THE THIOL-ENE ENCAPSULATION AND PHOTO-PHYSICAL CHARACTERIZATION
OF COLLOIDAL SILICON NANOCRYSTALS SYNTHESIZED WITH SisHi2 USING NON-

THERMAL PLASMA REACTOR

A Dissertation
Submitted to the Graduate Faculty
of the
North Dakota State University
of Agriculture and Applied Science

By

Mahmud Ayad Sefannaser

In Partial Fulfillment of the Requirements
for the Degree of
DOCTOR OF PHILOSOPHY

Major Program:
Physics

July 2020

Fargo, North Dakota



North Dakota State University
Graduate School

Title
THE THIOL-ENE ENCAPSULATION AND PHOTO-PHYSICAL
CHARACTERIZATION OF COLLOIDAL SILICON NANOCRYSTALS
SYNTHESIZED WITH SicHi2 USING NON-THERMAL PLASMA
REACTOR

By

Mahmud Ayad Sefannaser

The Supervisory Committee certifies that this disquisition complies with North Dakota State

University’s regulations and meets the accepted standards for the degree of

DOCTOR OF PHILOSOPHY

SUPERVISORY COMMITTEE:

Erik Hobbie

Chair

Alan Denton

Yongki Choi

Danling Wang

Approved:

02/23/2021 Sylvio May

Date Department Chair



ABSTRACT

Silicon nanocrystals (SiNCs) are nanometer-sized semiconducting materials. Their small
size endows them with unique photophysical properties. Efficient photoluminescence (PL) from
silicon nanocrystal (SiINC) composites has important implications for emerging solar-energy
collection technologies, yet a detailed understanding of PL relaxation in non-colloidal SiNCs is
still materializing. In this dissertation, we examine the photophysical properties of silicon
nanocrystal/off-stoichiometry thiol-ene composites (SINCs/OSTE hybrids).

The dissertation begins with an introduction to the photophysical properties of SiNCs,
their photophysical properties, how SINC/polymer composites are made, the various SINC
preparation techniques, and the most likely application areas for these nanocrystals. A
description of experimental methods such as PL spectroscopy and transmission electron
microscopy (TEM) follows, and SINC/OSTE polymer preparation methods are then explained in
detail.

In the first study, TEM and photophysical characterization were performed on selected
polydisperse SiNCs samples. These samples were synthesized in a nonthermal plasma reactor,
using SigH12 as precursor, and functionalized with R (where R is 1-dodecene). These SiNCs were
dispersed in mesitylene:1-dodecene (5:1) as a colloid. Optical absorption, quantum efficiency,
and PL lifetime of SINCs were then investigated, as well as the relationship between quantum
yield, lifetime, and PL peak.

In the second study, we selected samples for size separation via the density gradient
ultracentrifugation method (DGU). We successfully applied this technique to separate silicon

nanocrystals with sizes from 2 nm to 4 nm from the ensemble samples using an engineered

il



density medium layer stack, and photophysical characterization was performed on the DGU
size—separated SiNCs.

Lastly, we explored details of PL relaxation in photo-polymerized off-stoichiometric
polymer/nanocrystal hybrids. We found time- and air-stable emission from dilute composites
with up to 70% QY, and we investigated PL relaxation in the parameter space of nanocrystal size
and temperature. In light of previous work, our results reveal similarities between the impacts of
crosslinking and cooling to cryogenic temperature, but of which are characterized by a relative

reduction in the available of phonons.
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CHAPTER 1. INTRODUCTION AND BACKGROUND
1.1. The motive behind studying silicon nanocrystals

A silicon nanocrystal (SiNC) is made up of a few tens to a few thousands of silicon (Si)
atoms and is typically 1-10 nm in size. My motivation for this subject stems from the desire to
study the fundamental physics of something that is useful in technology, and to use the non-
intuitive and unusual outcomes of quantum mechanics in order to construct systems that benefit
from non-Newtonian effects. Silicon nanocrystals are a suitable candidate for such studies
because they are interesting for applied physics. The SiNCs small sizes make them an
appropriate system to build an optically active nanocomposite material and study the effects of
quantum confinement, to investigate the homogenous broadening, and to exploit the
photophysical characteristics to engineer SINC/OSTE nanocomposites.

1.2. Photoluminescence of silicon nanocrystals

When Jons Jakob Berzelius first isolated silicon (Si) in 1823, he helped usher in an
entirely new field of semiconductor technology.! Historically, Si was predicted by Antoine
Lavoisier in 1787 and named by Thomas Thomson in 1817."? Lavoisier and Thomson believed
that silicon was a nonmetal element similar to carbon. Then, in 1906 Si was considered to be a
semiconducting material and was used to make first silicon semiconductor device (silicon radio
detector).>*

The most essential features of Si are that it accounts for 28% of the earth's crust, which
makes it the second-most abundant element; it is considered a nontoxic component; and it is
regarded as a low-cost material. All of these features make Si the material most used to produce
electronic devices and circuits. The difficulty regarding Si is that in bulk form Si performs poorly

as a light emitter because of its indirect bandgap. Recently, researchers have managed to improve



the photophysical properties of Si by reducing its size from bulk Si to silicon nanocrystals
(SiNCs), bringing about interesting new properties and functionalities.>*

The first examples of nanocrystals were discovered in a glass matrix by Alexey Ekimov
in 1981.° Then in 1990 SiNCs emerged as an important form of silicon (Si). Since then, the size
of SiNCs has become an important factor for controlling their photophysical properties. SINCs
are tiny pieces of crystalline Si that consist of a few tens to a few thousands of Si atoms with
typical dimensions of 1-10 nm, as shown in Figure 1.1a.” SiNCs are also called silicon quantum
dots, where the term quantum dot was first coined by Mark Reed.® These quantum dots are not
completely homogeneous from the core to the surface. Rather, they are made up of three layers:
surface, subsurface, and core silicon regimes, as sown in Figure 1.1b.® This structure led SiNCs
to attract considerable interest with respect to their new photophysical properties as next-

generation quantum dots.
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Figure 1.1: (a) Silicon nanocrystal. The interior of the nanocrystal has the structure of crystalline
silicon. Taken from Ref. [7]. (b) Silicon nanoparticle (quantum dot). Taken from Ref. [8]

The unique photophysical properties of zero-dimensional SiNCs have attracted broad
interest since 1990 when Canham discovered that porous silicon can exhibit efficient room-
temperature photoluminescence (PL) at visible energies above the bulk silicon bandgap.” The PL

properties of SiNCs are attributed to quantum confinement. !



Quantum confinement is explained using the term bandgap, which is used to characterize
the properties of semiconductors. The bandgap is the difference in energy between the valence
band and the conduction band of a semiconducting material, and includes energy levels as shown
in Figure 1.2. For semiconductors, the bandgap is in the range from 1 to 3 eV.!! With bulk
silicon, for example, the bandgap is 1.12 eV at room temperature. However, SiNCs are unique
because their bandgap is entirely different, as shown in Figure 1.2. When a semiconductor
material reaches the nanoscale level to form nanocrystals, its dimensions decrease to the order of
the Bohr exciton radius. Consequently, the bandgap begins to evolve: the indirect minima at the
X point of the Brillion zone starts to increase in energy while the direct transition at the I" point
of the Brillion zone begins to decrease, as indicated in Figure 1.3.!> As a result, silicon’s indirect

bandgap is driven to the visible range because of quantum confinement.
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Figure 1.2: Energy bandgap of a semiconductor nanocrystal.
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Figure 1.3: The bandgap structure of silicon. Taken from Ref. [12]

Furthermore, quantum confinement is related to squeezing the wavefunctions of the
electron-hole pairs within the nanocrystal in real space, resulting in a broadening of the
wavefunction in momentum space according to the Heisenberg uncertainty principle. The
overlap between the electron and hole wavefunction is increased, as shown in Figure 1.4a.
Therefore, the probability of direct radiative recombination between an electron and a hole
improves. In the case of the larger nanocrystals, as in Figure 1.4b, the help of a phonon is
needed to conserve momentum. When the nanocrystals are smaller than the Bohr exciton radius
of silicon (around 5 nm), they can be thought of as molecules, where the valence band and
conduction band evolve into the highest occupied molecular orbital (HOMO) and the lowest

unoccupied molecular orbital (LUMO).!!
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Figure 1.4: Radiative recombination in large (a) and small (b) indirect bandgap semiconductor
crystals and the change in the electron and hole wavefunctions due to quantum confinement.
Modified from Ref. [12]

1.3. The physics behind quantum confinement

The previous section mentions quantum confinement and how to use it to explain the PL
properties of SINCs. This section goes deeper into the underlying physics to understand the
fundamental principles behind quantum confinement. The meaning of quantum confinement can
be illustrated by the effective mass approximation of electrons and holes in a semiconductor and
by examining the particle in a box problem, i.e., the effective mass of an electron and the
effective mass of a hole in a one-dimensional infinite-potential well. Solutions to the time-
independent Schrodinger equation provide discrete levels of energy with energies inversely
proportional to the well width squared. In other words, the lower the well's width (i.e., the
smaller the nanoparticle's size), the greater the ground state energy. Because the effective mass
of the hole is negative in this approximation, this effect results in an increase in bandgap. In this
section, I explain how quantum confinement is strongly related to an essential problem in
quantum mechanics, which is a particle in an infinite spherical well. In this particular problem,
the potential depends only on the distance between the particle and a defined center point and is

zero inside the sphere and infinity outside the sphere.



The Schrodinger equation for an infinite spherical well has been studied in great detail.
Because the potential energy inside the well is zero, the radial solutions are required to satisfy a
boundary condition. The radial equation reduces to the spherical Bessel equation, which has
irregular and regular solutions at the origin; the spherical Neumann functions [1;(p)] and the
spherical Bessel functions [j;(p)] as shown in Figures 1.5a and 1.5b, respectively. Subjecting
these terms to the usual boundary condition for the infinite square well, and including the

electron-hole interaction, gives the energy eigenvalues and the corresponding bandgap:
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Figure 1.5: Spherical Neumann function (a) and Spherical Bessel function (b) plotted for four
roots.

The first term in this expression is the silicon bandgap energy, which is 1.12 eV. The
second term is from size confinement in a spherical box (quantum-confinement) and the third
term is the Coulomb interaction energy between electron and hole. When plotted versus the
diameter of the nanocrystal, the result is Figure 1.6, which tells us that by increasing the size of

the nanocrystal, the optical bandgap energy decreases.
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Figure 1.6: The graph represents Optical gap as a function of the nanocrystal size from Eq. (1.1).

1.4. Effect of size distribution on photoluminescence
As the number of potential applications increases, it becomes increasingly important to
have a deep understanding of the size dependent optoelectronic, chemical, and biological
properties of SiNCs. The goal is to generate high quality, colloidally stable, extremely
monodisperse SiNCs in order to correctly characterize these properties. The measured PL spectra
have intrinsically broad linewidth for SiNCs. Some of this breadth is due to size polydispersity,
but mostly it derives from electron-phonon coupling in an indirect bandgap material.
1.5. Size-selective separation techniques
A somewhat narrower PL linewidth can be achieved by extracting monodisperse SiNCs
from polydisperse SiNCs.!* To do so, there are several available techniques that can be used to
obtain monodisperse SiNCs. The following methods represent size-separation techniques that are
available to purify nanoparticles.'*
a. Size-selective precipitation.
b. Size separation using ultracentrifugation.

c. Size separation using electrophoresis.



d. Membrane filtration.
e. Size separation using a magnetic field.

The first and second techniques are the most effective methods for separating SiNCs by
diameter. In this research, the method was limited to the ultracentrifugation technique (Appendix
A). In particular, the density gradient ultracentrifugation (DGU) was used.

1.6. Surface defects and photoluminescence

Oxidation, which is one of the most problematic surface defects, can limit both the
photophysical and structural properties of SiNCs. In particular, it can impact PL by lowering the
quantum yield. This phenomenon can occur when SiNCs are exposed to the ambient
environment. Even when the SiNC sample is stored in an O,-free atmosphere, the oxidation
process could happen due to exposure to ambient conditions when sealing the sample vial.'®
Having silicon-oxygen bonds on the surface can prevent SiNCs from achieving high quantum
yield (QY) values because these bonds affect the bandgap.'®

The bandgap can be changed because of the more massive distortion of surface bonds
leading to surface states. The density of states is localized around the defect (e.g., doubly bonded
oxygen) in the case of nanocrystals that are smaller than 3 nm.!” It has been suggested that the
doubly-bonded oxygen is the main factor responsible for decreasing the bandgap of small
nanocrystals with sizes from 1 to 3.5 nm.!”!® Other possible defects are hydroxyl groups and
back-bonded oxygen (Si-OH and Si-O-Si, respectively). A theoretical study indicated that the
spectra of SiNCs with either Si-OH or Si-O-Si are quite similar to the case of defect-free
SiNCs.!” However, the doubly-bonded defect has two peaks on the surface of the SiNC in a
model with a 2-nm nanocrystal size. Figure 1.7 shows how oxidation affects the bandgap and

how surface states appear in the double bonded oxygen model.
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Figure 1.7: Theoretical density of states for a near-spherical model of a SINC with (a) no
defects, (b) Si=0, (c¢) Si-O-Si, and (d) Si-OH. Taken from Ref. [19]

To avoid defects in synthesized SiNCs, modifying both the surface and chemical
composition is essential. For example, fully hydrogen-passivated SiNCs do not introduce surface
states to the bandgap even in small nanocrystals. However, dangling bonds will continue to be a
stumbling block because dangling bounds are also considered defects.!”!” Therefore, the surface
of SiNCs has been studied to enhance their resistance against oxidation and to improve their PL
properties.?’ Alkene-passivated SiNCs are less prone to oxidation than entirely hydrogen-
passivated SiNCs, which improves their photophysical properties.!” However, alkene-passivated
SiNCs are not a strong wall to stop the oxidation process because oxidation could occur slowly
in an exposed sample.?’ This requires a new passivation technique to limit oxidation and
possibly improve the photophysical properties.

1.7. SINC/Polymer nanocomposite and photoluminescence

Making SiNC/Polymer hybrid materials is a promising way to shield SiNCs from

exposure to ambient O» and water and thereby maintain stable photophysical properties and in

particular impart photoluminescent stability. As SiNC size has a primary role in controlling the
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luminescent properties, encapsulating SINCs in a polymer matrix can help shield them from the
environment. Even though polymers and SiNCs have individual properties that can be tuned
independently, these components together can make attractive nanocomposites.?!>* These
nanocomposites bring new features based on the properties of the components, as well as the
interactions between the SiNCs and polymers. Several methods have been established to make a
hybrid material from quantum dots and polymers.?*-!

Developing methods to produce SiNC/polymer nanocomposites with improved
photoluminescence stability is important for many applications. Liu et al. used a physical
blending of components approach to synthesize a nanocomposite from nanocrystals and poly-3-
hexylthiophene (NC/P3HT) for use in photovoltaic devices.?* Although this method has shown
some promising advantages, it is ultimately hindered by the formation of nanocrystals clusters.
This leads to the formation of a heterogeneous nanocomposites, while the nanocrystals are well
shielded. Mitra et al. improved the homogeneity using the atmospheric micro-plasma approach.?®
This method helped coat SINCs completely and improved homogeneity of the nanocomposite as
well as the photoluminescence stability. Hessel et al. synthesized a nanocomposite material made
of alkyl terminated SiNCs and poly(maleic anhy-dride) (amphiphilic polymer).2¢ This hybrid
material had photoluminescent stability under large pH ranges that makes it a promising choice
for biological applications. Another method for synthesizing a SINC/polymer hybrid is called
reversible addition-fragmentation chain transfer (RAFT) polymerization.”’ The RAFT method
applies polymerization with styrene, methyl methacrylate, hexyl acrylate, 4-vinylbenzyl chloride,
and N-isopropylamide on the SiNC surface to achieve luminescence from the hybrid. This
nanocomposite material showed a narrow size distribution and higher photoluminescence

stability in potassium hydroxide compared with alkyl functionalized SiNCs. A
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SiNC/polystyrene nanocomposite was reported to make a hybrid that is photoluminescent,
homogeneous, and chemically stable.?® A thermal reaction was used to induce the auto-initiated
polymerization of styrene to form this nanocomposite. When the styrene radicals remove
hydrogen from the SiNC surface, polystyrene-functionalized SiNCs are produced. The
SiNC/polystyrene nanocomposite is stable under increasing temperatures up to 250 °C.?° The
refractive index of SiNC/polystyrene increases with increasing SiNC concentration.’® A
SiNC/polysiloxane nanocomposite was reported, and it had interesting features such as
luminescence, extendibility, and transparency.®' The siloxane linkages were used to assist a
silicone elastomer to directly attach to the surface of SiNCs. SiNC/polysiloxane nanocomposites
showed stable photoluminescence under solvent polarity and mechanical stress.

To conclude, unshielded SiNCs have a limited resistance to atmospheric oxidation, which
weakens their photophysical properties. Therefore, effective methods must be considered to
prevent oxidation. The most important proposal is the encapsulation of SiNCs in a polymer
material, which in turn leads to the isolation of the SiINCs from ambient conditions and
protection of the surface.

1.8. Synthesis of silicon nanocrystals

In general, there are two main methods to produce SiNCs. These methods can be divided
into non-plasma techniques and plasma techniques.?® These methods can be used to make SiNCs
with different characteristics. For example, average particle size, the degree of crystallinity, and
impurity content are some of the characteristics that SINCs can have when the above-mentioned

methods are used.
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1.8.1. Synthesis of silicon nanocrystals using non-plasma techniques

The classification of synthesis methods for SiNCs covers many different approaches. In
this dissertation, three methods are reviewed.'?

(a) Ion implantation: Ion implantation is one of the most popular techniques to
synthesize silicon nanocrystals. As shown in Figure 1.8, the instrument is quite complicated, yet
basic physics rules are implemented to operate it. The silicon ions are accelerated toward a mass
separation spectrometer, which removes the undesired species. Then, the silicon ions access the
target chamber, which consists of specific conditions of temperature, high vacuum, and target
position. Then, the implantation of silicon ions at very controlled depths in an SiO> matrix
(target) begins, as in Figure 1.8 a & b. This step would be performed by controlling both the
density and the energy of the ion beam. Finally, silicon nanocrystals are produced at various

depths with a size around 2 nm.!>%°
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Figure 1.8: Schematic diagram of an ion- implantation instrument, left. (a) and (b) Schematic of
possible implanted ion trajectory, right. Taken from Ref. [20]

(b) Laser ablation: This method is used extensively for the preparation of SINCs. With
this technique, a laser beam is utilized as the primary excitation source to vaporize the material
from the surface of a single-crystal silicon wafer and generate clusters. The scattered SiNCs are
deposited on a quartz substrate, as in Figure 1.9. The SiNCs that are produced using this

technique have an average diameter of 4 to 5 nm.!?
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Figure 1.9: Schematic diagram of the laser- ablation setup.

(c) Using a beam of electrons to evaporate crystalline silicon: The first example of
evaporating crystalline silicon with an electron beam was conducted by Lukashove and
Bardakhonove in 1997.'2 The process is described as follows:

a. Evaporate a solid material in an electron beam.
b. Cool and coagulate the vapor-air mixture, with the condensation of material in the form
of nanoparticles.
c. Capture and collect the resulting nanomaterial as a powder.
1.8.2. Synthesis of silicon nanocrystal using the plasma technique

In general, from the molecular interrelations point of view, matter can exist in four states:
solid, liquid, gas, and plasma. Furthermore, the plasma can be divided into low-temperature
plasma and high-temperature plasma. The low-temperature plasma technique can be used to
synthesize SiNCs. As can be seen in Figure 1.10a, the low-temperature plasma is further
classified into thermal plasma and cold plasma. Finally, the cold plasma is divided into plasma
deposition and plasma treatment.*? Cold plasma is generated in laboratories by using chambers
under low pressure with an electric glow discharge. In addition, the radio frequency (RF) is
critical to the formation of the cold plasma. Figure 1.10b shows a diagram of a typical parallel-

plate plasma reactor.
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Figure 1.10: (a) Classification of the plasma types. Taken from Ref. [32] (b) A cartoon of
parallel- plate cold plasma reactor. Taken from Ref. [32]

1.9. Applications

SiNCs are made of group IV Si atoms. SiNCs have unique physical and optical properties
that can be altered by modifying their size or surface structure, doping them with impurity atoms,
and embedding them in solid matrices. The semiconducting and non-toxicity features of Si make
SiNCs a material compatible with the current needs of select application platforms.>* Because
SiNCs are materials that absorb and emit light based on their size, they are a suitable for many
applications.**3” When SiNCs are pristine, monodisperse, and embedded in different polymers,
they can provide nanocomposites with distinctive properties that can open up new applications.
Controlling passivation can improve the optical properties of SiNCs.?”*® Because SiNCs have
unique photophysical properties, they have been investigated for applications such as light
emitting diodes (LEDs), sensors, solar panels, sensitizers, and photonic circuits.***

Nanocrystal light-emitting diode systems (LEDs) are advancing rapidly, and it is now
apparent that they can provide adequate brightness and color purity for screens and a variety of
applications. As an example, plasma displays waste an extraordinary amount of energy relative

to the required power to operate them. Hence, LEDs, which consume much less power, are an

excellent choice to fabricate displays with higher efficiency. While these nanocrystal systems
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have brilliant optical and electrical characteristics, the toxicity of materials such as CdSe remains
a significant problem, especially when considering industrial scale-up.****’ Hence, non-toxic
SiNCs with properties such as bright luminescence have become attractive emission materials for
LEDs.*** To achieve this goal, research efforts are still ongoing to realize LEDs made with
SiNCs that are distinguished by both high performance and long life.

Another application for SiNCs is making PL-based sensors. Because SiNC-based sensors
have high sensitivity, portability, rapid response, and low cost, they can provide highly effective
performance.*® SiNCs have the ability to exhibit rapid fluorescence quenching, which helps to
detect some chemicals in the form of either solutions or vapors.*? The SiNC paper-based sensor
is applicable for detecting explosive solutions such as trinitrotoluene (TNT), pentaerythritol
tetranitrate (PETN), and royal demolition explosive (RDX); these sensors are made by dip-
coating filter paper in a concentrated toluene solution of SiNCs. The mechanism of detecting the
mentioned chemicals depends on rapid fluorescence quenching, which arises from electron
transfer from the SiNC to the chemical molecule. These sensors can also be used in biomedical
applications, for example. This type of sensor does not interfere with molecules in living systems
while showing selective dopamine detection at deficient dopamine concentration.*” This makes
SiNC paper-based sensors quite effective for detecting any particular molecule in both non-living
and living systems.

Currently, the world needs a renewable energy source that does not adversely affect the
environment. Solar energy has broad interest and appeal because it can be converted into one of
the most useful forms of energy (electricity) by photovoltaic devices. Typical solar cells generate
up to one electron per incoming photon, but SiNCs have been reported to exhibit multiple

exciton generation.*! This created a turning point for interest in SiNCs, as it may lead to
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improved solar cell efficiency.*! Blue and ultraviolet light have more energy compared to the rest
of the solar spectrum, and these are the wavelengths where multiple exciton generation has been
observed. According to National Renewable Energy Laboratory (NREL), solar cells made of
SiNCs could theoretically convert more than 40 % of the energy of incident sunlight.’® However,
today’s flat rooftop solar panels typically achieve 20% to 30% efficiency. Encapsulating SiNCs
in off-stoichiometric thiol-ene polymer composites has been proposed as a way to improve PL
QY,’! and SiNC/OSTE hybrid materials are an excellent candidate for fabricating luminescent
solar concentrators (LSCs). A LSC is a device that is used to concentrate sunlight to enhance the
efficiency of solar cells. However, SINCs must have high QY to be useful for making LSCs. All
of these mentioned reasons make SiNCs a potential candidate for use in the solar energy
industry.

SiNCs can also potentially be used to treat cancer by making sensitizers based on radio
frequency (RF). The application of RF can induce hyperthermia, which increases the temperature
of SiNCs®. If the SiNCs are distributed around cancer cells, increasing the temperature can kill
these cells. The only problem here is that the SINC surface is very sensitive to aqueous
environments, which can lower the QY. This in turn emphasizes the importance of encapsulating
SiNCs in a non-toxic substance, which preserves the SINCs’ optical properties. There were many
attempts to make SiNC/polymer nanocomposites that can be used in biology, especially in
magnetic resonance imaging.>**>3¢ If a polymer has been discovered that can encapsulate SiNCs
and preserve photophysical properties, as well as being non-toxic, SINCs have the potential to be
used in cancer treatment and bioimaging.

Recently, Si has become an attractive material for monolithic integrated photonic circuits

with a wide range of applications.** In 2000, the first work on the optical gain of SiNCs was
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published.’? An alternative approach was used to improve the optical gain of SiNCs.*>>* This
method can either reduce non-radiative centers or enhance the population inversion. Wang et al.
reported that SINCs can be used as an active medium at visible wavelengths to efficiently
sensitize erbium ions for light amplification in the infrared (IR) region.*® Optically pumped all-
SiNC laser devices have been recently reported with encouraging results for the development of
SiNC-based lasers.*’ The active SiNC layer was made with hydrogen silsesquioxane (HSQ) and
then hydrogen passivated using high-pressure. The SiNC-based laser, which was optically
pumped with femtosecond pulses, may open routes to reducing the lost heat energy due to the
usual rise in temperature of lasers made of SiNCs.

In conclusion, SiNCs have demonstrated their potential importance for a broad scope of
applications and there is still plenty of room to obtain precisely controlled SiNC characteristics,
discover new phenomena, and make critical contributions.
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CHAPTER 2. EXPERIMENTAL METHODS

2.1. Quantum yield and PL peak characterization

The quantum yield (QY) was measured by placing a sample in an integrating sphere and
exciting the sample with a laser (typically 375 nm). First, the baseline (e.g., 1 mL of 5:1
mesitylene: 1-dodecene), which represents the suspending medium used with colloidal silicon
nanocrystals (SiNCs), was introduced into the integrating sphere. Then, a vial with 1 mL of
colloidal SiNC, passivated/dispersed in 5:1 mesitylene: 1-dodecene, was introduced into the
integrating sphere. This procedure produced the two curves shown in Figure 2.1a, where the
dashed curve represents the baseline spectrum and the red curve represents the SINC spectrum.
In Figure 2.1b, a sample with an 826 nm PL peak is used as an example to demonstrate how the
method works. After the absorption and emission spectra for the baseline and the SINCs were
recorded, the baseline spectrum was subtracted from the SINC spectrum and then multiplied by
the instrument calibration curve to produce the result shown in Figure 2.1a. The result is a
spectrum with a reversed absorption peak and a normal emission peak. Hence, the QY can be

determined using Eq. 2.1.!

the area of the emission peak

QY =

" the area of the absorption peak. x 100 (%, without units) 2.1)
In other words, the amount of light emitted from the nanocrystal sample (the area under the
emitted peak) divided by the amount of light absorbed by the nanocrystal sample (the area under
the absorption peak) times 100 gives us the QY measured in percent. Figure 2.2a illustrates the

QY setup used in this study. Figures 2.2b-2.2d show photo images of the components used to

measure QY.
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Figure 2.1: (a) Spectra of the baseline and sample. (b) Subtraction of spectrum A (baseline)
from spectrum B (specimen).

After performing the QY measurements, the PL peak for the emission is determined. This
peak is obtained by fitting a small window of the emission with a zero-background Gaussian
function in order to determine the wavelength corresponding to peak emission intensity. The

fitting process is illustrated in Figure 2.3.

Bt e sponees
o bl eemsedonere
NE)

)

Figure 2.2: (a) Schematic diagram illustrates the QY setup used for the PL-QY characterization.
(b) A photo image for the real quantum yield setup used for the measurements (1- NIR
spectrometer, 2- UV-VIS spectrometer, and 3- Integrating sphere). (c) The laser power unit of
PhoxX laser 375nm. (d) The laser-head unit of the PhoxX laser.
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Figure 2.3: The fitting of the emission peak to obtain the PL peak.
2.2. Lifetime measurements

A silicon-nanocrystal (SiNC) emitting PL indicates that electrons and holes are
undergoing radiative recombination. Therefore, the time required for the electron to radiatively
recombine with the hole is defined as the lifetime.! In SiNCs, there are at least two pathways for
recombination: the first is very fast, and it needs only nanoseconds to occur; it occurs in the blue
part of the spectrum and has to do with the SiNC surface. The second is much slower, and is on
the order of microseconds; it represents recombination across the fundamental band gap and

occurs mostly in the red to near infrared.
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INVERTED MICROSCOPE

Figure 2.4: (a) Schematic diagram of the lifetime measurement setup. (b) Inverted microscope
that is used for the lifetime measurements (OLYMPUS IX 71 inverted microscope). (¢) The
control unit for the PiL037 picosecond laser diode system and the PMT container (1- PMT and
2- Control unit). (d) The oscilloscope (used to read the PMT signal) and the laser system’s head
(3- Laser head and 4- Oscilloscope).

Therefore, each recorded pulse represents the detection of an individual photon and, at
the same time, illustrates the light intensity at the input. In the present setup, a photomultiplier
tube (PMT) is used to detect the photons (Figure 2.4a) through the optical fiber and convert
them to an electronic pulse that can be read by the oscilloscope. Figures 2.4b-2.4d show photo
images of the setup to measure the lifetime. A PMT can produce photoelectrons by using the
principle of the secondary-electron emission effect, as shown in Figure 2.5. The emission photon
is received, and then, the photoelectrons are multiplied via the secondary-electron emission

effect in order to achieve high-gain amplification.
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Figure 2.5: (a) The main parts of the photomultiplier tube (PMT). Taken from Ref. [2] (b) The
PMT used to characterize the lifetime of the studied samples (H10721-20, Hamamatsu,
Bridgewater Township, NJ).

The frequency of the laser source and the gain of the PMT were changed at the beginning
of the experiment to ensure optimized signal. The fast and slow relaxations were analyzed by

fitting the data to a double stretched exponential (Eq. 2.2). An example is shown in Figure 2.6.
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Figure 2.6: Representative PL intensity decay with the fitting curve.

2.3. Transmission electron microscopy (TEM) size characterization

High-resolution transmission electron microscopy (HRTEM) characterization was
performed using a JEOL JEM-2100 HRTEM operated at 200 kV. The TEM grid was prepared
by collecting a thin layer of concentrated silicon nanocrystals (SiNCs) cast from organic solvent

on a Langmuir trough of diethylene glycol, and then dipping the grid in de-ionized (DI) water.
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The grid was kept under a vacuum for 48 h to remove excess solvent. The particles were
measured and counted using ImageJ software, and the polydispersity index (PDI) was calculated

using the following formulas.?

_ Zipid;
Dy = _Emi (2.3)
D, = it 2.4
W ripd (2.4)
pp] = 2w (2.5)
Dy

where Dy = the number average diameter, Dy, = the weight average diameter, PDI = the
polydispersity index, and d; = the diameter of the SiNCs.
2.4. The raw material used to synthesize SINC/ off-stoichiometric thiol-ene (OSTE)

The SiNC/OSTE nanocomposite samples were prepared with the cascade polymerization
reaction of the OSTE polymer and 1-dodecene-terminated SiNCs.! The OSTE polymer was
formed from thiol monomers, allyl monomers, and an initiator, which undergo a click-chemistry
reaction. These chemicals were purchased from Sigma Aldrich and had purity greater than 95%.
The 1-dodecene-terminated SiNCs were synthesized with cyclohexasilane (SigHi2) using a cold
plasma reactor.* Table 2.1 shows the surface passivation and rough size of the SiNC samples
used for this study that were exposed to the lab atmosphere. Table 2.2 shows the surface
passivation and rough size of the second group of SiNC samples utilized for this study that were
never exposed to the lab atmosphere. Nanocrystal size in these tables is estimated from the

position of the PL peak using an experimental metric derived for size-purified SiNCs.*
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Table 2.1: Sample labels, surface ligands, and the approximate size of lab exposed SINC
samples.

Sample Surface ligands 2R (nm)
R56D Hexene:1-dodecene 0.0:1.0 2.86
R59D Hexene:1-dodecene 0.0:1.0 3.10
R49D Hexene:1-dodecene 0.0:1.0 3.13

R109D Hexene:1-dodecene 0.0:1.0 3.33

R112-2D Hexene:1-dodecene 0.0:1.0 4.66
R75D Hexene:1-dodecene 0.0:1.0 4.85

Table 2.2: Sample labels, surface ligands, and the approximate size of unexposed SiNC samples.

Sample Surface ligands 2R (nm)

R106HD Hexene:1-dodecene 0.5:0.5 2.81
R55D Hexene:1-dodecene 0.0:1.0 2.91
R67D Hexene:1-dodecene 0.0:1.0 3.74
R68D Hexene:1-dodecene 0.0:1.0 4.32

R78HD Hexene:1-dodecene 0.5:0.5 4.79
R74D Hexene:1-dodecene 0.0:1.0 5.06
R24D Hexene:1-dodecene 0.0:1.0 5.41

2.5. Preparation methods used to create SINC/OSTE nanocomposites
In general, the process was divided into two main stages. In stage one, the
SiNC/mesitylene was concentrated to achieve highly concentrated SiNC/1-dodecene/mesitylene
through evaporation under a N> atmosphere. Stage two prepared the nanocomposite, and was
divided into four main methods described below.
2.5.1. First preparation method
The first preparation method used the following steps:>°
a. Mix the initiator with allyl monomers.
b. Add the thiol monomers to the mixture from step (a).
c. Add the concentrated SINC/mesitylene colloid to the mixture from step (b).
d. Mix and sonicate the resulting colloid from step (c) four times for 2 min each.
e. Cure the mixture using a 365-nm LED light immediately after the mixing process.
f. The baseline pure OSTE sample was made using steps (a) through (e) without adding

SiNCs.
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Figure 2.7 shows the steps to prepare the SINC/OSTE nanocomposite sample using the first

preparation method.

Method-1
During all the steps the sample Elliptical + vibrational movement
was exposed to the lab atmosphere % 1
- W,
( \ - .
365 nm UV-light
w w | - ' ; .
' T water “//
@y
Step-1 Step-2 Step-3 Step-4
50% Thiol Adding SiNCs Mixing Sonicating
25% Allyl Dispersed in
1% Initiator Mesitylene

Figure 2.7: The steps of synthesizing SINC/OSTE nanocomposites (first preparation method).
The parent was exposed to the lab atmosphere.

2.5.2. The second preparation method
The second preparation method (Figure 2.8) added toluene for step 1 and followed the
same steps that were completed with the first method. Then, the mixture was concentrated for 20
hours before the nanocomposite sample was cured. The same steps were applied to produce the
baseline. The descriptions are shortened for the following steps:
a. Add the initiator to the monomers before starting the polymerization reaction.
b. Stir the mixture thoroughly.
c. Sonicate the mixture four times for 2 min each.
d. Add the concentrated SiNC/mesitylene colloid, and stir the mixture until all components
are homogeneously mixed.
e. The colloid is concentrated so that the mixture is as close to the original viscosity as
possible. It takes around 20 hours to remove the extra toluene. The resulting colloid is

cured using a 365 nm LED immediately after the evaporation process.
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Method-2

During all the steps the sample Elliptical + vibrational movement : 365 nm UV-light
was never exposed to the lab atmosphere s i g
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Figure 2.8: The steps of synthesizing the SINC/OSTE nanocomposites (second preparation
method). The parent was exposed to the lab atmosphere.

2.5.3. The third preparation method
The third preparation method is similar to the first method, but all the steps are performed
in a glove box. Furthermore, an integrating sphere with a 375 nm excitation source was used to
cure the mixture instead of the 365 nm LED. The following steps describe how the third
preparation method works:
a. Mix 0.04 g initiator with 1 g allyl monomers.
b. Add 2 g thiol monomers to the mixture from step (a).
c. Add 140 pL concentrated SiNC/mesitylene colloid, which was concentrated in a glove
box, to the mixture from step (b).
d. Seal the colloid from step (c) in a 20 mL vial and then thoroughly stir. Then, sonicate the
mixture four times for 2 min each.
e. After 6 hours, cure the mixture using a 375 nm PhoxX laser to complete the preparation
process.
f. The baseline reference sample was made using steps (a) through (e), without adding
SiNCs.
Figure 2.9 shows the steps to prepare the SINC/OSTE nanocomposite sample using the third

preparation method.
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Method-3

During all the steps the sample
was never exposed to the lab atmosphere

\_J |
\ ) integrating sphere
Ste‘{z 1 ) Step'z . Step-3 Stepd Step3
50% Thiol Adding SiNCs Mixing Sonicating Curing
25% Allyl Dispersed in L —
1% Initiator Mesitylene Elliptical + vibrational
movement

Figure 2.9: The steps of synthesizing the SINC/OSTE nanocomposites (third preparation
method). The parent was never exposed to the lab atmosphere.

2.5.4. The fourth preparation method

The fourth preparation method requires attempting to remove the dissolved Oz from the
raw resin material to prevent SINCs oxygen exposure and adding toluene to achieve a
homogeneous mixture, as shown in Figure 2.10 step one. This method shields the SINCs from

oxygen during the preparation steps, but the toluene must be completely evaporated.

= -

Method-4 Switch between Va )

During all the steps the sample N2 flow ‘acuum "y

'was never exposed to the lab atmosphere And - \
No N2 flow (-]

P = Septum
Sepmm | | )
N2 flow oL | - L - Ciring using 375 nm UV-light
vial ‘water integrating sphere
[ l. Bubbler

" Sampl Step-6
Solvent/monomer Step-2 Step -3 Step 4 e
Step-1 Adding SiNCs MLxmg SU’”CM"‘E Step -5
R terial: on top of the
m‘z:;;::;m s were sparged monomers Elliptical + vibrational Evapomtwn process
toluene then sparged. movement

Figure 2.10: The steps of synthesizing the SINC/OSTE nanocomposites (fourth preparation
method). The parent was never exposed to the lab atmosphere.

The steps are summarized below:

a. Sparge the organic solvents (mesitylene:1-dodecene and toluene). This step is always
done for every colloidal SiNC suspension made in our lab but was not noted above
because it specifically pertains to the resin here.

b. Dissolve the raw materials (thiol, allyl, and initiator) in toluene, separately.

c. Shake each mixture thoroughly, and then, sonicate for 2 min each.
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d.

Pour each mixture into a Shlenk tube, and seal it with the septum, as shown in Figure
2.10, to start the sparging process for the raw materials. This step takes around 2 hours.
The same idea is applied to each raw material. Toluene is used to avoid the high viscosity
of the thiol and allyl monomers.

Mix the monomers and SiNCs thoroughly for 2 min, and then, sonicate the mixture for
another 2 min. The colloid is less viscous now because of the toluene content.
Concentrate the colloid so that it is as close to the original viscosity as possible and has
the required amounts of each raw-material component. To remove the extra toluene, this
process takes around 20 hours in a vacuum.

Cure the resultant colloid using a 375 nm PhoxX laser immediately after the evaporation

process finishes.

2.5.5. The approved preparation method for preparing OSTE Polymer Composites

This is the approach that gave the most consistent results in terms of low composite

turbidity and good composite QY. The nanocomposites were prepared using a number of

different approaches as mentioned above, but the approach utilized for the samples discussed in

Chapters 7, 8, and 9 (Figure 2.11) was as follows. A parent colloidal SiNC suspension (around 1

ml at 2 mg/ml SiNCs in mesitylene) was concentrated under vacuum down to a volume of 120 ul

consisting predominantly of SiNCs and 1-dodecene, where the latter is both bound and free.
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Figure 2.11: Colloidal SiNCs passivated with 1-dodecene and suspended in mesitylene are dried
under vacuum and the solvent is replaced with the OSTE resin mixture. Polymerization of the
matrix and residual ligand is then activated by exposure to UV light. All samples were shielded
from exposure to air and were processed in a nitrogen atmosphere.

Separately, 40 pL of initiator was mixed with 1 ml of allyl, which was then mixed with 2
ml of thiol resin. The final thiol:(olefin + allyl) molar ratio is approximately 1.30:1.00 with an
olefin:allyl molar ratio of about 1:200. The SiNCs were then mixed into the resin in a clean vial
identical to those used to measure the QY of the colloid, first by vortexing and then by
sonicating. After the sample became clear, photo-polymerization was initiated by placing the vial
in the integrating sphere under UV laser illumination (4 mW at 375 nm) for several minutes.
SiNC-free reference vials were prepared as described above with the SINC volume replaced by
an equivalent volume (140 pl) of 5:1 mesitylene:1-dodecene. Excess mesitylene acts as
plasticizer in the composites, while excess 1-dodecene reacts with the OSTE components to
become part of the polymer matrix.
2.6. UV-light treatment for SINC/OSTE composite

The process of curing is considered an essential step for achieving desirable optical
specifications. Two different curing methods were used in the current study. In one, the sample

was simply exposed to a 365 nm LED on a lab bench. The second method uses an integrating

sphere to distribute the UV light equally across the sample surface. When UV light shines on the
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sample from all directions, the photochemical reactions responsible for creating the
nanocomposites are homogeneous. Figure 2.12a and b show how the integrating sphere is used

to perform the curing process.

' b | < J
Curing using integrating sphere .
N - With 375 nm UV-light Stop curing
; " 5T "< Curing for 10 forl minute
- S N seconds
% 74 ) ,

Figure 2.12: (a) The integrating sphere used for the curing process. (b) A digram mimics the
real curing process.

Qualities that may interfere with the photophysical measurements are distortion in the
upper surface of the nanocomposite sample as in Figure 2.13¢, longitudinal bubbles as in Figure
2.13d, surface vortices and small bubbles as in Figure 2.13e, or flat cracks as in Figure 2.13f.
However, using the integrating sphere for curing is very successful. Examples of nanocomposites
that were cured using integrating sphere, while never being exposed to the lab atmosphere during

the entire process, are shown in Figure 2.14.
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Figure 2.13: UV-light source (365 nm) (a) and process (b) of manually curing nanocomposite
samples and common defects with manual curing small bubbles (c), longitudinal bubbles (d),
upper-surface distortion (e), and flat cracks (f).

Figure 2.14: Examples of samples that were cured according to the integrating sphere technique.
The nanocomposite samples were prepared with the same SiNC content (70 pL pre 1.5g
monomers), and all parents have the same concentration of SiNCs (around 3 mg/mL). (a)
Prepared from R55D / Preparation method 3 used / Cured for 170 s. (b) Prepared from R106HD /
Preparation method 4 / used Cured for 170 s. (¢) Prepared from R67D / Preparation method 3
used / Cured for 170 s. (d) Prepared from R68D / Preparation method 4 used / Cured for 170 s.
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One advantage of the integrating sphere method is that we do not need to make more than
one copy of the nanocomposite sample because this technique reduces the appearance of defects.
Figure 2.15 represents a group of baselines, which were prepared using different methods and

different curing techniques.

Figure 2.15: A group of OSTE baselines prepared using different methods. (a) Prepared using
method 1/Cured using the first technique / Cured for 60 s. (b) Prepared using method 3/ Cured
using the second technique / Cured for 170 s. (c) 1- Prepared using method 4 / Cured using the
second technique / Cured for 170 s and 2- Prepared using method 2 / Cured using the first
technique / Cured for 60 s.

2.7. Photoluminescence measurements under temperature control
To measure the PL under cryogenic conditions, a Linkham Biological Cryo-Stage
(BCS196) was used. Samples for cryogenic measurement were prepared as described above but

cured as a droplet on a glass cover slip by exposure to an external UV light source.
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CHAPTER 3. HIGH QUANTUM YIELD FROM SILICON NANOCRYSTALS
SYNTHESIZED FROM LIQUID PRECURSOR USING COLD PLASMA REACTOR
3.1. Introduction

The potential applications of quantum dots have become one of the most researched
topics in the current field of nanotechnology. Biology, computing, photovoltaic devices, and
light-emitting devices are all examples of these potential fields of use. The size-tunable
photoluminescence is a unique feature of quantum dots. Quantum dots such as CdSe, CdS, and
CdTe show high fluorescence, yet they are potentially toxic in the environment. Consequently,
developing non-toxic quantum dots, which can be used safely in a broad range of applications, is
essential for the future.

Silicon nanocrystals (SiNCs) have attracted attention as next-generation quantum dots.
SiNCs are a non-toxic material made from an earth-abundant element. The most crucial property
of SiNCs is that they have photoluminescence (PL) caused by radiative recombination of
excitons within the SiNC.! Furthermore, the color of the emitted light from SiNCs is tuned by
changing the size of the nanocrystal.? The size-dependent optical properties of SiNCs represent
an essential feature for many applications, such as photovoltaic devices, electroluminescent
displays, cancer cell visualization, and light-emitting devices.

SiNCs have been synthesized using a variety of approaches, including chemical vapor
deposition, ion-implantation, and laser ablation.> However, all the mentioned techniques produce
small amounts of SiNCs, which can affect specific applications. Therefore, it is necessary to
develop a new preparation technique to ensure both higher mass-production and better

photophysical properties.
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To overcome the described difficulty, our group focused on non-thermal plasma reaction
as a technique to synthesize SiNCs using cyclohexasilane (SisH12) as a precursor. The non-
thermal plasma reaction offers excellent productivity and can control both the particle size and
surface structure of the SiNCs.*

In this chapter, we study the photophysical properties of SiNCs that are synthesized from
SigH12 using a cold plasma reaction and capped with 1-dodecene. The QY, lifetime, and PL peak
of SiNCs are strongly related to surface termination and nanocrystal size, and these variables can
be used to control the photophysical properties of SINCs. In this section, we investigate the
relationships between all of these variables and how they relate to the method of preparation.
3.2. Results and discussion

The silicon nanocrystals (SiNCs) used in this study were synthesized with
cyclohexasilane (SisH12) using a non-thermal plasma reactor and subsequently passivated with 1-
dodecene through thermal hydrosilylation in a mesitylene solution. All the photoluminescence
(PL) measurements in this section were performed on samples that were never exposed to air. A
glove box was used to conduct the preparation steps under a nitrogen atmosphere. During the PL
measurements, the samples were kept in sealed 2 mL vials to prevent exposure to ambient
oxygen and water.

Figures 3.1a and 3.1c¢ show an example of a TEM image and size distribution histogram
of one of the polydisperse SINC samples (900 nm PL peak), which was passivated with 1-
dodecene. In Figure 3.1b, the high crystallinity is evident through the featured lattice fringes,
which have a size of 0.3 nm, and the lattice fringes are in good agreement with the (111)
crystalline plane of silicon.’ The average size of the mentioned sample was determined by fitting

the size distribution in Figure 3.1¢ with a Gaussian function. The average size is 4.3 nm, and it
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corresponds to the peak of the Gaussian function. The sample had a polydispersity index (PDI)

close to 1, which indicates a quasi-uniform particle size distribution.

(C) 900nm

Mean size =4.3 nm
STDV =0.21 nm

12345678
2R (nm)
Figure 3.1: (a) TEM image of SiNCs for the sample with 900 nm PL peak. (b) Single SINC

magnified from image (a). The yellow circle indicates the borders of the SiNC. (c) Size
distribution histogram extracted from TEM data.

Table 3.1. presents PL-QY measurements for six selected samples with a PL peak that
varies from 716 to 923 nm. Samples with PL peaks of 718 nm, 806 nm, and 870 nm had a
second PL-QY characterization after 75 days. Both measurements still have the same PL peak, as
shown in Table 3.1, with a small difference in QY. This difference does not indicate any
degradation because the QY became slightly higher after more than two months. This result
could be related to self-passivation since the samples were exposed to both excitation sources

during the PL-QY measurements and visible light during storage in the glove box.%’ In contrast,
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samples with PL peaks 859 nm, 883 nm, and 923 nm did not have any noticeable change in
either their QY or PL peak as shown in Table 3.1.

Table 3.1: Comparing the photophysical properties of a group of SiNCs samples, having sizes
from 2.92 nm to 5.25 nm, before and after 75 days.

Sample size QY (%) PL peak (nm)
(nm) QY. QYbp Error AQY PLP. PLPy Error APLP
2.92 29 31 +5.0 2 718 718 +0.2 0
3.63 48 52 +5.0 4 806 806 +0.2 0
4.22 26 27 +5.0 1 859 859 +0.2 0
4.37 50 54 +5.0 4 870 871 +0.2 0
465 52 52 +5.0 0 883 883 +0.2 1
5.25 39 39 +5.0 0 923 923 +0.2 0

Note. QY. = First measurement of QY, QY = Second measurement of QY after 75 days.

The PL of the colloidal SiNCs samples with PL peaks of 930 nm and 750 nm, and
passivated with 100% 1-dodecene, were studied in both cases before and after exposure to the
lab atmosphere. The PL measurements were first obtained with an unexposed sample vial for
both colloidal samples. Then the sample vials were opened for an hour and recapped. The sample
with a 930 nm peak was kept for 300 days before re-measuring the PL for the second time.
However, a sample with PL peak 750 nm was kept in the lab atmosphere for one day (24 hours)
with a sealed cap. The PL for both samples shown in Figure 3.2. The ratio in PL was calculated
by dividing the PL of the unexposed sample by the PL of the exposed sample. It is clear that the
sample with 930 nm PL peak has blueshifted, and the sample with 750nm PL peak has
redshifted. What is the origin of the two shifts when the sample is exposed to the lab
atmosphere? To probe this behavior, quantum yield was measured for both samples. The 930 nm
sample experienced a drop-in quantum yield from 30.8 to 12.7 %, while the sample with 750 nm
dropped from 34.4 to 27.2 %. In both cases, quantum yield drops to lower values, but the sample
with 930 nm PL peak has the largest quantum yield drop. The drop-in quantum yield tells us that

the SiNCs in both samples are degraded.
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Figure 3.2: (a) & (b) PL ratio of two different samples measured in both cases: before and after
exposure to the lab atmosphere. The PL peak and QY are labeled on the graphs.

The sample with 750 nm PL peak experienced a redshift, as shown in Figure 3.2a.
Typically, increasing NC size leads to a redshift in the photoluminescence peak (PL peak),®°
while the oxidation process is associated with blueshifted PL, as in Figure 3.2b.

The PL spectral distribution of 19 selected samples, with PL peaks from 716 to 908 nm,
was studied. The colloidal SiNCs samples gave a clear picture of how the polydisperse samples
differ in size (Figure 3.3a), and it represents a typical distribution. Compared to PL, absorption
appears to only weakly depend on the SiNCs size (Figure 3.3b) and, mainly, the absorption
occurs at the direct optical transition of silicon.!®!! The PL linewidth increases with decreasing
PL peak, or decreasing SiNC size.

The linewidth of the studied polydisperse samples ranges from 0.22 to 0.32 eV with 908
nm and 753 nm PL peaks, respectively, where the narrowest PL spectrum has a linewidth of
about 0.22 eV with a 908 nm PL peak. This behavior is strongly related to both size
polydispersity and the indirect nature of the SINC bandgap.'? Figure 3.3¢ shows the behavior of
the linewidth (FWHM) versus PL peak.

Figure 3.3d shows the PL lifetime as a function of PL peak. The SiNC samples exhibit

measured lifetimes in the range of 30 to 200 ps, which increases with increasing the PL peak.
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The lifetime trend is consistent with previously reported SiNC lifetime study.!*!* Since the PL of
the SiNCs arises from quantum-confined excitons, our lifetime data are only resolvable below
around 950 nm PL peak. The lifetime increases strongly with PL peak or nanocrystal size up to
relatively high PL peak values. As can be seen from Figure 3.3d, the lifetime increases
exponentially with increasing PL peak energy, where the black curve represents an exponential
function.'®

Figure 3.3e shows the PL quantum yield (QY) data versus PL peak, which was measured
using a baseline of mesitylene:1-dodecene (5:1) solution. The results show that the QY of the
polydisperse SiNCs smoothly increases from a minimum of 13 % for sample R87D (containing
on average the smallest emitting SINCs among the studied group) to a maximum value of around

60 % near an emission peak of 850 nm containing medium sized SiNCs.
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Figure 3.3: (a) Photoluminescence spectra of SINC samples used in this study. The SiNCs are
dispersed in mesitylene:1-dodecene (5:1) and excited at 375 nm after functionalization with 1-
dodecene. (b) Normalized absorption spectra for some of the samples shown in figure 3.3a. The
inset shows the absorption at 600nm (red) and 450nm (black) as a function of PL peak
wavelength. (c) FWHM versus PL peak, where the fit line represents the trend of the FWHM. (d)
Slow relaxation time plotted against PL peak, where the fit line represents the trend of the
lifetime. (e) QY plotted against PL peak, where the fit line represents the trend of the QY.
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The QY values start to drop to around 40 % close to 950 nm, which contains the largest
SiNCs among the studied samples considered here. These QY values are considered comparable
to or better than the best values that have been reported in the literature.!®!” The behavior of the
QY curve, in general, follows the trend of the black curve in Figure 3.3e. One possible
explanation is that the QY is determined from the competition between the radiative
recombination rate induced by quantum confinement and the increase in the number of surface
defects due to the more significant surface effects in smaller nanocrystals.!? For larger
nanocrystals, the exciton has more room to diffuse, which increases the likelihood of
encountering a defect. Consequently, the QY tends to decrease when moving toward either
smaller or larger SINCs around the optimum QY value (PL peak of approximately 850 nm).
3.3. Conclusion

In summary, parent as-passivated SINC samples show a quasi-uniform particle-size
distribution based on TEM, with a size-dependent PL response that is in good agreement with
what has been reported in the literature, colloidal suspensions exposed to ambient conditions
showed PL degradation, which we attribute oxygen exposure.
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CHAPTER 4. PHOTOPHYSICAL PROPERTIES FROM DGU PURIFIED SILICON
NANOCRYSTALS
4.1. Introduction

The strong dependence of SiNC electronic and optical properties on the size of
nanocrystals has important implications for a number of applications, such as tailoring
optoelectronic and biomedical devices with specific optical, electrical, and biological
requirements. The quantum confinement effects that cause the electronic bandgap to widen,
which is evident as a blueshift in the photoluminescence (PL) as the nanocrystal size decreases,
portend a promising future for these materials in the field of optoelectronic nanocrystals.! The
size dependence of the photophysical nanocrystal properties are well-studied,>* including
significant changes in PL QY with size.*

A significant concern with some nanocrystals is their potential toxicity, which is one
reason to consider silicon nanocrystals (SiNCs).> A primary concern with SiNCs is that they are
produced with considerable size polydispersity, while many applications require colloidally
stable nanocrystals that are size monodisperse. The non-negligible nanocrystal size distribution
leads to a degree of broadening in the spectral features, as well as ensemble average effects in the
PL quantum yield.*

Many methods have been employed to produce monodisperse SiNCs, such as the method
of size-selective precipitation.®’ In this chapter, however, density-gradient ultracentrifugation
(DGU) is used to purify and partially narrow the size distribution of 1-dodecene passivated
SiNCs.%” In this work, for the first time for SiNCs derived from CHS using a non-thermal
plasma reactor, we report the size dependent photoluminescence quantum efficiency, radiative

lifetime, and PL peak energy for various monodisperse fractions of 1-dodecene-capped SiNCs.
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4.2. Results and discussion

The 1-dodecene-passivated SiNCs samples used in this study were synthesized with
cyclohexasilane (SisH12) using a non-thermal plasma reactor. Our group used the DGU technique
with mixed organic solvents in polyvinylidene fluoride ultracentrifuge tubes as a way to separate
the SiNCs into monodisperse fractions. A glove box was used to extract size-separated fractions
under a nitrogen atmosphere. The size-separated fractions were concentrated under a nitrogen
atmosphere to boost the signal for lifetime measurements. During all PL characterization
measurements, the fractions were kept in sealed 2 mL vials to prevent exposure to the ambient
environment.

Figure 4.1 shows a plot of the energy of peak PL emission (375 nm excitation) as a
function of nanocrystal diameter (a), PL spectra from the SiNC fractions (b), and full width at
half maximum (FWHM) versus PL peak for size-purified SINC samples (c). In Figure 4.1a, the
quantum confinement model that describes the data is £ = Eo + A/(2R)* with Ey=1.12 eV, 4 =

324,anda=1.5.
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Figure 4.1: (a) PL peak energy vs. SiNC size. The SiNC size was determined from TEM
measurements. (b) PL intensity of select fractions excited at 375 nm. (c) FWHM versus PL peak
measured for selected fractions.

Figure 4.1b shows the typical spectra of samples that were used for the TEM study.
Increasing fraction number (or PL peak wavelength) indicates a greater depth in the
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polyvinylidene fluoride ultracentrifuge tube and a larger SiNC size. Figure 4.1¢ shows the
values of FWHM for the selected fractions in comparison to the parent suspensions. The
reduction in FWHM is dictated by the details of the separation and the initial size
distribution.!%!!

Figure 4.2 a-c shows the QY versus fraction number for three different size-separation
DGU runs on three different parent suspensions. The general behavior is that the QY value starts
to increase until it achieves the maxima of the curve, after which it starts to decrease. The
difference can be attributed to both differences in nanocrystal size, which increases from left to
right, and variations in the duration of DGU: 18 and 12 hours for the parents with 730 nm and
908 nm PL peaks, respectively, and 7 hours for 866 nm. The drop in QY with decreasing fraction

number at low fraction numbers is indicative of the influence of surface effects, which have been

associated with increased non-radiative recombination.!?
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Figure 4.2: QY versus function number (equivalent to depth in the centrifuge tube measured in
units of 2 mm) for DGU fractions obtained from parent SiNC suspension with PL peak of 730
nm (a), 866 nm (b), and 908 nm (c). PL peak versus function number for DGU fractions obtained
from parent SiNC suspension with PL peak of 730 nm (d), 866 nm (¢), and 908 nm (f).
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Figure 4.2 d-f presents the behavior of the PL peak versus fraction number for the same
three DGU runs. The noticeable monotonic increase in the PL peak with increasing DGU
fraction number (increasing size of SiNCs) appears to be consistent with quantum confinement
of the SiNCs, and provides strong evidence that DGU separation is achieved based on size. The
best representation of this is in Figure 5.2f. In Figure 4.2d, the PL peak curve exhibits a
different trend, where the curve increases to achieve the highest PL peak value but then exhibits
a blue-shifted behavior. The initial redshift originates from the size separation of the
nanocrystals,'® while, the monotonic decrease in the PL peak could indicate incomplete surface
passivation and/or insufficient DGU time. Although oxidation can lead to similar behavior,'*!”
the samples used here were shielded from ambient conditions.

Figure 4.3 shows the quantum yield and lifetime data for the selected fractions from the
mentioned three spins. We chose the first five fractions from spin one (730 nm PL peak) and the
first seven fractions from spin two and seven fractions from spin three (866 nm PL peak and 980
nm PL peak, respectively) for the lifetime study. Figure 4.3a shows the absolute QY's of the

DGU fractions from the three spins as a function of the PL peak, where the QY was measured

with an integrating sphere and an excitation source of 375 nm.
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Figure 4.3: (a) QY versus PL peak emission wavelength of select SINC DGU spins. (b) Slow
relaxation time versus PL peak emission wavelength of select SINC DGU spins.
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The general behavior of the QY in the three groups of fractions agrees with the idea of
competition between the radiative recombination rate and an increase in the number of surface
defects for smaller nanocrystals.'®!” The disparity of the highest QY value among the three spins

could be related to the average size of the parents, with a maximum near a PL peak of 860 nm,

which roughly corresponds to the Bohr exciton radius of silicon.!-?°

4.3. Conclusion

In summary, by separating three SINC samples into size-resolved fractions using DGU,
we can gain insight into the size-dependence of the bandgap. The behavior of the QY and PL
peak data for the three spins fractions appears to be consistent with quantum confinement of the
SiNCs. The highest QY value, 70 %, is associated with the PL peak of around 860 nm.
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CHAPTER 5. RADIATIVE RELAXATION IN LUMINESCENT SILICON

NANOCRYSTAL THIOL-ENE COMPOSITES

5.1. Introduction

Colloidal semiconductor nanocrystals have emerged as materials of significant interest
for a variety of potential applications in displays, solar energy, and medicine,'* with bright
tunable photoluminescence (PL) being high on the list of desirable physical attributes. For
colloidal nanocrystals in general, it has long been appreciated that the nanocrystal surface plays a
critical role in shaping the nature of the photo-physical response, including PL quantum yield
(QY).>* Effective and appropriate surface passivation is therefore critical for achieving efficient
nanocrystal emission, particularly for hydride terminated-silicon nanocrystals, which require a
significant degree of strong surface passivation through covalent Si-C bonds in order to achieve
bright luminescence and colloidal stability in organic solvents.’”” Although the most commonly
used passivation approach is thermal hydrosilylation,? there are in fact a number of different
routes to the effective surface functionalization of nanocrystalline silicon.”!!

In certain applications like solar windows, it is often required that the nanocrystals be
dispersed at low concentration in a glass or polymer matrix while retaining the bright PL
characteristic of the original colloid.'?!® In general, ternary mixtures of colloidal nanocrystals,
solvent, and polymer!” (as well as mixtures of nanocrystals, solvent, and free ligand)'®!° can
exhibit liquid-liquid phase separation upon drying, and scrutiny must therefore be applied when
assessing the dispersion state of nanocrystals in the surrounding material. In strongly segregated
systems, for example, nanocrystal-nanocrystal interaction effects may need to be considered

when evaluating ensemble luminescence QY.2%?! However, for dilute, non-interacting

53



nanocrystals with simple hydrocarbon ligands strongly bound to the surface (e.g., silicon), it is
reasonable to expect that polymer matrices will have a neutral impact on PL QY.

In contrast to the more familiar solution-processed direct-bandgap materials such as
cadmium selenide, indium phosphide, and the much-heralded lead-halide perovskites, colloidal
silicon nanocrystals (SiNCs) exhibit PL that is strongly shaped by the indirect nature of the
fundamental bandgap, with large Stokes shifts, broad PL linewidths, and long PL lifetimes
accompanied by a wide distribution of decay rates.??>” Nonetheless, properly passivated
nanocrystalline silicon offers an earth-abundant and nontoxic alternative for a range of potential
light-harvesting, sensing, and biomedical applications, with PL. QY's of up to 60-70 % across the
red to the near-infrared (NIR).2%3* In addition to the slow microsecond radiative decay
characteristic of the indirect bandgap, a number of recent studies have also explored much faster
(nanosecond) PL decay modes observed at shorter wavelengths, with a variety of interpretations
related to quasi-direct recombination and/or surface effects at smaller nanocrystal sizes.>%-3%
Indeed, photophysical processes at the nanocrystal surface remain a subject of significant current
debate,’” while the surface also presents potentially untapped opportunities for improvements in
material performance.

One such area of interest is co-passivation through the simultaneous use of multiple
surface chemistries, which is utilized with great effect for perovskite!? and I1I-V compound
nanocrystals® and to improve the performance of CdSeTe solar cells.*’ In the specific case of
silicon, the actual fraction of ligand-capped surface atoms is only around 40 % of the total

number of available sites,>%*!4?

suggesting significant room for improvement. Along these lines,
recent work by Marinins et al.'> explored the photoluminescent properties of hybrid composites

consisting of an off-stoichiometric thiol-ene** (OSTE) polymer matrix loaded with alkene-
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terminated SiNCs. Thiols have long been used to passivate direct bandgap nanocrystals, such as
CdSe,* PbS,* and CulnS».*® For OSTE polymer/SiNC hybrids, UV initiated thiol-ene
photopolymerization is based on the addition of a thiol group to the C=C ene bond, with excess
active thiyl and carbon radicals (a species hypothetically capable of nanocrystal surface
passivation) controlled through the thiol/allyl ratio. UV initiation and curing of these resins is
quite fast (seconds) and the rapid OSTE cascade polymerization relies on the formation of thiyl
radicals created by the extraction of hydrogen radicals from the thiol resin.*?

Here, we explore the PL relaxation landscape of this type of photo-polymerized OSTE
polymer/SiNC hybrid. We find time- and air-stable emission from dilute composites with PL
peaks spanning 700-950 nm and QY's of up to 70 %, and we measure the kinetics of PL
relaxation in the parameter space of nanocrystal size and temperature, focusing on changes in the
partitioning of multimodal decay upon going from colloid to composite. Our results reveal
striking similarities between the impacts of crosslinking and those of cooling to cryogenic
temperatures, but with a limited overall impact on the efficiency of emission. In the
interpretation put forth here, quasi-direct radiative recombination is enhanced by the reduced
availability of phonons in the polymer matrix, but with relatively little impact on the partitioning
of QY between the dominant slow channel and the surface dominated fast channel.

5.2 Results and discussion

Synthetically, there are several available options for making colloidal SiNCs, but the
approach used here is the nonthermal plasma method.?33%3%4748 We use liquid cyclohexasilane
(CHS) to make the nanocrystals, which has recently been demonstrated as a promising precursor
for the plasma synthesis of SiNCs.** The SiNCs were thermally passivated for at least 3 h with /-

dodecene in mesitylene to provide surface passivation and colloidal solubility. As a starting
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material, we use colloidal SINC samples with PL peaks varying from 700 nm to 950 nm that
have been shielded from ambient oxygen throughout the entire
synthesis/passivation/compositing process. Although a variety of size purification routes are

available,?0-30:49-52

we opt here for as-prepared colloidal SiNCs without size separation. Based on
transmission-electron microscopy (TEM), typical polydispersity indices (defined as 1 +
(6R?)/(R)?, where R is the SiNC radius and SR is the deviation from the mean) range from 1.01
to 1.04. Using the size-resolved PL metric described in Ref. [30], the range of PL peaks explored
here roughly corresponds to nanocrystal diameters of 3-7 nm. TEM images and SiNC size

histograms are presented in Figure 5.1. Although QY can vary with solvent,> all the colloidal

suspensions considered here were suspended in mesitylene.
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Figure 5.1: (a)-(e) Typical TEM image of SiNC colloids (PL peak near 750 nm, 875 nm, 900
nm, 900 nm, 930 nm, respectively) and size histograms based on TEM for samples with PL
peaks near (f) 750 nm, (g) 875 nm, (h) 900 nm, and (i) 930 nm. Average size and polydispersity
index are indicated next to each histogram.
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The PL spectra of a series of colloid/composite samples are highlighted in Figure 5.2a-b,
where the absorption band of the polymer matrix near 900 nm is evident (Figure 5.2b). The
typical appearance of two SiNC-free reference samples (mesitylene/1-dodecene and OSTE
polymer/mesitylene/1-dodecene) and an OSTE polymer/SiNC composite (all under 365 nm LED
excitation) are presented in Figure 5.2¢, while Figure 5.2d compares the appearance of the

OSTE polymer/mesitylene/1-dodecene reference with a composite under ambient light.
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700 800 900
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Figure 5.2: (a)-(b) PL spectra of a series of colloidal SINC suspensions (left) and a series of
composites (right). The vertical dashed line in (b) indicates an absorption band in the polymer
matrix. (¢) Mesitylene/1-dodecene reference (left), OSTE polymer reference (middle), and an
OSTE polymer/SiNC composite (right). All three samples are being excited at 365 nm. (d)
Appearance of an OSTE polymer reference (left) and an OSTE polymer/SiNC composite (right).
(e) QY vs. peak PL wavelength for colloidal suspensions, where the red curve represents the
trend reported in Ref. 30. (f) TEM image of a dried colloid (50 nm scale) and inset TEM image
of an individual SINC (1 nm scale) from a sample with a PL peak at 850 nm.

Under UV excitation, the pure resin shows scattering with respect to the solvent,
indicative of underlying structural inhomogeneity and haze. The composite microstructure
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consists of fine SINC-rich domains dispersed in a cross-linked polymer matrix (Figure 5.3),

where this type of phase-separated morphology is in general rather difficult to avoid.

Figure 5.3: (a)-(b) Bright-field (left) and PL (right) microscopy images of a typical composite,
where images were taken in transmission (left) and EPI illumination (right) on the vial in which
the composite was made. Scale bar is 50 pm.

For the majority of samples, we found little difference between the QY of the colloid and
that of the composite as measured in the usual manner in an integrating sphere. Some of the
samples suggested a QY enhancement upon compositing, which might be interpreted through a

possible co-passivation effect.!®

However, we emphasize that measuring the QY of the
composites in an integrating sphere is intrinsically problematic because of strong UV absorption
in the resin (Figure 5.4) and scattering from large-scale inhomogeneities in the polymer samples

(both with and without SiNCs). This potentially clouds a quantitative interpretation of absorption

changes, which in turn makes it difficult to properly quantify QY.>*
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Figure 5.4: (a) Representative PL spectra (solid) and the corresponding absorption spectra
(dashed) for colloidal SiNCs in mesitylene. PL spectra are normalized to 1 at the peak and
absorption is normalized to 1 at 465 nm. (b) A similar plot for SINC composites, where the pure
resin has been used as the reference for absorption measurements. (¢) Comparison of the
extinction between colloid and composite references (no SiNCs) for two optical inputs (375 nm
laser and 450 nm LED). The composites show anomalously strong absorption, which we
attribute to a combination of optical turbidity, structural inhomogeneity, and the strong optical
absorption of the pure resin at short wavelengths.

Care must therefore be taken when interpreting the measured QY of the composites, and
we return to this question later in the discussion. With this in mind, composite QY measured in
an integrating sphere, where reported, used a 473 nm laser, whereas the colloid QY was
unchanged using either 375 nm or 473 nm excitation.

Figure 5.5 shows PL relaxation curves for the samples depicted in Figure 5.2a-b.
Measurement details can be found in Chapter 2. We normalize the response to unity at # = 0 (as
opposed to normalizing to SINC concentration)*® to remove variations in overall intensity. As in

30-38

numerous previous studies, we observe both a ‘fast’ (ns) decay and a slow (us) decay, where

our interpretation is that the latter is associated with phonon-assisted recombination across the
fundamental (indirect) bandgap while the former reflects quasi-direct (zero-phonon)
recombination arising from the influence of interfacial effects at the nanoscale.>* The decay is fit
to the expression

I(t) = Arexp [— (é)af] + Asexp [— (Tis)as] (5.1)
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where 4 is relaxation amplitude, 7is lifetime, « is stretching exponent, and the subscripts fand s
denoted “fast” and “slow”, respectively. Representative decay curves are shown in Figure 5.5a-
b. Stretched-exponential decays are commonly observed for SiNCs and indicate a broad range of
relaxation rates, even in size-purified nanocrystals.**>* For the normalization used here, the fast
and slow amplitude are constrained to sum to 1. Additional decays with accompanying fits and a

table of all physical and fitting parameters can be found in Figure 5.5, Tables 5.1 & 5.2.
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Figure 5.5: (a)-(b) Representative PL relaxation curves for colloidal and composite samples
(excitation at 375 nm). (c) Fast (open) and slow (closed) amplitude as a function of PL peak for
colloidal samples (red) and (d) composites (gray). (e) Slow lifetime of the colloid and composite
samples. (f) Radiative lifetime deduced from the measured QY as a function of PL peak
wavelength for the colloidal samples.

The amplitudes, Af and Ag, show strikingly different behavior in the colloid as compared

to the composite (Figure 5.5¢-d). For the colloidal samples (Figure 5.5¢), the slow mode
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becomes most pronounced near a PL peak of 800 nm, where the fast mode is reduced in
amplitude. Using the size metric recently obtained for pristine size-purified SINCs synthesized in
the same reactor,*® this roughly corresponds to a mean SiNC diameter of 4 nm. Recent work on
size-purified SiNC fractions extracted from a parent synthesized near the QY maximum (800-
850 nm) revealed an increase in the fast mode intensity with increasing size that was attributed to
defective/aggregated SiNCs.** Here, colloidal SiNCs were synthesized at conditions specifically
targeting larger nanocrystal size, and the PL originates predominantly from desirable SiNCs as
opposed to defective particles or aggregates (as evidenced by the symmetric PL line shape in
Figure 5.2a-b).>° With increasing SiNC size, the fast channel reemerges after passing through a
diameter roughly corresponding to the Bohr exciton radius (4-5 nm), where the QY again
decreases (Figure 5.5¢-e). Above the confinement length scale, the exciton is free to diffuse,
increasing the likelihood that it will decay nonradiatively at a defect or surface site.

In contrast to the colloidal samples, the slow mode is significantly suppressed in the
composites for all SINC sizes studied (Figure 5.5d), while the PL lifetime 7 increases with
increasing nanocrystal size in both colloid and composite, although less rapidly in the latter
(Figure 5.5e). To explain the trends in Figure 9.4, we consider the physical origin of each term

in Eq. 5.1.
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Figure 5.6: (a)-(d) Additional PL relaxation curves with the corresponding fits. The PL peak of
each sample is indicated. (e) Fast (open) and slow (closed) stretching exponents as a function of
PL peak for the colloidal samples, and (f) a similar plot for the composite samples. (g) Fast
lifetime vs. PL peak for colloids and composites. For the colloid, the increase in 77 and the
increase in stretching (small a¢) near 800 nm correlate with the maximum in A of the spectrally
integrated intensity.

Table 5.1: Characteristics and fitting parameters for the PL relaxation of the colloidal samples
presented in Figure 5.5 of the main text, where QY is reported in %. Diameter is based on TEM
with polydispersity index indicated.

Aem QY As As T (us) Tt (ns) o o Tsr 2R

(nm) (£ 5%) (us) (mm)

704 13.30 0.062 0.938 13.65 2.50 0.54 0.76 180 -
+0.003  +0.003 +1.4 +0.2 +0.02 +0.11 +35

750 - 0.042 0.580 14.70 22.0 0.66 0.3 - 3.76
+0.02 +0.02 +1.5 +10 +0.02  +0.05 (1.01)

790 40.2 0.047 0.530 26.6 16.6 0.6 0.31 100 -
+0.02 +0.02 +2.7 18 +0.02  +0.05 +20

842 45.00 0.034 0.660 36.30 3.10 0.6 0.36 120 -
+0.02 +0.02 +3.6 +0.3 +0.02  £0.05 +24

875 60.10 0.025 0.750 70.0 4.80 0.7 0.5 150 5.15
+0.01 +0.01 +7.0 +0.5 +0.02  +0.08 +30 (1.03)

900 32.00 0.08 0.920 82.0 4.70 0.77 0.55 300 5.22

+0.004  +0.004 +8.2 +0.5 +0.02  +0.08 +60 (1.03)
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Table 5.2: Characteristics and fitting parameters for the PL relaxation of the composite samples
presented in Figure 5.5 of the main text, where QY is reported in %. *Indicates QY as measured
in an integrating sphere.

Aem QY As Ar t(us) Tt @ms) @  Tw(us) 2R

(nm) (£ 5%) (mm)

704 1770 0.031 0969 1270  3.70 0.62 0.74 11+3 -
+0.002  +0.002  +13  +04  +0.02 +0.11

750 - 0.064 0936 17.1 3.90 066  0.76 - 3.76
+0.003  +0.003  +1.7  +04  +0.02  +0.05 (1.01)

788 512 0064 0936 213 3.90 0.6 072 3248 -
+0.003  +0.003  +21  +04  +0.02  +0.05

840 4790 0028 0972 2970  3.90 0.6 074  37+10 ,
+0.001  +0.001  +3.0  +04  +0.02 +0.05

890 61.7 0018 0982 3930  4.10 0.7 082 3449 5.15
+0.001  +0.001  +40  +04  +0.02 +0.06 (1.03)

900 51.4 0.009  0.991 50.0 4.10 0.77 081 2045 5.22
+0.001  +0.001  +50  +04  +0.02 +0.06 (1.03)

The raw intensity (prior to Ag + A = 1 normalization) contains at least two stretched-
exponential decays, indicative of a broad distribution of relaxation rates in each channel, fast (f)
and slow (s).>*>° The amplitude of each decay is the product of the associated fraction of emitters
and radiative rate constant, k;, = 1/7;, (i = s or f), which follows from fact that the PL intensity
is the term proportional to k;, in the time-derivative of the fraction of excited emitters.” The QY
can then be obtained as the time integral of the PL intensity. Despite the fact that the fast mode
dominates the dynamic intensity, particularly for the composites (Figure 9.4d and Figure 5.7a),

the slow mode dominates the QY for all samples (Figure 5.7b).
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Figure 5.7: (a) The ratio of slow to fast relaxation amplitude, A;/Ay, as a function of PL peak,
and (b) the corresponding implied ratio (®,/®; = ( ) (T—S) (ﬂ) Do) ) of the slow to fast
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contributions to the QY for colloidal (red) and composite (gray) samples.

This allows us to express the radiative lifetime of the slow mode, 7, in terms of the QY
(®), 5, and a, through ® =~ (74/7;) I'(a;1)/a,. Because we measure the QY, 7, and a; for

the colloid, we can thus extract radiative lifetime, assumed here to be independent of state, which
is plotted versus PL peak in Figure 5.5f. In this view, the drop in slow lifetime in Figure 5.5e is
indicative of a decrease in QY on going from colloid to composite.

Figure 5.8 expands on the preceding analysis with additional samples and measurements,
including two examples that showed little change in QY as measured in an integrating sphere
(Figure 5.8a-b). The PL decay curves of these two samples show the same trends as the data in
Figure 9.4¢-d, which is specific to compositing (gray) and not simply drying (orange) the colloid
(red). The curves are the bimodal relaxation described by Eq. 5.1, with the fitting parameters and

QY summarized in Table 5.3.
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Table 5.3: Characteristics and fitting parameters for the PL relaxation of the colloidal samples
presented in Figure 5.8 of the main text, where QY is reported in %. Dried colloidal samples are
exposed to air and hence will have a lower QY, which is apparent here as a shorter lifetime.
*Indicates QY as measured in an integrating sphere.

Sample Aem As At T, T o o QY (%)
Fig. 5.5a nm
(Fle-35) () ms) ()
Colloid 762 0.39 0.61 33.76 14.00 0.56 0.31 0.40 £5.0
+0.02 +0.02 +1.6 +5.0 +0.02 +0.11
Dried - 0.33 0.67 8.2 2.5 0.40 0.61 -
Colloid +0.02 +0.02 +1.0 +0.5 +0.02 +0.05
Composite 767 0.08 0.92 32.5 4.5 0.55 0.78 33"

+0.02 +0.02 +1.6 +0.5 +0.02 +0.05 4810.02

Sample Aem As At T, T o o QY (%)
Fig. 5.5b nm
(Flg-33D) () ms) ()
Colloid 815 0.47 0.53 97.7 3.5 0.71 0.38 66 +5.0
+0.02 +0.02 +1.6 +1.0 +0.02 +0.11
Dried - 0.44 0.56 47.4 2.15 0.61 0.35 -
Colloid +0.002 +0.02 +2.0 +0.5 +0.02 +0.11
Composite 820 0.10 0.90 69.2 4.5 0.68 0.72 68"

+0.02 +0.02 +2.5 +0.5 +0.02 +0.05 75+£10.0

Note that the slow lifetime of these two composites is larger than those in Figure 5.5. As
an additional — and we suggest more robust — method of determining composite QY, we use the
expression @ = (TS / TSR)F(OlS_ 1Y /ag, where 7, and a, are measured for the composite and the
radiative lifetime 7, is interpolated from Figure 5.5f. The derivation of this expression is given
in Chapter 6. The QY of the composites determined from PL lifetime in this manner is compared
with the QY of the colloidal samples (measured in an integrating sphere) in Figure 5.8e. Overall,
PL efficiency remains the same or is slightly reduced in the composites. This is also evident in
plots of the composite QY determined from lifetime plotted against the QY of the colloid
(Figure 5.8f, left) and plotted against the QY of the composite measured in the integrating

sphere (Figure 5.8f, right).
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Figure 5.8: (a) PL spectra before (colloid) and after compositing (comp) for a sample with a QY
of 35 %. (b) PL spectra before and after compositing for a sample with a QY of 70 %. (c)-(d) PL
relaxation for colloid, dried colloid, and composite for the same two samples (375 nm
excitation). The arrows indicate the direction of processing. () QY of colloidal (red) and
composite (gray) samples, where the former is measured in an integrating sphere and the latter is
determined from Pl lifetime as described in the text. (f) QY of the composites determined from
PL lifetime plotted against QY of the colloid measured in an integrating sphere (left) and plotted
against the QY of the composite measured in an integrating sphere (right). The arrows indicate
the direction that the majority of measurements deviate from the diagonal line of equal QY.

We note that the latter suggests that the composite QY is systematically over-estimated in
the integrating sphere, which we attribute to the short wavelength absorption uncertainties cited
above. Although these results differ from the findings of Marinins et al,'> we note that there are
significant differences between the SiINCs employed here and those used in Ref. [15], including
synthesis scheme. Most notably, the SiNCs used here were not “washed” with antisolvent to
remove excess ligand, which leads to reduced QY with respect to the as-passivated parent.
Rather, the scheme used here targets pristine as-passivated nanocrystals, with unbound ligand
and any residual mesitylene incorporated into the matrix. In this scenario, our results suggest that

there is no co-passivation effect.
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For a final piece of insight into radiative relaxation, we turn to cryogenic PL
measurements. It is well known that cooling SiINCs from ambient to low temperature (7) leads to

16,18,56-58

an increase in QY and a subsequent increase in PL intensity and lifetime, which is

commonly ascribed to a reduction in the non-radiative rate constant on cooling (or in this case
1

rate constants: k; ., =T,  —T;

iNR = ~1 with i = 5 or f). Physically, the influence of non-radiative

R

effects is suppressed at lower 7. In concert with this change in QY, recent work also
demonstrates that the partitioning of fast and slow PL also changes on cooling, with the quasi-
direct channel becoming more prominent at lower 7, despite making no meaningful contribution
to the QY.*? We note that very similar changes in partitioning are observed here on going from
colloid to composite.

The cryogenic SINC PL response can be viewed as falling into two regimes: a near-
cryogenic regime at modest cooling (characterized by a rapid drop in the impact of nonradiative
effects) and a far-cryogenic regime at deep cooling (close to 0 K, characterized by a relative lack
of nonradiative effects but subtle changes in radiative rate).’® The crossover temperature between
these two regimes roughly coincides with 100 K,*® and in a liquid-nitrogen setup we can thus
expect to probe the near-cryogenic regime and the onset of a crossover to true cryogenic
conditions. Samples utilized for cryogenic measurements in this study were primarily UV-cured
composites (prepared both in-vial or on a glass coverslip), although measurements were also
performed on dried colloids.

The T dependence of the SINC bandgap has been studied in detail, and although a closed-
form expression analogous to the Varshni equation does not exist for nanocrystalline silicon,
bandgap widening is commonly observed at low temperatures'®36-® and the SiNCs studied here

show similar behavior (Figure 5.a).
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Figure 5.9: (a) Temperature dependent bandgap of three colloid/composite pairs with 2™ order
polynomial fits. (b) Temperature dependent PL intensity for the data in panel (a) normalized to
unity at 25 °C. Colloidal data are red and composite data are gray.

Although the PL intensity increases with decreasing 7,'%% this trend can be complicated
in dried colloids, where environmental factors (e.g., oxygen exposure) and 7 dependent
microstructure can alter the PL response in nontrivial ways.'® Here, a comparison of the PL
increase on cooling for a variety of dried colloids and the corresponding composites suggests a
sample-dependent response, but with a stronger increase on cooling for dried colloids (Figure
5.9b), which is difficult to interpret due to the effects of ambient oxygen. In contrast, because the
composites are photo-stable under atmospheric conditions, they represent a unique system for
studying the cryogenic PL response.

An example of this is summarized for a composite sample in Figure 5.10 (PL peak of
750 nm with a colloidal QY of 42 %), where both PL intensity and slow lifetime show an
increase on cooling (Figure 5.10a-b). Interestingly, the slow relaxation becomes less “stretched”
at lower 7T (Figure 5.10¢), which is similar to what has been reported previously for dried

1632 and elastomer/SiNC composites.'¢ Likewise, the fast amplitude, despite being

colloids
significantly enhanced already in the composite, becomes even more prominent on cooling

(Figure 5.10c), a trend that was previously reported for dried SiNC colloids.*? The full

(o))
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relaxation data set, along with a table of fitting parameters, can be found in Table 5.5, Figure

5.11.
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Figure 5.10: (a) Temperature dependent PL spectra of a composite. (b) Slow PL decay at
ambient temperature, with slow lifetime vs. temperature in the inset. Time dependent decay
curves for each 7 can be found in Fig. S7 and the fitting results are summarized in Table S4. (¢)
Slow stretching exponent and (d) fast amplitude vs. 7. (¢) QY deduced from 74(T), as(T), and
T4, (T) as detailed in the text. The horizontal dashed line is the QY of the parent colloid and the
black line is the measured steady-state PL intensity (scaled onto QY). (f) T dependence of 74, for
the data in panel (e). The dashed curve is the theoretical expression derived in the text.
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Table 5.4: Fitting parameters for fast and slow PL relaxation at each temperature detailed in

Figure 5.11.
Aem QY As Ar Ts(us)  T¢ (ns) 10 s Tsr (1S) 2R
(nm) (+ 5%) (mm)
704 17.70 0.031 0.969 12.70 3.70 0.62 0.74 11 +3 -
+0.002  +0.002  +1.3 404 4002 +0.11
750 - 0.064 0.936 17.1 3.90 0.66 0.76 - 3.76
40.003  +0.003  +1.7 404  +0.02  +0.05 (1.01)
788 512 0.064 0.936 213 3.90 0.6 0.72 3248 -
+0.003  +0.003  +2.1 404  +0.02  +0.05
840 47.90 0.028 0972 29.70 3.90 0.6 0.74 37 +10 -
+0.001  40.001  +3.0 404  +0.02  +0.05
890 61.7 0.018 0982 3930  4.10 0.7 0.82 34 49 5.15
40.001  4+0.001  +4.0 404 4002  +0.06 (1.03)
900 51.4 0.009 0.991 50.0 4.10 0.77 0.81 20 +5 5.22
+0.001  +0.001  +5.0 +0.4  +0.02  +0.06 (1.03)
Orl T T T T T I_ Ol T T T T T l_ Ol T T T T T l_
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Figure 5.11: (a)-(f) Measured PL relaxation curves with fits for the temperature dependent
composite detailed in the text.
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We interpret these trends through the relative availability if phonons in quantum-confined
nanocrystalline silicon. For SiNCs in general, the dipole matrix element — which governs light-
field interactions and radiative processes — contains three contributions: zero-phonon, phonon-
absorption, and phonon-emission mediated transitions,’® where the latter two depend on a sum of
occupation number over all available phonon modes. As SiNC size decreases, the combined
influence of quantum confinement and surface effects increase the relative contribution of zero-
phonon (quasi-direct) transitions, as recently discussed for size-dependent optical absorption®
and PL measurements.>® We posit that compositing the SiNCs in a crosslinked thio-lene matrix
impacts the partitioning of these terms through a reduced phonon DOS, which is the origin of the
enhanced fast-mode strength in the composites (Figure 5.5¢-d). With cooling, the decrease in
phonon occupation number further enhances this effect, leading to an additional increase in the
amplitude of the fast mode.

Physically, the introduction of a glassy polymer matrix and cooling to cryogenic 7 both
reduce the availability of phonons, although through different “handles”, leading to an increased
likelihood of quasi-direct (fast) recombination. It is important to note that despite these
enhancements, the fast mode still makes a negligible contribution to the QY, which remains
dominated by the slow mode.

We go somewhat further by reconciling the 7 dependent PL intensity (Figure 5.10a) with
extrapolated values of QY obtained from the 7-dependence of the slow decay (Figure 5.10b-c).
Given that we know the relevant radiative lifetime at ambient (Figure 5.5f), we can exploit
established models of its temperature dependence to convert 7,(T) to QY. Specifically, the
energy levels of strongly localized excitons in silicon are split by an amount A because of

electron-hole exchange interactions, which impacts the 7' dependence of the crossover in PL to
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far-cryogenic conditions. The lower level is a three-fold degenerate triplet state with lifetime 7,
while the upper singlet level has lifetime 75, and thermal equilibrium between these two levels

gives the radiative lifetime:%?

wR(T) = 71 ((3”_“) (5.2)

(3+Re=F4)
where R = 71/t5 and § = 1/kzT. We have one data point on this curve (ambient 7), so we use
® = (15/7s;) T(as')/as to compute an effective Tg(T), constrained at ambient, that gives the
same 7T dependence in ® as measured for PL (Figure 5.10e). A nonlinear regression this 7 (T)
to Eq. 5.2 then gives R = 71/75 = 100, 4 =8 meV, and tp = 3 ms, which compare well to values
in the literature measured under deep cryogenic conditions.’®® The data and corresponding fit
are shown in Figure 5.10f.
5.3. Conclusion

We have explored details of PL relaxation in photo-polymerized off-stoichiometric
polymer/nanocrystal hybrids. Specifically, thiol-ene polymer/nanocrystal composites were
synthesized from a tetra-functional thiol, tri-functional allyl and a family of dilute dodecyl-
passivated colloidal SiNCs with peak PL wavelength spanning the red to the near infrared. We
find time- and air-stable emission from thiol-ene SiNC composites exhibiting to 70 % QY, with
the compositing process having little apparent impact on emission efficiency. Multimodal PL
relaxation has been mapped in the parameter space of nanocrystal size and state at near-
cryogenic temperatures. Changes in the partitioning of fast and slow PL decay observed on going
from colloid to composite are similar to those observed on cooling, where both effects reflect a
loss of available phonon modes and an increase in the strength of quasi-direct emission. Despite
these changes, the slow mode dominates the PL QY, by a factor 102 to 10° depending on sample

quality, for all samples and temperatures studied.
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CHAPTER 6. BIMODAL PL RELAXATION

The PL relaxation is described by the bimodal expression
£\ t\%s
I(t) = Irexp [— <;) ] + I;exp [— (T—S) ] (6.1)
The integrated intensity (QY) contains two terms: ® = &, + ®f, where
&%) t\%i
;=1 [} exp |- (?) | a. (6.2)

The above expression can be rewritten as

1 ; -1
@; = 1z " = g (1) e (63)

L TI:R 0_’,:
where ¢;, 7;, and 7, are the fraction of emitters, PL lifetime, and radiative lifetime, respectively,
of channel i (i = s or f, ¢s + ¢y = 1) and I'(x) is the gamma function. The QY is

T(arh)
+ Ifo ar . (64)

I'(ash)

as

b =Pg + O = [7
For a; = 1 (mono-exponential relaxation) this simplifies to the usual expression:
® = [T, + [Ty = s (T—) + ¢y (l) (6.5)
SR R
For the normalization used here, A; = I;/(Is + Ir) and Ay = I¢ /(I5 + If), and the ratio

®;/®f can thus be expressed in terms of measured quantities as
s _ (A5 () () Dlest)
The slow mode dominates the QY, as demonstrated in Figure 5.7b, and we thus have

-1
o= (i) M) X Tg/Tsp-

Tsgp as
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APPENDIX. SIZE SEPARATION USING THE DGU TECHNIQUE

For DGU, the centrifugation tube is filled gradually with layers of a mixture of
chloroform:m-xylene at different percentages (50%, 60%, 70%, 80%, and 90% chloroform), so
each layer has a different density than the others. When the tube is filled, the process starts from
the bottom of the test tube (highest density, approximately 1.427 g/mL) and goes to the top
(lowest density, about 1.177 g/mL). Then the sample is layered on top of the lowest-density layer
as shown in Figure A.1a. Silicon’s density is approximately 2.3290 g/mL. Then another tube is
prepared by using the same procedures, except that the last layer is 50% chloroform:m-xylene
instead of the sample. The extra tube is called the balance tube. After the spinning is finished, the

fractions are collected from the centrifugation tube and stored in 2-mL vials, as shown in Figure

( ) so\\ic.e o The strata are layered on top of each other in a five-step gradient
1000 pL 50\\\“" with a 50 %, 60 %, 70 %, 80 %, and 90 % mixture of
pipette t%\'\ chloroform in m-xylene.
L

&%
Sampe’ > 0.75mL

Gently add
solution and

allow each 60%—> 1.5mL -
drop to slide - I
down along
the wall of —— 15mL
test tube. 15mL

10%

50% > 1.5mL

Custom polyvinylidene 4 one

fluoride ultracentrifugation s0% MY

tube. 50%  Chloroform  90%
e

(b)

Figure A.1: (a) Steps to prepare the centrifuge tube for DGU. (b) Extracting the fractions from
the centrifuge tube.
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