions in toluene onto a copper foil substrate.

The base pressure and operating chamber pressure were maintained at 10-7 Pa. A

monochromatic Al Kα source (λ = 8.34 Å) was used to irradiate the samples, and

the spectra were obtained with an electron takeoff angle of 90◦. CasaXPS software

(VAMAS) was used to interpret spectra. All the spectra were calibrated internally to

the C 1s emission (284.8 eV). After calibration, the background was subtracted using

a Shirley-type background to remove most of the extrinsic structure loss. The high-

resolution Si 2p region was fit to Si 2p1/2 and Si 2p3/2 components, with spin-orbit

splitting fixed at 0.6 eV, and the Si 2p1/2 / Si 2p3/2 intensity ratio set to 1/2.

Transmission electron microscopy (TEM) images were obtained using a JEOL-2010

electron microscope equipped with a LaB6 filament and operated at an accelerating

voltage of 200 kV. The TEM samples were prepared by drop-coating SiNC dispersions

in toluene onto a lacey carbon coated copper grid with a 300-µm diameter hole. Particle

size distribution was calculated by counting at least 200 particles using ImageJ software

23



(Version 1.49).

Temperature-controlled PL spectroscopy and TRPL measurements were carried

out using a CTI cryogenics (controller model 8000 and compressor model 8300) helium

closed-cycle refrigerator. First, a solution containing silicon nanocrystals was drop-cast

and concentrated to one spot on a 1x1 cm silicon wafer. The wafer was mounted on

a copper stage connected to a Cryo-con 32 temperature controller. All measurements

were performed under high vacuum (10-6 Torr) maintained by a Varian Turbo Dry 70

vacuum pump with a Varian BA2C senTorr gauge controller. An Argon ion laser with

a 351-nm emission wavelength was used to excite R-SiNCs and Ox. R-SiNCs. The

resulting PL was focused by a double convex 5-cm focal length lens, collected by an

optic fiber, passed through a 550-nm long-pass filter to eliminate scattered light from

the excitation source, and fed into an Ocean Optics USB2000 spectrometer. The spec-

tral response was calibrated by a black-body radiator (Ocean Optics LS1). For TRPL

measurements, the excitation light was modulated by an acousto-optic modulator (re-

sponse time ∼50 ns) operated at a frequency of 200 Hz with a 50% duty cycle. As

before, the PL was fed into an optic fiber, passed through a 550-nm long-pass filter, and

was then incident on a Hamamatsu H7422P-50 photomultiplier tube (PMT) interfaced

with a Becker-Hickl PMS-400A gated photon counter. The PL data was collected in

1 µs timesteps, and a total of 10000 sweeps were collected for a good signal-to-noise

ratio. The responsivity of the PMT falls off rapidly after 850 nm, so any contributions

coming from wavelengths much longer than this will not contribute significantly to the

measured decay.

For RN-SiNCs, a modelocked, frequency-doubled Ti:sapphire laser (Spectra-Physics

Tsunami, 385 nm) operated at 80 MHz with ∼2-ps pulses was used as the excitation

source. The resulting PL was focused by a double convex 5-cm focal length lens, col-

lected by an optic fiber, passed through a 400-nm long-pass filter, and fed into an Ocean

Optics USB2000 spectrometer. For TRPL, instead of the spectrometer, a Becker-Hickl

HPM-100-50 photon counting PMT was used. The arrival times were analyzed by

a SPCM multiscaler operated with 50-ps time steps. Since the TRPL results can

depend on the excitation power (especially in the high-power, non-linear regime),184

care was taken to ensure that the excitation power was constant and relatively low (6

mW/cm2), where the luminescence intensity varied linearly as a function of excitation

flux. Absolute quantum yields were measured using a HORIBA K-Sphere Petite inte-

grating sphere (diameter: 3.2 in), equipped with a xenon lamp (185–850 nm) with a
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wavelength-selecting monochromator for the excitation.

2.3 Results and Discussion

2.3.1 Size and Surface Characterization of SiNCs

The preparation of the materials used for the present study has been reported previ-

ously.100,101,117 Briefly, SiNCs (diameter ∼3 nm) embedded in a silica-like matrix were

formed upon thermal processing of HSQ at 1100 ◦C under a slightly reducing atmo-

sphere. Subsequent annealing at 1200 and 1300 ◦C afforded larger particles (i.e., ∼5 and

8 nm diameters, respectively).85 Following etching in alcoholic hydrofluoric acid, the

surfaces of the liberated hydride-terminated SiNCs were functionalized with 1-dodecene

using thermal hydrosilylation and photochemical hydrosilylation (Scheme 2.1).100,101

To prepare N-tethered dodecylamine SiNCs, an alternative functionalization proto-

col, in which SiNC surfaces were chloride-terminated upon treatment with phospho-

rus pentachloride (PCl5), was employed.117 Using these procedures, three distinct sil-

icon surfaces were obtained: i) alkyl-terminated SiNCs (R-SiNCs; R = monolayer

and oligomeric dodecyl) prepared with limited to no surface oxidation; ii) oxidized

alkyl-terminated SiNCs (i.e., Ox. R-SiNCs), in which the NC surface was partially

oxidized,92 and iii) alkylamine-terminated nanocrystals (RN-SiNCs) bearing nitrogen-

bonded alkyl moieties and oxynitride surface species.

Scheme 2.1: Synthesis and functionalization of silicon nanocrystals.
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Figure 2.1: FTIR spectra of 3-nm (a) and 5-nm (b) R-SiNCs (red) Ox. R-SiNCs
(orange), and RN-SiNCs (blue).

The presence of the desired surface groups on SiNCs was confirmed by FTIR. In

Figure 2.1, intense vibrations at 2650–2900 cm-1 and 1380–1470 cm-1, which are consis-

tent with C–H stretching and bending vibrations of the dodecyl chain, respectively, are

observed for all SiNCs. 3- and 5-nm R-SiNCs and RN-SiNCs show lower intensity Si–

O–Si (∼1100 cm-1) and Si-Hx (∼2100 cm-1) stretching compared to their Ox. R-SiNCs

analogues, suggesting that the surface of the latter particles is less efficiently passivated

and more oxidized. In addition, the presence of the N–H stretching (3300–3500 cm-1)

and bending (1550–1640 cm-1) signals is consistent with dodecylamine functionalization

of SiNCs in the case of RN-SiNCs.

Further evaluation of the SiNCs surfaces and oxidation state(s) was performed using

XPS. High resolution spectra of the Si 2p region (Figure 2.2) revealed the presence of

an emission at 99.3 eV for 3- and 5-nm R-SiNCs and Ox. R-SiNCs, which was assigned

to Si(0). Other components at 100.1, 101.3, 102.4, and 103.4 eV were assigned to ligand

passivated silicon surface and sub-oxides.85 Notably, the Si(IV) component associated

with a formal Si–O bond is much stronger in Ox. R-SiNCs (Figure 2.2 c-d) compared to

their R-SiNC analogues (Figure 2.2 a-b). In contrast, RN-SiNC spectra only contain

Si(II) and Si(III) components, most likely due to the stronger electron withdrawing

nature of an oxynitride species.185
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Figure 2.2: High resolution X-ray photoelectron spectra of Si 2p peak for 3-nm R-
SiNCs (a), Ox. R-SiNCs (c), RN-SiNCs (e) and 5-nm R-SiNCs (b), Ox. R-SiNCs
(d), and RN-SiNCs (f). Please note, only 2p3/2 deconvolution components are shown;
2p1/2 components are omitted for clarity.
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Figure 2.3: Bright field TEM images for 3-nm R-SiNCs (a), Ox. R-SiNCs (b), RN-
SiNCs (c) and 5-nm R-SiNCs (d), Ox. R-SiNCs (e), and RN-SiNCs (f).

Particle size was confirmed by TEM. Minimal particle aggregation was observed in

the TEM micrographs for all six samples, suggesting that effective surface passivation

was obtained (Figure 2.3). In addition, size distribution analysis revealed that the

particles were statistically equivalent in size for the two sets of particles (3 and 5 nm,

Figure 2.4).

The set of NCs provides an opportunity to probe and isolate the roles of various

contributing factors affecting SiNC PL. The alkyl-terminated R-SiNC interfaces have

been considered innocent in the PL of Si nanomaterials; in this context R-SiNCs are

expected to exhibit an intrinsic band gap PL from the SiNC core. The PL response

of Ox. R-SiNCs is expected to be influenced by the effects of oxidation, and emission

from RN-SiNCs is expected to be affected strongly by the surface amine groups that

lead to blue luminescence.118,121,128 As expected, different PL spectra were observed for

the surface functionalities investigated, regardless of NC dimension (Figures 2.3-2.4).
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Figure 2.4: Size-distributions histograms of 3-nm R-SiNCs (a), Ox. R-SiNCs (c),
RN-SiNCs (e) and 5-nm R-SiNCs (b), Ox. R-SiNCs (d), and RN-SiNCs (f).
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Figure 2.5: (a) Photograph of 3-nm RN-SiNCs, Ox. R-SiNCs, and R-SiNCs (from left
to right) in toluene under benchtop UV illumination. The corresponding QY is shown
above each vial. (b) The corresponding room temperature PL spectra upon excitation
at 350 nm. (c, d) The same as (a) and (b) for 5-nm SiNCs.

The PL of R-SiNC, Ox. R-SiNC, and RN-SiNC luminescence appeared red, orange,

and blue, respectively (Figure 2.5 a-b). Larger SiNCs showed the same general trend,

however, the PL maxima for R-SiNCs and Ox. R-SiNCs were slightly red-shifted for

those particles (Figure 2.5 c-d). The quantum yields (QY) for the SiNCs are labeled

above the corresponding images in Figure 2.5.
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2.3.2 Temperature-dependent Steady-state Photoluminescence

of SiNCs

To probe the PL response of the differently functionalized SiNCs further, PL spec-

troscopy and TRPL measurements were carried out as a function of temperature. The

PL spectra of SiNCs with all three surface groups were slightly skewed toward longer

wavelengths (Figure 2.6). To determine the peak wavelength, λp, the spectra were

modeled using a skewed Gaussian function given by:186

IPL = A · exp
[
− ln2

[
ln
(
1 +

2b(λ− λp)

σ

)1
b

]2]
(2.1)

where IPL is the emission intensity, σ represents the standard deviation, b is an asym-

metry parameter that is positive for positive skewness, and A is a scaling parameter.

This model provides an excellent fit to the PL spectra, from which one can extract the

peak wavelength, integrated intensity, and degree of skewing in the spectrum. Gaus-

sian, Lorentzian, and lognormal models also were tested but yielded poorer fits, as

determined by an analysis of both the errors and residuals. Although one cannot rule

out the presence of multiple underlying peaks, in the absence of any reason to as-

sume such multiple peaks, the skewed Gaussian was the model with the fewest free

parameters.

The maximum of the PL spectrum shifted to shorter wavelengths (blue-shifted)

for the R-SiNCs and Ox. R-SiNCs as the temperature decreased. In comparison,

a slight red-shift of the PL maximum for the RN-SiNCs was noted, which yielded

a sigmoidal-like temperature dependence (Figures 2.6 a-c and d-f for 3- and 5-nm

SiNCs, respectively). The contrasting trends observed for R-SiNCs and RN-SiNCs

are consistent with fundamentally different emission mechanisms occurring in the two

cases. For R-SiNCs (and perhaps also for Ox. R-SiNCs), the shift in PL maximum

is consistent with a temperature-dependent change in the band gap,133,134 although

other factors, such as the singlet–triplet energy gap (also dependent on temperature,

as discussed below) could play a role. In contrast, RN-SiNCs do not show a band

gap-like temperature dependence of the PL spectrum.

Over-excitation of the SiNCs could be the cause of the observed PL shift, which has

been shown to affect PL peak position and intensity.135,187 Therefore, the PL spectrum

and intensity of 5-nm R-SiNCs at 40 K was measured over a range of excitation power
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Figure 2.6: Temperature dependence of the PL spectrum for the 3-nm (a) R-SiNCs,
(b) the Ox. R-SiNCs, and (c) the RN-SiNCs, and their 5-nm analogues (d-f), respec-
tively. The data is normalized to make it easier to compare the spectral shapes.

densities. Figures 2.7 a and b show that the low excitation power density (∼6 mW/cm2)

used in these experiments falls well within the linear regime of the PL intensity vs.

excitation power curve before any saturation effects of the PL intensity can be observed.

In addition, within the excitation power range measured, very little shift (∼4 nm) in

PL maximum was observed.

At low temperatures, the PL maximum corresponded to band gap energies, Eg, of

1.53 and 1.80 eV for the 5- and 3-nm diameter R-SiNCs, respectively. This compares

quite well with the first-principles theoretical values given by:188

Eg =

√
E2

g,Si +
D

r2
(2.2)

where D = 4.8eV 2 · nm2, r is the nanocrystal radius, and Eg,Si is the bulk band gap,

which yielded 1.46 and 1.87 eV for the two sizes. For Ox. R-SiNCs, the observed peak

energies were 1.79 eV (5 nm) and 1.87 eV (3 nm). This relative difference of only 0.08
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Figure 2.7: Excitation power density control measurements of 5-nm R-SiNCs at 40
K: (a) PL spectra (b) PL intensity from skew-normal fitting.

eV is much smaller than for the un-oxidized case (i.e., R-SiNCs) and much smaller than

predicted for particles of these sizes. The shift of the PL maximum to higher energies

in the oxidized samples and the poor agreement with theory suggest that oxide surface

species play a role in the emission mechanism.

RN-SiNCs behaved differently; the PL maximum showed a weaker, sigmoidal tem-

perature dependence, which trended in the opposite sense (i.e., it red-shifted slightly

with decreased temperature). Surface-state-related emission arising from charge trans-

fer recently has been shown to be temperature independent in metal–organic com-

plexes,189,190 and in the case of ZnO nanorods, a weak sigmoidal-like temperature

dependence was reported for a surface state emission.191 Thus, the similar overall be-

haviour observed for RN-SiNCs could arise from a similar charge transfer to a surface

state associated with the nitrogen-based surface termination and, is also expected to

display minimal temperature dependence.

The PL intensity of 3- and 5-nm SiNCs also varied as a function of temperature

(Figure 2.8 c-d). Consistent with previous reports,135,176 as the temperature was in-

creased the PL intensity decreased notably across all samples, and nearly complete

quenching was observed for 3-nm RN-SiNCs at the highest temperature investigated

(377 K). The decrease in PL intensity as the temperature was elevated is attributed

typically to the presence of nonradiative decay channels.48 Thermally activated tun-

neling of carriers through the surface oxide and increased carrier diffusion from the NC
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core to the surface traps have been proposed as nonradiative recombination mecha-

nisms in SiNCs.134,192 In this context, it is reasonable that the impact of surface states

on PL will be influenced by temperature.

Figure 2.8: PL peak energy position as a function of temperature for the 3-nm (a) and
5-nm (b) R-SiNCs (red), Ox R-SiNCs (orange), and RN-SiNCs (blue). The uncertainty
in the peak positions from the model fit (Eq. 2.1) is smaller than the data points.
Integrated intensity as a function of temperature obtained from skew-normal fitting
for 3-nm (c) and 5-nm (d) SiNCs. The standard deviations (given as error bars) were
obtained by repeating the measurements for two temperatures (60 and 293 K) five times.
The data are normalized to the highest intensity and offset for clarity in comparing the
trends.
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2.3.3 Temperature-dependent Time-resolved Photoluminescence

of SiNCs

To gain further insight into SiNC emission pathways, TRPL measurements were per-

formed at temperatures from 37 to 377 K, in 20 K increments. The overall luminescence

decay rate comes from both the radiative and nonradiative decay channels. Although

SiNCs most often are assumed to exhibit a stretched exponential decay,193 in this case,

a lognormal distribution of lifetimes provided a better fit to NC decay dynamics,194,195

and it represents a reasonable approximation to the lognormal size distributions (Fig-

ure 2.4). Generally, the decay rate distribution, Φ(Γ), is related to the PL decay curve

by:

It =

∫ 0

∞
A · exp

[
−
( lnΓ− lnΓ0

W

)2]
exp[−Γt]dΓ + c (2.3)

where the frequency, Γ0, is the most probable decay rate, c is an offset, W is a pa-

rameter related to the width of the frequency distribution on ∆, such that W =

arcsinh[∆/(2Γ0)], and A is a normalization constant given by:

A =

(√
πΓ0Wexp

[
W 2

4

])−1

(2.4)

Finally, the estimated mean lifetime, µτ , is given by:

µτ =
1

exp

(
lnΓ0 +

arcsinh
(

∆
2Γ0

)2
4

) (2.5)

Equations 2.3–2.5 were used to model the observed luminescence decays, where the

free parameters were Γ0, ∆, and the offset c.

PL lifetimes were collected at temperatures from 37 to 377 K, in 20 K increments.

The R- and Ox. R-SiNCs showed microsecond-scale dynamics upon excitation at 351

nm (Figure 2.9 3 a-b). The temperature-dependent TRPL results show an increasing

mean lifetime with decreasing temperature for all samples, with values approaching 1

ms for 3-nm Ox. R-SiNCs (Figure 2.9 c-d). While short lifetimes have been reported

previously for heavily oxidized SiNCs,92 these particles exhibited no nanosecond decay

components, most likely due to the lower degree of oxidation.

There is a strong size dependence in the response of the mean lifetimes of the R-
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Figure 2.9: PL decays for 3-nm R-SiNCs (a) and Ox. R-SiNCs (b) at three different
temperatures (c) mean lifetime from the lognormal fit as a function of temperature for
3- and 5-nm R-SiNCs and (d) 3- and 5-nm Ox. R-SiNCs.

SiNCs to temperature. The d = 5-nm particles showed a modest dependence of the

mean lifetime with temperature, while the smaller R-SiNCs showed a much more pro-

nounced change. The proportional relationship between PL decay and SiNC diameter

has been reported previously196 and attributed to quantum confinement of electron–

hole pairs in real space, which leads to dipole allowed transitions for smaller SiNCs.7,46

The lifetimes of SiNCs are evaluated usually in terms of the singlet–triplet model pro-

posed by Calcott et al.,140,141 which accounts for an energy gap ∆S-T between the

lower energy excitonic triplet and the higher-energy singlet states. According to this

model, at low temperatures the dynamics are dominated by the much slower triplet

recombination, thus accounting for the longer lifetimes observed at lower temperatures

for R-SiNCs.

The partly oxidized particles, on the other hand, show a different behavior. Not

only does the peak PL wavelength shift to higher energy, as previously discussed,

but the temperature dependence of the decay rates is also different, especially for the

larger NCs. In contrast to the R-SiNCs, the overall temperature dependence appears
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essentially similar for both NC sizes. The natural conclusion may be that partial

oxidation decreases the effective core diameter, increasing the emission energy, and

changing the temperature dependence of the decay rates. However, this explanation

is not wholly satisfactory, since the 3-nm Ox. R-SiNCs are not nearly as different

from one another as might be expected based on the behavior of the alkyl-terminated

NCs. As previously discussed, a proportional relationship between lifetime and particle

size exists, thus, if a 3-nm Ox. R-SiNC core is shrinking, a shorter lifetime would be

expected compared to 3-nm R-SiNCs. Moreover, if a shrinking Si core is assumed,

then the 3-nm Ox. R-SiNCs (being more reactive) should shrink more than their 5-nm

counterparts. However, from band gap energy calculations after oxidation, the two

sizes emit closer in energy, which is opposite to the expected behaviour.

Surface groups exhibit a more dramatic effect on the PL lifetime in the case of the

RN-SiNCs (Figure 2.10). For this system, no microsecond component was detected

(nanosecond only), and only a very limited temperature dependence of the decay dy-

namics was found (λex = 385 nm). Several different models were attempted to fit the

TRPL data, including a single exponential, stretched exponential, lognormal, and dou-

ble exponential. According to the latter, the intensity at time t, It, decays according

to:

I(t) = A · e(−t/τ1) +B · e(−t/τ2) + c (2.6)

where A and B are multiplicative factors, τ1 and τ2 are the decay times and c is

the offset. Equation 2.6 yielded the smallest residuals and errors. For convenience,

the two lifetimes are referred to as long and short. The longer lifetime component

increased from 3.1 to 3.2 ns (3-nm NCs) and 3.0 to 3.1 ns (5-nm NCs) upon cooling from

room temperature to 37 K. The short lifetime is approximately 600 ps and appeared

to be temperature independent for both particle sizes. The limited particle size and

temperature dependence of the PL lifetimes and the dramatic differences in comparison

to the R-SiNCs and Ox. R-SiNCs exhibited by the RN-SiNCs particles provides strong

evidence that the oxynitride surface moieties play a dominant and quite different role

in the SiNC PL.

Previous studies have shown that high excitation powers can shorten the lifetime

dynamics of SiNCs, due especially to Auger processes.46 At higher optical excitation

power, one can generate multiple interacting excitons per nanocrystal, and this is
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Figure 2.10: Long (dark blue) and short (light blue) lifetimes for 3-nm (filled squares)
and 5-nm (hollow circles) RN-SiNCs (a). Lifetimes for 3-nm RN-SiNCs at selected
temperatures (b).

believed to become more likely at lower temperatures.187 A control experiment was

carried out at 40 K by varying the excitation power density, as shown in Figure 2.11.

The changes in the mean lifetimes as a function of excitation power showed no trend and

were within the error limits of the measurements. In another study, over-excitation was

shown to shorten mainly the fast (nanosecond) component of the PL lifetimes.184 RN-

SiNCs do have nanosecond lifetime dynamics but, here again, no variation in the decay

rate was observed as a result of increasing excitation fluence.121 Thus, the observed

trends in the present study are not likely to be caused by over-excitation.

Figure 2.11: (a) TRPL spectra and (b) the corresponding mean PL lifetimes from
lognormal fitting at varying excitation power.
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2.3.4 Proposed Emission Mechanisms for SiNCs

To understand the mechanisms associated with the three different SiNC surfaces in-

vestigated here, it is useful to summarize the experimental observations first:

1. The PL emission peak energy decreases as a function of temperature for R-SiNCs

and Ox. R-SiNCs but shows a slight, sigmoidal-like increase for RN-SiNCs. This

occurs for both 3-and 5-nm NCs.

2. The PL intensity generally decreases as a function of increasing temperature for

all the different surface functionalities.

3. The R-SiNCs and Ox. R-SiNCs have a PL lifetime on the order of hundreds

of microseconds, which decreases with increasing temperature. In contrast, the

RN-SiNCs show only a nanosecond lifetime that is minimally dependent on tem-

perature.

These points and the corresponding spectral evidence provide a basis for resolving

the origin of the PL for the three distinct SiNCs presented here. The observed blue-shift

in PL maximum and longer lifetimes at lower temperatures for R-SiNCs, along with

the lack of evidence for culpable surface groups, indicate that the dominant emission

arises from a band gap transition (Figure 2.12). This is consistent with modeling by Li

et al.,197 in which alkyl passivation of SiNCs minimally changes the electronic states

of the particles and, as a consequence, has minimal effect on the luminescence. Thus,

the R-SiNCs provide a reference point against which the other surface functionalities

can be compared directly.

The PL characteristics of the amine-terminated NCs stand out as different from

those of the R-SiNCs and Ox. R-SiNCs. The minimal influence of temperature on

PL spectra is consistent with a charge-transfer mechanism similar to that noted for

Ce3+-activated lanthanide silicon oxynitrides.198 Similar to the case for the RN-SiNCs,

nanosecond-timescale, bi-exponential PL lifetimes were noted for silicon-rich silicon

nitride films, which also showed minimal temperature dependence of the PL max-

ima.199 The luminescence mechanism was attributed to nitrogen related surface states

in SiNCs. Drawing on these observations and another recently proposed mechanism,121

we suggest that PL from the present RN-SiNCs originates from a rapid charge transfer

from the excited state of an SiNC to a high energy silicon oxynitride surface state
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Figure 2.12: Proposed emission mechanisms for SiNCs. The thermalization rates
and electron trapping rates were obtained from ref. 199 and 202, respectively.

(Figure 2.12, right), which is faster than the thermalization rate of the electron to the

lowest level in the conduction band (1–100 ps).200 Consequently, the exciton recom-

bination occurs entirely at the oxynitride surface state and is isolated from the SiNC

core.

The effect of oxide on the surface is more subtle. In this case, the PL emission was

only slightly blue-shifted relative to the alkyl-terminated particles, but the tempera-

ture dependence was essentially similar (both blue-shifting and increasing in intensity

at lower temperature). Moreover, the PL lifetimes of Ox. R-SiNCs remained in the mi-

crosecond regime, even increasing slightly relative to the R-SiNCs at low temperature

where nonradiative decay mechanisms are minimized. The proposed mechanism (Fig-

ure 2.12, left) involves exciton splitting,201 resulting in an electron being trapped at

an oxide surface state (most likely bridging oxygen)202 and subsequent recombination

with a hole in the valence band. Delerue et al. proposed that electron trapping rates

are faster than hole trapping rates due to the smaller capture barrier associated with

the former.46 Experimentally, electron trapping rates in silicon oxides were measured

to be as short as ∼400 fs.203 The electron withdrawing nature of the oxygen trap state
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and its spatial separation204 prevent the electron from tunneling back to the bottom

of the conduction band, thus, the recombination occurs with the hole at the top of

the valance band. The temperature dependence of the Ox. R-SiNC PL maxima is

consistent, by and large, with this idea. The luminescent Si-O defect states should

be mainly temperature-independent.205 However, due to band gap broadening at low

temperatures, the trapped electron recombines with a free hole in a deeper energy level,

leading to the observed small blue-shift at lower temperatures for the Ox. R-SiNCs.

2.4 Conclusion

In summary, the temperature dependence of alkyl, partially oxidized, and alkylamine

functionalized SiNCs PL emission was investigated for particles of ∼3 and ∼5 nm

in diameter. Alkyl-terminated SiNCs exhibited a behaviour dominated by band-gap

transitions consistent with the proposal that alkanes do not interfere with intrinsic core

SiNC emission. Similarly, partially oxidized SiNCs displayed temperature-dependent

PL emission, with a blue-shift of the PL maximum at lower temperatures. How-

ever, the longer lifetimes observed for these particles suggest that oxide moieties do

affect the recombination pathways in SiNCs. Lastly, temperature-dependent measure-

ments of blue-emitting alkylamine-functionalized SiNCs provided evidence for surface-

state-influenced emission. TRPL measurements revealed limited temperature and size-

dependent PL dynamics for RN-SiNCs, further supporting a surface-state emission

mechanism. Surface groups evidently have a critical effect on freestanding SiNC lumi-

nescence mechanisms, which may be important when considering the preparation of

SiNCs for optoelectronic applications.
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Chapter 3

The Effect of Oxidation on the

Optical Response of Silicon

Nanocrystals

3.1 Introduction

Arguably, one of the most fascinating aspects of silicon nanocrystals (SiNCs) is their

intricate optical response. To date, room temperature photoluminescence (PL) span-

ning from the visible to near-infrared has been reported for SiNCs. Numerous studies

have shown that SiNC PL can be tuned by varying the nanocrystal size below silicon’s

Bohr exciton radius (∼4.5 nm), as dictated by quantum confinement (QC).46,86,90,174 In

addition, surface defects, dangling bonds, and surface groups can govern the intensity,

colour emission, and excited-state PL lifetimes of SiNCs.118,177,206,207 As many of the

promising applications of SiNCs in bioimaging,165,208,209 sensing,168,195 and optoelec-

tronics210,211 capitalize on their optical response, understanding the factors affecting

SiNCs PL is vital.

One factor that appears to play a key role in SiNC emission mechanism is surface

oxidation. PL degradation and shift in emission maximum has been known for porous

silicon.2,146,212–214 Similarly, a decrease in absolute quantum yields (AQY) and a PL

shift to shorter wavelengths (blue-shift) has been observed for both hydride-terminated

and ligand-passivated, free-standing SiNCs.172,215–217 Generally, a blue-shift in PL max-

imum has been reported for particles greater than 2 nm in diameter. In contrast, a PL
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shift to longer wavelengths (red-shift) upon exposure to ambient conditions has been

noted for smaller SiNCs (2–3 nm).204 Further, SiNC PL enhancement via photoacti-

vation by an oxygen:ethanol mixture has been reported.145 These conflicting reports

regarding the effect of oxidation on the optical response of SiNCs, which may arise due

to different preparation methods of the material,118 impede the elucidation of their

emission mechanism.

The exact nature of the surface oxides formed and their effect on the emission mech-

anism of SiNCs is not understood well. Much effort has been made to identify the oxide

species responsible for the observed PL shift in SiNCs upon oxidation.2,144,154,155,218 For-

mation of surface silanones (Si=O) has been theorized by several groups as an electron

trap state below the conduction band from which recombination occurs, thus account-

ing for the observed red-shift in small SiNCs.2,219–221 However, though observed in

bulky molecular systems,147,150 silanone bonds have not been observed experimentally

on the surface of silicon nanocrystals. Other suboxides implicated in the observed PL

shifts include bridging oxygen bonds (Si–O–Si),154,222 silanols (Si-OH),218 and oxygen-

backed silicon hydrides (-OySi–Hx).
144 Another school of thought suggests that the

observed blue-shift in SiNC PL upon surface oxidation is due to silicon core size reduc-

tion.155 As predicted by quantum confinement, smaller SiNCs are expected to emit at

shorter wavelengths.174 In one study, tuning the emission of SiNCs across the visible

light spectrum has been achieved by controlled oxidation of H-SiNCs, which led to core

shrinkage and formation of a SiOxHy shell.223

The effect of oxidation seems to vary considerably depending on the initial size of

the SiNC. Blue- and red-shift in PL maxima of SiNCs have been reported, however,

both phenomena have not been observed for the same SiNC system so far. Thus, the

aim of this study is to investigate the role of oxygen in SiNC PL and address the

disparity regarding the PL maxima shift as a result of oxidation. H-SiNCs and alkyl-

passivated SiNCs were synthesized and their optical response under water vapour and

oxygen atmospheres was investigated.
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3.2 Materials and Methods

3.2.1 Reagents and Materials

All reagents were used as received, unless otherwise indicated. Electronic grade hy-

drofluoric acid (HF, 49% aqueous solution) was purchased from J. T. Baker. 1-octene

(98%), phosphorus pentachloride (PCl5, 98%), aluminum oxide (99.5%), methanol

(reagent grade), benzene (reagent grade), ethanol (reagent grade), and toluene (HPLC

grade) were obtained from Sigma-Aldrich. Toluene was dried using a Grubbs-type

solvent purification system (Innovative Technologies, Inc.) prior to use.

3.2.2 Material Synthesis and Functionalization

Si/SiO2 Composite Synthesis and H-SiNC Liberation. The SiNC synthesis

described herein is based on a known method.85 Briefly, 5.00 g of polymeric HSQ,

synthesized following a literature procedure,224 were placed in a zirconia boat, loaded

into a tube furnace, and annealed for 1 h at 1100 ◦C under slightly reducing conditions

(5% H2/ 95% Ar) to render a Si/SiO2 composite. The composite was suspended in

n-pentane and pulverized using an agate mortar and pestel. The resulting fine powder

was suspended in ethanol and transferred to a thick-walled glass flask containing 5 mm

borosilicate beads. The solution was shaken for 4 h with a mechanical wrist action

shaker. Subsequent Buchner filtration rendered the Si/SiO2 composite.

Hydride-terminated particles (H-SiNCs) were obtained from the composite by HF

etching. (Caution: Hydrofluoric acid is extremely dangerous and must be handled

with great care.) In a typical reaction, 200 mg of composite were transferred to a

Teflon beaker charged with a stir-bar and a 1:1:1 solution of 49% HF:Ethanol:H2O.

The etching time varied depending on the desired particle size (and thus emission

colour). For red-emitting SiNCs, a 40 min etch time was employed. To obtain smaller

SiNCs, the etch time was extended to 60 min for orange-emitting SiNCs and 90 min

for yellow-emitting SiNCs. A colour change from mustard yellow to very pale yellow

was observed with increasing etching time. The resulting H-SiNCs were extracted into

toluene and further treated as outlined below. It is to be noted that etching time

strongly depends on Si/SiO2 composite. Target SiNCs were tested qualitatively with a

hand-held UV flashlight prior to extraction into toluene. The freshly etched H-SiNCs

were centrifuged twice for 5 min at 3000 rpm, with redispersion in dry toluene between
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cycles.

Next, the H-SiNCs were subjected to further functionalization (vide infra) or dis-

persed in dry benzene (10 mL) and freeze-dried (lyophilized). Sample freeze-drying

was carried out on a Schlenk line, where a suspension of SiNCs in benzene was trans-

ferred to an Ar-filled, dry flask. The suspension was subjected first to a quick vacuum,

to evacuate the headspace, after which the flask was immersed in a Dewar containing

liquid nitrogen under close vacuum. Once the suspension was fully frozen, the flask

was opened to vacuum and lifted from the Dewar. The suspension was left to dry

overnight on the line, attached to a cold N2 trap. The resulting H-SiNCs powder was

transferred to a N2-filled glovebox for storage.

Phosphorus Pentachloride Initiated Functionalization of SiNCs. After a sec-

ond centrifugation round, H-SiNCs in dry toluene (7 mL) were transferred to an oven-

dried 50-mL Schlenk flask, equipped with a Teflon stir bar, and filled with Ar. Next,

1-octene (3 mL) was pre-treated by flowing through an oven-dried Pasteur pipette

packed with aluminum oxide and transferred to the Schlenk flask. The reaction mix-

ture was subjected to three cycles of freeze-pump-thaw and allowed to warm up to

room temperature. 20 mg of PCl5 were added to the flask and allowed to react for 2 h

at room temperature under an Ar atmosphere. Next, 20 mL of methanol were added to

the clear solution and stirred for 10 min. The resulting turbid solution was transferred

to a 50-mL PTFE centrifuge tube, and 20 mL of ethanol were added to the tube. After

centrifugation for 10 min at 10000 rpm, SiNCs precipitated out of solution. The super-

natant was decanted, the SiNCs were redispersed in 10 mL of dry toluene, and a 1:1

methanol:ethanol solution mixture was added to the tube. The centrifugation process

was repeated twice. After the last cycle, SiNCs were suspended in 2 mL of benzene

and filtered through a 0.45-µm PTFE syringe filter into an oven-dried glass vial. Then,

SiNCs in benzene were freeze-dried on the Schlenk line for 1 h. The resulting SiNC

powder was transported to a N2 filled glovebox for storage until further use.

3.2.3 Material Characterization and Instrumentation

All sample characterization was performed in the solid state, unless otherwise specified.

Fourier-transform infrared spectroscopy (FTIR) was performed using a Nicolet Magna

750 IR spectrophotometer.
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X-ray photoelectron spectroscopy (XPS) measurements were performed on a Kratos

Axis Ultra instrument operating in energy spectrum mode at 210 W. Samples were pre-

pared on a copper foil substrate. The base pressure and operating chamber pressure

were maintained at 10-7 Pa. A monochromatic Al Kα source (λ = 8.34 Å) was used

to irradiate the samples, and the spectra were obtained with an electron takeoff angle

of 90◦. CasaXPS software (VAMAS) was used to interpret spectra. All spectra were

calibrated internally to the C 1s emission (284.8 eV). After calibration, the background

was subtracted using a Shirley-type background to remove most of the extrinsic struc-

ture loss. The high-resolution Si 2p region was fit to Si 2p1/2 and Si 2p3/2 components,

with spin-orbit splitting fixed at 0.6 eV, and the Si 2p1/2 / Si 2p3/2 intensity ratio set

to 1/2.

Transmission electron microscopy (TEM) images were obtained using a JEOL-2010

electron microscope equipped with a LaB6 filament and operated at an accelerating

voltage of 200 kV. The TEM samples were prepared by drop-casting a dilute solution

(∼1 mg/mL) of SiNCs in toluene onto a lacey carbon coated copper grid with a 300-

µm diameter hole. Particle size distribution was calculated by counting at least 300

particles using ImageJ software (Version 1.49).

Steady-state and time-resolved PL spectroscopy measurements were performed un-

der a controlled gas environment using an in-house built apparatus (Figure 3.1). SiNCs

powder was coated on a 1-cm-diameter quartz wafer using a spatula and loaded into

an aluminum sample chamber equipped with a gas inlet and outlet and quartz win-

dows. All samples were loaded inside the glovebox to minimize exposure to oxygen and

moisture. A gas manifold was used to control the flow of target gas (Ar or O2), which

flowed directly into the sample chamber or went through a bubbler filled with DI wa-

ter. The gas flow rate was maintained at 8 L/min. The excitation source, a continuous

wave diode laser emitting at 445 nm, was modulated by an Isomet IMDD-T110L-1.5

acousto-optic modulator (AOM) operating at a frequency of 200 Hz with a 50% duty

cycle. The PL was collected by an optic fiber, passed through a 500-nm long-pass

filter, and collected by an OceanOptics USB2000 spectrometer. The spectral response

was calibrated by a black-body radiator (Ocean Optics LS1). For time-resolved PL,

the same setup was employed, but the incident light was collected by a Becker-Hickl

PMC-100 photon-counting PMT. The PL data was collected in 1-µs timesteps, and a

total of 10000 sweeps were collected for a good signal-to-noise ratio.
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Figure 3.1: Diagram of the gas manifold used to conduct PL measurements under a
controlled gas environment.

3.3 Results and Discussion

3.3.1 Synthesis and Optical Characterization of H-SiNCs

In order to obtain H-SiNCs with size-dependent colour emission, the HSQ method

was utilized with a slight modification.85 Following the thermal processing of HSQ,

H-SiNCs were liberated from the resulting Si/SiO2 composite by HF etching. By

increasing the etching time, H-SiNCs with red (30 min), orange (60 min), and yellow

(90 min) emission colour were obtained (Figure 3.2). The resulting SiNC precipitates

were lighter yellow in colour the smaller their size. In order to minimize oxidation, the

H-SiNCs were freeze-dried and stored in powder form in a N2-filled glovebox. While

TEM imaging of unpassivated SiNC is difficult to carry out due to poor Z-contrast

and aggregation of the particles, an attempt to determine the size of the resulting

H-SiNCs was made, nonetheless. Figure 3.3 shows TEM images for the yellow- (a),

orange- (b), and red-emitting (c) H-SiNCs. Size distribution analysis shows statistically

significant difference in H-SiNC sizes, and the particles were determined to be 2.1±0.3

nm (yellow), 2.5±0.3 nm (orange), and 3.0±0.4 nm (red) in diameter (Figure 3.3 d-f),

suggesting that the observed colour emission is the result of QC effects.

Following the determination of particle size, PL spectra of the H-SiNCs were taken

before and after exposure to a wet Ar atmosphere using the setup outlined in Figure 3.1.

A small amount of H-SiNC powder (∼1 mg) was placed on a quartz wafer with a spatula

and loaded into the sample chamber inside the glovebox. The samples were excited

with a 445-nm diode laser under dry and wet Ar (50% humidity) atmospheres. Due
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Figure 3.2: Thermal annealing and H-SiNCs liberation scheme (a). Photograph of
corresponding H-SiNCs dispersions in toluene under UV illumination (b).

to their higher reactivity, the yellow-emitting H-SiNCs were not stable enough for PL

measurements since a drastic drop in PL intensity (most likely due to photobleaching)

and PL maximum shifting was observed almost immediately. For both the orange-

and red-emitting H-SiNCs (Figure 3.4 a,b), an additional peak was observed in the

PL spectrum centering around 840 nm. This peak did not change position as a result

of exposure to a wet atmosphere and most likely originated from SiNCs that were

not fully etched. Since the H-SiNCs were not subjected to any purification or size-

exclusion treatment (in order to avoid oxidation), there was no way to eliminate SiNCs

still embedded in a thin layer of SiO2. For clarity, the peaks associated with the

IR-emitting species are shaded grey.

Exposure to wet Ar had an opposing effect on the orange- and red-emitting H-

SiNCs. While the PL peak associated with the orange-emitting H-SiNCs red-shifted

by approximately 40 nm (Figure 3.4 a), the PL peak for the red-emitting H-SiNCs

blue-shifted by approximately 40 nm (Figure 3.4 b). Interestingly, time-resolved PL

spectroscopy of the same samples showed a different trend, where the final PL lifetime

for both samples was similar. From lognormal fitting of the PL decays, the average

PL lifetime of the orange-emitting H-SiNCs increased from 18.4 to 36.9 µs following

exposure to wet Ar (Figure 3.4 c), and that of the red-emitting H-SiNCs increased

from 31.2 to 36.4 µs (Figure 3.4 d). While these preliminary results hint that a surface

state might be generated upon exposure of silicon surface to an oxidizing atmosphere,

the instability of the unprotected H-SiNCs prevented them from being studied further.

More practically, the effect of oxidation on passivated SiNCs is of greater interest due

to the their wider applicability.
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Figure 3.3: Transmission electron microscopy bright field images for yellow H-SiNCs
(a), orange H-SiNCs (b), Red H-SiNCs (c), and their corresponding size distribution
histograms (d-f).

3.3.2 Functionalization and Optical Response of R-SiNCs

Hydrosilylation of SiNC with organic ligands has been an effective route to minimize

surface oxidation and PL degradation. However, most hydrosilylation methods in-

volve heat and/or long reaction times.100,102,106 These conditions are problematic for

the functionalization of smaller SiNCs, which readily react with trace water upon heat-

ing.225 Thus, any attempts made to functionalize yellow-emitting H-SiNCs with organic

ligands using thermal- or radical-initiated hydrosilylation resulted in orange-emitting

particles. Recently, Islam et al.104 reported a PCl5-mediated room temperature func-

tionalization of SiNCs with organic ligands. One key feature of the reaction is the

dual role of PCl5 as a radical source and a mild etchant. Thus, when PCl5 was used

to initiate the functionalization of yellow-emitting H-SiNCs with 1-octene, the original

emission colour was preserved. This most likely is due to the removal of any suboxide

species formed during the reaction by PCl5. Red-, orange-, and yellow-emitting H-

SiNCs were passivated successfully with 1-octene using PCl5, as outlined in Figure 3.5

49



Figure 3.4: PL of orange (a) and red (b) H-SiNCs before and after exposure to wet
Ar and their respective lifetimes (c-d). The greyed-out area is added for clarity.

a. The octyl passivated SiNCs (R-SiNCs) were readily dispersible in organic solvents

and showed visible PL emission under UV excitation (Figure 3.5 b,c). The R-SiNCs

were freeze-dried and stored in the glovebox in order to minimize oxidation as much

as possible.

Figure 3.5: PCl5-mediated hydrosilylation of SiNCs with 1-octene (a), dispersions of
R-SiNCs in toluene under ambient (b) and UV light (c).

TEM images of the yellow-, orange-, and red-emitting R-SiNCs are shown in Fig-

ure 3.6. The R-SiNCs were determined to be 2.1±0.3 nm (yellow), 2.4±0.5 nm (orange),

and 3.1±0.5 nm (red) in diameter, which is comparable to the H-SiNCs diameters

reported in Figure 3.3, indicating that the blue-shift in PL emission observed with

decrease in particle size is consistent with QC theory.
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Figure 3.6: Transmission electron microscopy bright field images for yellow- (a),
orange- (b), and red-emitting R-SiNCs (c).

The optical response of the synthesized R-SiNCs was investigated under three con-

ditions: exposure to wet Ar, dry O2, and wet O2. The different atmospheres were

controlled by a gas manifold and a liquid bubbler filled with DI water, as outlined in

Figure 3.1. PL spectra were collected at 10 s intervals under continuous excitation by

a 445-nm light source. All samples were irradiated under a dry Ar atmosphere prior

to the introduction of the different atmosphere in order to stabilize the PL response.

As previously observed,132 minimal change in PL maximum (∆ = 5 nm) was recorded

upon sample excitation under a dry Ar atmosphere. However, the PL intensity did

decrease under continuous excitation, most likely due to photobleaching.195 Once the

PL response stabilized, such that a minimal change in PL maximum and intensity

was observed, the in-situ PL measurements under various chemical environments com-

menced.

The PL evolution of the yellow-, orange-, and red-emitting R-SiNCs upon exposure

to wet Ar (50% humidity) is depicted in Figure 3.7. The IR emission at 840 nm seen in

the H-SiNC PL spectra (Figure 3.4) is no longer observed for the passivated R-SiNCs,

51



confirming the elimination of these emissive species during the purification process.

From skew-normal fitting of the PL data,186 upon exposure to wet Ar, a 26-nm red-

shift in PL maxima of the yellow-emitting R-SiNCs was observed (Figure 3.7 a). In

addition, the PL intensity of the yellow-emitting R-SiNCs decreased by ∼80%. The

red-emitting R-SiNCs, on the other-hand, showed a 7-nm blue-shift upon exposure to

wet Ar and a ∼19% increase in PL intensity (Figure 3.7 c). A more complicated optical

response was recorded for the orange-emitting R-SiNCs (Figure 3.7 b). Initially, a small

blue-shift (4 nm) and a decrease in PL intensity (∼12%) was observed, followed by a

red-shift of 6 nm and recovery of the PL intensity (∼10%).

Figure 3.7: PL spectra as a function of exposure time to wet Ar (50% humidity)
atmosphere for yellow- (a), orange- (b), and red-emitting R-SiNCs (c).

In the case of a dry O2 atmosphere, an appreciable decrease in PL intensity was

observed for all samples (Figure 3.8). Both yellow- and red-emitting R-SiNCs displayed

a ∼55% decrease in intensity from their initial value, while the PL of the orange-

emitting R-SiNCs decreased by ∼46%. PL quenching of SiNCs in porous silicon as

a result of exposure to O2 has been observed previously.212,214 The photodegradation

was attributed to the generation of singlet oxygen species, which react with the silicon

surface to form non-radiative defects.226,227 The presence of Si–H bonds on the surface

of R-SiNCs, as evidenced by FTIR analysis (vide infra), provides a convenient platform

for the singlet oxygen to react with. The trends in PL peak emission were consistent

with those observed for a wet Ar atmosphere. The yellow-emitting R-SiNCs shifted to

longer wavelengths, and the red-emitting particles shifted to shorter wavelengths. In

the case of orange-emitting R-SiNCs, a 23-nm red-shift was recorded.

Lastly, the combined effect of water vapour and oxygen on the optical response
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Figure 3.8: PL spectra as a function of exposure time to a dry O2 atmosphere for
yellow- (a), orange- (b), and red-emitting R-SiNCs (c).

of the R-SiNCs was probed using a wet O2 atmosphere (50% humidity) and shown

in Figure 3.9. Not surprisingly, a more pronounced change in PL maximum was ob-

served under these conditions due to the combined effect of water and oxygen. The

yellow-emitting R-SiNCs red-shifted by 27 nm, while the orange-emitting R-SiNCs red-

shifted by 40 nm. On the other hand, consistent with the previous conditions (wet Ar

and dry O2), the red-emitting R-SiNCs blue-shifted by 33 nm. More interestingly,

photoactivation was observed in the case of the yellow- and orange-emitting R-SiNCs.

Upon exposure to wet O2, the PL intensity of the yellow-emitting R-SiNCs increased

by ∼30%. While an initial decrease in intensity was observed for the orange-emitting

R-SiNCs, a subsequent increase is seen clearly in Figure 3.9. In a similar study, pho-

toactivation of SiNCs was observed under blue-light irradiation and in the presence of

an ethanol:O2 mixture.145 The increase in PL intensity was attributed to irreversible

surface oxidation, which passivated dangling bonds.

In addition to PL spectroscopy, the excited state PL lifetimes of the R-SiNCs were

collected before and after exposure to wet Ar, dry O2, and wet O2. The decay traces

were fit using a log-normal lifetime distribution,194 and the extracted mean excited-

state lifetimes are summarized in Table 3.1. As predicted by theory,196 the initial

excited state lifetimes of the R-SiNCs increased with particle size. In addition, upon

exposure to the various gaseous environments, similar trends to those observed in

the PL spectra of the R-SiNCs emerge. The excited state lifetimes of the yellow-

and orange-emitting R-SiNCs increased following exposure to water and oxygen, while

those of the red-emitting R-SiNCs decreased. The PL lifetime data is not definitive
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Figure 3.9: PL spectra as a function of exposure time to a wet O2 atmosphere for
yellow- (a), orange- (b), and red-emitting R-SiNCs (c).

enough to draw any conclusions regarding the underlying emission mechanisms associ-

ated with the oxidation of the particles. However, even though the final values for all

three samples are different, they are trending towards a similar average lifetime value,

suggesting an underlying common surface state.

Table 3.1: Mean PL Lifetimes of R-SiNCs Under Various Conditions

Yellow R-SiNCs Orange R-SiNCs Red R-SiNCs

τ initial (µs) τfinal (µs) τ initial (µs) τfinal (µs) τ initial (µs) τfinal (µs)

Wet Ar 10.3± 0.1 19.3± 0.1 14.6± 0.1 16.0± 0.1 39.9± 0.1 30.3± 0.1

Dry O2 16.4± 0.1 27.3± 0.2 27.0± 0.1 39.0± 0.2 40.3± 0.1 34.4± 0.1

Wet O2 16.9± 0.1 44.3± 0.1 25.3± 0.1 54.0± 0.2 49.2± 0.1 40.6± 0.1

3.3.3 R-SiNCs Surface Characterization

From the in-situ PL measurements carried out, it became apparent that while water

and oxygen have an effect on the PL of R-SiNCs, the full extent of their effect on

the optical response could not be evaluated within the parameters of the experiment.

Thus, the PL spectra of the yellow-, orange-, and red-emitting R-SiNCs was collected

immediately after synthesis under an inert atmosphere and after three month exposure

to ambient air. Though the air composition and humidity differed from the in-situ

experimental setup, it presented a more realistic representation of conditions to which

R-SiNCs are to be exposed in future applications. The resulting PL spectra are depicted
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in Figure 3.10. As has been the trend so far, the yellow- and orange-emitting R-SiNCs

red-shifted, while the red-emitting R-SiNCs blue-shifted. Remarkably, all three samples

converged to the same emission wavelength, around 660 nm, suggesting that a common

surface state may be forming upon oxidation.

Figure 3.10: PL spectra as a function of yellow-, orange-, and red-emitting R-SiNCs
before (a) and after (b) exposure to ambient air.

In order to gain more insight into the surface of the R-SiNCs following oxidation

under ambient conditions, FTIR analysis of the R-SiNCs was performed. FTIR spectra

of the as synthesized R-SiNCs are shown in Figure 3.11 a. All three samples displayed

intense vibrations in the 2650–2900 cm-1 region, attributed to C–H stretching of the

octyl ligand. In addition, C–H bending vibrations were observed at 1380–1470 cm-1.

The presence of Si–Hx bending and scissoring vibrations at 2100 and 900 cm-1, re-

spectively, suggests that the silicon surface was not passivated fully. While incomplete

surface coverage is undesirable under normal circumstances, the remaining Si–H bonds

provided a convenient platform for the oxidation of R-SiNCs. Lastly, while efforts

were made to minimize surface oxidation, Si–O–Si and -OySi–Hx stretching features

at 1100 and 2250 cm-1, respectively, were observed, suggesting some surface oxidation

was present in the original samples.

Following exposure to ambient conditions, several changes in the FTIR spectra were

observed (Figure 3.11 b). The vibrations associated with C–H stretching and bending

(2650–2900 and 1380–1470 cm-1, respectively) were still present, while a significant

decrease in the intensity of the Si–Hx stretching vibration was observed. In addition,
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the Si–O–Si mode at 1100 cm-1 increased in comparison to the initial FTIR spectra.

All three samples displayed new features associated with oxygen backed silicon hydride

(-OySi–Hx) stretching and scissoring at 2250 and 880 cm-1, respectively.151 Recently,

Chen et al.144 reported that the shift in PL maxima observed in SiNCs was related

directly to the -OSiHx species. Another feature that appears in the 3200–3700 cm-1

range for the red- and yellow-emitting R-SiNCs is of note. This vibration most com-

monly is assigned to OH stretching, although SiO–H stretching cannot be ruled out

fully.151

Figure 3.11: FTIR spectra of red-, orange-, and yellow-emitting R-SiNCs before (a)
and after (b) oxidation.

High-resolution X-ray photoelectron spectra of the Si 2p region provided further

insight into the surface of the R-SiNCs before and after exposure to ambient atmosphere

(Figure 3.12). Initially, all three samples showed minimal oxidation at the sensitivity

of the method, as evidenced by the dominant Si(0) peak at 99.4 eV in the Si 2p

spectra (Figure 3.12 a,c,e). Additional peaks, formally assigned to Si(II) and Si(III),

are the result of surface ligands and suboxides,85 which is in agreement with the FTIR

spectra. However, the Si(0) peak decreased by 94%, 74%, and 77% for the yellow-

, orange-, red-emitting R-SiNCs, respectively following exposure to air (Figure 3.12

b, d, f). Additional components appear in the 101 to 106 eV region, associated with

silicon suboxides and SiO2, confirming the increased oxidation of the silicon in all three

R-SiNC samples.
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Figure 3.12: High resolution X-ray photoelectron spectra of Si 2p region for yellow-,
orange-, and red-emitting R-SiNCs before (a,c,e) and after oxidation (b,d,f). Please
note, only 2p3/2 deconvolution components are shown; 2p1/2 components are omitted
for clarity.
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The presence of the same suboxides, as confirmed by FTIR and XPS analyses

for all three R-SiNC sizes, form a compelling argument for an oxide surface-state-

related emission in oxidized R-SiNCs. A consistent trend in PL shift has been observed

for the R-SiNCs under all conditions investigated that are known to promote surface

oxidation.132 SiNCs larger than 2.5 nm in diameter showed blue-shift, while those

smaller that 2.5 nm displayed red-shift upon oxidation. More importantly, the oxidized

R-SiNCs luminescence appeared to centre around 1.9 eV (∼650 nm). A review of the

literature reveals numerous examples of SiNC oxidation in air leading to emission in the

same range.72,92,117,144,217,228,229 One convincing theory invokes shrinkage of the silicon

core upon oxidation, which will lead to blue-shifting of the PL.155,230 The oxidation is

proposed to be a self-limiting process due to the increased interface curvature between

the SiNC and the forming of native oxide. As a result, the SiNCs do not fully convert to

SiO2. If this argument is to be followed, then the smaller, more reactive SiNCs also are

expected to shrink in size and blue-shift. However, the opposite is observed. Moreover,

upon oxidation, the excited-state lifetimes of the smaller SiNCs became longer; this

contradicts the proportional relationship between PL lifetimes and SiNC size.196

Drawing from the experimental evidence in the present and previously published

work,92,231 an oxide-related surface-state emission mechanism is proposed, whereby an

electron is trapped at an oxide surface state and recombines with a free hole in the

conduction band. A similar mechanism was proposed by Wolkin et al. for SiNCs 1.5–

3 nm in diameter.2 However, the proposed mechanism is extended to SiNCs greater

than 3 nm, where the oxide-based surface state occurs at a higher energy than the

bottom of the conduction band in the silicon core.200 Thus, the position of the oxide

surface state with respect to the SiNC conduction band depends on the crystal size.

While the nature of the oxide surface state cannot be determined conclusively from the

presented data, the increase in bridging oxygen in the FTIR, as well as oxygen-backed

silicon hydride, suggest that these species might be involved in the observed PL shifts.

Resonant coupling between the vibration mode of bridging oxygen and the electronic

states of SiNCs has been reported previously.232 In addition, theoretical calculations

by Vasiliev et al.154 and Luppi et al.202 suggest that bridging oxygen can play a role

in SiNC PL.
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3.4 Conclusion

In the present study, the effect of oxidation on the optical response of hydride and

alkyl-passivated SiNCs was investigated. In-situ PL spectroscopy under three oxidizing

atmospheres, wet Ar, dry O2, and wet O2, revealed the effect of oxidation on the optical

response of SiNCs is size-dependent. Larger nanocrystals (d>2.5 nm) blue-shifted upon

exposure to water vapour and oxygen atmosphere, while smaller nanocrystals (d<2.5

nm) red-shifted under the same conditions. Interestingly, all three SiNC samples under

investigation converged to the same emission maximum after prolonged exposure to

ambient atmosphere, which suggests that an oxygen-related surface state affects the

emission mechanism of SiNCs. Understanding the long-term effect of oxygen on the

optical response of SiNCs is of fundamental importance and a key to the successful

incorporation of SiNCs in optoelectronic applications.
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Chapter 4

Interfacing Silicon Nanocrystals

with Conjugated Surface Groups∗

4.1 Introduction

Quantum dots (QD) are often touted as promising alternatives to organic dyes for

optoelectronic and medical imaging applications. Photophysical properties of import

include: brightness, high quantum yields and molar absorption coefficients, narrow full-

width-at-half-maximum (FWHM) emission, and minimal blinking and photobleaching

behaviour.209,233 Traditional Cd-based QDs display most of the listed photophysical re-

quirements,234–236 however, their application is hindered due to potential toxicity con-

cerns and regional restrictions.237 In addition, for bioimaging applications, the emission

lifetimes of direct band gap QDs are within the timescale of cell autofluorescence (i.e.,

pico to nanosecond scale).238 SiNCs, on the other hand, display microsecond lifetimes,

which is suitable for time-gated imaging. In addition, SiNCs have low cytotoxicity.239

However, unlike conventional direct band gap QDs, SiNCs suffer from broad FWHM,240

low molar absorption coefficients,241 blinking,242 and relatively low QYs.117

One strategy for enhancing the optical properties of QDs involves coupling with

organic chromophores, leading to energy transfer.157,243 Zhou et al.244 demonstrated

band gap tuning of SiNCs by functionalization with conjugated surface groups through

an alkyne, whereby a 70-nm red-shift was observed. A first-principles study by Wang et

∗Part of this chapter has been published: Angı, A.; Sinelnikov, R.; Meldrum, A.; Veinot, J. G.
C.; Balberg, I.; Azulay, D.; Millo, O.; Rieger, B. Nanoscale 2016, 8, 7849–7853. Reproduced by
permission of The Royal Society of Chemistry.

60



al.245 proposed that interfacing surface groups with SiNCs through conjugated bonds

changes the electronic structure and optical properties of SiNCs. PL enhancement and

increased absorption in the visible range was observed by the Swihart246 and Ceroni

groups160,161 when SiNCs were interfaced with conjugated aromatic groups. Le and

Jeong proposed that a strong electronic interaction between SiNCs and conjugated

capping molecules through the covalent bond is a possible mechanism for a more direct

band gap character of SiNCs.247 More recently, sensitization of SiNC PL using pyrene-

and perylene-capping and their application in bioimaging was demonstrated.248

In this Chapter, a series of studies on the effects of interfacing conjugated surface

groups with SiNCs is presented. First, the influence of fluorophore distance from the

SiNC core on the latter’s optical response was investigated through PL spectroscopy

studies of a series of SiNCs passivated with naphthenyl groups with varying chain

length. Next, the effect of aryl aldehyde fluorophores with varying degrees of conju-

gation on the absorption and emission properties of SiNCs was evaluated. Lastly, the

impact of conjugated surface groups on the optoelectronic properties of SiNCs was

studied via optical and scanning tunneling spectroscopies.

4.2 Materials and Methods

4.2.1 Reagents and Materials

All reagents were used as received, unless otherwise indicated. Electronic grade hy-

drofluoric acid (HF, 49% aqueous solution) was purchased from J. T. Baker. Xenon

difluoride (XeF2, 99.5%) 2-naphthaldehyde (98%), 9-anthracenecarboxaldehyde (98%),

and 1-pyrenecarboxaldehyde (99%) were purchased from Alfa Aesar. Allyl bromide

(99%), 4-bromo-1-butene (97%), 5-bromo-1-pentene (95%), 2-vinylnaphthalene (98%),

1-dodecene (95%), 2-naphthylmagnesium bromide (0.5 M in THF), (Ni(dppe)Cl2)

[1,2-bis(diphenylphosphino)ethane]-dichloronickel(II), phenyllithium (1.8 M in dibutyl

ether), n-hexyllithium (2.3 M in hexane), n-butyllithium (2.5 M in hexane), 1,2-

dichlorobenzene (99%), aluminum oxide (99.5%), methanol (reagent grade), benzene

(reagent grade), ethanol (reagent grade), hexanes (reagent grade), and toluene (HPLC

grade) were obtained from Sigma-Aldrich. Acetonitrile (HPLC grade) and tetrahy-

drofuran (THF, inhibitor-free, HPLC grade) were obtained from Caledon Laboratory

Chemicals. Acetonitrile, toluene and THF were dried using a Grubbs-type solvent
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purification system (Innovative Technologies, Inc.) prior to use.

4.2.2 Material Synthesis and Functionalization

General Procedure for Naphthenyl Derivatives Synthesis using Kumada

Cross-Coupling. Naphthalene ligands with vinyl alkenes were prepared using a liter-

ature procedure.249 In a typical reaction, Ni(dppe)Cl2 (8 mg, 0.015 mmol) and alkenyl

halide (3 mmol, 1.5 eq.) were dissolved in 20 mL dry toluene and degassed. The reac-

tion flask was cooled to −78 ◦C using an acetone/dry-ice bath, 2-naphthylmagnesium

bromide (8 mL, 4 mmol, 2 eq.) was added to the reaction mixture drop-wise, and the

reaction was brought slowly to room temperature. The solution was stirred at room

temperature for 20 h. Work-up was carried out by first quenching the reaction with

dilute hydrochloric acid. Next, the organic layer and the ether extracts from the aque-

ous layer were combined, dried over magnesium sulfate, and concentrated in vacuo.

The crude product was purified by column chromatography with a 9:1 hexanes:toluene

eluent mixture.

2-allylnaphthalene. Synthesized according to outlined procedure (vide supra) from

allyl bromide (0.25 mL). Clear yellow liquid was isolated by column chromatography.

1H NMR (CDCl3, 500 MHz) δ(ppm) = 7.84–7.79 (m, 3H), 7.66 (s, 1H), 7.48–7.46 (m,

3H), 6.01 (m, 1H), 5.10 (m, 2H), 3.58 (d, 2H).

EI-MS. Calculated [M]+ for C13H12 168.09, detected 168.09.

2-(3-Butenyl)naphthalene. Synthesized according to outlined procedure (vide supra)

from 4-bromo-1-butene (0.3 mL). Clear yellow liquid was isolated by column chro-

matography.

1H NMR (CDCl3, 500 MHz) δ(ppm) = 7.85–7.77 (m, 3H), 7.66 (s, 1H), 7.48–7.46 (m,

3H), 5.92 (m, 1H), 5.08 (m, 2H), 2.91 (t, 2H), 2.51 (q, 2H).
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EI-MS. Calculated [M]+ for C14H14 182.11, detected 182.11.

2-(4-pentenyl)naphthalene. Synthesized according to outlined procedure (vide supra)

from 5-bromo-1-pentene (0.35 mL). Yellow solid was isolated by column chromatogra-

phy.

1H NMR (CDCl3, 500 MHz) δ(ppm) = 8.01–7.79 (m, 3H), 7.66 (s, 1H), 7.55–7.46 (m,

3H), 5.87 (m, 1H), 5.06 (m, 2H), 2.83 (t, 2H), 2.15 (q, 2H), 1.87 (quin, 2H).

EI-MS. Calculated [M]+ for C15H16 196.13, detected 196.12.

SiNC/SiO2 Composite Synthesis and SiNC Liberation from Matrix. As was

outlined in Section 3.2.2, Si/SiO2 composite was synthesized and processed following

a literature procedure.85 In a typical reaction, 200 mg of composite were etched for 40

min in a 1:1:1 49% HF:Ethanol:H2O solution. (Caution: Hydrofluoric acid is extremely

dangerous and must be handled with great care.) The resulting H-SiNCs were extracted

with toluene and centrifuged at 3000 rpm for 10 min.

Thermal Hydrosilylation of H-SiNCs with Naphthenyl Derivatives. H-SiNCs

were functionalized with the naphthenyl derivatives following an established literature

procedure for thermal hydrosilylation.100 Freshly etched H-SiNCs were dispersed in 1,2-

dichlorobenzene (10 mL) and transferred to an oven-dried Schlenk flask containing 0.2 g

of naphthenyl ligand and a Teflon stir bar. The flask was equipped with a water-cooled

condenser and charged with Ar. The reaction mixture was degassed three times and

then heated for 18 h at 160 ◦C under an inert atmosphere. Upon reaction completion,

the solution was dispensed evenly into 50-mL PTFE centrifuge tubes and filled with

a 1:2 methanol:hexanes mixture. The precipitate was isolated by centrifugation at

12000 rpm for 15 min. The supernatant was decanted, the particles were redispersed

in a minimum amount of toluene and, subsequently, precipitated by addition of the

1:2 methanol:hexanes mixture again. The centrifugation and decanting procedure was

repeated twice. The resulting precipitate was dispersed in toluene, filtered through a

0.45-µm PTFE syringe filter, and the solution was stored in a Teflon capped vial until

further use.
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Xenon Difluoride Mediated Functionalization of H-SiNCs with Aldehydes.

H-SiNCs were passivated with alkyl and aryl aldehydes using a slightly modified pro-

cedure previously reported by the group.103 Briefly, freshly etched H-SiNCs were dis-

persed in 10 mL of benzene, transferred to an oven-dried Schlenk flask, freeze-dried

for 12 h, and transferred to a N2-filled glovebox. H-SiNCs were dispersed in 3 mL of

toluene and transferred to a Teflon reaction tube equipped with a magnetic stir bar.

Lauric aldehyde (1.5 mL) was pre-treated by flowing through a Pasteur pipette packed

with aluminum oxide and added to the reaction tube. An aryl aldehyde of choice (5

mg) was dissolved in toluene (1 mL) for ease of transfer and added to the reaction mix-

ture. Finally, 3–5 mg of xenon difluoride (XeF2) crystals were added to the vigorously

stirred reaction mixture. The reaction was allowed to stir for 5 min, during which time

gas evolution and a change in solution transparency was observed. Next, ∼30 mL of

acetonitrile were added to the transparent solution as an antisolvent. The SiNCs were

precipitated out of solution by a 15 min centrifugation at 7000 rpm and redispersed

in a minimal amount of toluene. The redispersion–antisolvent addition–isolation cycle

was repeated twice more. The resulting precipitate was dispersed in toluene, filtered

through a 0.45-µm PTFE syringe filter, and stored in the glovebox until further use.

Synthesis of Phenylacetylide. Phenylacetylene (1.53 g, 15 mmol, 1 eq.) was dis-

solved in 9 ml THF, and n-butyllithium (4.8 ml, 2.5 M in hexanes, 12 mmol, 0.8 eq.)

was added to the reaction flask dropwise over 30 min at −78 ◦C. Upon addition com-

pletion, the reaction mixture was stirred for an additional 15 min and brought to room

temperature. The product was obtained as a clear yellow/orange liquid. The solution

was degassed and stored in a Schlenk flask until further use.

Functionalization of SiNCs with Organolithium Reagents. Freshly etched H-

SiNCs were dispersed in 2 mL of an organolithium reagent that was first diluted with

toluene to render 0.1 M solutions. The dispersion was transferred to an Ar-filled

Schlenk flask, degassed, and stirred overnight. The reaction was terminated by pre-

cipitating functionalized SiNCs in 5 ml 1:1 ethanol:methanol mixture acidified with

conc. HCl (0.2 ml). The obtained SiNCs were centrifuged at 9000 rpm for 10 min, and

the precipitate was redispersed in a minimum amount of toluene. The precipitation-

centrifugation-redispersion step was performed twice more. Finally, functionalized

SiNCs were dispersed in toluene and filtered through a 0.45-µm PTFE syringe filter.
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4.2.3 Material Characterization and Instrumentation

Fourier-transform infrared spectroscopy (FTIR) was performed using a Nicolet Magna

750 IR spectrophotometer. UV–vis absorption spectra were collected using a Hewlett-

Packard 8453 UV–vis spectrophotometer. PL spectra were acquired using a Varian

Cary Eclipse Fluorescence Spectrometer. Solution NMR spectra were recorded on a

Agilent/Varian 500 MHz spectrometer operating at the resonance frequency of 499.8

MHz for 1H nuclei.

Steady-state and time-resolved PL spectra for SiNCs, discussed in Section 4.3.3,

were measured with a 445 nm excitation from a continuous wave diode laser, which was

modulated by an Isomet IMDD-T110L-1.5 acousto-optic modulator (AOM) operating

at a frequency of 200 Hz with a 50% duty cycle. The PL was collected by an optic fiber,

passed through a 500-nm long-pass filter, and collected by an OceanOptics USB2000

spectrometer. The spectral response was calibrated by a black-body radiator (Ocean

Optics LS1). For time-resolved PL, the same setup was employed, but the incident

light was collected by a Becker-Hickl PMC-100 photon-counting PMT. The PL data

was collected in 1-µs timesteps, and a total of 10000 sweeps were collected for a good

signal-to-noise ratio.

High resolution TEM (HRTEM) imaging was performed on a JEOL-2200FS TEM

instrument with an accelerating voltage of 200 kV. Samples were prepared by drop-

casting a dilute solution (∼1 mg/mL) of SiNCs in toluene onto a holey carbon grid.

Particle analysis was performed using ImageJ software (Version 1.49).

Scanning tunneling microscopy (STM) measurements were carried out by the Millo

group from the Hebrew University of Jerusalem. SiNCs were spin-cast from a toluene

solution onto atomically flat flame-annealed Au(111) substrates. All measurements

were performed at room temperature using Pt-Ir tips. Tunneling current-voltage (I-

V) characteristics were acquired after positioning the STM tip above individual NCs,

realizing a double barrier tunnel junction (DBTJ) configuration250 and momentarily

disabling the feedback loop. In general, care was taken to retract the tip as far as pos-

sible from the NC so that the applied tip-substrate voltage would fall mainly on the

tip–NC junction rather than on the NC–substrate junction whose properties (capaci-

tance and tunneling resistance) are determined by the layer of organic capping ligands

that cannot be modified during the STM measurement. This protocol reduces the volt-

age division induced broadening effects, thus the measured gaps and level separations,
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in general, correspond better to the real SC gaps, however, a broadening on the order

of 10% is expected.250–253 The dI/dV-V tunneling spectra, proportional to the local

tunneling density of states (DOS), were derived numerically from the measured I-V

curves. The topographic images were acquired with a set sample-bias, Vs, of 2.2 V and

a set current, Is, of 0.2 nA. This bias value ensured tunneling to states well above the

conduction band edge, where the DOS is rather large, thus, the measured SiNC height

corresponds well to the real height. The tunneling spectra (on the NCs) were measured

with a lower set bias, of Vs
∼= 1.2–1.5 V, and Is ∼= 0.1–0.3 nA. These Vs values still

ensure tunneling above the band edge (before disconnecting the feedback loop), while

being sensitive to the details of the DOS around the band edge. The Is was reduced as

much as possible to the lowest value that still allowed acquisition of smooth tunneling

spectra in order to retract the tip as much as possible from the NC (thus reducing the

voltage division factor).

4.3 Results and Discussion

4.3.1 Effect of Fluorophore Proximity to Silicon Surface on

SiNC PL

In order to probe the effect, if any, of the distance between a fluorophore and a

SiNC core has on the latter’s optical properties, a series of naphthalene derivatives

with varying alkenyl chain lengths were tested. With the exception of the com-

mercially available vinyl naphthalene, all other naphthenyl derivatives were synthe-

sized via Kumada cross-coupling.249 2-Napthylmagnesium bromide was reacted with

vinyl halides in the presence of Ni(dppe)Cl2 catalyst to yield 2-allylnaphthalene (AN),

2-(3-Butenyl)naphthalene (BN), and 2-(4-pentenyl)naphthalene (PN), as outlined in

Scheme 4.1. The products were confirmed by electron ionization mass spectrometry

(EI-MS) and 1H NMR spectroscopy.

Next, thermal hydrosilylation of SiNCs with synthesized naphthenyl derivatives

and vinyl naphthalene (VN) was carried out at 160 ◦C, as outlined in Scheme 4.2a.

The resulting vinyl naphthalene- (VN-SiNCs), 2-allylnaphthalene- (AN-SiNCs), 2-(3-

Butenyl)naphthalene- (BN-SiNCs), and 2-(4-pentenyl)naphthalene- (PN-SiNCs) func-

tionalized SiNCs readily disperesed in toluene, affording transparent yellow solutions.
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Scheme 4.1: Kumada cross-coupling of 2-naphthylmagnesium bromide and alkenyl
halides.

Dodecyl functionalized SiNCs (Dod-SiNCs) were prepared in neat 1-dodecene as a

reference material (Scheme 4.2b). Passivation of SiNCs was evaluated by FTIR (Fig-

ure 4.1). The dod-SiNC sample displayed intense vibrations in the 2650–2900 cm-1

region, attributed to C–H stretching of the dodecyl ligand. In addition, C–H bending

vibrations were observed at 1380–1470 cm-1. The small Si–O–Si stretching feature at

1100 cm-1 suggest that the dod-SiNCs were protected well from oxidation. In con-

trast, SiNCs functionalized with naphthenyl derivatives showed intense vibrations in

the same region, suggesting that the bulkier ligands did not passivate the silicon sur-

face as well. The presence of Si–Hx bending vibrations at 2100 cm-1 further support

this claim. Nonetheless, surface passivation by naphthenyl derivatives was achieved,

as confirmed by the presence of aromatic C–H and alkyl C–H stretches at 3130–3070

and 2650–2900 cm-1, respectively.

Scheme 4.2: Thermal hydrosilylation of SiNCs with naphthenyl derivatives (a) and
1-dodecene (b).

Next, the effect of the fluorophore distance from the SiNC core was investigated by

PL spectroscopy. Using dod-SiNCs as a reference material, it became apparent that

the effect of attaching naphthalene at an increasing distance from the silicon surface

was negligible as all samples had a similar PL emission maximum. However, in the

case where naphthalene was closest to the surface (VA-SiNCs), dual emission (blue

and orange PL) was detected (Figure 4.1b). Such a phenomenon has been reported
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previously by Wang et al. for 9-ethylanthracene functionalized SiNCs.164 Since the

only effect of note occurred when the fluorophore was closest to the surface, a different

approach for interfacing SiNCs with fluorophores was explored.

Figure 4.1: FTIR spectra of VN-SiNCs (yellow), AN-SiNCs (orange), BN-SiNCs
(red), PN-SiNCs (dark red), and dod-SiNCs (black) (a), and their corresponding PL
spectra under 300 nm excitation (b).

4.3.2 Functionalization of SiNCs with Aryl Aldehydes

Efficient energy transfer from pyrene moieties to SiNCs was demonstrated recently by

the Ceroni group, whereby the SiNCs’ PL was enhanced by tethering a fluorophore to

their surface.160,161 Based on this observation and the insight gained from the previous

study regarding the proximity of the fluorophore to the SiNC surface, SiNCs were passi-

vated with the following aryl aldehydes: 2-naphthaldehyde, 9-anthracenecarboxaldehyde,

and 1-pyrenecarboxaldehyde. A new functionalization method recently developed in

the group was utilized for the hydrosilylation of H-SiNCs with the carbonyl centre

(C=O) on the aldehyde to form Si–O–C linkages,103 thereby increasing the proximity

of the fluorophore to the silicon surface. Due to the bulky nature of some of the flu-

orophores used, the SiNCs were passivated with a mixed surface of fluorophore and

lauraldehyde (LA). The reaction was carried out in a N2-filled glovebox using XeF2, as

outlined in Scheme 4.3.

SiNCs passivated with only lauraldehyde (SiNC-LA), lauraldehyde and 2-naphth-
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Scheme 4.3: Functionalization of H-SiNCs with aryl and alkyl aldehydes in the pres-
ence of XeF2.

aldehyde (SiNC-NA), lauraldehyde and 9-anthracenecarboxaldehyde (SiNC-ACA), and

lauraldehyde and 1-pyrenecarboxaldehyde (SiNC-PCA) were evaluated first by FTIR.

The spectra for both the passivated SiNCs and their ligands are shown in Figure 4.2a.

As expected, C–H bending and stretching vibrations associated with LA were observed

for all SiNC samples in the 1380–1470 and 2650–2900 cm-1 regions, respectively. The

presence of a small vibration at 1740 cm-1 for all SiNC samples associated with aldehyde

carbonyl suggests that some free ligand was still present in the solution. Si-alkoxy

groups were identified in the 1100–960 cm-1 region for the same samples. However, the

attachment of the fluorophores to the SiNC surface was not confirmed by FTIR as the

aromatic C–H stretching vibrations observed for the free ligands at 3040 cm-1 were not

detected for the passivated SiNCs. Since the SiNCs were functionalized with both aryl

and alkyl aldehydes, it is likely that the bulkier aryl groups were attached in smaller

quantities to the silicon surface compared to their alkyl analogues, leading to a weaker

vibration in FTIR.

UV-Vis spectroscopy provided further insight regarding the attachment of fluo-

rophores to the SiNC surface (Figure 4.2b). The featureless SiNC-LA spectrum, which

is commonly observed for alkyl passivated SiNCs,86 served as a reference for the in-

fluence of the fluorophores. In contrast, structured absorption spectra were observed

for both SiNC-ACA and SiNC-PCA. While the free ACA and PCA ligands absorb

between 320–450 nm and 320–410 nm, respectively, when they were attached to the

SiNC surface, a blue-shift in absorption was observed for both. This can be reasoned

by the breaking of the carbonyl bond in PCA and ACA and the formation of an alkoxy
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Figure 4.2: FTIR spectra of LA ligand and SiNC-LA (red), NA ligand and SiNC-NA
(brown), ACA ligand and SiNC-ACA (yellow), PCA ligand and SiNC-PCA (green)
(a), and their corresponding UV-Vis spectra (b).

bond with SiNCs since stronger electron withdrawing anchoring groups are known to

red-shift the absorption of pyrene moieties.254,255 No features were observed in the ab-

sorption spectrum of SiNC-NA, which can be due to the overlap in the absorbance of

SiNCs and NA individually.

Following the confirmation of a successful attachment of the fluorophores to the

SiNC surface, their optical response was evaluated by PL spectroscopy. Figure 4.3

depicts the PL spectra of the passivated SiNCs and free ligands. Note that due to

the excitation wavelength dependent emission of free ligands, different excitations were

employed, while the SiNC systems were probed under the same conditions. Upon a

300-nm excitation, SiNC-LA emitted at 640 nm, whereas dual emission was observed

for SiNC-NA. The red component of the emission appeared in the same region as for

SiNC-LA, but the blue component was slightly blue-shifted in comparison to the free

ligand (Figure 4.3b) and higher in intensity. Interestingly, almost no PL was observed

in the red region for SiNC-ACA and SiNC-PCA, while a significant blue-shift in the

PL associated with the ACA and PCA ligands was observed. Analogous to the case

in UV-Vis, such a shift in PL emission maximum can be explained by a change in

the derivatization of the anthracene and pyrene moieties upon functionalization with

SiNCs. Less electron-withdrawing groups on the fluorophores blue-shift the PL.255

Moreover, the emission of the bonded ligands appeared more structured compared to
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Figure 4.3: PL spectra of SiNC-LA (red), SiNC-NA (brown), SiNC-ACA (yellow),
SiNC-PCA (green) under 300 nm excitation (a), and the PL spectra of the free ligands
in toluene: NA, ACA and PCA (b).

that of the free ligands, further confirming the tethering of ACA and PCA moieties to

the SiNC surface and a subsequent decrease in range of motion. Upon excitation of

the SiNC at longer wavelengths than the emission maximum of the ligands, no PL was

observed. The reduction in SiNC core emission intensity and enhancement in ligand

PL suggest that the SiNC are sensitizing the ligand, which is in contrast to previous

reports.160,161 Thus, the chosen group of fluorophores was not suitable for tuning the

optical response of SiNCs, and a different strategy was required.

4.3.3 Tuning SiNC Luminescence through In-Gap States

Several studies have demonstrated that aryl alkynes can influence the PL of SiNCs.

Red-shift in the PL of SiNCs functionalized with phenylacetylene was noted by some,105,112

while PL quenching was observed by others.110 In a collaborative effort with the Rieger

and Millo groups, a detailed investigation of this phenomenon was carried out. In order

to gain insight into the effect of conjugated surface groups on SiNC PL, SiNCs were pas-

sivated with alkyl (hexane, Hex-SiNCs), aryl (phenyl, Phen-SiNCs), and aryl alkyne

(phenylacetylene, PhenAc-SiNCs) using an established method for SiNC functional-

ization with organolithium reagents,112 as outlined in Scheme 4.4. The optical and

optoelectronic properties of the resulting SiNCs were evaluated using PL spectroscopy

and scanning tunneling microscopy/spectroscopy (STM/STS).
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Scheme 4.4: Functionalization of H-SiNCs with RLi ligands.

Under 445 nm excitation, Hex-SiNCs and Phen-SiNCs had a similar PL emission

at 695 and 700 nm, respectively, as determined by skew-normal fitting,186 while that

of PhenAc-SiNCs was red-shifted by ∼ 45 nm (Figure 4.4a). In contrast, time-resolved

PL spectroscopy revealed no significant difference: all three samples had microsecond

lifetimes. From log-normal fitting194 of PL decays, the average lifetimes of Hex-SiNCs,

Phen-SiNCs and PhenAc-SiNCs were found to be 88.9±0.1, 79.8±0.2, and 99.8±0.2

µs, respectively. No short lifetime component was detected for any of the SiNCs,

which eliminates surface defects as the possible culprits for the observed PL shift. In

addition, high-resolution TEM of the SiNCs confirmed that all three samples were 3

nm in diameter (Figure 4.5), thus excluding the possibility of size modification of the

SiNCs upon functionalization with phenylacetylene. According to QC, a reduction in

particle size leads to wider band gap (blue-shift), which was not observed.

Figure 4.4: PL spectra of Hex-SiNCs, Phen-SiNCs and PhenAc-SiNCs under 445 nm
illumination (a) and their time-resolved PL decays (b).

In order to gain further insight and eliminate potential ensemble effects, STS/STM

measurements were carried out next. Tunneling spectra measured on isolated SiNCs are

shown for all three different SiNCs together with the corresponding STM topography
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Figure 4.5: HRTEM images of Hex-SiNCs (a), Phen-SiNCs (b), and PhenAc-
SiNCs(c). Lattice fringes of a single SiNC are shown in the insets.

images and cross-sections in the insets (Figure 4.6). Band gaps were deduced directly

from the STS data from the energy difference between the valence band (VB) and

conduction band (CB) edges. For each band, the edge was defined as the mid-value

between the position of the first peak (or shoulder) and the onset of detectable DOS.256

This method afforded band gaps of Hex-SiNCs and Phen-SiNC of 2.1±0.1 eV. Note that

the band gap values obtained by STS are larger than the exciton band gaps determined

by PL maxima (695 nm = 1.78 eV.) The reason for that is three-fold. First, the

electronhole Coulomb interaction that is incorporated in the optical (excitonic) gap

does not play a role in the fundamental single-particle gap measured by STS.250,257

Second, the tunneling spectra were measured in the double-barrier tunnel junction

configuration, therefore, the apparent gap was broadened due to the effect of voltage

division between the two tunnel barriers involved, the tip–SiNC and the SiNC–substrate

junctions.250 Third, the polarization energy associated with electron tunneling through

the SiNC also contributed to the widening of the measured gap.252

In the case of PhenAc-SiNCs, the band gap was still in the 2.1±0.1 eV range, despite

the red-shifted PL. However, an in-gap state close to the CB-edge of the SiNCs was

observed clearly in their tunneling spectra (Figure 4.6c). This observation was very

robust and was detected in every measurement acquired for these NCs. The separation

of the in-gap state from the CB-edge varied between 140 meV (red and green curves

in Figure 4.6c) and 190 meV (blue curve), where most spectra showed an ∼160 meV

separation. These values are in the range of, yet somewhat larger than, the PL red-shift

(±130 meV). The slight enlargement may be due to the aforementioned voltage division

effect. The observed in-gap state combined with the surface-group-independent band
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gap (as determined by STS) suggest that the red-shift in PL maximum for PhenAc-

SiNCs is due to a recombination from the in-gap state. Direct covalent bonding of a

π-conjugated molecule to a silicon atom can reduce its HOMO–LUMO gap efficiently

because of the σ∗ − π∗ conjugation between the Si core and the bonded conjugated

molecule.258 The formation of states near band edges theoretically was expected to be

the reason for the narrowing of the band gap.245

Figure 4.6: Tunneling spectra measured on Hex-SiNCs (a), Phen-SiNCs (b), and
PhenAc-SiNCs (c). The insets show some of the NCs and the corresponding cross-
section on which the spectra were acquired. The extracted band gaps of the Si-NCs are
all around 2.1 eV, except for the green curve in (c) which was measured on the smaller,
rightmost, NC.
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4.4 Conclusion

The series of studies presented in this Chapter underscore the profound influence that

a conjugated surface group can have on the optical response of SiNCs. Fluorophore

proximity to the SiNC surface was shown to be significant in order to observe an

appreciable interaction between the two. Upon conjugation of SiNCs with fluorophores

at close proximity, blue-shifts in the absorption and emission spectra of the resulting

materials were observed in comparison to the original fluorophore. Further evidence

of the effect that conjugated surface groups have on the optoelectronic properties of

SiNCs was demonstrated by STS/STM measurements, which revealed an in-gap state

close to the CB edge of SiNCs functionalized with a conjugated system. Together, these

studies demonstrate the feasibility of tuning the optical properties of SiNCs through

surface chemistry.
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Chapter 5

Conclusions and Future Directions

5.1 Conclusions

The research work presented in this thesis outlines the efforts made to gain further

insight into the optical response of SiNCs and the factors that affect their PL. Con-

tributions made to the collective fundamental understanding of the intricate interplay

between size and surface of SiNCs pave the way towards the realization of SiNCs’ po-

tential in luminescence-based applications. Key findings and possible future directions

are summarized here.

In Chapter 2, an investigation of the optical properties of SiNCs as a function of

size and surface chemistry was carried out. Temperature-dependent steady-state and

time-resolved PL measurements were performed to gain further insight into the origin

of PL in SiNCs. Alkyl passivated SiNCs were found to display temperature-dependent

PL profiles, consistent with band gap emission, while the presence of nitrogen contain-

ing groups on the surface of silicon led to a temperature-independent, surface-state-

related emission. Oxidized alkyl passivated SiNCs presented a more complicated PL

profile: temperature-dependent emission was observed, however, at shorter emission

wavelengths compared to their nonoxidized counterparts. A general mechanism was

proposed to explain all three phenomena, suggesting that surface groups play a crucial

role in SiNC optical response.

Chapter 3 expanded the investigation into the effect of surface oxidation on the op-

tical response of SiNCs. Alkyl passivated SiNCs with three distinct sizes were subjected

to wet Ar, dry O2, and wet O2 atmospheres, and their optical response was probed
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by in-situ luminescence spectroscopy. The existing disparity regarding the PL max-

ima shifts upon surface oxidation was resolved through size-dependent rationalization.

SiNCs greater than 2.5 nm displayed blue-shift in PL maximum upon oxidation, while

smaller particles displayed red-shift under the same conditions. An oxide-related sur-

face state was invoked as the cause for the orange PL observed for all SiNCs, regardless

of initial size. The degradation in colour purity of SiNCs, even upon functionalization

with surface groups, emphasized the susceptibility of SiNCs to surface oxidation and

the need for better protection.

Chapter 4 explored different strategies for the improvement and tuning of SiNC

optical response through functionalization with conjugated surface groups. Proximity

to the silicon surface and the degree of surface group conjugation were found to play a

role in the extent of influence on the optical response. Dual emission and absorption in

the visible light range was obtained by modification of the silicon surface with polycyclic

aromatic groups. In addition, optical and scanning tunneling spectroscopy studies of

SiNCs passivated with conjugated surface groups revealed changes in the optical and

electronic structures of SiNCs. Upon functionalization with an alkynyl(aryl) molecule,

an in-gap state near the conduction band of SiNC was observed, effectively minimizing

the band gap. The series of studies presented in this chapter showcase how conjugated

surface groups afford an alternative route to the control of SiNC electronic structure

and optical properties.

The overall message of the work presented in this thesis can be summarized as

follows: when it comes to SiNC PL, both size and surface matter.

5.2 Future Directions

An overarching theme of the present thesis is the importance of surface chemistry

and its drastic effects on the optical response of SiNCs. In particular, water and

oxygen were shown to affect the emission colour of SiNCs drastically. One strategy

to mitigate this problem is to functionalize SiNCs with hydrophobic surface groups,

such as perfluoroalkyls. This approach has been proven successful for large SiNCs259

and can be extended now to smaller SiNCs using PCl5-mediated hydrosilylation,104

thus realizing stable, core-emission from SiNCs across the visible spectrum with high

QYs; these can be utilized in light-emitting diode (LED) applications. QD-based LED
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displays have been commercialized already, and QDs show great promise for general

illumination applications.260–262 By combining red-, green-, and blue-emitting SiNCs

in one device, one can envision white-light emission from a single material source. In

addition, core-emission from green-emitting SiNCs, whose existence is debated,91 can

be evaluated using temperature-dependent PL studies, as has been demonstrated in

this thesis.

The exact nature of the surface oxide species leading to SiNC PL shifts remains an

open-ended question that needs to be addressed. Solid-state NMR provides a promis-

ing platform to probe the surface chemistry of SiNCs and has been used successfully to

probe H-SiNCs of various sizes using 29Si NMR in our group. Additionally, multidimen-

sional NMR spectroscopy was utilized recently to probe ligand-passivated SiNCs.263 A

natural next step is to extend the study to passivated SiNCs with oxygen and nitro-

gen containing groups using both 29Si and 17O solid-state NMR,264–266 thus allowing

the elucidation of the exact oxide species affecting SiNC PL. Beyond the fundamental

importance of such a study, establishing a library of surface groups and their effect on

the optical response of SiNCs will allow one to tailor the photophysics of SiNCs for

target applications.

Despite the fundamental questions yet to be answered with regard to the optical

response of SiNCs, the latter are perfect candidates for luminescence-based sensing

applications.168 Changes in the optical response of SiNCs upon exposure to nitroaro-

matics, commonly the basis for explosives, has been demonstrated.195,267 However,

these materials lack specificity. Conjugation of SiNCs with β-cyclodextrin can render

ratiometric sensors with high specificity, thanks to the cyclodextrin unit. These units

have been attached successfully to Cd-based QDs,268,269 organic dyes,270 and porous

silicon.271 However, as previously highlighted, SiNCs offer the benefit of low toxicity,

photostability, and tailorable surface chemistry. Thus, a ratiometric sensor based on a

SiNC–cyclodextrin bioconjugate is a natural next step.

Realizing stimulated emission in SiNCs for LASER applications and developing

SiNC-base waveguide amplifiers has been a longstanding goal of the silicon photon-

ics community.38,272 One promising approach to stimulate emission involves doping

with rare-earth elements, such as Er3+.273 Sensitization of Er3+ by bulk silicon, SiNCs

embedded in silica matrix, or silicon-rich nitride films has been demonstrated to gen-

erate strong emission at 1.54 µm wavelength.274–277 Since the absorption cross-section

of SiNCs is orders of magnitude larger than that of erbium, sensitization by SiNC
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offers an avenue to increase the efficiency of the intra-4f-shell transition in erbium

(1.54 µm).278 However, very few reports exist on free-standing erbium-doped SiNCs

for waveguide applications.279,280 Thus, with the expertise developed in our research

group with regard to surface passivation of SiNCs and the insight gained from this the-

sis work regarding the importance of sensitizer proximity for efficient energy transfer,

direct attachment of Er3+ complexes is proposed. First, the optimal ratio of SiNC to

Er3+ dopant must be established, followed by pump-probe measurements to test for

population inversion and optical gain, a first sign for possible stimulated emission.272
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7, 13–23.

[263] Hanrahan, M. P.; Fought, E. L.; Windus, T. L.; Wheeler, L. M.; Anderson, N. C.;

Neale, N. R.; Rossini, A. J. Chem. Mater. 2017, 29, 10339–10351.

[264] Aguiar, P. M.; Michaelis, V. K.; McKinley, C. M.; Kroeker, S. J. Non-Cryst.

Solids 2013, 363, 50–56.

[265] Michaelis, V. K.; Keeler, E. G.; Ong, T.-C.; Craigen, K. N.; Penzel, S.; Wren, J.

E. C.; Kroeker, S.; Griffin, R. G. J. Phys. Chem. B 2015, 119, 8024–8036.

[266] Keeler, E. G.; Michaelis, V. K.; Colvin, M. T.; Hung, I.; Gor’kov, P. L.;

Cross, T. A.; Gan, Z.; Griffin, R. G. J. Am. Chem. Soc. 2017, 139, 17953–17963.

[267] Gonzalez, C. M.; Iqbal, M.; Dasog, M.; Piercey, D. G.; Lockwood, R.;

Klapötke, T. M.; Veinot, J. G. C. Nanoscale 2014, 6, 2608–2612.

97



[268] Palaniappan, K.; Xue, C.; Arumugam, G.; Hackney, S. A.; Liu, J. Chem. Mater.

2006, 18, 1275–1280.

[269] Freeman, R.; Finder, T.; Bahshi, L.; Willner, I. Nano Lett. 2009, 9, 2073–2076.

[270] Fang, G.; Xu, M.; Zeng, F.; Wu, S. Langmuir 2010, 26, 17764–17771.
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