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ABSTRACT 

 Photovoltaic materials are increasing in importance as the world’s energy needs 

are constantly increasing and available resources are shrinking. An overview of 

renewable energy and of photovoltaic materials is given. For a variety of reasons, 

quantum dot materials in general, and silicon quantum dots in particular, are the subject 

of a great deal of research interest in the area of photovoltaics and other applications. 

However, silicon quantum dots have several limitations, including instability in ambient 

conditions and band gaps and absorption spectra that are poorly matched to the solar 

spectrum. This thesis seeks to address these limitations by functionalizing silicon 

quantum dots with two types of surface ligands (conjugated organic molecules and 

silanols) in an effort to modify their band gaps, increase their absorption profiles, and 

enhance their stability. Characterization data are provided, showing the successful 

production of hydride-terminated silicon quantum dots, the successful attachment of 

ligands, and the physical, optical, and electronic properties of the resulting products. 

The band gaps are successfully red shifted (with the conjugated ligand) and blue shifted 

(with the silanol ligands). Possible experimental and computational explanations for the 

observed band gap shifts, energy transfer, and size-dependent behavior are presented. 

In addition, new, milder, and less-toxic reaction conditions for the direct conversion of 

hydride to siloxane terminated silicon quantum dots (SiQDs) are presented and shown 

to be viable. 
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CHAPTER 1. INTRODUCTION 
1.1 Current Energy Resources, Needs, and Challenges 

One of the biggest challenges we currently face is that of energy supply and 

demand. World population continues to increase rapidly; while the current population is 

approximately 7 billion, this is projected to increase to approximately 9 billion by the 

year 2050;1 much of this growth is projected to be in developing nations. With this 

population growth, energy demand will also grow dramatically, by at least 37% by 

current projections (60% of which will be in developing nations).2 In addition, the current 

and primary source of world energy is fossil fuels, including coal, natural gas, and oil. 

While these resources are currently in good supply, they are finite resources whose 

price could increase dramatically in the future and they do have a detrimental effect on 

the environment as a whole, i.e. green house gas production. All of these issues point to 

a need for sources of affordable, renewable, non-toxic sources of energy, a need that 

has fueled a great deal of research in recent years. 

1.1.1 Current Renewable Energy Resources 
 Currently, renewable energy resources account for only about 10% of heat 

demand and only about 20% of electricity generation worldwide. Of the electricity 

generation capacity, 82% is generated by hydroelectric means, 8% by wind, 8% by 

biofuels, 2% by geothermal, and only about 1% by solar photovolataics.3 These 

methods all have their own advantages and disadvantages. For example, while 

hydroelectric generation accounts for most of the renewable energy currently available, 

suitable sites for the building of new plants are limited. The same is true for geothermal 

methods. Similarly, wind and biofuels show good potential, but require a great deal of 

land, water (in the case of biofuels), and non-renewable resources (in the case of wind 

generation). Likewise, solar also has disadvantages, including (currently) relatively high 

cost, dependence on availability of sunlight, and the need for storage solutions when 

sunlight is not available.3  

1.1.2 Solar Energy Potential and Basics 
Despite its disadvantages, solar generated power is projected to increase to at 

least 18% of total renewable energy in the next few decades,2 even at current 

technology levels. It does, however, have the potential to produce a great deal more 
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power than it currently does. Solar radiation falling on the earth’s surface, approximately 

1000 W/m2, is capable of generating three times more power in a day than the world 

uses in a year,4 even taking into account technical and practical limitations. With new 

developments in technology, solar technology has the potential to make significant 

contributions to our future energy needs. However, despite its great promise, solar 

power has a number of disadvantages as well, including high cost, availability of 

materials, low efficiency, and manufacturing challenges. 

In general, the principles of photovoltaic (PV) operation are simple. First, light is 

absorbed in a layer of material where excited electrons are generated, along with an 

equal number of holes. Depending on the material and device configuration (Figure 

1.1), electrons may be excited from the highest occupied molecular orbital (HOMO) to 

the lowest unoccupied molecular orbital (LUMO) (within a single semiconductor 

molecule), between discrete energy levels (within a semiconductor nanocrystal), or from 

the valence band to the conduction band (within a bulk semiconductor).5  With the 

proper material selection and device configuration, these charges are separated and 

transported to an external circuit where they recombine, generating an energy gradient, 

and thus an electric current. 

In practice, the operation of solar cells is somewhat more complicated, and 

efficiencies (the ratio of the number of incident photons to the number of electrons 

in the valence band. The negatively charged electron and pos-
itively charged hole may be mobilized in the presence of an
electric field to yield a current, but their lowest energy state is
an electrostatically bound electron-hole pair, known as the
exciton. Relaxation of the excited electron back to the valence
band annihilates the exciton and may be accompanied by the
emission of a photon, a process known as radiative recombi-
nation.

The exciton has a finite size within the crystal defined by
the Bohr exciton diameter (aB), which can vary from 1 nm to
more than 100 nm depending on the material. If the size of
a semiconductor nanocrystal is smaller than the size of the
exciton, the charge carriers become spatially confined, which
raises their energy. Therefore, the exciton size delineates the
transition between the regime of bulk crystal properties and
the quantum confinement regime, in which the optical and
electronic properties are dependent on the nanocrystal size.
Nanocrystals with dimensions smaller than aB demonstrate
size-dependent absorption and fluorescence spectra with dis-
crete electronic transitions.

Figure 1C displays these effects for quasi-spherical nano-
crystals, showing that the wavelengths of fluorescence and
absorption can be tuned by nanocrystal size. For example,
nanocrystals composed of the prototypical material CdSe (Eg

) 1.76 eV, aB ) 9.6 nm) can be tuned through quantum con-
finement to emit fluorescent light throughout the visible spec-

trum, making them useful for both biological imaging and
many types of optoelectronic devices. In addition, the crystal-
line nature of these particles imparts a large density of elec-
tronic states, yielding giant extinction coefficients and broad
absorption spectra that are unavailable from organic chro-
mophores. State-of-the-art quantum dots have been engi-
neered to have a quantum efficiency of radiative recom-
bination approaching unity at room temperature, far above
what has been achieved from bulk materials.4,5 This high effi-
ciency of light emission is largely due to the strong overlap
between the electron and hole wave functions in the confined
structure, whereas the exciton in bulk semiconductors is not
confined in space and can rapidly dissociate, increasing the
probability of nonradiative relaxation events associated with
crystalline defects and charge carrier traps on crystal surfaces.

Early studies on semiconductor nanocrystals made use
of particles embedded in glass matrices, similar to centu-
ries-old stained glass containing semiconductor crystallite
pigments.6-8 Today, these nanocrystals are commonly fabri-
cated as colloids suspended in solution or as epitaxial struc-
tures grown on solid crystalline substrates (Figure 1B). Epitaxial
nanocrystals can be reproducibly prepared with a wide range
of shapes and sizes in regular patterns and directly incorpo-
rated into optoelectronic devices. However, solution phase
techniques provide exceptional control over size, monodis-
persity, and shape. These particles are typically coated with a

FIGURE 1. (A) Electronic energy states of a semiconductor in the transition from discrete molecules to nanosized crystals and bulk crystals.
Blue shading denotes ground state electron occupation. (B) Comparison of a colloidal quantum dot and an islandlike, self-assembled
quantum dot epitaxially deposited on a crystalline substrate. (C) Absorption (upper) and fluorescence (lower) spectra of CdSe semiconductor
nanocrystals showing quantum confinement and size tunability. AU ) arbitrary units.

Semiconductor Nanocrystals Smith and Nie

Vol. 43, No. 2 February 2010 190-200 ACCOUNTS OF CHEMICAL RESEARCH 191

 

Figure 1.1. Electronic energy states of a 
semiconductor in the transition from discrete 
molecules to nanosized crystals and bulk crystals. 
Blue shading denotes ground state electron 
occupation. Adapted from Ref. 5. 
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produced by the cell, or, effectively, the amount of power a cell gives, verses the solar 

energy it is exposed to) are never 100%. Loss may be due to a number of sources, 

including recombination of electron-hole pairs before the respective charge carriers can 

be separated (and other extraction losses), low absorption of photons with too little 

energy, and absorption of photons with energies greater than the band gap of the PV 

material (and subsequent loss of excess energy through thermalization).6 These losses 

are summarized in 

Figure 1.2. This figure shows the available solar spectrum and the previously mentioned 

losses (represented here for a typical, single-junction silicon solar cell). From this, the 

theoretical upper limit on the efficiency for a single-junction solar cell (represented by 

the Schokley-Queisser limit) is approximately 33%. 

A number of techniques to deal with these energy losses are in the process of 

being developed. For the issue of low cell absorbance, multi-layer cells have been 

developed, with each layer having a different band gap, to better absorb a wider range 

of photon energies. Losses due to recombination of electron-hole pairs, as well as other 

extraction losses, have also been reduced by improved device architecture, including 

bulk heterojunction cells (where electron-hole pairs are generated at an interface 

between two PV materials and immediately separated) and improvements in 

connections, electrodes, and other hardware. Thermalization losses have seen 

improvement in recent years with the advent of nano-scale materials capable of multiple 

509
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Third generation photovoltaics and multiple 
exciton generation

Traditional solar cells only harvest a fixed amount of energy from 
any given solar photon. However, the solar spectrum consists of photons 
with energies spanning 0.4 eV to 4.0 eV (see Fig. 1). The band-gap of 
the semiconductor determines how much solar energy can be converted 
to electrical power: photons with energy less than the bandgap are not 
absorbed, while photons with energy greater than the bandgap lose excess 
energy unnecessarily via emission of phonons (thermalization). Fig. 1 shows 
that the available free energy from an ideal present day single junction cell is 
about 33 %, while another 33 % is lost to thermalization and the remaining 
third is divided up between photons not absorbed and unavoidable 
thermodynamic losses. Those losses are associated with extracting 
photoexcited electrons at the contacts prior to radiative recombination. 
The analysis presented in Fig. 1 was first introduced by Shockley and 
Queisser in 1961 and is for a solar cell of bandgap 1.1 eV operating under 
the AM1.5 global spectrum with 1000 W/m2. 3 First and second generation 
photovoltaic (PV) cells have best-cell power conversion efficiencies (PCE) 
that are asymptotically approaching the Shockley-Queisser (SQ) limit; for 
example, the record for c-Si based solar cells is currently at 25 %, while 
for GaAs the record is 28.3 %.4 Third generation PV can have a higher 
limiting conversion efficiency by bypassing one of the assumptions of the 
SQ analysis and recovering either some of the energy lost via thermalization 
or providing pathways to harvest those photons not absorbed in a standard 
solar cell.5 In addition to the efficiency considerations, a third generation 
solar cell must have low manufacturing costs. 

There are several third Generation approaches to solar conversion 
and we compare the most well known in Fig. 2. Semiconductor quantum 
confined NCs are being explored as components in each of these 
approaches. The most developed approach is a multijunction or tandem 
junction solar cell employing a stack of p-n junctions where the light 
absorbing semiconductor bandgap decreases in successive layers. We show 
how the theoretical power conversion efficiency varies as a function of 

the number of layers. In the limit of an infinite number of junctions the 
theoretical conversion efficiency reaches 68 % at one-sun intensity 5. We 
have noted in Fig. 2 the certified record 1-sun PCEs for single junction Si 
and GaAs as well as a triple-junction cell at 34.1 %.6 Under concentration 
the PCE can increase beyond that of 1-sun conditions and the record for all 
solar cells is 43.5 % at concentration equal to 418 suns.6 The material and 
engineering challenges presented by high-efficiency III-V multijunction cells 
leads to very high cost which prevents their widespread utilization (cheap 
concentrating optics can lead to lower overall system costs). In addition, 
low cost multijunction cells based on organic absorbers, QD absorbers, 
and their combinations are actively being investigated. 

Other approaches to third generation PV include up- and down-
conversion, MEG, intermediate band and hot-carrier solar cells. We have 
focused on utilizing the unique properties of quantum dots to implement 
MEG in prototype solar cells. In an ideal MEG absorber, one photon with 
energy equal to twice the bandgap will give two electrons circulating in the 
PV device, and then three electrons at 3Eg, and so forth. The MEG approach 
is not able to recover all of the excess energy like the infinite tandem 
cell because of energy loss between integer multiples of the bandgap 
energy starting at 1Eg. However, the MEG approach is particularly attractive 
because only one absorber layer is needed, conventional carrier contacts 
can be employed, and the cell can be fabricated mainly using solution-
processing techniques in a simple device architecture. 

Colloidal quantum dots
Quantum dots (QDs) are three-dimensionally confined semiconductor 

nanocrystals, quantum rods (QRs) have two-dimensional confinement and 
one-dimensional confined nanocrystals are often called quantum plates, 
sheets, or wells. QDs and QRs are usually synthesized using standard air-free 
conditions typical of organometallic batch reactions in organic solvents.7

The crystals are normally terminated by organic ligands that stabilize 
their growth, maintain colloidal dispersion and generally isolate them 
from their environment. A multitude of different semiconductor quantum 

Fig. 1 Spectral analysis of the minimum losses for a silicon solar cell (band-
gap = 1.1 eV). These are the losses accounted for in the Shockley-Queisser limit 
and represent an upper limit for solar cells made from single-junction bulk 
semiconductors. Thermalization represents the largest loss in this analysis, and it 
increases for the higher energy portions of the solar spectrum.

Fig. 2 The detailed balance-derived maximum allowable PCE for a range of advanced 
solar conversion strategies. The original Schockley-Queisser calculation for a 
traditional single-junction solar cell is also shown, as well as a few record certified 
values5,6 for single layer and triple junction cells. 

MATTOD0512_Review_Beard   509 30-11-12   15:55:11

Figure 1.2. Spectral analysis of the minimum 
losses for a silicon solar cell. Adapted from Ref. 6. 
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exciton generation (MEG) (i.e., when a photon with energy double that of the material’s 

band gap is absorbed, two excitons are generated as a result).7 Even with these 

improvements, the highest recorded efficiency for a solar cell under unconcentrated 

solar illumination is only 38.8%, and 46% under concentrated light (see Figure 1.3).  

Current solar technologies also suffer from prices that are relatively high, 

compared to those for traditional energy sources, largely due to materials and 

manufacturing costs. All of these issues are the subject of intense research with a 

number of materials and device architectures, with greatly varying success. A summary 

of a number of these materials and technologies are shown in Figure 1.3.

 
Figure 1.3. Current PV cell efficiencies for a number of different materials and device 
architectures. Reprinted from the National Renewable Energy Laboratory (NREL). 

 
1.1.3 Overview of Current Solar Materials and Their Relative Advantages and 

Disadvantages 
 As can be seen in Figure 1.3, research continues into a number of different 

materials and device architectures, with varying success and rates of progress. While 

some of these materials have clear advantages and disadvantages, the future solar 

energy market will likely utilize a mixture, as each may be optimal depending on 
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operational conditions, material costs, and environmental impact considerations. These 

material classes are outlined here, in broad terms, as an introduction to the motivation 

for the current research presented in this thesis. 

 The first, and oldest, of these technologies is that of the bulk semiconductor 

silicon. Solar cells made of this material are widespread, and have been the subject of a 

great deal of research and development. This technology has a number of advantages, 

including the high earth abundance of silicon and a band gap (approximately 1.1 eV)6 

that is relatively well suited to the energy of visible light. It also has several major 

disadvantages, including high processing cost (particularly in the case of single-crystal 

cells) and relatively fragile designs. In addition, the current maximum efficiency of cells 

of this type (approximately 29% for single-junction cells, see Figure 1.3) is approaching 

the theoretical Schokley-Queisser limit of approximately 33%. 

 Another technology under rapid development is that of inorganic thin film 

materials, such as copper indium gallium selenide (CIGS), cadmium telluride, and 

similar materials. Current efficiencies of these materials are over 20% (see Figure 1.3), 

and they have several other advantages, most notably, their relatively low cost, low 

materials usage (thin films) and ease of production.8 However, they also suffer from the 

major disadvantages of containing highly toxic materials (especially cadmium) and 

using rare elements (Te and In) being non-renewable and difficult to recycle. 

 Solar cells based on perovskite materials, such as methylammonium lead 

trihalide (CH3NH3PbX3, where X is a halogen ion such as I−, Cl−, or Br−) have seen 

unprecedented gains in efficiency in recent years, improving from 3.8 to 20.1% in a 

period of years. While perovskites have a great deal of promise,9 they also suffer from 

disadvantages similar to those for thin film solar cells, including a fragile architecture, 

toxic materials (primarily Pb), and difficulties with recycling. 

 Also a focus of recent research and development is that of organic/polymer-

based solar cells. Cells based on these materials, usually conjugated organic/polymer 

materials (sometimes with dye sensitizers) have several strong advantages. These 

include lower material cost and higher material availability, low weights, solution 

processability, straight forward device manufacture (roll-to-roll in many cases), as well 

as ease of recyclability.10 Unfortunately, they also suffer from relatively low efficiencies 
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(currently 11%), largely due to the inability to absorb photons higher than 800nm and 

low charge transport properties.10 

 Another class of materials with photovoltaic properties that has seen a great deal 

of interest in recent years is quantum dots. In general, these materials have the 

advantages of: being easily synthesized and solution processable; relatively strong 

absorbance properties; size-tunable band gaps; and having the potential for multiple 

exiton generation) MEG.11 They also have the current disadvantages of having band 

gaps poorly matched to the solar spectrum, low device efficiency (a current maximum of 

approximately 12%, see Figure 1.3), and, in some cases, high toxicity. These materials, 

the theory behind their properties, and their advantages and limitations, will be detailed 

in the next section. 

1.2 Quantum Dot Materials 
 While their potential as photovoltaic materials was not recognized until much 

later, quantum dots (nanocrystals of semiconductor materials) were first described in 

198112 and the term “quantum dot” was first coined in 1988.13 Since that time, quantum 

dots (QDs) have been the subject of a great deal of research, and have found uses and 

potential in a wide variety of applications. These materials’ unique properties make 

them attractive for many areas, not only for photovoltaic devices, but also for a wide, 

and ever-increasing, array of applications including LEDs,14 photodetectors,15 memory 

devices,16 biological imaging,17 chemical detection,18,19 field-effect transistors,20,21 and 

catalysis.22 Unlike bulk semiconductors, whose properties are largely dependent on, 

and tuned by their chemical composition, QD’s properties are, while partly dependent 

on their composition, much more a product of their morphology and surface chemistry, 

as detailed in the following sections. 

1.2.1 Quantum Dot Theory 
 As shown graphically in Figure 1.1, quantum dots display properties intermediate 

between those of bulk semiconductors and discrete molecules. While they have distinct 

band gaps (similar to a bulk semiconductor), quantum dots have discrete, quantized 

energy levels (similar to individual molecules). As is true in bulk semiconductors, when 

an electron in a quantum dot is excited to a higher available energy state, it leaves 

behind a hole with an effective positive charge. In a bulk semiconductor, the generated 
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bound hole and electron pair (an exciton) are separated by a distance (the Bohr exciton 

radius), with a specific exciton binding energy (due to their Coulomb potential), both of 

which are characteristic material properties. In most cases, the generated holes and 

electrons have little interaction and are rapidly separated from one another because 

their exciton binding energy is considerably smaller than kT (thermal energy within the 

semiconductor).6 However, when any or all of the spatial dimensions of a material are 

reduced below the material’s characteristic Bohr exciton radius, the excitons are 

confined to a small enough physical volume to prevent their separation and force them 

to interact. In the case of quantum dots, the excitons are confined in all three spatial 

dimensions. This effect is termed “quantum confinement” and results in many of 

quantum dots’ unique properties. The dimensions required for quantum confinement are 

highly material dependent and vary widely. For example the Bohr exciton radius for Si is 

4 nm, while, for PbSe, it is 47 nm.6 

 As a result of quantum confinement, quantum dots have a number of unique 

properties. Perhaps the most important property of quantum dots is that their band gap 

can be increased or decreased simply by changing their size (as opposed to bulk 

semiconductors, whose band gap is dependent upon material composition). This effect 

is illustrated in Figure 1.4 and Figure 1.5. As Figure 1.4 illustrates, as the size of the 

quantum dot is decreased (which can be thought of as a discrete particle-in-a-box 

511
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semiconductor and μ is the reduced effective mass of the electron and 
hole) and typically ranges between 2 – 100 nm. For example, aB is 47 nm 
for PbSe and 4 nm for Si. 

Fig. 5 displays absorption spectra of PbSe QDs with average radius that 
varies from about 3 to 8 nm. The lowest absorption feature blue-shifts as 
a function of reduced diameter. The upper right diagram depicts how the 
ground state wavefunction experiences increased confinement, explaining 
this shift in the lowest-energy transition. The kinetic energy increases and 
the separation between states increase as the QD size decreases (similar 
to a particle-in-a-box). As one example, 4.8 nm diameter PbSe NCs show 
an effective bandgap of 0.82 eV, exhibiting a strong confinement-induced 
blue shift of > 500 meV, compared to the bulk PbSe bandgap of 0.28 eV. 
Changes of less than one monolayer of atoms can have a notable effect on 
Eg as shown for 4.6 and 4.8 nm QDs. QDs can exhibit features characteristic 
of both large atoms and small semiconductors, therefore the language used 
to describe their photophysical properties generally is a mixture of atomic 
and semiconductor language. For example, the HOMO and LUMO are 
labeled, neglecting spin-orbit interactions, by two quantum numbers, n & L, 
for the energy level and angular momentum and are labeled according to 
angular momentum as S(L=0), P(L=1), D(L=2), etc, while the HOMO-LUMO 
separation is generally referred to as the bandgap, Eg. 

Theoretical and experimental study of semiconductor nanostructures 
is dramatically expanding our understanding of size-dependent electronic 
structure,12 the influence of surfaces, interfaces, sizes, and composition 

on carrier dynamics and energy flow. Of particular importance to this 
discussion is how quantum-confinement can enhance MEG, and there 
have been a number of theoretical treatments of the MEG process. 13-15,16 
Crystal momentum, which defines the energy dispersion relationship in 
bulk semiconductors and determines selection rules, is relaxed in nanoscale 
semiconductors. In the bulk counterpart to MEG, impact ionization, both 
crystal momentum and energy must be conserved during the process. 
For QDs, only energy needs to be conserved, increasing the number of 
pathways for MEG. Furthermore, since MEG is driven by the Coulomb 
interaction, quantum confinement encourages the process as well. 

We have found via ultrafast spectroscopic measurements that MEG is 
about 2-3 times more efficient in PbSe QDs compared to bulk PbSe 2. In Fig. 
6 we plot the number of excitons produced per photon (quantum yield) as a 
function of hv/Eg for bulk PbSe and compare that to PbSe QDs. The quantity  
hv/Eg represents the number of available bandgap’s worth of energy in a 
given excitation photon. The lines represents a model that describes the 
efficiency of MEG. Quantum rods (QRs) show further enhanced quantum 
yields.17 Ongoing research endeavors must learn how to further improve 
the MEG process to approach the fundamental limit (black line in Fig. 6) 
as close as possible. 

Quantum dot solar cells 
The concept of using colloidally-synthesized quantum dots in solar 

cells has been researched for about two decades. In 2002, Nozik proposed 

Fig. 5 Absorption spectra of PbSe QDs spanning the range from 3.3 nm to 8.1 nm show strong quantum-confined 1st exciton shifted absorption. Several discrete transitions 
are observable and represent discrete excitonic transitions. Bottom right shows that for PbSe QDsEg varies approximately as 1/r. Top right depicts the increased quantum 
confinement that the 1st exciton experiences as the particle size decreases. 

MATTOD0512_Review_Beard   511 30-11-12   15:55:13

Figure 1.4. Increased confinement of 
the ground-state wavefunction, and 
widening of band gap, as a result of 
decreasing QD dimensions. Adapted 
from Ref. 6 
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quantum model), its ground state wave function is increasingly confined, which 

increases the effective kinetic energy of its electrons and increases its band gap. As a 

result of this, as illustrated in Figure 1.5, as the size of quantum dots are reduced and 

their band gaps are increased, their absorption spectrum is blue shifted. This makes 

quantum dots particularly attractive for photovoltaic applications. The ability to, to some 

extent, tune their absorption spectra simply by adjusting their size, creates the potential 

of making multi-junction, highly efficient solar devices, by reducing thermalization losses 

(since light with energy that is too high for some dots can be absorbed, without loss of 

energy, by others).11 Likewise, as the size of quantum dots are reduced, their emission 

spectra are also continuously blue shifted, as shown in Figure 1.6 (in this case, CdSe 

QDs), making them attractive for many of the optical and biological applications 

previously mentioned.23  

 

Finally, in addition to highly tunable absorption and emission spectra, quantum 

dots also display other properties that make them attractive for increasing the efficiency, 

234 NATURE MATERIALS | VOL 13 | MARCH 2014 | www.nature.com/naturematerials

e!ciently collected. "e di#usion length in CQD solids is reported 
to be in the range of 10–100 nm (ref. 35). For this reason, to retain 
e!cient charge extraction, the thickness of the active CQD %lm 
cannot exceed the sum of minority-carrier di#usion length and 
depletion region. "is limits the practical thickness of the CQD 
light-absorbing layer to about ~300 nm today. However, in light of 
the absorption coe!cient available in the best CQD solids, complete 
absorption mandates an absorber thickness of ~1 μm (refs 8,36).

Structured electrodes for CQD photovoltaics
Bulk heterojunction structures used with great success in organic 
photovoltaics37 suggest a path forward for improving CQD solar 
cell performance. Device architectures recently explored are shown 
in Fig. 2a,b, in which ordered and random porous structured elec-
trodes are in%ltrated with CQDs. "e interpenetrating donor–
acceptor structure allows for e!cient charge separation even when 
optically thick CQD %lms are employed.

IRVisibleSolar spectrum

CQDs
tunable absorption 

EC

Sunlight
h! Eg

EV

EC

EFp
EV

Multi-junction
energy bands

UV

Depletion regionQuasi-neutral Quasi-neutral 

E

b

VOC

a

EFn

Figure 1 | Colloidal quantum dot photovoltaics. a, Size-dependent absorption enables CQDs to be tuned to absorb, sequentially, the constituent bands 
making up the Sun’s broad spectrum, paving the way for the construction of multi-junction solar cells that overcome the energy loss in single-junction 
cells resulting from thermalization. This is achieved by reducing the discrepancy between the energy of absorbed photons (h!) and the bandgap 
(Eg, dashed black arrow) of the material in which they are absorbed, so that the energy lost by the photoexcitations due to thermalization (solid black 
arrow) is minimized. EC and EV are the conduction and valence band edges, respectively. b, Working principles of CQD solar cells. CQD device architectures 
take advantage of a p–n junction to produce a photovoltaic e!ect under optical illumination. A key challenge is in increasing the short di!usion length for 
minority carriers, which limits the practical thickness of the active layer in CQDs built on a planar electrode. The blue regions depict quasi-neutral regions, 
whereas band-bending occurs primarily in the depletion region (white). Photoelectrons generated in the p-type material on the left di!use into the depletion 
region, through which they are swept by the action of an electric field and di!use into the electron-collecting contact on the right. Photohole transport 
proceeds from right to left analogously. Orange arrows represent the photon absorption process. The dashed black arrow represents recombination, which 
must be slowed by improved quantum dot passivation, and overcome by e"cient minority-carrier transport. EFn and EFp are the electron and hole quasi-Fermi 
levels, respectively. 

PROGRESS ARTICLE NATURE MATERIALS DOI: 10.1038/NMAT3816

© 2014 Macmillan Publishers Limited. All rights reserved

Figure 1.5. Size-dependent absorption allows QDs to be tuned to absorb much 
of the light in the Sun’s broad spectrum, making possible the construction of 
multi-junction solar cells and reducing energy losses due to thermalization. 
Adapted from Ref. 11. 
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and decreasing the cost, of photovoltaics. In some cases they are capable of the 

previously mentioned MEG,7 and may exhibit slow relaxation of excitons (termed “slow 

cooling of hot carriers”) due to the nature of their discrete energy levels and the 

requirement for multiple phonons for a thermalization event,24 both of which may be 

able to dramatically reduce energy losses due to thermalization of electrons excited by 

light with a higher energy than that of the QD band gap. Their composition (detailed in 

the next section), as well as the identity of the chemical species on their surfaces, can 

also be adjusted to change their optical properties, reactivity and stability, and solubility 

in various solvents (making them potential choices for solution-processed materials).  

1.2.2 Quantum Dot Compositions 
 To date, quantum dots of a large number of materials have been synthesized. 

When first described, quantum dots were typically simple I-VII or II-VI compounds (such 

as CuCl or CuBr, and CdS or CdSe, respectively) grown in silicate glasses.25 Since that 

time quantum dots have been synthesized from a variety of materials, including CdSe, 

CdS, CdTe,19 ZnS, PbS,26 PbSe,27 GaAs,13 Cu2ZnSnS4,28 Si,29,30 and others, as well as 

advanced core-shell quantum dots containing two or more of these materials.19,31,32 

 While each of these quantum dot compositions has advantages in certain areas, 

most of them share several common, and significant, disadvantages. First, many of 

them are based on toxic heavy metals (such as Cd and Pb), which severely limits their 

application in biological systems.33,34 For similar reasons, their use in other applications 

may also be limited when there exists the possibility for release into the environment, 

either through accidental release or through improper end-of-life disposal.4 In addition, 

many of these materials are not earth abundant, can be quite expensive, and may be in 

short supply in the future as other technologies increasingly rely on their use. 

Coming attractions for semiconductor quantum dots   REVIEW 

SEPTEMBER 2011  |  VOLUME 14  |  NUMBER 9 383

typically free. However, consider a situation where the electrons and 

holes are restricted by the physical dimensions of the material. In 

a semiconductor quantum dot (QD), the crystallite is so small that 

the excited electron and hole are physically confined to a separation 

smaller than their “natural” Bohr radius, providing a real materials 

system for the quantum mechanical “particle-in-a-box” potential 

energy function model1-3. Squashing the exciton into a smaller 

space makes it more energetic through what is known as quantum 

confinement2,4-6 so with smaller and smaller nanocrystals, higher and 

higher energy excitons are produced. This phenomenon is illustrated 

in Fig. 2, which shows a rainbow of fluorescent colors all produced 

by CdSe QDs of various sizes. In addition to energy gap changes, the 

energy band structure of QDs also alters from the continuous nature 

of bulk semiconductors, to being quantized at the band edge similar 

to molecular energy levels3,7, as shown by the distinct sharp peaks in 

the absorption spectrum shown in Fig. 3. Thus, by reducing the size of 

semiconductor materials to the nanometer scale one can directly tune 

the electronic states and associated optical properties.

In several respects, quantum dots can potentially combine the best 

properties of small molecule chromophores and bulk semiconductors. 

As fluorophores, high quality QDs are extremely bright, with 

fluorescence efficiencies or quantum yields (QYs) approaching 

unity8-10, meaning that nearly every absorbed photon results in an 

emitted fluorescence photon. In terms of photostability, individual 

organic molecules tend to photobleach on the timescale of seconds 

or minutes while QDs can last significantly longer, up to hours under 

constant excitation11,12. To draw another parallel to organic dyes, 

compare the absorption spectrum of CdSe QDs to that of Rhodamine 

640 (a high QY dye) also shown in Fig. 3. Any given dye only absorbs 

light in a very narrow spectral window, while QDs absorb any 

photons higher in energy than their bandgap. Dyes also tend to have 

modest Stokes shifts, meaning that the wavelengths they emit are 

spectrally close to where they absorb, requiring high quality spectral 

filters to remove excitation light in applications such as fluorescence 

microscopy. While QDs also have small Stokes shifts, they can be 

excited at energies far above their bandgap, which makes them much 

more versatile for some applications. Arguably even more important is 

that multiple QD emission wavelengths can be collected from the same 

excitation wavelength. For someone with a mind to make a QD sensor 

(and, as will be addressed below, that is a lot of someones), QDs allow 

the possibility of simultaneous multiple analyte detection with one 

excitation wavelength13. 

In the last two decades, QDs have been made from a variety of 

semiconductor materials and are optically active from the ultraviolet to 

the near infrared portions of the electromagnetic spectrum. CdSe and 

CdTe, QDs, which emit largely in the visible region, are joined by CdS, 

ZnSe, and ZnS QDs in the ultraviolet, PbSe, PbTe, and PbS QDs in the 

near infrared. Cadmium and lead-free visible and near infrared emitting 

Fig. 1 A photon absorbed by a semiconducting material promotes an electron 
to the conduction band, leaving a hole in the valence band. An exciton has an 
energy state in the semiconductor band gap due to the Coulomb attraction 
between the electron and hole. 

Fig. 2 Colloidal CdSe QDs with a range of fluorescent colors based only on variations in particle size, excited by an ultraviolet lamp. The QD size decreases from the 
red (about 6 nm in diameter) to the blue QDs (about 2 nm). 

MT149p382_387.indd   383 11/08/2011   15:31:54

Figure 1.6. Colloidal CdSe QDs by an ultraviolet lamp. The QD size decreases 
from the red QDs (about 6 nm in diameter) to the blue QDs (about 2 nm). 
Adapted from Ref. 23. 
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1.2.3 Silicon Quantum Dots: Applications and Advantages 
 One notable exception to the issues noted above is that of Si. Si is earth 

abundant, inexpensive, easily produced in mass quantities, has been studied in-depth 

for many years (largely due to its use in electronic microcircuits), and is non-toxic. For 

these reasons, silicon quantum dots (SiQDs) have seen a great deal of research 

interest in recent years and have found uses in many areas, including biological 

sensing,17,30,35,36 analytical techniques,18,37 organic synthesis,22 memory devices,16 

LEDs and other optical applications,14,38 as wells as photovoltaic devices.6,39 SiQDs do 

have several disadvantages, including instability (oxidation) in ambient conditions and 

the indirect nature of the band gap in pure Si. Though both of these may be partly 

addressed by utilizing the smallest SiQDs possible (in the range of 1 – 4 nm),40,41 the 

choice of surface ligand also has a great deal of impact, as noted in later sections. 

1.3 Methods for the Synthesis of Silicon Quantum Dots 

 Over the years, a number of methods have been developed for the synthesis of 

SiQDs. Most of these methods produce SiQDs with hydride terminations, that must be 

further reacted with ligands before they can be used in devices (see Section 1.4). 

1.3.1 Electrochemical Etching  

Production of SiQDs by electrochemical etching of Si wafers in hydrofluoric acid 

was developed in 200642 by the modification of a much earlier method for the production 

of Si nanowires.43 In this method, Si wafers are etched in an electrolyte of hydrofluoric 

acid and ethanol, producing hydride-terminated SiQDs with minimal oxidation. By 

varying current density, electrolyte concentration, and etching time (Figure 1.7) it is 

possible to vary the size of the produced SiQDs from less than 2 nm to more than 10 

nm.42 While this method has been used successfully for small-scale studies,30 it has the 

disadvantages of producing very small amounts of SiQD products and of being 

relatively expensive (because of the need for highly-purified, single-crystal Si wafers), 

making it impractical for commercial applications. For this reason, there are relatively 

few examples of its use in the literature. 
1.3.2 Solution (Colloidal) Synthesis 
 A number of solution synthesis methods and reaction conditions have been 

developed for the production of colloidal SiQDs. The first of these, developed in 1992, 
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involved the reduction of a silicon reagent (SiCl4 or RSiCl3) solution with metallic 

sodium44 or sodium naphthalide45 followed by the nucleation and growth of SiQDs. A 

number of variations on this method have since been developed, including reduction of 

Si(OCH3)4 by a LiAlH4 solution,17,46 use of surfactants to create reverse micelles as 

growth mediators,47 and reactions involving Zintl salts (such as Na4Si4, Rb7NaSi8).48,49 

These methods offer the obvious advantage, and convenience, of solution synthesis (in 

some cases, single-pot reactions), as well as a direct route to halogen-terminated 

SiQDs. While all these methods produce SiQDs, as verifiable by TEM or other imaging 

methods, the quality and usability of the produced QDs has been the subject of much 

recent debate. These criticisms are primarily because these methods seem capable of 

only producing SiQDs with blue or green photoluminescence (PL), regardless of dot 

size.36 Though the reasons for this behavior have not been conclusively identified, it has 

been variously theorized that size-independent PL is due to various surface defects or 

nanoparticle height can be easily controlled by anodization
time. To ensure the appearance of a unique monolayer of Si
nanoparticles at the Si surface, the anodization time should
be carefully chosen.

To study the influence of anodization time, two current
density values of 5 and 17 mA cm!2 corresponding to the
transition region of 8 wt % electrolyte were chosen. The
AFM images corresponding to different moments of the an-
odization process performed at 17 mA cm!2 are presented in
Fig. 7.

When the anodization time is too short !t1" the height
distribution of the nanoparticles !see AFM image and histo-
gram corresponding to time t1 in Fig. 7" shows only one peak
centered at about 1.3 nm. During this short time, the initial
!first order, in terms of fractal approach according to Ref. 14"
small pores are only nucleated. It should be noted that this
anodization time is not sufficient enough to form the first

monolayer of nanoparticles. The surface roughness is still
comparable to the roughness of initial Si wafer.

When increasing time !moment t2", the first-order nan-
opores grow in depth and become wider. Some nanopores
start to coalesce and form an interconnected pore network.
The laterally separated silicon nanometer islands appearing
between the nanopores form the first monolayer of the nano-
particles. At the same time the second-order pores are nucle-
ated and start to form the second monolayer of nanoparticles.
The corresponding height distribution becomes slightly
asymmetric reflecting the beginning of the appearance of a
second monolayer of nanoparticles. A deconvolution of the
height distribution by two Gaussian functions shows that the
mean heights of the nanoparticles from the first and from the
second monolayers are about 3.2 and 2.3 nm, respectively.

In the next moment !t3", the first-order pores finish to
coalesce. It results in partial disappearance of the nanopar-

FIG. 7. Height and surface density of the first nanoparticle monolayer vs anodization time for two current density values, 5 and 17 mA cm!2, corresponding
to the transition region of 8 wt % electrolyte concentration. Dashed and dash-dotted lines are added to guide the eyes. The AFM images and the histograms
correspond to different moments of the anodization etching process for the current density value of 17 mA cm!2.

104307-6 Nychyporuk et al. J. Appl. Phys. 100, 104307 !2006"

Downloaded 17 Nov 2006 to 134.214.87.101. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp

Figure 1.7 AFM images and size 
count histograms corresponding to 
different etching times for a current 
density value of 17 mA cm. 
Adapted from Ref. 40. 
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trap states,50  surface oxidation,51 nitrogen termination,52 or chloride or oxychloride 

termination.53 In any case, results from solution-synthesized SiQDs are currently 

questionable, until the mechanisms involved in their PL emission spectra are better 

identified. 

1.3.3 Thermal Decomposition of Sol-Gels 
Thermal decomposition of silicon-based sol-gels was first developed as a method 

to synthesize hydride-terminated SiQDs in 200648 using commercially available 

hydrogen silsesquioxane (HSQ) precursors. Alternatively, HSQ can be synthesized by 

cooling a silane reagent (typically HSiCl3) to -78 °C under a flow of nitrogen or argon, 

quenching with water, and washing and drying the resulting product.54 The as-produced 

HSQ is a mixture of its isolated-cage extended-network structures (see Figure 1.8).53 

Whether purchased or synthesized, the HSQ precursor is then heated in a reducing 

atmosphere (5% hydrogen/95% argon) at elevated temperatures (900 – 1400 °C). The 

high heat decomposes the HSQ, and, above approximately 900 °C, silicon begins to 

crystallize in a nucleation and growth process. After this reductive heating process, 

SiQDs are dispersed in a silica matrix, and their size is highly dependent on both 

furnace temperature and heating time (with higher temperatures and longer heating 

times making larger SiQDs). In addition, their size can be somewhat controlled be the 

Properties of a-SiO:H Thin Films Deposited from
Hydrogen Silsesquioxane Resins

M. J. Loboda, C. M. Grove, and R. F. Schneider
Dow Corning Corporation, Midland, Michigan 48686-0994 USA

ABSTRACT
Ultralarge sale integrated circuit designs require multiple metal wiring layers for the formation of the device inter-

connections. Surface planarization and the deposition of high quality insulating films are critical fabrication steps relat-
ed to the manufacture of these circuits. Planarization and dielectric deposition can be accomplished simultaneously using
a spin-on process with hydrogen silsesquioxane (HSQ) resin to deposit amorphous SiO:H dielectric films. The use of this
material in device manufacturing has increased as a result of the material's good planarization properties, eliminating the
need for etchback procedures. More recently, it has been observed that HSQ-based films also provide the added benefit
of relative permittivity less than SiO.,, which helps to minimize electrical delay. In order to obtain optimum properties
from this material, tight process control and knowledge of the material's chemical behavior are necessary. Studies of the
precursor material, film formation, and film properties have been performed. Also it is found that structural and compo-
sitional changes in the precursor during the film forming process play an important role in establishing the beneficial
properties observed in HSQ-based dielectric films.

Infroduction
The deposition of silicon dioxide thin films is a key step

in the manufacture of semiconductor integrated circuits
(ICs). Historically, ion beam sputtering and chemical vapor
deposition have been used to deposit films in the 0.01 to
1.0 tim thickness range on dielectric, metal, and semicon-
ductor surfaces. As circuit performance requirements have
increased, the transistor density increased and the dimen-
sions of the active device regions and circuit interconnec-
tions dropped well below 1.0 p.m. In these designs, multiple
metal interconnection layers are essential. Today, IC
designs with greater than three metal interconnection lay-
ers are common, and some microprocessors have as many
as five levels. A common fabrication procedure for multi-
level metal interconnection technology is the deposition of
oxide films by spin coating silicon-based polymer solu-
tions. The spin coating process planarizes the local wafer
topography and facilitates the formation of void-free
dielectric material between adjacent metal layers. Solu-
tions of hydrogen silsesquioxane resin have emerged as a
promising technology for the formation of planarizing
oxide films. Oxide formation using this material has been
shown to produce excellent local planarization and gap
f ill1'2 and provides the added benefit of a dielectric constant
lower than standard SiO,. Lower dielectric constant
materials lower the capacitance between adjacent metal
interconnections, in turn reducing electrical delay and
paving the way to higher information processing rates.

Hydrogen silsesquioxane (HSQ) resin is the polymeric
analog of a family of spherosiloxanes previously explored
by Five and Collins.5 These spherosiloxanes are highly
ordered oligomers whose structure resembles a cage. The
"sesqui" refers to the stoichiometric RSiO3r2 bonding
arrangement, with R=H or C.H6 groups. Figure la shows
the structure of the eight corner oligomer, others with 10,
12, 16, corners and combinations thereof have been syn-
thesized.6 Conversely, the chemical reactions which pro-
duce the resins do not produce completely formed cages,
resulting in a random structure of partially formed cages
of various sizes, as shown in Fig. lb. Compared to the
oligomer, the resin structure exhibits better solubility in
standard solvents, lending to the application of the resin
as a spin-on oxide film precursor. When deposited by spin
coating techniques and annealed, the resulting film is an
amorphous oxide with generic formula HSi6O. Alter-
natively it can be described as a hydrogenated oxide of sil-
icon (a-SiO:H).

Recent work documents the use of HSQ resins in IC man-
ufacturing applications, but little has been reported on the
material characteristics and film formation process. This

* Electrochemical Society Active Member.

paper describes the film forming process as related to spin
coating, and the structure and the properties of the films
deposited from hydrogen silsesquioxane resins. The insight
gained from the characteristics of the film and deposition
process has helped us to shed light on the source of the low
dielectric constant properties of these films.

Experimental
Procedures for deposition of films using HSQ resins have

been reportedt4'7 Identical techniques were used in this
work. Briefly, films were cast on silicon substrates using
FOx® Flowable Oxide, a commercially available HSQ resin
solution manufactured by the Dow Corning Corporation.
Film thickness was measured on an Axic Tyger Reflec-
tometer using 632 nm light. The typical measured refractive
index of a film as deposited on a Si<l00> wafer was 1.40.
Following deposition, where specified the films were heat-
ed at temperatures in the range 150 to 1000°C on the spin
coater hot plates or in a diffusion furnace thoroughly

Fig. 1. Schematic representation of the molecular structure of
hydrogen silsesquioxane (HSQ): (a) eight-corner oligomer and (b)
resinous material.
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Figure 1.8. Isolated-cage (A) and 
extended-network (B) structures 
of HSQ. Adapted from Ref. 53. 
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identity of the original silane reagent, with reagents such as CH3SiCl3 producing HSQ 

with a more open structure and resulting in larger SiQDs.55 To recover the hydride 

terminated SiQDs, the silica matrix is ground and etched with a mixture of hydrofluoric 

acid and ethanol that releases the hydride terminated SiQDs. The dots are then isolated 

by either centrifuge or extraction into organic solvents, and dried and stored in inert 

conditions for further use. 
This method produces very low yields of hydride-terminated SiQDs (between 1% 

and 10%, based on the silane starting material) and is currently limited to producing 

larger SiQDs (greater than approximately 3 nm). However, the advantages of this route 

(repeatability, readily available reagents, low cost, and ability to produce reasonable 

amounts (greater than 100 mg)), make it particularly attractive for laboratory-scale 

studies. For this reason, it is a very commonly used method, though chemical vapor 

deposition (discussed in the next section) is likely to be the method of choice going 

forward. 

1.3.4 Chemical Vapor Deposition 
 Chemical vapor deposition (CVD) was first introduced as a method for the 

synthesis of large (30 – 80 nm) Si nanocrystals in 1975,56 by the thermal decomposition 

of silane in hydrogen, and further refined in 1982, with use of a CO2 laser for heating the 

precursor materials.57 Unfortunately, these early methods produced highly 

agglomerated Si nanocrystals with no detectable PL. It was not until 2003 before SiQDs 

were successfully produced in a reasonable yield and size (about 5 nm) by laser 

pyrolysis,58 though agglomeration was still an issue and the SiQDs still required HF 

etching to show PL emission. A further refinement of this method used an electric-field-

induced argon plasma as the heat source59 (termed plasma-enhanced chemical vapor 

deposition, or PECVD), and had the advantages of producing charged SiQD particles 

(helping to reduce agglomeration) in reasonable yields with hydride terminations 

(reducing the need for etching before use) and good quantum yields.29 In this method, 

precursor gases (typically silane and argon) are injected under low pressure into a 

quartz reaction tube surrounded by a coil that generates a radio-frequency electric field 

(see Figure 1.9). The electric field heats the argon to a plasma state, causing the silane 

to decompose and form charged clusters of hydride-terminated Si atoms, which then 
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further cluster and are annealed to form SiQDs. The produced SiQDs are collected on a 

charged screen and later removed from the reactor for further use. The size of the 

particles and the identity of their surface terminations are easily adjusted by tuning the 

reaction conditions (such as gas pressure and composition and plasma temperature). 

This method has seen a number of refinements in recent years14,60 and appears likely to 

be the method-of-choice for commercial production of SiQDs in the future.  

1.4 Silicon Quantum Dot Surface Passivation 
 The SiQDs produced by the above methods typically have hydride-terminated 

surfaces, which are quite unstable towards oxidation and insoluble in solvents of any 

kind (though they disperse to some extent in organic solvents, they rapidly 

agglomerate). Passivation can increase the solubility of SiQDs in either polar or 

nonpolar solvents,17,61,62 make them resistant to oxidation,61,63 increase their quantum 

yield,29 make them suitable for biological applications36, improve their charge transfer 

surface. This negative particle charge is effective in sup-
pressing agglomeration,25 which is a significant advantage
compared to other gas-phase processes.
A schematic of the plasma reactor is shown in Figure 1.

An argon-silane (SiH4) gas mixture at pressures between
1.4 and 14 Torr (186-1860 Pa) is passed through a quartz
reactor tube with 1/4 in. inner diameter and 3/8 in. outer
diameter. Radio-frequency power of 200 W at 27.12 MHz
is applied through a matching network to two copper ring
electrodes; however, current and voltage measurements at
the electrode suggest that only <30 W is actually coupled
to the plasma. As shown in Figure 1, an intense plasma
extends from the electrode pair to the grounded vacuum
chamber 1 in. downstream from the electrodes, whereas a
dimmer plasma is seen upstream from the electrode. Using
the 1 in. distance as an estimate for the length of the plasma
zone, we find particle residence times between 1.4 and
7.0 ms for flow rates between 60 and 12 sccm, respectively.
Nanocrystals are created in the plasma through electron
impact dissociation of SiH4 and subsequent clustering of the
fragments.26,27 Typical silane flow rates are between 0.4 and

2.4 sccm. Particles are collected 1 in. downstream from the
plasma on fine stainless steel meshes acting as filters or
deposited on liquid-nitrogen-cooled quartz tubes by thermo-
phoresis, which drives particles toward cold surfaces.28
Particles collected in this way require little to no post-

processing. Particles deposited on quartz tubes start to exhibit
intense photoluminescence after a few minutes of exposure
to air (Figure 2a). This is likely due to the passivation of
interface states by the formation of a native silicon oxide.
Particles deposited on filters are rinsed with methanol into
vials (Figure 2b). Intense photoluminescence sets in after a

Figure 1. Schematic of the synthesis reactor with a digital image
of the argon-silane plasma.

Figure 2. Photoluminescence (PL) from silicon nanocrystals. PL
is excited by a UV lamp at 365 nm: (a) crystals deposited on quartz
tubes; (b) crystals dispersed in methanol; (c) PL emission spectrum
for the dispersed crystals in b. The conditions for b and c are the
following: (A) 59.5 sccm Ar, 0.5 sccm SiH4; (B) 47.6 sccm Ar,
0.4 sccm SiH4; (C) 58.5 sccm Ar, 1.5 sccm SiH4; (D) 46.8 sccm
Ar, 1.2 sccm SiH4. Pressure is 1.4 Torr, and input power is
200 W.

656 Nano Lett., Vol. 5, No. 4, 2005

Figure 1.9. Schematic of a 
PECVD reactor with a 
digital image of the argon-
silane plasma. Adapted 
from Ref. 57. 
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properties and reduce surface defects,64 and in some cases, modify their effective band 

gap (discussed in the next section). 

1.4.1 Effect of Passivation on SiQD Band Gaps 
 It has been shown in a number of experiments and theoretical studies that the 

band gap of SiQDs, while largely dependent on the particle size, can also be affected by 

their surface terminations. Shifting of the band gaps has, in some cases, been attributed 

to highly electronegative surface groups altering the spatial arrangement of the HOMO 

and LUMO within the SiQDs.65,66 In other cases, the shifting of the band gaps has been 

attributed to the relative energy level alignments of the SiQDs and any attached 

ligands.67 As shown in Figure 1.10, there are two primary ways that the ligand and SiQD 

HOMOs and LUMOs can align. The first of these, termed a Type I linkage, has the 

ligand HOMO below the HOMO of the SiQD and the ligand LUMO above the LUMO in 

the SiQD. In this case, when light is absorbed, electrons are only promoted between the 

HOMO and LUMO within the SiQD (Figure 1.10A), and the ligand is largely 

19276 | Phys. Chem. Chem. Phys., 2014, 16, 19275--19281 This journal is© the Owner Societies 2014

LUMO are localized inside the core of the dot. Photon energies
on the order of 3 eV are then required to produce excitons in
the smallest SiQDs. A number of other capping groups have
been considered, though, such as diols and epoxides,28 amine-
terminated alkyls,29 and conjugating vinyl (Si–CQC) connec-
tions.21,30–32 The resulting mixing of dot and ligand orbitals can
induce a substantial increase in the oscillator strength.

In some instances, there has also been a report of a redshift
in absorption and emission spectra,21,28–32 but these may well
originate from the creation of new surface states, the change of
dot energy levels due to surface treatment, and the transition
between ligand and dot orbitals.21 This is further complicated
by the substantial impact of surface defects on absorption and
emission spectra. In fact, the inevitable oxidation, in the form
of Si–O–Si, Si–OH, and SiQO structures, may cause both red-
shifts and blueshifts of SiQD spectra with depending on dot
size and oxidation level.23,33–36 Moreover, the dot synthesis
technique employed in some cases results in structures that
have yet to be fully characterized.37 These issues motivated
Atkins et al. to carry out a femtosecond transient absorption
experiment in which the aminopropenyl-terminated SiQDs
show photoexcited carrier dynamics between the QDs and
ligand—strong evidence for the existence of the charge transfer
states.30 However, their SiQDs were synthesized in aqueous
solution, and even mild oxidation would change the localization of
the wave function causing a noticeable redshift of the spectra.21,29

Furthermore, it is not clear how the aqueous solvents with high
dielectric constants contribute to the distinct characteristics of
SiQDs with various passivations.38 In general, the Type-I energy
level alignment still sets the lower bound of the optical gap which is
close to that of the hydrogen-passivated dot.

To help clarify the origin of the redshift and to help design
passivation schemes to facilitate better absorption, ab initio
simulations have been applied to SiQDs with various termina-
tions.39–42 Consistent with experiments, their results suggest
that alkene and alkyne chains change the optical gap only
slightly39–41 while indicating that a low-level oxidation could
cause noticeable redshift in spectra.43–45 Interestingly, it was
found that the HOMO and LUMO of passivated SiQDs can be
localized on the ligand and dot, respectively, for dots with
diameters d o 1.5 nm.41,42,46

In contrast to these studies of involving common terminating
groups, our e!orts have focused on an explicit design strategy to
enable the direct generation of spatially separated excitons at the
interface between the core of the dot and its surface ligands (Fig. 1).
As long as the coupling between the core and the terminating shell is
su"ciently large, photons with energies much lower than the
intrinsic band gaps of both the dot and the ligand can be absorbed
to excite electrons from the HOMO, localized on the ligands, to the
LUMO localized on the dot. In fact, this concept has been success-
fully applied to the core–shell nanocrystals. In that setting, Type-II
architectures exhibit new absorption features in the range below the
core energy gap as well as much lower charge recombination rates
compared to their Type-I counterparts.47–49

The ability to generate partially separated excitons at Type-II
interfaces suggests a new means of tailoring the optical gap

associated with the HOMO of the ligand and the LUMO of the
dot. To be useful, though, such capping must also result in
large optical transition matrix elements between the unoccupied
orbitals localized on the dot and the occupied orbitals localized
on the ligand, endowing the system with a high absorption
cross-section. Small, functionalized dots meeting both require-
ments would better match the solar spectrum while supporting
strong absorption near the absorption edge. This has motivated
our computational investigation to design a practical passivation
strategy for SiQD assemblies that are promising for improving
optical absorption and large-scale manufacturing. We demonstrate
that meeting two conditions is su"cient to result in materials with
e"cient light harvesting based on spatially separated excitons:
! a Type-II energy level alignment;
! conjugating vinyl bond (Si–CQC) connection between

ligands and SiQDs.

Computational methods
All electronic structure calculations were carried out using
density functional theory (DFT) within the generalized gradient
approximation (GGA) for exchange and correlation as para-
meterized by Perdew, Burke, and Ernzerhof.50 For passivated
dots with d o 2 nm (Si211), the structures were restricted to the
D2 symmetry and relaxed until all atomic forces were less than
0.002 Ha Å"1. For dots with diameters greater than 2 nm, we
have found that the geometry optimization from the bulk
structures has negligible impact on electronic structures. Thus
only the interface configurations were relaxed.

The DSCF method was employed to obtain quasi-particle
HOMO and LUMO energy levels. For dots with d o 20.5 Å
(Si275H172), an all-electron approach implemented in the DMOL

Fig. 1 Schematics of (a) traditional passivation schemes with a Type-I
energy level alignment between the dot and the ligand, and a Si–C–C
connection; and (b) our proposed scheme with a Type-II interface and a
Si–CQC conjugating connection. The blue and pink solid lines indicate the
highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) localization, respectively. The corresponding
energy level alignment in each case is illustrated in the middle of each
panel, and the green arrows notify the transitions associated with the low-
energy absorption. For each situation, the absorption spectrum is
scratched on the right to illustrate the match to the solar spectrum (Air
Mass 1.5 from the website of American Society for Testing and Materials).
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Figure 1.10. Type-I energy level alignment (A) between the dot and the 
ligand, with non conjugated ligand, and a Type-II alignment (B), with a 
conjugated linkage. The blue and pink solid lines indicate the highest 
occupied molecular orbital (HOMO) and lowest unoccupied molecular 
orbital (LUMO) localization, respectively. Adapted from Ref. 67. 
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electronically inert (as long as it is not highly electronegative or electropositive). In the 

second situation, termed a Type II linkage, the ligand HOMO is above the SiQD HOMO 

and the ligand LUMO is also above the SiQD LUMO. In this case, light absorption can 

promote electrons from the ligand HOMO to the SiQD LUMO, provided that there is a 

conjugated linkage between the ligand and the SiQD (Figure 1.10B). This effect has 

been observed in both conjugated ligand systems68 and in core-shell structures,32 and, 

as seen in Figure 1.10, provides a route for altering both the band gap and absorption 

spectra of SiQDs, while leaving their diameters unchanged. The effective system band 

gap can also be altered by halogen termination,53,65 nitrogen termination,52 or 

oxidation,35,45 though the reasons for these effects are currently not well understood. 

These surface modifications are of great interest to the field of photovoltaics, because of 

their potential for tuning the absorption of SiQD band gaps to the solar spectrum, and 

are the subject of the research detailed in later chapters. 

1.4.2 Types of Passivation Ligands 
 The ligands currently used for the passivation and modification of SiQDs are of 

three main types: alkenes and alkynes, conjugated molecules, and alkoxy and siloxy 

groups. The first of these, alkenes and alkynes, were the first passivation ligands used 

on SiQDs. The unsaturated part of the ligands are reacted with hydride-terminated 

SiQDs via hydrosilylation reactions to form Si-C bonds between the SiQD and ligand, 

using heat,29,69 UV radiation,70,71 microwave,30,72 or platinum73 or boron-based74 

catalysts to increase the rate of reaction. While they do provide many of the previously 

mentioned benefits of surface ligands, including providing SiQDs with good ambient 

stability, solubility in organic solvents, and increased quantum yield, this type of ligand 

has only Type I linkages, and is unable to modify the band gap of the SiQDs. In 

addition, due to their long, insulating, non-conjugated chains, they severely limit charge 

transfer between individual QDs. They are, however, useful for providing passivated 

SiQDs with unaltered electronic structure, for comparison to other ligand systems. 

 The next type of ligand, conjugated molecules, has only recently been applied to 

SiQDs. These ligands are typically attached in a manner similar to that for alkene and 

alkyne ligands. Depending on the starting material, the resulting energy level alignment 

has the potential to be Type II, and the linkage may be conjugated (with an alkyne 
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starting ligand) or non-conjugated (with an alkene starting ligand). There are a number 

of examples of this type of passivation with styrene,16,71 diphenylamine,75 and phenyl68 

ligands. Though there has been some report of red-shifted PL spectra,71 there has been 

no explanation of this phenomena in terms of ligand-dot energy transfer, and no 

computational work to explain the observed shifts, until work done by this research 

group76 and its collaborators.67 Due the potential for Type II energy level alignment, and 

band gap modification, as well as the conductive nature of conjugated linkages (and the 

resulting potential for inter-dot energy transfer), this type of ligand is of particular interest 

for photovoltaic applications, and will be discussed further in Chapter 3. 

 The final type of ligand, alkoxy and siloxy groups, has also been of interest for 

certain applications due to their apparent ability to reduce non-radiative energy losses77 

and intensify PL emission.40 These ligands are typically attached to SiQDs by first 

functionalizing hydride-terminated SiQDs with either chloride78 or bromide79 

terminations followed either by reacting directly with an alcohol78 or a Grignard 

reagent48 or by first converting the halide groups to hydroxyl groups with a strong acid 

and subsequently reacting them with a chlorosilanes.45,60 These ligands have been 

shown, in some cases, to blue-shift the PL emission of SiQDs, though the mechanism 

of this is currently not well understood. These methods have the disadvantages of 

requiring reactive and toxic reagents producing highly reactive intermediates, and 

generating HCl or HBr byproducts. These ligands will be discussed in more detail in 

Chapter 4, where a milder, less toxic, previously unpublished method is presented for 

the synthesis of siloxy-terminated SiQDs, which may be applicable to alkoxy-terminated 

SiQDs as well. 

1.5 Limitations of Current Understanding and Questions to Answer 
 While the potential of SiQDs in photovoltaic, and other, applications is clear, 

research in this area is in its infancy. Part of SiQDs’ great potential is the ability to tune 

their band gaps, charge transport, and absorption profiles (as well as properties such as 

solubility and stability) by the use of surface ligands. As noted, there has been some 

limited computational and experimental results showing either red shifted or blue shifted 

PL spectra due to SiQD surface modification, particularly with conjugated ligands. 

However, to date, understanding of these phenomena is limited, particularly in the areas 



 
 

18 

of energy transfer between SiQDs and attached ligands (and subsequent red shifting of 

the system’s PL spectrum), of the size-dependence of the observed trends, and of the 

mechanisms governing these properties. In addition, there has been little computational 

explanation of observed blue shifted spectra; though some of these can explained 

through surface defects, trap states, or oxidation, this seems to be an incomplete 

picture of the underlying processes. 

1.6 Proposed Research 
 This work seeks to provide more insight to several of the areas described above 

through the investigation of several hypotheses. First, it is hypothesized that it is 

possible to attach certain ligand systems to SiQDs via conjugated linkages, and, 

second, that this energy transfer is size-dependent. While some preliminary work has 

been performed by this research group and it’s collaborators,67 Chapter 3 seeks to 

provide additional insight into the nature of this ligand-SiQD system, into the theorized 

ligand-to-SiQD energy transfer, and into the size-dependence of this energy transfer. It 

will also provide additional characterization on this SiQD system. The third, and final, 

hypothesis to be investigated is that silanol ligands can blue-shift the SiQD PL 

spectrum, and that this blue shift is not due to surface defects. This question will be 

explored in Chapter 4 with experimental and computational data. In addition, this 

chapter presents a novel synthetic route to siloxy-terminated SiQDs, with a number of 

advantages over existing methods. 
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CHAPTER 2. SYNTHESIS OF HYDRIDE-TERMINATED SiQDs 
2.1 Introduction 
 As detailed above, there are a number of routes that may be used to produce 

hydride-terminated SiQDs, each with their own advantages and disadvantages. While 

other methods are generally viewed to be the state-of-the-art and the future of SiQD 

production (namely, PECVD methods), for the purposes of this study, the thermal-

decomposition process was deemed to be the most effective, due both to the availability 

and quantity of materials, and the limits on the quantity of available PECVD dots. This 

section details the production, isolation, purification, and characterization of hydride-

terminated SiQDs by known, published methods.54 The general method (Figure 2.1) 

involved quenching chilled trichlorosilane with water, isolation of the HSQ product (in 

both its isolated-cage and highly cross-linked forms, as described in Section 1.3.3), and 

heat treatment in a reducing atmosphere, followed by etching of the produced silica 

matrix with ethanolic hydrofluoric acid to expose hydride-terminated SiQDs, which were 

then isolated and dried for further reactions. 

2.2 Experimental Setup 
 Trichlorosilane (99%, Sigma-Aldrich), ethanol (absolute, Pharmco-Aaper), 

hydrofluoric acid (48%, Macron), methanol (ACS reagent, Sigma-Aldrich), toluene 

(Chromosolv, Macron), and chloroform (Chromosolv, Macron) were used as received. 

Water was purified by a lab-scale Millipore water filtration device. 

2.2.1 Synthesis of HSQ Precursor 
 Trichlorosilane (20 mL, 0.2 mol) was added to a 250 mL three-neck round-bottom 

flask equipped with an argon purge, a septum, a magnetic stir bar, and a vent. The flask 

was cooled to -78 °C by submerging in a dry ice/acetone bath under a flow of argon. 

Purified water (80 mL, 4.4 mol) was slowly injected through the septum in one aliquot, 

and the resulting white slurry was allowed to stir for 30 minutes, to ensure complete 

reaction. The slurry was filtered and washed with purified water until the filtrate was pH-

neutral, resulting in HSQ as a white, granular material, which was dried under vacuum, 

and stored in a nitrogen-filled glovebox until use. 

2.2.2 Production of Matrix-Embedded SiQDs  
Dry HSQ (approximately 8 g) was placed in a ceramic boat, and placed in a tube 
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furnace. The tube was sealed, evacuated and refilled three times with a 95% argon/5% 

hydrogen gas mixture, and the temperature of the furnace was ramped at a rate of 18  

°C/min to a maximum temperature of 1100 °C, held at 1100 °C for 1 hour, and cooled 

(all under an argon/hydrogen flow of approximately 90 mL/min). The resulting tan 

powder of matrix-embedded SiQDs (approximately 2 g) was stored in air until use. 
2.2.3 Etching and Isolation of Hydride-Terminated SiQDs 

Each batch of matrix-embedded SiQDs (approximately 2 g) was finely ground in 

a mortar and pestle, then transferred to a 125 mL polypropylene bottle. Ethanol (15 mL) 

and hydrofluoric acid (40 mL) were added and the mixture stirred for 6 hours in the dark, 

in order to preferentially etch the silica matrix, leaving hydride-terminated SiQDs. After 

etching, the mixture was transferred to a polypropylene separatory funnel, and the 

SiQDs were extracted into two 25 mL aliquots of toluene, isolated by centrifuge, washed 

once with methanol and once with chloroform, and dried under vacuum at 40 °C for 12 

hours, resulting in a brown powder of hydride-terminated SiQDs. These were 

characterized and used immediately. 

 

Si O
O

O

H

Si O
O

H
Si

O
O

H

Si
O
H

Si O

O

H

Si O
H

Si
O

H

Si
H

HSiCl3  +  H2O -78 °C

1100 °C
Ar/H2

Si

Si

Si

Si

HSQ

SiQDs in silica matrix

H H H
H
H

HHH
H
H Si

H H H
H
H

HHH
H
H Si

H H H
H
H

HHH
H
H Si

H H H
H
H

HHH
H
H Si

Hydride-terminated SiQDs

HF/Ethanol

Figure 2.1. Synthesis of HSQ 
precursor (with its simplified isolated-
cage structure shown), matrix-
embedded SiQDs, and hydride-
terminated SiQDs 



 
 

21 

2.2.4 Characterization 
The HSQ, matrix-embedded SiQDs, and hydride-terminated SiQDs were all 

characterized by a Thermo Scientific Nicolet iS50 FT-IR equipped with an ATR detector. 

Samples were placed on the ATR plate as a powder, and 40 scans were collected at a 

resolution of 4 cm-1. 

2.3 Results and Discussion 
The HSQ precursor was characterized by FT-IR, in order to determine the quality 

and identity of the product. The FT-IR spectrum (Figure 2.2) shows peaks at 2248 cm-1,  

 

corresponding to Si-H stretch vibrations, at 1059 cm-1, corresponding to Si-O-Si  

vibrations, and at 825 cm-1, corresponding to H-Si-O hybrid vibrations.55 While the 

quenching of trichlorosilane produces primarily the extended-network form of HSQ, it 

should be noted that some material will still be in the isolated-cage form.80 This can be 
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seen in the two components of the peaks attributed to Si-O-Si and H-Si-O vibrations 

(each peak has a primary, higher-frequency component corresponding to the extended  

 

network form, as well as a lower-frequency component corresponding to the isolated-

cage form).80,81  

The matrix-embedded SiQDs were analyzed by FT-IR, in order to confirm the full 

conversion of HSQ into silica with retention of the Si-H bond. After etching and isolation, 

the hydride-terminated SiQDs were also characterized to provide information on purity 

and surface species present (Figure 2.3).  The spectrum for the matrix-embeded SiQDs  

shows peaks at 1058 cm-1 and 801 cm-1, corresponding to Si-O-Si vibrations, with no 

peaks corresponding to Si-H stretch modes (confirming full conversion of HSQ into 

silica matrix and SiQDs). The spectrum for hydride-terminated SiQDs shows a peak at 

2065 cm-1, corresponding to Si-H stretch vibrations,55,60 with no detectable Si-O-Si 

signals, indicating that hydride-terminated SiQDs were produced with good surface 

100015002000250030003500
Wavenumbers (cm-1)

0.00

20.00

40.00

60.00

80.00

100.00

%
 T

ra
ns

m
itt

an
ce

Matrix-Embedded SiQDs
Hydride-Terminated SiQDs

Si-O-Si 1058 cm-1

!(Si-H) 2065 cm-1

Si-O-Si 
801 cm-1

Figure 2.3.  FT-IR spectra for matrix-embedded and hydride-terminated SiQDs 



 
 

23 

coverage of hydride species and minimal oxidation. Note the shift of the Si-H peak (from 

2248 to 2065 cm-1) after heating the HSQ precursor and extracting the hydride-

terminated SiQDs, which can be attributed to the change from a relatively low-energy 

environment within the HSQ precursor, to a relatively high-energy environment on the 

SiQDs (due the higher-energy, highly curved SiQD surface). 

2.4 Conclusions 
 Hydride-terminated SiQDs were successfully produced by using a previously 

published (thermal) method, via the production and heat treatment of an HSQ 

precursor. The hydride-terminated SiQDs (produced in hundreds of mg quantities) were 

determined to have good surface coverage of hydride species, minimal oxidation, 

making them useful for further surface reactions with other ligands. All results were 

found to be comparable to those in the literature. 
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CHAPTER 3. FUNCTIONALIZATION OF HYDRIDE-TERMINATED SiQDs BY        
CONJUGATED LIGANDS 

3.1 Introduction 
In Chapter 1 several of the disadvantages of SiQDs were noted with the resulting 

need for being able to control their band gap, increase their visible-spectrum absorption, 

and improve their charge transfer characteristics. In addition, these goals must be 

accomplished while also passivating their surface against oxidation and improving their 

solubility in organic solvents. As described in Chapter 1, and shown in Figure 1.10, 

computation, as well as experimental results, have shown that several of these goals 

can be accomplished by carefully selecting ligands with appropriate HOMO and LUMO 

levels (to result in a Type II energy level alignment) and chemically attaching them to 

SiQDs via conjugated linkages. 

 One such ligand, highlighted in a recent computational study by this research 

group and its collaborators,67 is the molecule 4-ethynyl-N,N-bis(4-methoxyphenyl)aniline 

(referred to henceforth as MeO-TPA ligand), shown in Figure 3.1. In this study, the 

authors predict that this molecule will have many of the desired properties, including 

energy levels likely to produce a Type II energy level alignment (Figure 3.2A), enhanced 

visible light absorption (Figure 3.2B), a PL spectrum red shifted by 0.24 eV for dots of 

3.1 nm (indicating a narrowing of the effective system band gap and a Type II energy 

level alignment) (Figure 3.2C), as well as enhanced stability and solubility. In addition, 

calculations have shown that attachment of this ligand can also provide for better spatial 

N

OCH3H3CO

H
Figure 3.1. Molecular structure 
of MeO-TPA ligand 
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separation of the generated electron-hole pair by effectively pulling the system HOMO 

out into the ligand while leaving the system LUMO in the SiQD core (Figure 3.2D). This 

is predicted to lead to the previously mentioned properties as well as a reduction in non-

radiative losses and an increase in charge transport properties by giving enhanced 

electronic communication with adjacent SiQDs.67 Interestingly, they predict that only 

four MeO-TPA ligands are required to bring about the predicted properties. 

 
Figure 3.2. Predicted Energy level alignment between Si147, C4H8 and MeO-TPA in eV 
(A), calculated absorption spectra of bare Si147, 4 MeO-TPA on Si147 with C-C 
connections, 4 MeO-TPA on Si147 with C–C connectivity and 4 C4H7 on Si147 with C=C 
connectivity (B), predicted influence of MeO-TPA ligand on absorption spectra of Si849 
(3.1 nm) SiQD; the predicted redshift of photoluminescence (PL) and absorption (ABS) 
peaks are shown in unit of eV, HOMO (blue) and LUMO (purple) of Si465 capped by 4 
MeO-TPA ligands (D). Adapted from Ref. 67. 

 
In a follow-up investigation,76 the authors of the above study, as well as this and 

several other authors, have made substantial progress in probing the above predictions. 

After successfully synthesizing the required ligand and ligand-terminated SiQDs, they 
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package51 was used, employing a double numeric plus polar-
ization (DNP) basis along with an hexadecapole expansion to
specify the maximum angular momentum function.51 The
dielectric e!ect of the solvent was accounted for explicitly by
the conductor-like screening model (COSMO).52 For dots larger
than Si275H172, the DFT calculations were performed using the
SIESTA package53 with norm-conserving Troullier–Martins
pseudopotentials.54

Brus et al. have proved that for su"ciently large quantum
dots with radius R and dielectric constant e2 embedded in the
environment with dielectric constant e1, the ionization potential
(IP) and the electron a"nity (EA) can be approximated by55

E e1; e2;R! " # !h2p2

2m$R2
% e2

2R
P0 e1; e2! " % g e1; e2! "; (1)

where m* is the e!ective mass of electron or hole. Small dots often
have irregular shapes, and thus the number of Si atoms N is a
preferable quantity to the radius as a measure of dot size, which
has a close correlation to the solvent e!ect. Consequently, available
data can be fit to the following equation,

E(e1, e2, N) & E(e0, e2, N) E f (e1, e2)N&1/3 + h(e1, e2), (2)

where E(e1, e0/e2, N) are the IP or EA of the dot with N atoms. P0,
g, f, h are functions of dielectric constant, while independent to
the dot size. Once the values of f (e1, e2) and h(e1, e2) were
determined, the solvent e!ect for large dots could be
extrapolated.

The finite-di!erence method in real space with a norm-
conserving pseudo potential, implemented in Parsec package,56

was used to calculate absorption spectrum. The grid spacing was
0.25 Å, and the boundary radius was examined to ensure that the
wave function vanished outside the sphere shell. Time-dependent
DFT (TDDFT) calculations were subsequently carried out within the
local adiabatic approximation (TDLDA)57 as implemented in the
RGWBS suite of codes.58

Without consideration of phonon-assistance, the photo-
luminescence (PL) rate at room temperature was calculated
via Fermi’s golden rule:59,60

kPL '
X

s

p!s"4e
2f12 emol! "os

3

3c3!h3
~Ms

!! !!2: (3)

Here p(s) is the room-temperature Boltzmann occupation, Ms is
the dipole matrix element between excitonic state s and the
ground state computed using the MX code,61 and f1 is the local
field factor defined as59,62

f1!x" '
2l % 1

edot=esol % 1! "l % 1
' 3

edot=esol % 2
: (4)

In addition, edot and esol are the e!ective dielectric constants
of the SiQD and the solvent, respectively. edot was taken to be
1.3 for the 1.7 nm dot as obtained in a previous, accurate
calculation,59 while those for 2.6 and 3.1 nm dots were estimated
to be 8.3 and 8.8 using the generalized Penn’s model:63

es!R" ' 1% eb & 1

1% !a=R"l
: (5)

Here a = 6.9 Å, and l = 1.37 Å.
To justify that our computational methodology does capture

the essential factors to qualitatively predict the optical properties
of SiQDs, we reproduced the substantial redshift of PL and
absorption spectra observed in styryl (Phe) and (trimethylsilyl)-
vinyl (TMS) capped SiQDs with respect to the octyl (Oct) capped
SiQDs.21 In addition, our computed PL lifetimes agree reason-
ably well with previous experimental data.20,41,59,64–66 Details
on these checks, along with other relevant analyses, can be
found in the ESI.†

Results and discussion
A hydrogen passivated, 1.7 nm diameter SiQD (Si147H100) was
analyzed under five conditions in order to elucidate our basic
design premise. The absorption spectrum was calculated for
the original dot and after modification with two types of
molecules. As shown in Fig. 2 (right), 1-butene (C4H8) has a
Type-I energy level alignment relative to the dot while 4-vinyl-
N,N-bis(4-methoxyphenyl)aniline (MeO-TPA) o!ers a Type-II
alignment. In the second case, the desired Type-II energy level
alignment was achieved by adding two methoxyl groups to
triphenyl amine in order to raise the HOMO. Both molecules can
be attached with either C–C or CQC connectivity, and absorption
data was generated for each of these four possibilities. A Type-I
interface with the Si–CQC connections (Fig. 2(e)) only slightly

Fig. 2 (a) Calculated absorption spectra of bare Si147, 4 MeO-TPA on Si147 with CQC connections, 4 MeO-TPA on Si147 with C–C connectivity and 4 C4H7 on
Si147 with CQC connectivity. (b) Structure of the MeO-TPA molecule. The dot-ligand interfaces of Si147 capped by: (c) 4 MeO-TPA with CQC connectivity,
(d) 4 MeO-TPA with C–C connectivity and (e) 4 1-butenes along with HOMO (blue) and LUMO (purple). The light blue ellipses highlight the relevant CQC and
C–C bonds. The values of the isosurfaces are 0.007 Å&3/2 in panel (c–e). (f) Energy level alignment between Si147, C4H8 and MeO-TPA in eV.
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package51 was used, employing a double numeric plus polar-
ization (DNP) basis along with an hexadecapole expansion to
specify the maximum angular momentum function.51 The
dielectric e!ect of the solvent was accounted for explicitly by
the conductor-like screening model (COSMO).52 For dots larger
than Si275H172, the DFT calculations were performed using the
SIESTA package53 with norm-conserving Troullier–Martins
pseudopotentials.54

Brus et al. have proved that for su"ciently large quantum
dots with radius R and dielectric constant e2 embedded in the
environment with dielectric constant e1, the ionization potential
(IP) and the electron a"nity (EA) can be approximated by55

E e1; e2;R! " # !h2p2

2m$R2
% e2

2R
P0 e1; e2! " % g e1; e2! "; (1)

where m* is the e!ective mass of electron or hole. Small dots often
have irregular shapes, and thus the number of Si atoms N is a
preferable quantity to the radius as a measure of dot size, which
has a close correlation to the solvent e!ect. Consequently, available
data can be fit to the following equation,

E(e1, e2, N) & E(e0, e2, N) E f (e1, e2)N&1/3 + h(e1, e2), (2)

where E(e1, e0/e2, N) are the IP or EA of the dot with N atoms. P0,
g, f, h are functions of dielectric constant, while independent to
the dot size. Once the values of f (e1, e2) and h(e1, e2) were
determined, the solvent e!ect for large dots could be
extrapolated.

The finite-di!erence method in real space with a norm-
conserving pseudo potential, implemented in Parsec package,56

was used to calculate absorption spectrum. The grid spacing was
0.25 Å, and the boundary radius was examined to ensure that the
wave function vanished outside the sphere shell. Time-dependent
DFT (TDDFT) calculations were subsequently carried out within the
local adiabatic approximation (TDLDA)57 as implemented in the
RGWBS suite of codes.58

Without consideration of phonon-assistance, the photo-
luminescence (PL) rate at room temperature was calculated
via Fermi’s golden rule:59,60

kPL '
X

s

p!s"4e
2f12 emol! "os

3

3c3!h3
~Ms

!! !!2: (3)

Here p(s) is the room-temperature Boltzmann occupation, Ms is
the dipole matrix element between excitonic state s and the
ground state computed using the MX code,61 and f1 is the local
field factor defined as59,62

f1!x" '
2l % 1

edot=esol % 1! "l % 1
' 3

edot=esol % 2
: (4)

In addition, edot and esol are the e!ective dielectric constants
of the SiQD and the solvent, respectively. edot was taken to be
1.3 for the 1.7 nm dot as obtained in a previous, accurate
calculation,59 while those for 2.6 and 3.1 nm dots were estimated
to be 8.3 and 8.8 using the generalized Penn’s model:63

es!R" ' 1% eb & 1

1% !a=R"l
: (5)

Here a = 6.9 Å, and l = 1.37 Å.
To justify that our computational methodology does capture

the essential factors to qualitatively predict the optical properties
of SiQDs, we reproduced the substantial redshift of PL and
absorption spectra observed in styryl (Phe) and (trimethylsilyl)-
vinyl (TMS) capped SiQDs with respect to the octyl (Oct) capped
SiQDs.21 In addition, our computed PL lifetimes agree reason-
ably well with previous experimental data.20,41,59,64–66 Details
on these checks, along with other relevant analyses, can be
found in the ESI.†

Results and discussion
A hydrogen passivated, 1.7 nm diameter SiQD (Si147H100) was
analyzed under five conditions in order to elucidate our basic
design premise. The absorption spectrum was calculated for
the original dot and after modification with two types of
molecules. As shown in Fig. 2 (right), 1-butene (C4H8) has a
Type-I energy level alignment relative to the dot while 4-vinyl-
N,N-bis(4-methoxyphenyl)aniline (MeO-TPA) o!ers a Type-II
alignment. In the second case, the desired Type-II energy level
alignment was achieved by adding two methoxyl groups to
triphenyl amine in order to raise the HOMO. Both molecules can
be attached with either C–C or CQC connectivity, and absorption
data was generated for each of these four possibilities. A Type-I
interface with the Si–CQC connections (Fig. 2(e)) only slightly

Fig. 2 (a) Calculated absorption spectra of bare Si147, 4 MeO-TPA on Si147 with CQC connections, 4 MeO-TPA on Si147 with C–C connectivity and 4 C4H7 on
Si147 with CQC connectivity. (b) Structure of the MeO-TPA molecule. The dot-ligand interfaces of Si147 capped by: (c) 4 MeO-TPA with CQC connectivity,
(d) 4 MeO-TPA with C–C connectivity and (e) 4 1-butenes along with HOMO (blue) and LUMO (purple). The light blue ellipses highlight the relevant CQC and
C–C bonds. The values of the isosurfaces are 0.007 Å&3/2 in panel (c–e). (f) Energy level alignment between Si147, C4H8 and MeO-TPA in eV.

PCCP Paper

Pu
bl

is
he

d 
on

 2
1 

Ju
ly

 2
01

4.
 D

ow
nl

oa
de

d 
by

 C
ol

or
ad

o 
Sc

ho
ol

 o
f M

in
es

 o
n 

18
/1

1/
20

14
 2

3:
03

:3
5.

 

View Article Online

A B 

19278 | Phys. Chem. Chem. Phys., 2014, 16, 19275--19281 This journal is© the Owner Societies 2014

increases absorption in the high-energy range and has a negligible
influence in the low-energy range (Fig. 2(a)). In contrast, when a
Type-II energy level alignment is formed with the Si–C–C connec-
tivity, additional absorption peaks emerge inside the optical gap of
the dot, but their intensities are very low due to the small overlap
between the HOMO and the LUMO wave functions (Fig. 2(d)).
Strong absorption in the low energy range occurs only when a
Type-II interface is formed with the Si–CQC connections
(Fig. 2(c)) – i.e. both design rules need to be enforced. The
generality of these rules is verified by similar observations on
another ligand candidate C8H10N2S (ESI,† Fig. S14).

Optical properties were next considered as a function of dot
diameter, d, with MeO-TPA functionalization. As quantified in
Fig. 3(a), the transition from Type-II to Type-I alignment occurs
at d E 5.5 nm, so MeO-TPA is a good prototypical functionalizer
for this study. Moreover, the calculated absorption spectra of
MeO-TPA-treated SiQDs show a strong absorption cross-section
for d = 1.7, 2.6 and 3.1 nm, as summarized in Fig. 3(d)–(f).
Although the redshift decreases with increasing dot size, the
absorption intensity near the absorption edge is still significantly
enhanced for even the largest dots.

The 2.6 nm SiQDs are in the middle of the range studied and
are of a size that can be easily synthesized. Functionalization of
them with four MeO-TPA ligands resulted in a 0.47 eV redshift
of the optical gap (based on the PL peak), and a 0.94 eV redshift
of the first strong absorption peak (Fig. 3(e)). The analysis
shows that, while the peaks below 2 eV should be ascribed to

the excitation from the HOMO of the MeO-TPA to a range of
unoccupied orbitals of the dot, the peaks above 2 eV have three
contributions: the spatially separated exciton; the intensified
transition from deep occupied to unoccupied levels of the dot;
and the excitation on the ligand itself (Fig. 3(b) and (c)).

Additional analysis of these 2.6 nm dots indicates that the
absorption spectrum is not sensitive to the position and
orientation of the MeO-TPAs and that the absorption strength
peak increases with MeO-TPA coverage. (ESI,† Section II).

The calculated PL rates were found to increase remarkably
with MeO-TPA functionalization for all dot sizes considered
(Table 1). Although these rates are almost certainly under-
estimated due to the neglect of the phonon-assistance,65 the
trend is expected to be reasonable because of the large oscilla-
tor strength associated with the spatially separated exciton.
Fortunately, such comparatively rapid PL will not a!ect energy
conversion since it is still much slower than the subsequent
charge separation and transport in the presence of a Type-II
interface. Indeed, consistent with experiment,11 our calculated

Fig. 3 (a) Energy level alignment between SiQDs of di!erent sizes and MeO-TPA in dichloromethane solvent (e = 9.08). The dashed green line denotes
the transition from a Type-II to a Type-I interface. (b) HOMO (blue) and LUMO (purple) of Si465 capped by 4 MeO-TPA ligands. Isosurfaces are 0.009 Å!3/2.
(c) Illustration of absorption (upward blue arrows) and emission (downward red arrows) on H-passivated and MeO-TPA-functionalized dots. Comparison
of the influences of MeO-TPA ligand on absorption spectra of SiQD with di!erent sizes from (d) Si147 (1.7 nm) to (e) Si465 (2.6 nm) to (f) Si849 (3.1 nm).
The predicted redshift of photoluminescence (PL) and absorption (ABS) peaks are shown in unit of eV.

Table 1 PL lifetimes (seconds) of Si147, Si465 and Si849 with only H-termination
and with 4 MeO-TPA molecules

No MeO-TPA With MeO-TPA

Si147H100 1.2 " 10!4 6.5 " 10!6

Si465 1.1 " 10!3 4.0 " 10!5

Si849 2.3 " 10!3 1.4 " 10!4
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increases absorption in the high-energy range and has a negligible
influence in the low-energy range (Fig. 2(a)). In contrast, when a
Type-II energy level alignment is formed with the Si–C–C connec-
tivity, additional absorption peaks emerge inside the optical gap of
the dot, but their intensities are very low due to the small overlap
between the HOMO and the LUMO wave functions (Fig. 2(d)).
Strong absorption in the low energy range occurs only when a
Type-II interface is formed with the Si–CQC connections
(Fig. 2(c)) – i.e. both design rules need to be enforced. The
generality of these rules is verified by similar observations on
another ligand candidate C8H10N2S (ESI,† Fig. S14).

Optical properties were next considered as a function of dot
diameter, d, with MeO-TPA functionalization. As quantified in
Fig. 3(a), the transition from Type-II to Type-I alignment occurs
at d E 5.5 nm, so MeO-TPA is a good prototypical functionalizer
for this study. Moreover, the calculated absorption spectra of
MeO-TPA-treated SiQDs show a strong absorption cross-section
for d = 1.7, 2.6 and 3.1 nm, as summarized in Fig. 3(d)–(f).
Although the redshift decreases with increasing dot size, the
absorption intensity near the absorption edge is still significantly
enhanced for even the largest dots.

The 2.6 nm SiQDs are in the middle of the range studied and
are of a size that can be easily synthesized. Functionalization of
them with four MeO-TPA ligands resulted in a 0.47 eV redshift
of the optical gap (based on the PL peak), and a 0.94 eV redshift
of the first strong absorption peak (Fig. 3(e)). The analysis
shows that, while the peaks below 2 eV should be ascribed to

the excitation from the HOMO of the MeO-TPA to a range of
unoccupied orbitals of the dot, the peaks above 2 eV have three
contributions: the spatially separated exciton; the intensified
transition from deep occupied to unoccupied levels of the dot;
and the excitation on the ligand itself (Fig. 3(b) and (c)).

Additional analysis of these 2.6 nm dots indicates that the
absorption spectrum is not sensitive to the position and
orientation of the MeO-TPAs and that the absorption strength
peak increases with MeO-TPA coverage. (ESI,† Section II).

The calculated PL rates were found to increase remarkably
with MeO-TPA functionalization for all dot sizes considered
(Table 1). Although these rates are almost certainly under-
estimated due to the neglect of the phonon-assistance,65 the
trend is expected to be reasonable because of the large oscilla-
tor strength associated with the spatially separated exciton.
Fortunately, such comparatively rapid PL will not a!ect energy
conversion since it is still much slower than the subsequent
charge separation and transport in the presence of a Type-II
interface. Indeed, consistent with experiment,11 our calculated

Fig. 3 (a) Energy level alignment between SiQDs of di!erent sizes and MeO-TPA in dichloromethane solvent (e = 9.08). The dashed green line denotes
the transition from a Type-II to a Type-I interface. (b) HOMO (blue) and LUMO (purple) of Si465 capped by 4 MeO-TPA ligands. Isosurfaces are 0.009 Å!3/2.
(c) Illustration of absorption (upward blue arrows) and emission (downward red arrows) on H-passivated and MeO-TPA-functionalized dots. Comparison
of the influences of MeO-TPA ligand on absorption spectra of SiQD with di!erent sizes from (d) Si147 (1.7 nm) to (e) Si465 (2.6 nm) to (f) Si849 (3.1 nm).
The predicted redshift of photoluminescence (PL) and absorption (ABS) peaks are shown in unit of eV.

Table 1 PL lifetimes (seconds) of Si147, Si465 and Si849 with only H-termination
and with 4 MeO-TPA molecules

No MeO-TPA With MeO-TPA

Si147H100 1.2 " 10!4 6.5 " 10!6

Si465 1.1 " 10!3 4.0 " 10!5

Si849 2.3 " 10!3 1.4 " 10!4
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were able to show that the desired products were made in good purity. The optical and 

electronic properties of the MeO-TPA-terminated SiQDs were found to be reasonably 

close to predictions, validating the computational methods used, though it was 

determined that further study and characterization were needed. 

The aim of the experiments outlined in this chapter was to continue previous 

work on the MeO-TPA-SiQD system. The primary purpose of these experiments was to 

reproduce previous work by this research group, to investigate the size-dependence of 

observed PL properties of the MeO-TPA-SiQD system, and to further support the 

presence of a Type II energy level alignment (along with the associated charge transfer 

states). In addition, more extensive characterization is performed, including 

thermogravimetric analysis (TGA), showing the thermal stability of the SiQD systems, 

and atomic force microscopy (AFM), showing the (effective) core-shell structure of the 

ligand-terminated SiQDs.  

3.2 Experimental Setup  
Toluene (Chromosolv, Macron), diiisopropylamine (99.5%, Sigma-Aldrich), 

triphenylphosphine (PPh3, 95%, Sigma-Aldrich), copper iodide (CuI, 98%, Sigma-

Aldrich), bis(triphenylphosphine)palladium(II) dichloride (Pd((PPh3)2Cl2, 99%, Strem), 

trimethylsilylacetylene (99%, Oakwood), 4-iodo-4,4-dimethoxytriphenylamine (98%, 

TCI), tetrahydrofuran (ACS reagent, Sigma-Aldrich), methanol (Chromosolv, Macron), 

diethyl ether (anhydrous, Fisher), dichloromethane (DCM, Chromosolv, Sigma-Aldrich), 

magnesium sulfate (ACS reagent, Fisher), potassium carbonate (99%, Fisher), 1-

dodecene (95%, TCI), 4-tert-butylphenylacetylene (96%, Sigma-Aldrich), 1,1′-

azobis(cyclohexanecarbonitrile) (ACHN, 98%, Sigma-Aldrich), triethylvinylsilane (97%, 

Gelest), N,N-dicyclohexylmethylamine (Cy2NCH3, 97%, Sigma-Aldrich), bis(tri-t-

butylphosphine)palladium(0) (Pd[P(t-butyl)3]2, 98%, Strem), toluene (anhydrous, Sigma-

Aldrich), ethyl acetate (ACS reagent, Fisher) and hexanes (Chromosolv, Sigma-Aldrich) 

were used as received. 1,3,5-Trimethylbenzene (TMB, 98%, Sigma-Aldrich) was 

purified by fractional distillation, dried over molecular sieves, sparged with dry argon for 

one hour, and stored in a nitrogen-filled glovebox until use. Water was purified by a lab-

scale Millipore water filtration device. 
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3.2.1 Synthesis of MeO-TPA Ligand 
 

 
Figure 3.3. Synthesis of MeO-TPA ligand 

 
4-Iodo-4,4-dimethoxytriphenylamine (3.23 g, 7.5 mmol), trimethylsilylacetylene 

(1.47 g, 15 mmol), Pd((PPh3)2Cl2 (105 mg, 0.15 mmol), CuI (30 mg, 0.16 mmol), PPh3 

(79 mg, 0.30 mmol), diiisopropylamine (1.9 g, 18.8 mmol), and toluene (30 mL) were 

charged to a 50 mL Schlenk flask in a nitrogen-filled glovebox. The flask was removed 

from the box, purged and refilled three times with argon, and heated at 80 °C for 22 

hours. Solvents were removed from the reaction mixture by rotary evaporator and 

extracted into diethyl ether. The ether solution was washed twice with water and twice 

with concentrated brine solution, dried over magnesium sulfate, purified by silica gell 

column in 1:9 DCM:hexanes, and solvents were removed by rotary evaporator to yield 

the intermediate (1) (Figure 3.3) as a yellow oil. 

For deprotection of the trimethylsilyl group, tetrahydrofuran (30 mL), methanol 

(30 mL), potassium carbonate (4.2 g), and purified (1) was added to a 250 mL round-

bottom flask and stirred for two hours at room temperature. Solvents were removed 

from the reaction mixture by rotary evaporator, and extracted into diethyl ether. The 

ether solution was washed twice with water and twice with concentrated brine solution, 

purified by silica gell/activated carbon (4:1 ratio) column in 3:7 DCM:hexanes, and 

solvents were removed to give 4-ethynyl-N,N-bis(4-methoxyphenyl)aniline (MeO-TPA 

ligand) (2) as a light yellow solid. 

3.2.2 Synthesis of MeO-TPA Model Compound 
Triethylvinylsilane (214 mg, 1.50 mmol), 4-Iodo-4,4-dimethoxytriphenylamine 

(500 mg, 1.15 mmol), Pd[P(t-butyl)3]2 (30 mg, 0.06 mmol), Cy2NCH3 (0.3 mL, 1.28 

mmol), and anhydrous toluene (15 mL) were charged to a 50 mL Schlenk flask in a 
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nitrogen-filled glovebox. The flask was removed from the glovebox, purged and refilled 

three times with argon, and heated (under argon) at 80 °C for 18 hours. Purified by 4:1  

 

silica gel:activated carbon column in a gradient of hexanes to ethyl acetate. Solvents 

were removed by rotary evaporator to yield the MeO-TPA model compound (3) (Figure 

3.4) as a gray, highly viscous oil (441 mg, 85%). 

3.2.3 Synthesis of Dodecyl-Terminated SiQDs (SiQDs-C12H25) 
In a typical synthesis, (Fig. 3.5) hydride-terminated SiQDs (30 mg), 1-dodecene 

(1 mL), and TMB (5 mL) were charged to a 25 mL Schlenk flask in a nitrogen-filled 

glovebox. The flask was removed from the glovebox, purged and refilled three times 

with argon, and heated (under argon) at 160 °C for 72 hours. The reaction mixture was 

concentrated by rotary evaporator, extracted with hexanes, filtered, and precipitated into 

acetonitrile. The resulting suspension was centrifuged, the solids were re-dissolved in 
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Figure 3.5. Synthesis of dodecyl- and      
MeO-TPA-terminated SiQDs 
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Figure 3.4. Synthesis of MeO-TPA model compound 
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hexanes and precipitated into acetonitrile twice more and dried under vacuum at 50 °C 

to yield dodecyl-terminated SiQDs as a dark-brown highly viscous oil. 

As an alternative to these high-temperature reactions, reactions utilizing the 

radical initiator 1,1′-azobis(cyclohexanecarbonitrile) (ACHN), were also attempted. In a 

typical synthesis, hydride-terminated SiQDs (30 mg), dodecene (1 mL), ACHN (100 mg) 

and toluene (5 mL) were charged to a 25 mL Schlenk flask in a nitrogen-filled glovebox. 

The flask was removed from the glovebox, purged and refilled three times with argon, 

and heated (under argon) at 100 °C for 24 hours. The reaction mixture was purified as 

above, except with an additional filtration before concentration by rotary evaporator. 
3.2.4 Synthesis of MeO-TPA-Terminated SiQDs (SiQDs-TPA) 

In a typical synthesis, hydride-terminated SiQDs (30 mg), MeO-TPA ligand (100 

mg), and TMB (6 mL) were charged to a 25 mL Schlenk flask in a nitrogen-filled 

glovebox. The flask was removed from the glovebox, purged and refilled three times 

with argon, and heated (under argon) at 160 °C for 72 hours. The reaction mixture was 

concentrated by rotary evaporator, extracted with DCM, filtered, and precipitated into 

acetonitrile. The resulting suspension was centrifuged, the solids were re-dissolved in 

DCM and precipitated into acetonitirile twice more and dried under vacuum at 50 °C to 

yield MeO-TPA-terminated SiQDs as a dark-brown, granular material.  

In a manner similar to that above for dodecene, the radical initiator was also used 

with MeO-TPA ligand. In a typical synthesis, hydride-terminated SiQDs (30 mg), MeO-

TPA ligand (100 mg), ACHN (100 mg) and toluene (6 mL) were charged to a 25 mL 

Schlenk flask in a nitrogen-filled glovebox. The flask was removed from the glovebox, 

purged and refilled three times with argon, and heated (under argon) at 100 °C for 24 

hours. The reaction mixture was purified as above, except with an additional filtration 

before concentration by rotary evaporator. 
3.2.5 Size-Selective Precipitation of MeO-TPA-Terminated SiQDs 

The above reaction was repeated, but with 150 mg of hydride-terminated SiQDs. 

Following a modified version of a published method,54 the resulting product was 

dissolved in a minimal amount of DCM, a small amount of methanol was added (until 

the solution became cloudy), the mixture was centrifuged for twenty minutes at 8200 
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rpm, and the clear supernate was decanted off (leaving the precipitated first fraction of 

dots behind). This process was repeated to give a total of 8 fractions. 

3.2.6 Characterization 
The MeO-TPA ligand and model compound were characterized by proton and 

carbon NMR using deuterated benzene as the lock solvent. All ligands, model 

compounds, and SiQD products were characterized using a Thermo Scientific Nicolet 

iS50 FT-IR equipped with an ATR detector. Samples were placed on the ATR plate, and 

40 scans were collected at a resolution of 4 cm-1. Ligands and MeO-TPA model 

compound, and all SiQD products, were characterized by PL spectroscopy with a 

Horiba NanoLog spectrofluorometer, equipped with a single-channel photomultiplier 

tube (PMT) detector (FL-1073) and a low-pass, 375 nm filter. Samples were prepared in 

dichloromethane (DCM) solutions and placed in a quartz cuvette with a 1 cm 

pathlength. SiQD products were characterized by UV-Vis spectroscopy using a 

Beckman Coulter DU800 spectrophotometer. Samples were prepared in DCM solution 

and placed in a quartz cuvette with a 1 cm pathlength. TEM bright field images were 

acquired on a Philips CM200UT TEM instrument equipped with a UHR polepiece and 

operated at a 200 keV accelerating voltage. Thermogravimetric Analysis (TGA) data 

were collected with a TA Instruments Q500 with nitrogen purge gas, a heating rate of 20 

°C/min, from room temperature to 1000 °C. MeO-TPA-terminated sample were 

characterized by Atomic Force Microscopy (AFM). Samples were drop cast from DCM 

solution onto polished p-type Si wafers and analyzed on an Olympus AC160 AFM 

instrument in AC tapping mode (at 300 kHz), with a phase of between 35 – 45 degrees, 

a cantilever amplitude of 350 nm, and a scan rate of 4 Hz.  

3.3 Results and Discussion 
The following sections describe the results obtained from the characterization 

and study of the ligand, model compound, and functionalized SiQDs synthesized in the 

previous sections. The results of the size-selective precipitation of MeO-TPA-terminated 

SiQDs is also discussed.  

3.3.1 Characterization of MeO-TPA ligand and model compound 
 The MeO-TPA ligand was characterized by NMR (carbon and proton), FT-IR, PL 

spectroscopy, and TGA in order to determine its identity and purity, and for comparison 
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with MeO-TPA functionalized SiQDs. The MeO-TPA model compound was also 

characterized by NMR (carbon and proton), FT-IR, and PL spectroscopy, to determine 

its identity and purity. In addition the model compound is, in effect, the smallest possible 

SiQD, with only one Si atom; it will be used in later sections for comparison to MeO-TPA 

functionalized SiQDs, to show that their properties are not due to the ligand alone. 

 The MeO-TPA ligand was produced in good yield (70%). NMR spectra for the 

product are shown in Figure 3.6A (proton NMR) and Figure 3.6B (carbon NMR), with 

peak assignments. While the proton spectrum shows some small amounts of solvents 

and unknown impurities (less than 5% total, by integration), the carbon spectrum shows 

no detectable impurities and conforms well to the target molecule.  

 

 
Figure 3.6. Proton (A) and carbon (B) NMR spectra of MeO-TPA ligand 

 
 The FT-IR spectrum of the MeO-TPA ligand is shown in Figure 3.7A. The 

spectrum shows peaks at 3277 cm-1, corresponding to C-H stretch vibrations at the  

terminal alkyne, in the range of 2800 – 3100 cm-1, corresponding to C-Hx stretch 

vibrations, and at 1602 cm-1, corresponding to aromatic C=C-H stretch vibrations. The 

spectrum also shows four distinctive peaks in the fingerprint region, at 1498 cm-1, 1239 

cm-1, 1027 cm-1, and 827 cm-1, which are useful in later sections for the 

charachterization of MeO-TPA-terminated SiQDs. 

 The PL spectrum of MeO-TPA ligand is is shown in Figure 3.7B, showing a peak 

emission at 461 nm (in DCM, when excited at 365 nm). As for the FT-IR this spectrum is 

184 176 168 160 152 144 136 128 120 112 104 96 88 80 72 64 56 48 40
Chemical Shift (ppm)

0

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

0.55

0.60

0.65

0.70

0.75

0.80

0.85

0.90

0.95

1.00
N

or
m

al
iz

ed
 In

te
ns

ity

55
.3

6

76
.8

2

84
.9

3

11
4.

08
11

5.
55

11
9.

99

12
7.

80

13
3.

77

14
0.

94

14
9.

9715
7.

28

�

��������

�
�

�

�
�

�
�
�

�

�

	

C

A

B

K
G

I J

D

F
E

H

10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0 -0.5 -1.0
Chemical Shift (ppm)

0

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

0.55

0.60

0.65

0.70

0.75

0.80

0.85

0.90

0.95

1.00

N
or

m
al

iz
ed

 In
te

ns
ity

0.836.023.972.004.001.97

2.
78

3.
28

6.
67

6.
84

6.
95

7.
38

�

��������

�

�

�

�
�

�

�

�

A

B

CD

F

E

A B



 
 

32 

useful in later sections for comparison to other PL spectra of MeO-TPA-terminated 

SiQDs.  

 The MeO-TPA ligand was also characterized by TGA (Figure 3.8). It’s 

decompositon onset temperature (Td) was found to be 221 °C by finding the onset of the 

first derivative plot of the TGA curve. Again, this information will be used in later 

sections for comparison to MeO-TPA functionalized SiQDs, to show the relative thermal 

stability of bonded and free ligand.  

  The MeO-TPA model compound was produced in good yield (85%). NMR 

spectra for the product are shown in Figure 3.9A (proton NMR) and Figure 3.9(B) 
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(carbon NMR). The carbon NMR conforms well to the target molecule. The proton NMR 

also conforms well, though it does contain some small amounts of unknown impurities. 

The FT-IR spectrum of the model compound is shown in Figure 3.10A. The 

spectrum shows peaks in the region of 2800 – 3100 cm-1, corresponding to C-H strectch 

vibrations, and at 1598 cm-1, corresponding to sp2 C=C stretch vibrations adjacent to 

Si,74 though this peak also overlaps with a peak at 1600 cm-1, corresponding to aromatic 

 

 
Figure 3.10. FT-IR (A) and PL (B) spectra of MeO-TPA model compound 
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spectrum of the MeO-TPA ligand, confirming, along with the NMR spectra, the synthesis 

of the target molecule. 

 The PL spectrum of the MeO-TPA model compound is shown in Figure 3.10B. 

Like the free MeO-TPA ligand, the model compound PL has a single peak, centered at 

461 nm, with the same shape as that for the ligand. This indicates that the presence of 

a single Si atom bonded to the ligand through a conjugated link has no effect on the 

electronic properties of the ligand, including any possible energy transfer through the 

conjugated link. While not suprising, this is useful for comparison to SiQD systems in 

later sections, to show that the observed optical properties are not due to either the 

ligand or the SiQD alone. 

 Finally, the model compound was also characterized by TGA. Though no 

decomposition temperature was found, the boiling point of the compound was 

determined to be 265 °C, somewhat higher than the decomposition temperature for the 

free ligand, and (as will be seen in the following section) considerably lower than the 

decomposition temperature of functionalized SiQDs. 

3.3.2 Characterization and properties of dodecyl and MeO-TPA-terminated SiQDs 
Both varieties of ligand-terminated SiQDs were characterized by FT-IR 

spectroscopy to verify ligand attachment product purity. This information is summarized 

in Figure 3.11 (with an FT-IR spectrum for hydride-terminated SiQDs, for comparison). 

The spectrum for the dodecyl-terminated SiQDs shows peaks in the range of 2800 – 

3000 cm-1, corresponding to C-H stretch vibrations, and at 1450 cm-1, corresponding to 

C-H bend vibrations. The spectrum also shows a minimal amount of oxidation (see 

Figure 2.3), and no detectable peak for hydride species in the 2000 – 2100 cm-1 region 

(the FT-IR spectrum of hydride-terminated SiQDs from Figure 2.3 is included for 

reference). The spectrum for the MeO-TPA-terminated SiQDs also shows peaks in the 

range of 2800 – 3000 cm-1, corresponding to C-H stretch vibrations, and at 1450 cm-1, 

corresponding to C-H bend vibrations. In addition, observed peaks at 1598 cm-1, 

attributed to C=C vibrations adjacent to Si,68 as well as peaks at 1499 cm-1, 1236 cm-1, 

1036 cm-1, and 823 cm-1, that are characteristic of MeO-TPA noted in Figure 3.7A and 

Figure 3.10A; all of these serve to confirm the attachment of MeO-TPA ligand to the 

SiQDs via conjugated linkages. The spectrum does show a small amount of residual Si- 



 
 

35 

H in the range of 2000 – 2100 cm-1 due to steric hindrance from the large MeO-TPA 

ligand as not all surface sites will be accessible by such a large ligand. Also of note is 

the lack of a peak at 3277 cm-1, corresponding to the terminal alkyne on the MeO-TPA 

ligand, indicating that all excess free ligand was successfully removed during the 

purification process. 

MeO-TPA-terminated SiQDs were also analyzed by AFM. As further evidence of 

ligand attachment, the phase-mode images shown in Figure 3.12 clearly show the core-

shell nature of the terminated SiQDs. In the small-scale image on the right, lighter, ring-

shaped areas correspond to the softer shell of MeO-TPA ligand, while the darker central 

areas correspond to the harder SiQD core.82,83 

Absorption (UV-Vis) spectra of the dodecyl- and MeO-TPA- terminated SiQDs 

are shown in Figure 3.13. While both dots types show an absorption maximum in the 
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UV region, at 229 nm, the MeO-TPA-terminated dots show significantly higher 

absorption in the range of 270 – 480 nm. The peak absorption peak centered at 299 nm 

is also quite broad, implying that the effective band gap of the MeO-TPA-SiQD system 

has been significantly reduced, relative to that of the dodecyl-terminated dots. In 

addition, the band edge of the MeO-TPA-terminated dots has been shifted by 

approximately 70 nm, relative to dodecyl-terminated SiQDs. Also of note is the shoulder 

°

Figure 3.12. AFM phase-mode images of MeO-TPA-terminated SiQDs 
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on the lower energy peak in the MeO-TPA-terminated spectrum, in the range of 360 – 

440 nm, which may be attributed to direct absorption by the MeO-TPA ligand.67,76 This 

two-peak behavior may also be related to the two-peak behavior observed in the PL 

spectra of MeO-TPA-terminated dots, which is noted later.  

Further optoelectronic properties of the dodecyl and MeO-TPA-terminated SiQDs 

were studied by PL and PLE spectroscopy; this information is summarized in Figure 

3.14. The PL spectrum of dodecyl-terminated SiQDs, shown in Figure 3.14A, displays a 

single peak at 681 nm (1.82 eV), which corresponds to an average dot size of 

approximately 3.1 nm.39 This value also correlates well with the TEM data presented in 

Figure 3.16A. As previously mentioned, dodecyl-terminated SiQDs contain only Type I 

linkages, and, as can be seen in Figures 1.10 and 3.2A, the energy level alignments in 

this system favor only transitions from the SiQD HOMO to the SiQD LUMO, so the 

ligands should have minimal effect on the optical properties of the SiQD; for this reason, 

they are used here as a reference material. The spectrum for MeO-TPA-terminated 

SiQDs shows two maxima, one at 730 nm (1.70 eV), and another, smaller peak at 525 

nm (2.36 eV). It should be noted that the peak at 525 nm is not due  

 

 
Figure 3.14. PL (A) and PLE (B) spectra for dodecyl and MeO-TPA-terminated SiQDs, 
with spectra for free MeO-TPA ligand included for reference 

 

to free ligand, but is in fact a feature of the purified SiQDs (the PL spectrum of free 

MeO-TPA ligand is included for reference). The presence of two PL maxima can be 

explained by referring to Figures 3.2A; the peak at 730 nm can be attributed to indirect 
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transitions within the MeO-TPA-SiQD system (i.e., electrons are promoted from the 

HOMO of the ligand to the LUMO of the SiQD, a relatively small energy gap), while the 

peak at 525 nm can be attributed to direct transitions within the ligand moieties only 

(i.e., electrons are promoted from the HOMO of the ligand to the LUMO of the ligand, a 

relatively large energy gap). It is then likely that the presence of this peak at 525 nm is 

due to incomplete energy transfer from the ligand to the SiQD, which may be dependent 

upon the size of the QD, as theorized elsewhere.67 However, this peak does show a 

partial reduction in emission energy (as shown by its red-shifted PL relative to the free 

ligand at 461 nm), which may be due to a simple extension of the ligand conjugation 

into the SiQD, without full energy transfer from the ligand HOMO to the SiQD LUMO. An 

investigation of this theory is presented in the following sections. Of equal importance is 

the observed red shift of the MeO-TPA-terminated PL relative to that for the dodecyl-

terminated peak, a shift of 49 nm (0.12 eV). This value is smaller than the predicted 

(0.24 eV)67 for dots of this size, possibly due to a small amount of oxidation on the 

dodecyl-terminated SiQDs,35 but is within the error associated with calculating the 

predicted red shift.84 

The PLE spectrum of the dodecyl-terminated SiQDs, shown in Figure 3.14B, 

shows a maximum at 368 nm, while the MeO-TPA-terminated SiQDs show a maximum 

at 482 nm. The spectrum for free MeO-TPA ligand, with its maximum at 381 nm, is also 

included for reference. As can be predicted from the energy level diagram in Figure 

3.2A, the PLE maximum of the MeO-TPA terminate SiQDs is at a value red shifted from 

that of the dodecyl-terminated SiQDs. This information serves as further support for the 

presence of Type II linkages in the MeO-TPA-SiQD system. 

As further confirmation of, and investigation into, a charge transfer state, the PL 

spectra of both types of terminated dots, as well as free MeO-TPA ligand, were 

measured in two solvents of different polarities (toluene and DCM) in order to show any 

solvatochromatic properties present. These spectra are shown in Figure 3.15. As 

expected, the location of the PL maximum in the spectrum of dodecyl-terminated SiQDs 

shown in Figure 3.15A does not change with solvent polarity. As noted previously, 

dodecyl-terminated SiQDs only contain Type I linkages, the ligands themselves are 

nonpolar, and the terminated QDs as a whole are nonpolar (due to their spherical 
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nature), so no solvatochromatic shift is expected. As in Figure 3.14A, the PL spectrum 

shown in Figure 3.15A for MeO-TPA-terminated SiQDs has two peaks, but 

unexpectedly, only one of the peaks displays a solvatochromatic shift. The larger peak, 

at 730 nm, is identical in both solvents, but the smaller peak shows a maximum at 536 

nm in toluene and a maximum at 525 nm in DCM. The current interpretation of this, as 

noted previously, is that the peak at 730 nm is due to indirect absorption and emission 

from the MeO-TPA-SiQD system as a whole (energy is transferred from the ligand to 

the dot before reemission), while the peak at approximately 530 nm is due to direct 

absorption and emission from the grafted MeO-TPA ligands themselves (energy is not 

transferred from the ligand to the dot, it is absorbed and reemitted by the ligand alone). 

As further support of this idea, it is theorized that individual ligands are quite polar, and 

thus capable of displaying solvatochromatic shifts, but that the MeO-TPA-SiQD system 

as a whole is not polar (due to its spherical, symmetrical morphology) and thus not able 

to display solvatochromatic shifts.85,86 It is also interesting to note that the peaks 

attributed to direct absorption and emission in the PL and absorbance spectra (at 530 

nm and 370 nm, respectively) are in both spectra of approximately the same proportion 

to the peaks attributed to indirect absorption and emission in the PL and absorbance 

spectra (at 299 nm and 730 nm, respectively). In addition, PL spectra for free MeO-TPA 

ligand in both toluene and DCM are shown in Figure 3.15B. As expected, due to its 

highly polar nature, the free ligand also displays a significant solvatochromatic shift. 
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 It is theorized elsewhere67,76 that the energy transfer from ligand to dot in the 

MeO-TPA-SiQD system is size dependent; thus (if the above explanation is accurate) 

the relative size of the peaks observed in Figures 3.14A and 3.15A should also be size 

dependent. The next section details experiments designed as an investigation into this 

idea, as well as a further investigation the solvatochromatic shifts observed above (and 

further solidifying the proposed explanation).  

Transmission Electron Microscopy (TEM) was used to used to determine the size 

(and size distribution), morphology, and crystallinity of the dodecyl and MeO-TPA-

terminated SiQDs. This data is summarized in Figure 3.16. The size count histogram 

shown in Figure 3.16A shows a mean SiQD size of 5.0 nm and a mode of 2.8 nm, both 

of which correspond well to the PL spectra shown above. Figure 3.16B depicts a large-
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scale bright field image of the SiQDs and reveals a consistent, approximately spherical 

morphology. Shown in Figure 3.16C is the TEM diffraction pattern, which indexes well to 

the diamond cubic structure of crystalline Si (though the lines are quite broad, due to 

small particle sizes). Finally, Figure 3.16D shows a representative individual SiQD, with 

well-defined lattice fringes. 

 Finally, both varieties of dots were characterized by TGA, in order to determine 

their stability at high temperature. This information is summarized in Figure 3.17, with a 

TGA plot and first derivative plot for each dot type. 

 

 
Figure 3.17. TGA plots for dodecyl- (A) and MeO-TPA- (B) terminated SiQDs 

 
The TGA plot under a nitrogen atmosphere for dodecyl- terminated dots in Figure 3.17A 

shows a decomposition onset temperature of 277 °C, which is consistent with published 

results74. As would be expected of a conjugated ligand system, the decomposition onset 

temperature for MeO-TPA-terminated SiQDs in Figure 3.17B was found to be higher, at 

316 °C, though some mass (approximately 2%) was lost below 200 °C (due to small 

amounts of solvents present in the SiQD product). This temperature is also significantly 

higher than either the decomposition onset temperature of the free ligand or the boiling 

point of the model compound, showing the stability of the ligand-SiQD bond, which is 

largely due to the covalent nature of the bonds87.  

 An attempt was also made to determine the extent of surface coverage using 

TGA data and a previously published calculation method.70 The surface coverage of the 

dodecyl-terminated SiQDs was found to be approximately 52%, a value somewhat 
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lower than previously published results.70,74 The surface coverage of the MeO-TPA-

terminated dots was calculated to be approximately 9%. Both of these values are 

unrealistically low, considering the minimal amount of oxide or hydride species present 

in their respective FT-IR spectra and the probable number of available surface bonding 

sites (approximately 300).70  It is likely that other, unknown, processes are decreasing 

the final mass loss of the samples, the most likely of which is the formation of silicon 

nitride (particularly in the case of the nitrogen-containing MeO-TPA-terminated dots) or 

silicon carbide, though further confirmation of this is needed. Further work is underway 

to optimize this method and to determine its viability for the determination of ligand 

surface coverage (for example x-ray photoemission spectroscopy (XPS) analysis of the 

TGA samples after heat treatment). 

 While the reactions utilizing the radical initiator ACHN were successful, the MeO-

TPA-terminated SiQDs showed excessive amounts of hydride present in their FT-IR 

spectrum, for unknown reasons. However, this method was quite successful for other 

ligands; its use in these reactions will be detailed in the next chapter. 

3.3.3 Size-Selective Precipitation of SiQD-TPA 
As theorized elsewhere,67 and as previously mentioned, it is likely that the charge 

transfer process in MeO-TPA-terminated SiQDs is size dependent, with Type II 

behavior dominating at small sizes and Type I behavior dominating at larger dot sizes. 

As further investigation into this idea, a previously published method88 was employed for 

selectively precipitating MeO-TPA-terminated SiQDs of different sizes. This method 

yielded eight fractions of differently sized SiQDs (with the largest being in Fraction 1 and 

the smallest being in Fraction 8), which were then studied by PL spectroscopy. A 

summary of this information is shown in Figure 3.18. Shown in Figure 3.18A are PL 

spectra for the obtained fractions (with Fractions 1 and 6 omitted for clarity). This figure 

shows, as expected, that the SiQD size decreases as fraction number increases, as 

evidenced by the successive blue shifting of each fraction. In addition, it is clear that the 

relative sizes of the ligand and dot peaks vary as a function of dot size. Unexpectedly 

however, the variation is not linear as theory would suggest67 (with the ligand peak 

dominating at large dot sizes and the system peak dominating at small sizes). Instead, 

as shown in Figure 3.18B, the ligand peak dominates at both larger and smaller dot 
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sizes, while the system peak dominates at intermediate dot sizes. In a related study88 

(the same study that this precipitation method was adapted from) the authors found a 

similar trend in the absolute quantum yield (AQY) of SiQDs, with AQY peaking at SiQD 

sizes of approximately 3.8 nm and decreasing above and below this value, as seen in 

Figure 3.19. In their work, the authors theorize that this is due to the competition of two 

factors that balance at approximately 3.8 nm (in their ligand/dot system). The first factor, 

dominating below 3.8 nm, is non-radiative recombination of excitons, due to increasing 

spatial confinement and an increasing proportion of surface defects.5 The second factor, 

Figure 3.18. PL spectrum (A) and line plot (B) showing size-dependent peak ratio in 
precipitated MeO-TPA-terminated SiQD fractions 
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temperature-controlled thermally treated commercially avail-
able SiO, followed by aqueous HF extraction to form ncSi:H 
and hydrosilylation with 1-decene to make ncSi:C 10 , is a facile 
and practical synthetic pathway for making gram-scale batches 
of decyl-capped hexane-soluble ncSi. The size distribution is 
suffi ciently broad to permit size separation of ncSi:C 10  into 
fractions in the size range 2–7 nm that allows the observation 
of size-dependent QSE on the PL spectra and AQY in the NIR 
wavelength range just below the band gap of bulk Si, Figure  4 . 

 Pertinent to the main question posed in this study is the 
observed “volcano” plot of the PL AQY of ncSi:C 10  as a func-
tion of size. In Figure  2  it can be discerned that PL appears to 
switch-on with a measurable AQY of 4–5% for ncSi:C 10  sizes 
around 5 nm that emit around 900 nm. With diminishing size 
of ncSi:C 10  the AQY begins around 5%, continues to rise to 
about 20% for the 3.9–3.7 nm fraction and thereafter gradually 
falls to approximately 5% for the smallest fraction with a barely 
discernible PL peak profi le. 

 To understand the origin of this “volcano”-like behavior of 
the size-dependent PL AQY of ncSi:C 10  displayed in Figure  4 , 
one has to consider how radiative and non-radiative contribu-
tions to photo-excited electron-hole recombination emission 
are affected by the size of the ncSi:C 10 . In an earlier study from 
our laboratory [ 4 ]  that focused on size separated ncSi:AB with 

smaller sizes below 2 nm and allylbenzene capping groups, PL 
was observed in the visible spectral range and showed a trend 
of monotonically diminishing AQY, which tended to fade away 
around a nanocrystal size of 1 nm. This corresponds well with 
the decreasing trend of the smaller-size side of the “volcano” 

Adv. Mater. 2015, 27, 746–749

www.advmat.de
www.MaterialsViews.com

 Figure 3.    a) BF STEM image of ncSi:C 10  produced by 1 h 50 min aqueous 
HF etching from SiO heated at 900 °C. Some ncSi with distinct lattice 
fringes are circled. b) Histogram of the core size distribution of ncSi.

 Figure 4.    a) PL spectra of representative ncSi:C 10  fractions #2, 4, 6, 8, 
10. b) PL wavelength maxima for size-sorted ncSi:C 10  fractions, and the 
fractions for size measurement are marked as large triangles. c) the cor-
respondence between the measured size and the volume of antisolvent 
used in the SSP method. d) AQY versus volume of antisolvent used that 
corresponds to the size of ncSi:C 10  shown in the inset.

Figure 3.19. Absolute quantum yield (AQY) 
as a function of antisolvent volume and 
SiQD dot size. Adapted from Ref. 88. 
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increasing quantum confinement and increasing likelihood of a radiative recombination 

as dot size decreases, dominates above 3.8 nm. It may be possible that a similar 

process is occurring in the MeO-TPA-SiQD system, with these two competing factors 

affecting the proportion of transitions that are direct or indirect, with the two balancing 

out at approximately 730 nm (dot sizes of approximately 3.1 nm), and direct transitions 

within the ligand dominating above and below this value. Intuitively this make sense, as 

decreasing dot size would increase quantum confinement in the SiQD core as well as 

decrease the spatial distance between the ligand HOMO and the SiQD LUMO (thus 

making the system, indirect transition, peak dominate as dot size is decreased and the 

ligand and SiQD wave functions increasingly overlap and indirect transitions become 

more likely), while, below 3.1 nm, non-radiative recombination in the SiQD core, as well 

as interference from surface defects, may decrease its contribution, again allowing the 

ligand, direct transition, peak to dominate. This would suggest that an optimal mean 

SiQD size for this MeO-TPA-SiQD system is approximately 3.1 nm, especially for 

purposes relying on maximum charge transfer within the SiQD system. However, more 

study is needed to investigate this idea, including investigation on a greater range of 

SiQD dot sizes and, ligand systems, and more characterization. 

3.4 Conclusions 
An HSQ precursor with a mixed cage and extended network structure was 

prepared using known procedures. This material was heated to 1100C under reductive 

conditions and subsequently etched with hydrofluoric acid to produce hydride-

terminated SiQDs with a distribution of sizes, with a mean of 5.0 nm and a mode of 2.8 

nm (that also agreed with PL data). MeO-TPA ligand, as well as a related model 

compounds, were synthesized and purified, and used (along with dodecene as a 

reference ligand) to react with, and terminate, hydride-terminated SiQDs in thermal 

hydrosilylation reactions. The synthesized and purified SiQDs were characterized by a 

number of methods. FT-IR data, as well as the other characterization, showed 

conclusively that the ligands were successfully attached. Their UV-Vis and PL spectra 

were found to be consistent with computational predictions, further supporting the 

theorized Type II energy level alignment. The characterization data also shows the 

enhanced stability of the terminated SiQDs, both to oxidation and to elevated 
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temperatures. In addition, an investigation into the solvatochromatic behavior of the 

terminated SiQDs has, in the case of MeO-TPA-terminated SiQDs, helped in the 

assignment of PL peaks and has shed further light on the presence and nature of at 

least two types of energy transfer within the SiQD system (direct transfer between the 

ligand HOMO and LUMO, and indirect transfer from the ligand HOMO to the SiQD 

LUMO). Finally, size-selective precipitation, and subsequent PL characterization, have 

shown that these two types of energy transfer have a dependence on size. Though the 

reasons for this are unknown as yet, it is theorized that this is due to two competing 

factors (non-radiative recombination at small dot sizes and increasing quantum 

confinement as size decreases) which, in this system, balance out at approximately 3.1 

nm to produce maximum indirect energy transfer from the ligand HOMO to SiQD 

LUMO. This suggests that future studies with this MeO-TPA-SiQD system should target 

this size, as the resulting properties (especially charge transfer) would be optimized. 

However, more studies are needed to substantiate these ideas, especially with 

differently sized SiQDs, other ligand systems, and other, more in-depth characterization 

and device fabrication. 
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CHAPTER 4. Direct Conversion of Hydride to Siloxane Terminated                         
Silicon Quantum Dots 

 
Modified from a paper to be submitted for publication 

 to ACS Nano 

 

Ryan T. Anderson1, Meredith Sharps2, Rebecca Pinals3, Jacob Bell4,                   

Mark T. Lusk5, and Alan Sellinger6  

4.1 Introduction 
In recent years quantum dot materials have become the subject of intense research 

interest in a number of areas including photovoltaics89, optoelectronics14, and biological 

sensing36,62. Quantum dots have been synthesized from a number of materials, but 

those of silicon are of special interest due to silicon’s natural abundance, relatively low 

cost, ease of processing, and biological compatibility. 

Silicon quantum dots (SiQDs) can be synthesized by a number of routes, including top-

down methods requiring the decomposition of bulk silicon or treatment of silicon-rich 

oxides, and bottom-up approaches, via solution production from small-molecule 

precursors36. A popular, and relatively simple top-down method involves thermal 

decomposition of hydridosilicate glasses (produced from trichlorosilane) and 

subsequent etching of the SiOx matrix with an ethanolic hydrofluoric acid solution to 

yield a dispersion of hydride-terminated SiQDs54. While these hydride-terminated SiQDs 

are luminescent, their usefulness can be greatly enhanced by surface modifications to 

increase their ambient stability61, solubility17,61,62, quantum yield29, or make them 

suitable for biological applications36. 
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One surface modification of interest is the passivation with siloxane moieties which 

has been studied and applied for a number of years on bulk silicon surfaces90,91.  More 

recently, this approach has been applied to SiQDs45,61 and has shown promise for 

optoelectronic applications92.  In addition, siloxane termination of SiQDs increases 

solubility for solution processing and may reduce non-radiative processes,77 potentially 

making the treatment particularly attractive for photovoltaic applications.  Siloxane 

termination is also more hydrolytically stable than the corresponding silicon-oxygen-

carbon bond derived from alcohols45,48 that are the active functional groups for sol-gel 

processing.   

To date, the only existing methods for passivation of SiQDs with siloxanes involve 

the use of toxic and highly reactive reagents,45,78 produce an intermediate product of 

reactive, unstable silanol60,61 or silylchloride45,78 terminated SiQDs, and generate toxic, 

corrosive hydrogen chloride gas as a byproduct.  We report here a mild process to 

prepare siloxane-functionalized dots directly from silanols and hydride-terminated 

SiQDs, bypassing the toxic and corrosive conditions used previously.   

4.2 Experimental Setup 
Triphenylsilane (97%), toluene (99.8%, anhydrous), t-butyldimethylsilanol (99%), 

methanol (ACS reagent, 99.9%), Pd/C (10% on dry carbon), 1,1’-

azobis(cyclohexanecarbonitrile) (ACHN) (98%), acetonitrile (HPLC grade) and hexanes 

(ACS reagent) were used as purchased from Sigma-Aldrich.  Triethylsilanol (>97%) was 

used as purchased from Gelest and 1-Dodecene (>95%) was used as purchased from 

TCI America. Monohydridoheptaphenyl POSS was purchased from Hybrid Plastics and 

used as received.  Dichloromethane (>99.9%, ChromaSolv) was used as purchased 

from Macron. 1,3,5-trimethylbenzene (98%) was purchased from Sigma-Aldrich, purified 

by fractional distillation, dried over molecular sieves, and sparged with argon to remove 

oxygen. Oxide-embedded silicon quantum dots were prepared as described 

elsewhere54. 

4.2.1 Synthesis of Model Compounds 
Compound 1 (Figure 4.1) was prepared in a manner similar to that described 

elsewhere.93 To a 50 mL Schlenk flask (in a nitrogen-filled glovebox) was charged 

triethylsilanol (0.5 mL, 3.3 mmol), triphenylsilane (0.87 g, 3.3 mmol), Pd/C (10% on dry 
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support, 85 mg), and trimethylbenzene (10 mL). The mixture was heated under argon at 

150 °C for 44 hours and purified by silica column in 9:1 hexanes:dichloromethane to 

give a clear, colorless oil 1 (0.49 g, isolated yield 37%). 1H NMR (CD2Cl2): δ 0.62 (q, 6 

H, CH2), 0.93 (t, 9 H, CH3), 7.44 (m, 9 H, ArH), 7.64 (d, 6 H, ArH). 13C NMR (CD2Cl2): δ 

6.40 (s, 3 C, CH3), 6.77 (s, 3 C, CH2), 127.67 (s, 6 C), 129.68 (s, 3 C), 134.97 (s, 6 H), 

136.32 (s, 3 C). GC-MS: (m/z) found 363.2, calcd 390.2 (difference due to loss of ethyl 

group in MS). 

Compound 3 was prepared in a manner similar to (1). Into a two-necked round-

bottom flask (in a nitrogen-filled glove box) was charged (2) (0.53 g, 0.0.55 mmol), t-

butyldimethylsilanol (0.1 mL, 0.60 mmol), Pd/C (10% on dry support, 90 mg), and 

trimethylbenzene (10 mL). The mixture was refluxed under argon at 130°C for 48 hours. 

The product was purified by precipitation in methanol to give a white solid 3 (0.41 g, 

yield 68%). 1H NMR (CD2Cl2): δ 0.00 (s, 6 H, SiCH3), 0.79 (s, 9 H, SiC(CH3)3), 7.34 (m, 

14 H, ArH), 7.41 (t, 7 H, ArH), 7.72 (t, 14 H, ArH). 13C NMR (CD2Cl2): δ -3.56 (s, 2 C, 

SiCH3), 17.91 (s, 1 C, SiC(CH3)3, 25.40 (s, 3 C, SiC(CH3)3, 127.80 (s 14 C), 130.19 (s, 7 

C), 130.74 (s, 7 C), 134.20 (s, 14 C). 

 

 
Figure 4.1. Model reactions products (1 & 3), a control SiQD hydrosilylation (5) and 
direct hydride to siloxyl conversion SiQD (7). 
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4.2.2 Etching of SiQDs in Matrix 
Oxide-embedded silicon quantum dots were prepared as described elsewhere,54 

ground to a fine powder in a mortar and pestle, and etched (in the dark) in 4:1 48% 

HF:ethanol for 5 hours. The resulting hydride-terminated dots were extracted into 

toluene, centrifuged, washed three times with methanol (until the supernatant was pH-

neutral), and dried at 60 °C under vacuum for 12 hours. 

4.2.3 Synthesis of Dodecyl, Triethylsiloxy, and t-Butyldimethylsiloxy terminated 
SiQDs 
For use as a reference material, 5  (Figure 4.1) was prepared as follows. To a 25 

mL Schlenk flask (in a nitrogen-filled glovebox) was charged hydride-terminated dots (4) 

(approximately 20 mg), 1-dodecene (1 mL), ACHN (200 mg, 0.8 mmol), and toluene (7 

mL). The dots were dispersed by sonication and the mixture was heated under argon at 

100 °C for 72 hours. The reaction mixture was concentrated by rotary evaporator, 

filtered (to remove the insoluble ACHN end-product), and the dots were precipitated in 

acetonitrile, centrifuged, washed three times with acetonitrile, and dried at 50 °C under 

vacuum. 
Numerous attempts to synthesize compounds 6 and 7 using a Pd/C catalyst 

were attempted as follows. To a 25 mL Schlenk flask (in a nitrogen-filled glove box) was 

charged (4) (approximately 20 mg), silanol (0.8 g, 7 mmol), Pd/C (10% on dry support, 

40 mg), and 1,3,5-trimethylbenzene (9 mL). The dots were dispersed by sonication and 

the mixtures were heated under argon at 160 °C (for 6) and 140 °C (for 7) for 72 hours. 

While there was some evidence to indicate that the desired products were synthesized, 

the reactions produced only very small amounts of product, and the reactions were not 

reproducible with any degree of reliability. This method was abandoned in favor of the 

following, successful, synthetic route. 

Compounds 6 and 7 were synthesized as follows. To a 25 mL Schlenk flask (in a 

nitrogen-filled glovebox) was charged (4) (approximately 20 mg), silanol (0.8 g, 7 mmol), 

ACHN (200 mg, 0.8 mmol), and toluene (7 mL). The dots were dispersed by sonication 

and the mixtures were heated under argon at for 72 hours. The reaction mixtures were 

concentrated by rotary evaporator, filtered (to remove the insoluble ACHN end-product), 
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and the dots were precipitated in acetonitrile, centrifuged, washed three times with 

acetonitrile, and dried at 50 °C under vacuum.  

4.2.4 Characterization 
Carbon and proton nuclear magnetic resonance (NMR) spectra were obtained 

with a JEOL 500 MHz instrument. Fourier transform infrared (FT-IR) spectra were 

recorded with a Thermo Scientific Nicolet iS50 FT-IR spectrometer. Photoluminescence 

(PL) and photoluminescence excitation (PLE) spectra were recorded in 

dichloromethane solutions with a Horiba NanoLog spectrofluorometer, equipped with a 

single-channel photomultiplier tube (PMT) detector (FL-1073) and a low-pass, 375 nm 

filter. Ultraviolet/visible (UV/VIS) spectra were recorded in dichloromethane solution 

using a Beckman Coulter DU800 spectrophotometer. Mass spectra were obtained with 

a Varian CP-3800 Gas Chromatograph, equipped with a 1200L Quadrupole MS/MS 

detector and a Restek 5% diphenyl/95% dimethyl polysiloxane column.  

4.2.5 Computational Approach 
All calculations were carried out in density functional theory (DFT) as implemented in 

the DMOL package.94 An all-electron approach was used with exchange and correlation 

effects accounted for by the generalized gradient approximation (GGA) parameterized 

by Perdew, Burke and Ernzerhof (PBE).95 A real-space, double numeric plus 

polarization (DNP) basis was used along with an octupole expansion specify the 

maximum angular momentum function.94 A ∆SCF method96-98 was used for calculating 

the optical HOMO and LUMO. Exciton bonding energy was then estimated 

ε
JEb = , 

where J is electron-hole coulomb interaction and Ɛ is the dielectric constant of SiQDs as 

estimated using the Generalized Penn’s model.99 It was further assumed that the 

dielectric constant does not change for dots of the same size but with different 

terminations. The energy shift, ∆E, was calculated as follows: 

HOMOLUMOOPTGap EEE −=  ,    
E TGap= EOPTGap + Eb ,  

  
ΔE = EOPTGap,OSiH 3 − EOPTGap,H = ΔETGap − ΔEb   

Here  
ETGap  is the transport gap, OPTGapE  is the optical gap, and bE  is the exciton bonding 

energy. 
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4.3 Results and Discussion 
In an effort to determine the optimal conditions for the silyl hydride to siloxane 

transition in the SiQDs, two model reactions were conducted and the resulting products 

characterized by NMR and GC-MS (results presented in text above) and FT-IR. The two 

silyl hydride model reactants selected were triphenylsilane and monohydrido 

heptaphenyl POSS (Figure 4.1, compound 2).  These were chosen primarily for their 

hindered hydrides that may mimic the hydrides on the SiQD surface.  While the 

triphenylsilane reactant does provide a hindered hydride, it is also capable of 

participating in reaction mechanisms (such as an SN2 inversion of stereochemistry) that 

would be impossible at the SiQD surface. For this reason, monohydrido heptaphenyl 

POSS was also chosen as a model reactant, that more closely mimics the surface of a 

SiQD, provides a hindered hydride, and only allows for reaction at a single site.  Two 

silanol passivation agents were chosen for reaction with both the model substrates and 

with the SiQDs in order to test the viability of the methods at different reaction 

temperatures and with different amounts of steric hindrance, as well as to ascertain 

what effect, if any, the identity of the passivation group has on the optical properties of 

the passivated SiQDs (Figure 4.1, materials 5 & 7). As a result of the existing limitations 

and challenges for the passivation of SiQDs with silanols, we have undertaken reactions 

using three different methods. The first of these were reactions involving silanols as the 

passivation agent and homogeneous palladium catalysts, based on previously 

published work with small molecules.93 This method was unsuccessful and had the 

likely disadvantage of leaving a relatively large amount of soluble palladium 

contamination in the final SiQD products. The second method attempted was also 

based on previously published work with small molecules100,101  using the Lewis acid 

catalyst B(C6F5)3. This method was successful for the synthesis of compound 1. It was, 

however, unsuccessful for both the synthesis of compound 3 and for the passivation of 

SiQDs, we suspect because the mechanism of the reaction (involving an inversion of 

the stereochemistry of the silane reactant) does not allow reaction to occur at a rigid 

substrate surface.102 The third method was based on a heterogeneous palladium on 

carbon (Pd/C) catalysis. This method, while successful for the synthesis of the small-

molecule model compounds, showed little success, and no reproducibility, for the 
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passivation of SiQDs. We suspect that this was likely due to steric hindrance at the 

Pd/C surface; while the small model reaction molecules were able to react at this 

surface, the larger SiQDs were not. The fourth, and most successful, method attempted 

utilized the thermal free radical initiator 1,1-azobis(cyclohexanecarbonitrile) (ACHN). 

This method requires the simple, low temperature heating of hydride terminated SiQDs 

with silanols (or alcohols) in the presence of a stoichiometric amount of ACHN, resulting 

in siloxane-terminated SiQDs and hydrogen gas as a byproduct.  This method has the 

additional advantages of a simple purification process (filtering, followed by precipitation 

and washing of the products with acetonitrile), a process that would likely decompose 

SiQDs passivated by less-stable Si-O-C moieties (by hydrolysis or exchange to methyl 

groups),45,48 as well as the elimination of the possibility of contamination by residual 

palladium. Reactions utilizing several other catalyst systems, as well as the two 

previously mentioned model reactions, were also performed; while these reaction 

systems were not successful in the passivation of SiQDs, theyhave provided useful 

insight into the reaction mechanisms and limitations at the SiQD surface. 

4.3.1 Characterization of Model Compounds and SiQD Products 
 Infrared spectroscopy (FTIR) and photoluminescence spectra (PL) are presented 

demonstrating the success of the model and SiQD reactions, and that the functionalized 

SiQDs are equivalent to those produced by the previously reported methods.  SiQDs in 

a silica matrix were synthesized by the thermal decomposition of hydrosilicate glasses, 

isolated as hydride-terminated SiQDs by an ethanolic hydrofluoric acid etch, passivated 

with dodecene, triethylsilanol, and t-butyldimethylsilanol and characterized by FT-IR, PL 

and UV-Vis. The FT-IR and PL data are summarized in Figures 4.2 and 4.3.  

 The NMR and GC-MS results indicate that the model reactions produced the 

desired products. The FT-IR indicate stretching modes for C-H bonds around 2800 to 

3000 cm-1, and a distinctive stretch mode for Si-O-Si bonds around 1050 cm-1.60 As can 

be seen in Figure 4.2A, the magnitude of the Si-O-Si stretch mode for 3 is larger than 

that for 1, as would be expected for an SSQ cage material with multiple sets of similar 

bonds. 

The FT-IR data for the SiQD reactions (Figure 4.2B) also show that the desired 

products were obtained. Of particular note are the lack of Si-H stretch modes around 
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2050 cm-1 in the spectra for the siloxane-terminated SiQDs, versus their presence in the 

spectra for hydride-terminated SiQDs, as well as the similar magnitude of the Si-O-Si 

stretch modes in both siloxane-terminated SiQD products (indicating similar quantities 

of siloxane groups bonded to both).45,60 The PL results for the alkane-passivated 

SiQDsindicate that their size is approximately 3.2 nm39 (Figure 4.3). Of note are the 

blue-shifted emissions of the siloxane-terminated SiQDs relative to that for the alkane- 

passivated, as well as identical emission wavelengths for both siloxane-terminated 

SiQD products (indicating that the identity of the groups bonded to the terminal Si likely 
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has little effect on the PL of the SiQDs). These results are all comparable to those from 

siloxane-terminated SiQDs prepared by previously published methods.45,60,61 

4.3.2 Computational Explanations and Discussion 
One possible explanation for the measured blue shift is that it is the result of 

quantum confinement as has been posited for oxidized dots35. The reasoning is that the 

HOMO and/or LUMO are compacted into the SiQD by the oxide so that the optical 

response is effectively that of a smaller dot. A density functional theory analysis of 

hydrogen and siloxane-terminated dots indicates that just the opposite is true as shown 

in Figure 4.4. The affect of siloxane on the electronic state is to pull the HOMO out 

towards the dot surface with no qualitative change to the LUMO. Reduced confinement 

by itself, therefore, would result in a red shift.  However, because only the HOMO is 

pulled outwards, the effect is to reduce the Coulombic attraction between the occupied 

(negative) LUMO and unoccupied (positive) HOMO—i.e. to reduce the excitonic binding 

energy (Figure 4.4, panels c1 and c2). This increases the optical gap and would, by 

itself, lead to a blue shift.  

The strength of the competing effects of confinement and exciton binding energy 

vary with dot size as quantified in Figures 4.5 and 4.6. The emissive optical gap, binding 

Figure 4.4. Visualization of HOMO (red) and LUMO (blue) of SiQD with 353 Si 
atoms. a1 and b1 are the HOMO and LUMO distribution of H terminated SiQD 
respectively. Figures a2 and b2 are the HOMO and LUMO distribution of OSiH3 
terminated SiQDs, respectively. Figures c1 and c2 are idealized HOMO and LUMO 
distributions of H and OSiH3 terminated SiQDs. 
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energy and transport gap were calculated for hydride and siloxane-terminated SiQDs for 

five SiQD sizes. Figure 4.5 quantifies the anticipated redshift in the quasiparticle gap 

due siloxane treatment. This shift decreases with dot size and is effectively zero for dots 

larger than 3 nm in diameter. Figure 4.6A, on the other hand, shows that siloxane 

treatment decreases the excitonic binding energy. Figure 4.6B shows the net effect on 

the emissive optical ga p due to siloxane—a small blue shift for dots larger than 2 nm. 

The data does not vary smoothly with size because the results are sensitive to small 
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Figure 4.5. Plot of transport gap versus SiQD diameter for 
hydride and siloxane terminations. 
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changes in dot surface structure and the positioning of ligands on these highly curved 

surfaces. 

4.4 Conclusions 
 We have described a mild approach for reacting silyl hydride groups on the 

surface of silicon quantum dots with silanols to produce siloxane-terminated SiQDs 

without the use of highly toxic or corrosive materials or intermediates. The 

characterization data for the resulting siloxane-terminated SiQDs are shown to be 

comparable to those produced by previously published methods.45,60,61 Computational 

work is presented which may explain the observed PL spectrum differences between 

siloxane and alkane-terminated SiQDs. It is expected that this method will prove useful 

in a number of fields and will provide a much-needed simpler, safer, and “greener” 

synthetic route to siloxane-terminated soluble SiQDs, as well as a greater 

understanding of the involved reaction mechanisms, product properties, and underlying 

electronic interactions. Further work is currently underway to refine the presented 

methods, to apply the methods to different SiQD/silanol/alcohol systems, and to 

characterize the resultant materials in order to determine their stability and use in 

photovoltaics, biological sensing, and other applications. 
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CHAPTER 5. CONCLUSIONS AND FUTURE WORK 
5.1 Conclusions 

This thesis has investigated SiQDs, including their application to photovoltaics, 

synthesis, termination with conjugated and silanol ligands, and has attempted to explain 

some of the observed phenomena through experimental data and computational 

results. The results of these investigations can be summarized as follows.  

Chapter 1 provided a broad overview of photovoltaics, as well as a discussion of 

quantum dots in general and SiQDs in particular. Various synthesis and 

functionalization methods were shown, as well as several classes of ligands that have 

been used to date, the methods used to attach them, and their advantages and 

disadvantages. Also highlighted were the benefits of surface functionalization of SiQDs, 

and the limitations of the current understanding of mechanisms involved in the observed 

spectral shifts and theorized energy transfer mechanisms. 

In Chapter 2, a previously published method was successfully employed for the 

synthesis of hydride-terminated SiQDs. The FT-IR data on the HSQ and matrix-

embedded SiQD intermediates and hydride-terminated SiQDs were compared to data 

published in the literature, and found to be satisfactory for further work. 

Chapter 3 investigated a conjugated ligand (MeO-TPA ligand) shown in previous 

work by this research group and its collaborators to have potential for several 

applications. Computational results were presented, showing the impetus for further 

research and the potential of MeO-TPA-terminated SiQDs, or similar systems, for use in 

photovoltaic applications. Attachment of this ligand, and a reference ligand (dodecene) 

was performed via hydrosilylation reactions. The products were purified, and ligand 

attachment was shown to be successful through the use of several analytical 

techniques (including FT-IR, PL, and AFM). FT-IR and the interpreted PL results were 

also used to show that the MeO-TPA ligand was successfully attached via a conjugated 

linkage. The red-shifted PL spectra of the MeO-TPA-terminated SiQDs, as well as the 

results of solvatochromatic studies, were used to support the theorized Type II energy 

level alignment of the MeO-TPA-SiQD system. This data showed two peaks, which 

were explained in terms of direct transfer within only the ligand (for the lower-

wavelength peak) and indirect transfer from the ligand to the SiQD (for the higher-
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wavelength peak). This interpretation was further supported by the results of the 

solvatochromatic study, that shows that the peak assigned to the direct-transfer process 

can be attributed to the asymmetrical ligands. The magnitude of the indirect transfer 

process was further investigated by a size-selective precipitation of the MeO-TPA-

terminated SiQDs, and subsequent PL characterization. The results of this study 

demonstrated that the charge transfer is size dependent, with charge transfer being at a 

maximum at SiQD sizes of approximately 3.1 nm, an effect that may be explained by 

considering two competing factors (increasing quantum confinement and increasing 

non-radiative recombination as dot size decreases). TEM results were also presented, 

showing the crystallinity of the SiQDs and a size distribution that was consistent with the 

PL results. 

Finally, Chapter 4 (which is adapted from a paper being submitted by this author, 

research group, and their collaborators for publication) has shown the viability of new, 

mild, and relatively non-toxic reaction conditions for the direct attachment of silanol 

ligands to hydride-terminated SiQDs. This type of siloxy-terminated SiQD is expected to 

have high photoluminescent quantum efficiencies (PLQE) with potential application in 

bio-tagging, optical devices, and related applications. The produced SiQD products 

were characterized by FT-IR, showing the successful ligand attachment and product 

purity. Their PL spectra showed a distinct blue shift. This blue-shift was explained by 

computational results, not in terms of surface defects or trap states as has been 

theorized previously, but in terms of the competing factors of quantum confinement and 

exciton binding energy.  

5.2 Future Work 
Though this work has shed light on several areas of interest and relevance, much 

work is still needed. First, it is clear that energy is being transferred from the ligand to 

the SiQD in the MeO-TPA-SiQD system, and that this energy transfer is size-

dependent. However, while this study has attempted an explanation of this behavior, 

further investigation is needed to show the exact reasons for this. Possible experiments 

might be lifetime measurements on each of the observed PL peaks, an investigation 

with a larger range of QD sizes, and use of other ligand systems (with and without 

conjugated linkages, for both electron donor and electron acceptor ligands). In addition, 
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further study is needed to investigate the charge transport properties of these QD 

systems, as well as their quantum yields.  

In the case of the siloxane-terminated SiQDs, further work is needed to optimize 

the reaction conditions and improve product yields, as well as experiments utilizing a 

greater range of dot sizes in order to substantiate, and improve on, the computational 

methods. The quantum yields and electron transport capabilities of these systems 

should also be investigated, to determine their utility in the applications noted above. 

In addition, further work is needed in utilizing these SiQD systems in the 

manufacture of devices. Of particular interest would be investigations into their 

properties in photovoltaics, field effect transistors, light emitting diodes, and similar 

applications.
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