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Abstract

Integrated optical isolators will become necessary as optical networks continue to grow and the
need for monolithic integration and greater functionality increases. The use of magnetic
nanoparticles as Faraday rotators to achieve isolation has been widely researched and reported.
Therefore, magnetic nanoparticles are of particular interest.

Magnetic y - Fe203 and SnO; nanoparticles were synthesized using the diblock copolymer reverse
micelles method. The processes were shown in detail with the aid of Raman spectroscopy to reveal
the iron oxide evolution. Moreover, the magnetic properties of the nanoparticles were evaluated by
superconducting quantum interference device (SQUID) magnetometer. Using a low temperature
annealing process, we showed that higher percentage of y-Fe>03 phase was produced and could be
incorporated in practical devices. One practical use is to be used as Faraday rotators in an optical
isolator.

The size of the nanoparticles can be changed simply by changing the loading ratio of FeCls or using
different polymers to yield different sizes of the nanoparticles. The size and dispersion of the
nanoparticles were determined using atomic force microscopy (AFM-QNM) and scanning electron
microscope (SEM). With a good control in terms of size and dispersion, the magnetic y-Fe O3 were
employed on silicon waveguides to test for optical isolation. The results showed no optical isolation
from the y-Fe>Os nanoparticles; this is likely due to the modal phase mismatch between the cladding
and the nanoparticles. With a few changes in the design of the waveguides and dropping of the
nanoparticles; we can have a fully functional integrated optical isolator on silicon.
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Chapter 1

Introduction

Extensive research in microphotonics has led to it surpassing electronics in terms of bandwidth
distance product and power consumption for telecom and datacom applications(1). In the
applications for telecommunications, some optical feedback in lasers and optical amplifiers cause
noise and instabilities in lasers(2,3). This feedback is mainly caused by back reflections from the
optical fiber at the laser output. The effect of the reflecting fiber facet is to create a double cavity
state in the laser if the phase coherence is maintained, or act as an external light source if the
coherence is lost. Fluctuations in laser intensity and frequency for both the double cavity and
external light source state will exist. For the external light source, the fluctuations come from the
random generation of locking and unlocking states from the frequency changes which is caused by
the temperature variations of the laser diode. On the other hand, for the double cavity state the
fluctuations are mainly caused by the mechanical vibrations of the fiber which change the length
from the reflection point to the cavity creating phase variations. In both cases, the intensity and
frequency noise are both directly proportional to the effective reflectivity of the fiber. The
reflectivity commonly refers to the amount of reflected power from the fiber that returns to the
laser cavity(2,3). In order to effectively reduce the reflectivity, an isolator is placed in front of the
laser. The isolator will block the back-reflected light, thus readily reducing the intensity and
frequency fluctuations.

Optical isolators are therefore important components in lasers and optical amplifiers(2,4). The main
function is to eliminate noise caused by back-reflections into the lasers and amplifiers. The continued
growth of telecommunication networks makes it a necessity to have an integrated system where the
optical isolators are monolithically integrated on the same chip as lasers and/or amplifiers. The
monolithic integration of the isolators will allow us to reduce costs and increase functionality of our
devices.

Optical isolators only allow light to propagate in one direction, utilizing a non-reciprocal
phenomenon which is Faraday rotation. Faraday rotation is non-reciprocal in the idea that the
rotation is not dependent on the direction of light propagation. If light propagates through a
Faraday rotating medium, after a single pass the polarization is rotated by an angle 6, after a
round-trip the polarization is rotated by an angle of 268. Therefore, effectively stopping back-
reflections of light.



The magneto-optical effect is the change in the propagation of an electromagnetic wave
through a medium by the presence of a quasistatic magnetic field. An example of the magneto-
optical effect is Faraday rotation, which is an interaction between light and a magnetic field in a
medium. The Faraday effect causes a rotation of the plane of polarization which is linearly
proportional to the component of the magnetic field in the direction of propagation of light (5).

In the last 20 years, ongoing research has been able to show that nanoparticles with sufficient
magnetic response show enhanced Faraday rotation, including Fe;O3 nanoparticles (6). The
enhancement in Faraday rotation is allowed in such material due to the composition of the
material and the particles’ arrangement more specifically the saturation magnetization and
coercive field. Several authors were able to experimentally and theoretically calculate the
required size of the nanoparticles while showing an enhancement in Faraday rotation (39).

Using the concept of Faraday rotation aiming for nanoparticles synthesis with high saturation
magnetization and coercive field, we can produce iron oxide and tin oxide nanoparticles with
the proper dispersion and magnetization that should have a high Faraday rotation. This can be
therefore integrated into optical systems, where the nanoparticles should switch light
polarization, allowing light to travel in one direction decreasing scattering.

The main focus of this thesis is on the synthesis and deposition of magnetic nanoparticles onto
silicon waveguides in a controlled manner. In order to accomplish this goal, diblock copolymer
reverse micelles synthesis procedure has been applied in the nanoparticle production. The process of
the magnetic nanoparticles is explained in detail in chapters 4 and 6 for iron oxide and tin oxide
respectively. The composition, crystal structure and magnetic properties of monolayer iron oxide
nanoparticles and tin oxide nanoparticles are investigated using a variety of characterization
techniques in chapters 5 for iron oxide and 6 for tin oxide. The preliminary results from integrating
the nanoparticles onto the silicon waveguides are shown in chapter 7. The full experimental
procedures are explained in detail in chapter 3.






Chapter 2

Background and motivation

2.1. Magnetic nanoparticles

Recent research in the last 30 years has been heavily focused on magnetic nanoparticles. The
heavy research has been ongoing due to the interesting magnetization of small particles and
clusters, as well as, the high interest expressed by different industries which has yielded a lot of
different applications in the biomedical field and in the electronics field including high density
data storage disks(7,8), high-density data storage disks(9), Li-ion batteries(10), drug delivery
systems(11), and magnetic resonance imaging(12,13). In recent years as internet traffic has
been explosively growing, the use of magnetic nanoparticles has been incorporated into the
integrated optics field(4,14). In practice, the magnetic properties of the nanoparticles are
directly related to their crystal structure and size for all the different applications.

2.1.1 FeOx Crystal structure

Iron oxide nanoparticles varying in diameter between 1 and 100 nanometers have attracted
much attention due to their fine magnetic properties and massive field of applications. The
most common iron oxides that are used are: magnetite (Fe304), maghemite (y — Fe;0s3) and
hematite (a - Fe203). The magnetic properties of the particles is directly related to the
crystallinity of the nanoparticles, as the arrangement between the Fe and O atoms control the
magnetic dipole arrangement(15). Iron oxide is interesting as it is possible to have different
phases with different crystallographic structures existing. Table 1 shows the physical properties
for the iron oxides.

Table 1.1. Physical properties of the iron oxide nanoparticles (11).

Properties Magnetite Maghemite Hematite
Formula Fe304 vy — Fe203 o - Fe;03
Structure type Inverse Spinel Defect Spinel Corundum
Crystallographic system Cubic Cubic Hexagonal
Anion Stacking FCC (111) FCC (111) HCP (001)
Magnetism Ferri- Ferri- Weak Ferro- /Anti
Curie temperature (T¢) 850 820-986 956




Magnetite (Fe30a) is a black magnetic mineral which is also called iron (ll, Ill) oxide or ferrous
ferrite. It exhibits a strong magnetic response(16). Maghemite (y — Fe,03) is a brown magnetic
mineral, which naturally occurs in soils. It exhibits strong magnetism and it is metastable with
respect to hematite. Hematite (a - Fe;03) has a reddish-brown color and is one of the main ores
of iron. Hematite is an antiferromagnetic magnetic material below the Moin transition at 250K
and is weakly ferromagnetic above the Morin transition and below its Neel temperature at
948K(16).

Moreover, hematite has a corundum structure while Maghemite has an inverse spinel
structure. The magnetic properties of spinels are sensitive to the type of cations and their
distribution among the two interstitial sites of spinel lattice. The non-magnetic phase transition
of Fes04 nanoparticles (from y — Fe,03to a - Fe,03) occurs at about 585°C (17). There have
been a few studies done on high temperature phase transition in ferrites(18—20). Both hematite
and maghemite phases are present in nature, while other phases such as the  — Fe203 with
bixbyite structure and e— Fe,03 with orthorhombic structure are rare phases only produced in
the laboratory (16). Figure 2.1 shows the different crystal structures of the iron oxide(21).

(a) a-Fe,0, f (b) p-Fe, O,
c —

L

Fe

@o

(c) y-Fe, 0,

b
% b
17 :
Cc
Fe, site

. Fe, site
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Figure 2.1. Representation of the fundamental crystal structure of Fe,03(21): (a) a-Fe,0s (b)B-Fe20s (c) y- Fea0s (d)e- Fey0s



Maghemite is of particular interest in practical applications owing to its high Curie temperature
(Tc = 928K), with relatively high ferrimagnetism at room temperature, and stability against
oxidation(16) particularly used as a contrast agents for magnetic resonance imaging (MRI).
Hematite is a very weak ferrimagnet but is a more thermodynamically stable phase. As a result,
it is necessary to prevent its formation to achieve nanoparticles with significant magnetic
properties. Iron oxide nanoparticles can be synthesized by a variety of different techniques such
as polyol process(22), sol gel process(23), reverse micelles(24,25), precipitation route(26),
sonochemical synthesis(27) and microemulsion technique(28).

2.1.2. SnOx Crystal structure

Tin oxide is a semiconductor material, transparent, and of high chemical and mechanical
stability. Tin oxide has multiple room temperature phases such as the rutile-type SnO,,
tetragonal SnO and Sn304. However, we are interested in stannic dioxide (SnO;). The SnO;is an
important semiconductor having a wide bandgap energy in the range of 3.6 eV and 3.9 eV (29).
Sn0O; is an n-type semiconductor in its purest ground state. The crystal structure is presented in
the figure below. This crystalline structure contains metal atoms in octahedral coordination and
oxygen in planar three-coordination. Tin dioxide has been widely studied for its distinctive
property such as excellent optical, electrical, great thermal stability and chemical property(30).
Different methods have been used to fabricate stannic dioxide nanoparticles which include
spray prolysis (31), hydrothermal (17), evaporation tin grains in air (32), chemical vapor
deposition (33), thermal evaporation of SnO; powders (34) and the sol-gel method (35). The
Sn0O3 have several applications in solar cells, in lithium batteries, gas sensors, and as a catalyst
and glass electrodes (36).

Figure 2.2. Crystal structure of SnO,(16)



Room temperature ferromagnetism has been reported in SnO; in room temperature by many

groups (37,38), as well as, metal doped semiconductor oxides (39-41).

2.2. Magnetic properties

The magnetic moment is a quantitative measure of the magnetic strength and the orientation
of a magnet or an object that produces a magnetic field. As figure 2.3 shows, in the
paramagnetic state the magnetic moments of atoms are randomly oriented, meaning the
crystal has a zero net magnetic moment. The atomic magnetic moments partially align when an
external magnetic field is applied in the direction of the field resulting in a positive net magnetic
moment, while having no magnetic moment when the field is removed. In a ferromagnetic
crystal, the magnetic moments are aligned even without an applied external magnetic field.
This parallel alignment of the magnetic moments results in a large net magnetization even in
the absence of a magnetic field.

L
rin’

/ \ Ferromagnetic crystals

Paramagnetic state

T

Antiferromagnetic crystals Ferrimagnetic crystals

Figure 2.3. The magnetic spin alignments in different types of crystals.

However, in a ferrimagnetic crystal, two types of atoms with different magnetic moments are
aligned in an antiparallel fashion with different magnitudes. This difference in magnitudes



creates a net magnetic moment. The crystal is antiferromagnetic if the antiparallel moments
have the same magnitudes. Antiferromagnetic material has a net magnetic moment of zero.

The magnetization (M) is a representative of the net magnetic moment per unit volume aligned
in parallel to the external magnetic field. Typically, the magnetic domains existing in a crystal
have different alignments as figure 2.4 shows causing the magnetization in a crystal to be lower
as the magnetic moments are not aligning perfectly so the magnetization decreases.

Figure 2.4. The magnetic domains in a crystal (42).

When an external magnetic field (H) is applied to a crystal, the crystal will have a magnetization
(M). The magnetization of the crystals increases with the increase in the applied external
magnetic field, till the magnetization hits the maximum value called the saturation
magnetization (Ms). As the field is removed, the magnetization has a nonzero value which is
generally referred to as the remnant magnetization (M,).

In order to bring the magnetization back to zero, a coercivity field (Hc) must be applied in an
antiparallel fashion. This process is shown in figure 2.5 which is known as the hysteresis loop.
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Figure 2.5. The Hysteresis loop. Representation of the typical magnetization curve for ferromagnetic and ferrimagnetic materials
(30).

As the size of the crystal decreases, the number of domains decreases as well. The crystal can
become a single domain when the size is below a critical value. This is interesting as a single
domain magnetic crystal has no hysteresis loop; it is superparamagnetic. This means that the
crystal will demagnetize completely (M=0) as the field is removed.

Moreover, the alignment of the magnetic moments is a function of temperature. As the
temperature increases, the alignment then starts to be more disordered and beyond a certain
critical temperature, the magnetization will then become zero. This critical temperature is
called the Curie temperature (T¢).

The magnetic properties for iron oxide nanoparticles can be attributed to the fact that Iron
atoms have four unpaired electrons in 3d orbital, so it has a strong magnetic moment. Fe3* ions
have five unpaired electrons in 3d orbital, and Fe?* ions, they can be in ferromagnetic,
antiferromagnetic or ferrimagnetic states (11). Moreover, room temperature ferromagnetism
has been reported in undoped SnO; nanosystems(37). Authors(43,44) were able to prove
theoretically and experimentally that the main reason behind the observed ferromagnetism in
Sn0; system is the presence of Sn** vacancy. The vacancies are the main source of magnetism
in SnO; systems.

Sundaresan et al. (43) were able to show the nanoparticles of metal oxides such as CeQO3, Al;0s3,
Zn0, and SnO; exhibit room-temperature ferromagnetism that the bulk oxides don’t exhibit, as
they exhibit diamagnetism.



2.2.2. Size control for a single domain crystal

Typically, the size of the nanoparticles affects the magnetic response of said particles. Usually,
the size of the particles vary but is in the range of 7 — 30 nm, which is smaller than the size of a
single domain. Therefore, the magnetic moments in a particle are perfectly aligned, which
means it is fully magnetized (30). To calculate the single domain critical diameter, we use the
following equation (45,46):

VA * Kepy

Dsingle ~ 36 o * M52

Where, A is the exchange constant, Kesr is the effective anisotropy constant, po is the vacuum
permeability and Ms is the saturation magnetization. The nanoparticles above this limit are
aligned in different directions, however, below this limit the particles would be magnetized
such that the magnetic moments of the atoms are aligned in one direction. The typical values
for the y — Fe;Os are (32):

Ais in the order of 101 J/m
Keff is on the order of 4 — 8 x103 J/m?3
M; is typically around 350 emu/cm?

These values for y — Fe20syield a low limit for the diameter below which the particles are single
domain to be around 50 nm.

Similarly, for tin oxide the typical values for the SnO; are (47,48):
Ais in the order of 1012 J/m

Keff is on the order of 5 -9 x103 J/m?3

M; is typically around 250-300 emu/cm?3

These values for SnO; yield a low limit for the diameter below which the particles are single
domain to be around 45 nm.

Figure 2.6 shows the effects of having single domain nanoparticles in the ferromagnetic region
where the coercivity is highest in the ferromagnetic region, decreases as we get into the multi-
domain region and is zero in the super-paramagnetic limit. This is important as we want to hit
that specific size that will enable us to maximize the coercivity as we remain in the single
domain limit.

10
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Figure 2.6. Scheme illustrating (a) size-dependent magnetic coercivity relationship of magnetic nanoparticles (49) and a typical
hysteresis loop of (b) single-domain superparamagnetic nanoparticles and (c) single-domain ferromagnetic nanoparticles (50)

For a single domain nanoparticle, the magnetization is related to its anisotropy energy. The

magnetic energy of a nanoparticle depends on the direction of its magnetization vector as
shown in figure 2.6.
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Figure 2.7. The relationship between the magnetic energy as a function of changing the angle between the magnetization vector
and easy axis (30)

The direction with the minimum magnetic energy is called the anisotropy direction or easy axis
and is dependent on the crystal structure of the particle. The magnetic energy increases with
the increase of the angle between the magnetization vector and the easy axis. The amplitude of
this curve is called the anisotropy energy.

The anisotropy energy is proportional to the volume of the particle given by (30):
Ea= Kax*V * 5sin2(0)

Where E, is the anisotropy energy, K, is the anisotropy constant, V is the volume of the particle
and B is the angle between the magnetization and the easy axis.

The Neel relaxation time also depends on the anisotropy energy, as figure 2.7 shows the
anisotropy energy gets its minimum value when 8 = 0 or . These two orientations that are
antiparallel to each other have the lowest magnetic energy, so they are the stable states.
Therefore, the magnetic moment in a single domain nanoparticle usually orients in these
orientations that are separated by anisotropy energy barriers. At a finite temperature, there is a
finite probability for the magnetization to jump over the energy barrier and reverse its
direction. This process is called the Neel relaxation, and the mean time required for the jumps
between different easy directions is the Neel relaxation time, Ty and is given by:
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Eq
TN = TO expﬁ

Where E, is the anisotropy energy, k is Boltzmann constant, T is the absolute temperature and
To is a length of time in the range between 107! and 107 s.

According to the equation, tnincreases when E; increases; however, 1o decreases when E;
increases. For small anisotropy energy and high temperatures, E; <<kT, the Neel relaxation time
mainly depends on to which decreases as E, increases. On the other hand, for large anisotropy
energy and high temperatures, E; >> kT, the Neel relaxation time mainly depends increases
rapidly as Ea increases.

To sum up, the magnetic properties of nanoparticles rely heavily not only on the crystal
structure but also on the size of the particles(51-53).

2.3. Optical Isolators

Optical isolators allow light to propagate in one direction, they are non-reciprocal devices and
thus, must utilize a non-reciprocal phenomenon to function. The phenomenon used in optical
isolators is Faraday rotation. For optical communication, several wavelengths are used in the
infrared region typically around 850, 1300 and 1550 nm. These wavelengths are used because
the attenuation of the transmission is much less at those wavelengths.

2.3.1. State of the art optical isolators

In this section, we will explain a few designs for optical isolators for both bulk isolators and
integrated isolators.

2.3.1.1. Bulk Isolators

Optical isolators as previously mentioned only allow light to propagate in one, utilizing a non-
reciprocal phenomenon which is Faraday rotation. Faraday rotation is a non-reciprocal rotation
of the polarization of light, it is non-reciprocal in the idea that the rotation is not dependent on
the direction of light propagation. If light propagates through a Faraday rotating medium, after
a single pass the polarization is rotated by an angle 8, after a round-trip the polarization is
rotated by an angle of 26.

An example is shown in Figure 2.8, using birefringent walk-off plates (BWP). At the BWP light is
separated into the transverse magnetic (TM) and transverse electric (TE) polarizations. The TM
polarization is vertical, while the TE polarization is horizontal. Figure 7.1 shows light entering
the BWP, typically the TM light is transmitted straight through, while the TE light is transmitted
away from the normal of the beam splitter. In the forward direction, light passes through the
first beam splitter, then through the Faraday rotator and half-wave plate and finally a second
beam splitter. The Faraday rotator provides a non-reciprocal 45° rotation and the half-wave
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plate provides a reciprocal 45° rotation. This combined effect of the reciprocal and non-
reciprocal effects transforms the TM light to TE and vice versa TE light to TM. At the second
walk-off plate, the TE light is bent away from the normal while the TM passes straight through,
both beams will then combine at a common output. However, in the reverse direction, the
sequences of half-wave plate and Faraday rotator leave the TE and TM light unaltered. At the
first walk-off plate, the two polarizations will exit at separate ports, thus the input is isolated.

BWP BWP

2 Ha’f- : :

o “wave
S A—— A : p'ate

Figure 2.8. Bulk optical isolator example consisting of a half-wave plate, Faraday rotator, and BWP(2).

For optical communications an integrated form of the optical isolator is needed. As the optical
networks continue to grow, growing more complex, greater integration of optical functions is
needed to increase the capacity while reducing costs.

As Figure 2.9 shows, the isolator is the largest element in the laser package. The package
consists of two polarizers, a Faraday rotator and an external magnet to bias the Faraday
rotator. Reducing the size of laser packages as the one shown in Figure 2.9, will allow for
several lasers to be integrated on a single chip.
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Figure 2.9. Optical isolator in a Laser package(2).

Moreover, integrated isolators are of importance for all-optical networks. The motivation for
this type of networks is the need for higher network speeds. Currently, communication
networks use electronics to process information contained in optical data packets to determine
their destination. Optical-networks aim to do this in the optical domain using optical switches.
Current research is being done using semiconductor optical amplifiers (SOA) for these types of
switches.

Figure 2.10 shows an all-optical network. Two stages of optical SOQ switches are present in this
network. For the best functionality, the stages should be buffered so that each individual
stage’s function is not corrupted by noise from other stages. The main sources of noise would
be amplified spontaneous emission from the SOAs and back-reflection between stages. For this
type of circuit, it would be practical that the isolators are in integrated form.
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Figure 2.10. SOA switches(3).

2.3.1.2. Integrated Isolators

Three main approaches have been utilized to achieve integrated optical isolators. The first
approach utilizes a magnetic field applied transverse to the direction of propagation of light
which is labelled the non-reciprocal phase shift (NRPS), while the second approach utilizes a
magnetic field parallel to the direction of propagation labelled as the non-reciprocal loss (NRL).
The third approach is utilizing the Faraday rotation of magnetic particles to achieve isolation in
waveguides, which is the approach used in this thesis.

2.3.1.2.1. Non-reciprocal phase shift (NRPS)

The magnetic field of NRPS is typically applied transverse to the direction of propagation of light
as shown in Figure 2.11. The NRPS is a waveguide effect, occurring because of the coupling of
transverse and longitudinal field components. Waveguide modes are divided into two types: TE
and TM modes. The TE modes are typically dominated by an electric field in the y direction and
negligible component in the x direction. While for TM modes, the y component has a negligible
component with the x direction having a more dominant component.
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Figure 2.11. Configuration for NRPS(3).

To make an isolator using NRPS phenomenon, a Mach-Zehnder configuration is used. The NRPS
waveguide is placed in one arm of the isolator and a reciprocal waveguide in the other. As light
propagates in the forward direction, light in both arms will be in phase at the output and
interfere constructively, traveling through the output port. However, in the reverse direction,
the two arms will be 180° out of phase due to the NRPS. The light propagating in the reverse
direction will interfere destructively and not be transmitted through the input port, thus
isolation achieved. Isolators with 18 dB isolation have been achieved in magnetic garnets(54).
The diagram of the isolator is shown in Figure 2.12. There exists two NRPS waveguides on each
with opposite magnetization. Two electromagnets provided the external magnetic fields. The
isolator is 8mm long, with NRPS waveguides which are 3.3 mm long. The waveguides are made
from a bismuh-, lutetium-, and neodymiume-iron garnet film (Bi,Lu,Nd)3(FeAl)sO1,.

Destructive Constructive
interference interference

Figure 2.12. NRPS isolator using a Mach-Zehnder configuration(54).
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2.3.1.2.2. Non-reciprocal loss (NRL)

NRL isolators are typically made by placing an absorbing magnetic layer on top of an SOA, as
shown in Figure 2.13 (55). This isolator shows a theoretical isolation of 119 dB/cm for the TM
mode. NRL isolators have been researched extensively and the best reported isolation was
reported to be around 32 dB/cm (56). NRL isolators have several advantages over NRPS, first is
that they do not need to be placed in a Mach-Zehnder configuration to function. Second, the
maximum isolation is only limited by the device length which allows for incredibly high
isolations to be achieved.

Magnetic field // y

@ Current injection
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4 Contact layer: p’ InGaAs

p - cladding layer: p InAlAs

e Magnetic layer: InAlAs:MnAs

S o Guiding layer: InGaAsP(E; = 1.25um)
—> ’ a: Active layer:InGaAsP(E, = 1.55um)

TM mode

n - cladding layer:n InP

x
substrate: n' InP
Electrode l > z

y

Figure 2.13. NRL isolator made using SOA and a magnetic absorbing layer (55)

However, NRL isolators have one particularly important disadvantage. The insertion loss for NRL
isolators is typically very large. This is due to the fact that the optical modes penetrate into the
absorbing magneto-optic layer.

2.3.1.2.3. Faraday Rotation for waveguides

Faraday rotation is utilized to make bulk optical isolators, however, for waveguide structures
Faraday rotation is more difficult to utilize because of the strict phase-matching conditions.
However, if the phase-matching conditions are achieved, the Faraday rotation can be utilized to
make isolators of sizes which are an order of magnitude smaller than NRPS and NRL isolators.

For the purpose of this thesis, where there is light propagating inside the waveguides, light is
described as an electromagnetic (EM) wave or field, that propagates in three dimensional space
(57). An EM wave is composed of both an electrical component and a magnetic component that
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travel combined through space (free space or transparent media). EM waves are characterized
by wave, amplitude, phase, speed and polarization. Mathematically, EM field is specified by
electric and magnetic field vectors, that are oscillating perpendicularly to each other and to the
direction of propagation. The propagation of the EM field in medium can be fully described by
Maxwell’s equations, which take the following form(58):

dB
VxE=——
x di
‘FxH-J-I—a—D
ot
V-D=p
V.-B=0

Jis the electric current density and p is the total charge density. E and B are the electric and
magnetic field vectors respectively, and D and H are the electric displacement and magnetic
induction vectors respectively(59).

The speed of the EM waves is related to the angular frequency (w), and EM wavelength (A)
through:

A
m i —
v
Through this thesis, we can approximate that the EM waves are traveling in structures
approximated by a “lossless” dielectric media. This helps us simplify Maxwell’s equations by
replacing J = p = 0, thus obtaining the following simplified form of Maxwell’s equations(59,60):
oH
VxE=—uy—
Ho ot
JE

?XH_E,—
ot

V-E=0
V-H=10

The first equation can be transformed into vectorial wave equations by applying the vectorial
rotation operator (Vx), thus describing the electric and magnetic fields as follow:
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These wave-equations of this form are known as homogenous wave equations(58,59). There
exists an infinite number of solutions to the wave equation however, the simplest type is in the
form of a traveling time harmonic plane wave. Traveling time harmonic plane waves are waves
whose surfaces of constant phase with infinite planes that are perpendicular to the direction of
propagation. EM waves consist of both magnetic field (H) and electric field (E) that oscillate
perpendicularly to each other with respect to the direction of propagation (k).

Figure 2.14 EM wave propagating in the direction of the wavevector perpendicular to both the electric and magnetic fields

Both the electric and magnetic field will have to be represented in the form of plane harmonic
waves in the form(58,59):

E(r,1) = Ege (k000
H(r,1) = Hye ' (kT—0r+)
Ho and Ep represent the field-intensity vector (amplitude and polarization) of the magnetic and

electric components respectively. r is the position vector, k is the wave-vector and ¢o is an
arbitrary phase angle. w = 2nf is the angular frequency of the wave.

20



EM waves propagate through waveguides by total internal reflection, as the waves propagate
through an evanescent wave is generated when the conditions are met. Figure 2.15 shows a
representation of a plane wave reflection at an interface.

Fy k,
Ny >Ny X
B E,
o (J
H . -
: 8, 8
Medium 1 z
Medium 2
0, E,
\J
ki
H,

Figure 2.15 Plane wave reflection from a dielectric interface represented in terms of E, H and k vectors(58).

To obtain a mathematical description of what occurs at the interface, it is convenient to take
the simplest case where a non-magnetic dielectric media is present. The incident (i), reflected
(r) and transmitted (t) plane waves are then represented by(58,59):

E,- _ A[ ‘E—j{ki.r—m r)
E, = A,.¢ /T
E' —_ A' , e—}(krl‘—{ﬂ ¥

Where A is the electric field amplitude and t is the time. It can be shown using Maxwell’s
equations that the tangential components of E and H fields must be continuous across the

boundary between the two media. Thus, the phase variation along the interface must be the
same for the incident, reflected and transmitted fields.
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This concept of evanescent waves yield the optical modes inside the waveguides similar to the
figure below(61). This aids us in understanding the polarization of light can be changed by the
addition of thin films or nanoparticles on top of the waveguides and not necessarily inside the
waveguides. As these films or nanoparticles will be capable of transforming the transverse

electric waves entering the waveguide to transverse magnetic waves causing optical
isolation(61).

Figure 2.16. The distribution of TE mode optical field inside Si waveguide(61,62).

Waveguide Faraday rotation has been demonstrated in magnetic garnets (63). Faraday rotation
were shown in dilute magnetic semiconductor (CdMnTe/GaAs) waveguides(62). There have
also been proposals for InGaAs/InP waveguide Faraday rotators with a magnetic garnet
layer(64). However, the biggest challenge with waveguide Faraday rotation is that the
transverse electric (TE) and transverse magnetic (TM) modes must be properly phase matched
or else the Faraday rotation is suppressed. Faraday rotation can be stated as the coupling of the
TE and TM modes. If phase mismatch (birefringence) are present, then the total power transfer
between the modes is not possible. Thus, a suppression in Faraday rotation is seen. Figure 2.17
shows the Faraday rotation for a magnetic garnet, a high birefringence waveguide, a low
birefringence waveguide. As the length of the Faraday rotator is increased, the high
birefringence waveguide’s Faraday rotation oscillates, while the bulk sample and low
birefringence waveguides show an increase in their Faraday rotation.
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Figure 2.17. Faraday rotation vs length for three different magnetic garnet samples: a bulk sample, a high birefringence
waveguide, and a low birefringence waveguide (98)

Isolators have been achieved with waveguide Faraday rotators (65). In this thesis, we are
proposing to utilize the best magnetic nanoparticles synthesized in chapter 4 as Faraday
rotators to attempt optical isolation on silicon waveguides.

2.3.2. Nanoparticle Faraday rotation

Application of nanomaterials have been shown to yield Faraday response enhancing the optical
properties over that of the bulk material (66). This has been proven useful for
telecommunication specifically for materials that are sub 20 nm in size which can produce less
scattering (67).

In the last 20 years, ongoing research has been able to show that several nanoparticles’
material have shown enhanced Faraday rotation, including Fe,O3 nanoparticles (6). Several
authors were able to experimentally and theoretically calculate the required size of the
nanoparticles while showing an enhancement in Faraday rotation (39).

Dani et al.(6) were able to calculate the theoretical Faraday rotation expected, from Fe,03 and
gold coated Fe;03 nanoparticles, where the calculations were made over the ultraviolet region
between 350 nm < lambda <700 nm. The Drude model for the electron response can be used to
estimate the absorption and Faraday rotation effects of the Fe;0s. A resonance in the
absorption will correspond to a similar resonance effect in the Faraday rotation. First, an
accurate description of the dielectric functions 5(60), based on experimental measurements of
absorption in solutions of nanoparticles was found. Once &) is known for the nanoparticles,
the resulting Faraday rotation can be calculated as described below.
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The frequency-dependent relative dielectric permittivity of a medium, due to bound electrons

at a single resonance ®o combined with free electrons of plasma frequency @b is taken
as(60,68):

2 2
_ 9o @,
el +iy,m— D tiym—
" —wy +iyo—voo, o +iy,0—-voo,

For the bound electrons, @ is the binding frequency, % is the oscillator strength, and 7o is the
damping frequency. The last term in the equation above represents the free electrons, with

plasma frequency “p and damping frequency 7v . The applied magnetic field (along z)
responsible for the Faraday rotation enters into both terms, in the cyclotron frequency,

Wg = eBz/m . The helicity is v=+1/-1for left/right circular polarization. That term, due to the
Lorentz force, leads to Faraday rotation.

Describing the maghemite core is more complex, as the y-Fe>03 has several absorption
resonances. There exists one strong absorption resonance in the UV region responsible for
Faraday rotation. The results are for iron oxide nanoparticles suspended in water (host
medium). For a volume fraction f of spherical particles of dielectric constant & in water (the

1)
a=2—Imi/g

host medium, with é=1.777), the absorption is C e }
Maxwell Garnett effective medium theory (69) (MG equation):

, Where it results from the

Setf — &4 = f - &

Eqp T 26, £+ 2¢,

Dani et al’s calculations for maghemite coated with a gold shell shows that it can theoretically
yield up to 10 rad/Tm for nanoparticles with an average radius of 4.85 nm in the UV region
between 350 < lambda < 700 nm. They were only able to experimentally observe Faraday
Rotation for gold shell coated iron oxide core nanoparticles where they found 3 rad/Tm to 10
rad/Tm for a gold shell of 5nm coated on a 10nm Fe;03 core measured at a wavelength of 632
nm.

2.4. Reverse micelles for nanoparticles synthesis

Different methods have been deployed to synthesize nanoparticles with a wide range of
diameters. The simplest approach is ball milling of the corresponding bulk materials. This
approach will yield a broad size distribution, which as a result will hamper the study of size-
dependent properties (70). A better approach is inert-gas condensation where the
nanoparticles are formed by sputtering from a target which will then agglomerate into clusters
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in an environment where there is a continuous gas flow before landing on a support (71,72).
This approach is very advantageous mainly in the selection of specific sizes required during
flight(73,74), however, the nanoparticles are deposited randomly on the substrate. This affects
the studying of the properties of the nanoparticles that are of interest and yields low coverage
of the nanoparticles in most cases. This could be solved partially by landing the nanoparticles on
a polymer matrix (75), or by using a biotemplate(76).

The impressive growth in organometallic chemistry has revolutionized the field of small
particles for more than a decade (77,78). Surfactant-mediated growth of nanoparticles with
narrow size distributions from metal precursors in solution opened the field of self-assembly,
which allows the formation of largescale ordered nanoparticles (79-81). Over the years this
method has been optimized and enhanced to synthesize nanoparticles with tunable diameters,
small size distributions with small nm interparticle spacings and additionally, the flexibility to
produce a monatomic layer of nanoparticles as well as bimetallic nanoparticles (82,83). One of
the recent advancements is employing diblock copolymers self-assembly templates offering
rigid space confinement (84). The diblock copolymers consist of two chemically different blocks
with one non-polar (hydrophobic) and another polar (hydrophilic). With selective non-polar
solvents, the diblock copolymers can form reverse micelles with the corona of non-polar blocks
surrounding the core of polar blocks (85). A variety of diblock copolymers exist, the different
diblock copolymers are adopted to produce different nanoparticles which include but are not
limited to metals, metal oxides and metal alloys (86).

Various types of diblock copolymer exist (87—89), the polystyrene-b-poly(vinylpyridine) (PS-b-
PVP) families including PS-b-P2VP and PS-b-P4VP are frequently used to synthesize
nanoparticles. PS(x)-bP2VP(y), where x and y denoted the number of monomers per block, and
thus, determine the length of each block. By nature, the PS- block is hydrophobic and the P2VP-
block is hydrophilic, this enables us to produce reverse spherical micelles in apolar
solvents(90,91).

In the diblock copolymer reverse micelles procedure, the diblock copolymer is dissolved in
xylene, to form the reverse micelles with non-polar PS corona and polar PV core. The proper
precursor metal salt is added and infiltrated inside the polar core. Then, the loaded micellular
solution is coated on a silicon substrate by spin-coating. In the next step, nanoparticles are
formed on the substrates by exposure to oxygen plasma which will etch the polymer and
simultaneously form metal-oxide nanoparticles. The figure below shows and summarizes the
exact procedure.
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Figure 2.18. Preparation of nanoparticles using the diblock copolymer reverse micelles(92).

The diblock copolymer reverse micelles synthesis procedure has significant advantages:

1) The nanoparticles synthesized are homogenous in shape. All the nanoparticles
synthesized are spherical in shape, which is not the case for most of the other
procedures.

2) Narrow size distribution throughout the sample. The distribution between the
nanoparticles is narrow and tunable offering excellent flexibility.

3) Production of spatially ordered arrays of nanoparticles. Diblock copolymer reverse
micelles produce a spatially ordered arrays of nanoparticles in the 2-D periodic lattice.

2.4.1. PS-b-P2VP reverse micelles formation and parameters

PS-b-P2VP reverse micelles are typically formed in a selective solvent for the non-polar
polystyrene (PS) blocks when the concentration of the PS-b-P2VP is above the critical micelles
concentration (CMC). The CMC is the concentration of a surfactant in a bulk phase above which
micelles start forming(93). Oxylene is typically used as a solvent forming the reverse micelles
(90,91). The CMC for the PS-b-P2VP was found to be around 0.1mg/ml (94). As the micelles
form, the hydrophobic PS blocks align towards the solvent-polymer interfaces to form the
corona of reverse micelles, while the hydrophilic P2VP block is concentrated towards the inside
forming the core of the reverse micelles. Figure 2.19 shows the schematic for reverse micelles
formation.
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Figure 2.19. Schematic for reverse micelles formation (62).

Moreover, the size of the micelles is unchanged as the concentration is varied between 1 mg/ml
and 5 mg/ml (65). The size of the micelles is corelated to the aggregation number, which is the
total number of diblock copolymer molecules in single micelles. This can be altered with the
block length of PS or P2VP (64), thus obtaining different sizes of micelles by varying the
molecular weight in PS or P2VP block of PS-b-P2VP.

2.4.2. Precursor salts

An iron salt FeCl; was found to be a suitable precursor to be a suitable salt to load in the PS-b-
P2VP reverse micelles (25,87,95). Very similar to the procedure explained in figure 2.18, oxygen
plasma is deployed to remove the carbon-based micelles and oxidizing the FeCls, together by
annealing of the sample to increase the crystallinity of the nanoparticles and produce iron oxide
nanoparticles (66).

4FeCl3 + 302 (Plasma etching) — 2Fe203 + 3Clz

Tin oxide nanoparticles have been widely interesting and have shown some ferromagnetic
properties(34,37,44), this is explained by some authors as a result of the presence of oxygen
vacancies in the SnO; nanosystems (37,44).
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For tin oxide synthesis, SnCl, was loaded in the PS-b-P2VP reverse micelles. The reverse
micellular route is applicable for the synthesis of tin oxide nanoparticles with an additional step
of adding ethanol(89,96)

SnCl2.2H20 + C2HsOH (ethanol) —» Sn(OH)2+ C2HsCl + H20

After loading ethanol into the loaded micelles solution, the resulted solution is plasma etched
to remove the organic micellar layers and expose the corresponding tin oxide nanoparticles.

Sn(OH)2+ 02 (Plasma etching) — 25102+ 2H20

2.5. Different characterization techniques for iron oxide nanoparticles

The properties of the nanoparticles are tested in a variety of ways using different
characterization techniques, these techniques are helpful to identify the crystal structure of the
particles, the size and distribution of the particles and their magnetic properties.

Raman spectroscopy is one of the vibrational spectroscopic techniques which helps provide
information of molecular vibrations and crystal structures. It is an inelastic process, which aids
in providing detailed information about the material based on vibrational modes of the phonon.
When light is scattered from a molecule or a crystal, most phonons are scattered elastically with
the same frequency and energy as the incident photons. However, a small fraction of light is
scattered inelastically with a frequency lower than the incident photons. The process leading to
this inelastic scatter is dubbed the Raman effect. If the scattering is elastic, the process is called
Rayleigh scattering. If it’s not elastic, the process is called Raman scattering (97).

Raman effects will arise when a photon is incident on a molecule and interacts with the electric
dipole of the molecule. The scattering will be described as an excitation to a virtual lower state
in energy than a real electronic transition with nearly coincident de-excitation and a change in
vibrational energy. The vibrational state of the scattering is shown in figure 2.20.
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Figure 2.20. Energy level diagram for Raman scattering; Stokes scattering (a), anti-Stokes scattering (b)

To investigate the properties of FeClI3 (98,99), SnCl, (100) and PS-b-P2VP (101) Raman
spectroscopy has been a great choice to investigate the evolution of the nanoparticles from the
early stages of synthesis using PS-b-P2VP, FeCl; and SnCl; which will be examined in chapter 4
mainly.

Moreover, we need a technique to investigate the individual nanoparticles in terms of size,
dispersion, interparticle distance and nanomechanical properties. Atomic force microscopy
(AFM) was used to measure the morphology of the nanoparticles on a flat surface. AFM is a
type of scanning probe microscopy, which enables us to measure the height with great accuracy
on the order of fractions of nanometers. Traditionally, most AFMs use a laser beam deflection
system where the laser is reflected off the back of the reflective AFM lever. Moreover,
Quantitative Nanoscale Mechanical Characterization (QNM) was used to distinguish between
the nanomechanical properties including modulus, adhesion, dissipation and deformation.

Finally, to measure the magnetic properties of the nanoparticles, superconducting quantum
interference device magnetometer (SQUID) is used for applications with small amount of
material such as thin monolayer of nanoparticles (102,103). The SQUID is a device which is used
to transduce magnetic flux into voltage. The SQUID operates on the Josephson Effect and
magnetic flux quantization phenomena which enable us to recover very sensitive magnetic flux
data by transducing the magnetic flux to voltage. The SQUID is very sensitive due to its low
thermal noise characteristics and high magnetic flux sensitivity which enables us to test our
monolayer of nanoparticles (104).
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Chapter 3

Experimental

3.1. Materials

Polystyrene-block-poly (2-vinyl pyridine) (PS-b-P2VP, M,: 75000-b-66500) often referred to as
P4824, and (PS-b-P2VP, Mn: 28000-b-36000) often referred to as P9861 were used during my
thesis. The polymers were purchased from Polymer source Inc. as described below to be used in
the reverse micelles approach. The Iron (lll) chloride (FeCls, sublimed grade, > 99.9%), o-xylene
(reagent grade, = 98.0%) and stannous chloride (SnCl,. 2H,0) were purchased from Sigma-
Aldrich. Ethanol (95% vol) was also used during the synthesis of SnO, nanoparticles and was
purchased from Commercial Alcohols.

3.2. Cleaning

The silicon substrates and vials were immersed in a clean beaker with acetone for 15 minutes in
an ultrasonic (ultrasonic cleaner, VGT-1620QTD) bath treatment followed by another 15
minutes in 2propanol in an ultrasonic bath treatment. A N2> gun was used to dry the substrates
and the vials after solvents cleaning.

3.3. Synthesis of the nanoparticles

3.3.1. PS-b-P2VP fritting

Prior to dissolving the diblock copolymer in o-xylene, the PS-b-P2VP polymers were fritted to
remove undesirable oxidation. 10 mL of Tetrahydrofuran (THF) was added into a vial containing
the polymer to be fritted, the vial is sonicated for 30 minutes to ensure that the polymer is
dissolved in THF. The solution produced is fritted using a glass fiber and precipitated into a 200
mL of hexane stirred at 500rpm. Using a fine pore size filter funnel with the aid of a vacuum
pump we are able to collect the precipitates; the precipitates are left to dry overnight under
ambient conditions before collecting them for further usage.
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3.3.2. Reverse micelles formation and salt loading

Reverse micelles of PS-b-P2VP are formed when the fritted copolymer (P9861 or P4824) is
dissolved in xylene to yield solutions above the critical micelle concentration (65), typically
between 3.00-3.75mg/ml.

The solutions are kept under magnetic stirring to facilitate the reverse micelles formation. The
non-polar PS are highly soluble in o-xylene, this enables the PS blocks to align towards the
solvent-polymer interfaces to form the corona of reverse micelles, while the P2VP block is
concentrated towards the inside forming the core of the micelles. After 24 hours of magnetic
stirring, salt loading inside the glove box for an oxygen free environment as the salts are very
sensitive to oxygen.

3.3.2.1. Iron chloride salt loading

Typically, after 24h stirring, the iron precursor FeClsz is added to the reverse micelles solution
with various loading ratios (the ratio between the amount of Fe3* and the total amount of 2-
vinyl pyridine(2VP) units of the PS-b-P2VP (unit in mole)).

The standard loading ratio for FeCls is 0.2. The ratio between Fe3* and 2VP is used to calculate
the amount of FeCls to add:

n(Fe3+)

n(2VP)
This yields an amount of 2.35 mg of FeCls to be loaded. This calculation was done for P4824, it is

slightly different for P9861 yielding 2.67 mg of FeCls.

The solutions are kept under further magnetic stirring for at least 24 hours to ensure adequate
precursor loading.

3.3.2.2. Tin chloride salt loading

For tin chloride loading, the same procedure is applied as iron chloride loading with an
additional ethanol step(96). After the fritted polymer of P4824 or P9861 is spun for at least 24
hours, the tin precursor SnCl; is added to the reverse micelles solution with various loading
ratios (the ratio between the amount of Sn?* and the amount of 2VP).
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The standard loading ratio used in the thesis was 2.0. The ratio between Sn?* and 2VP is used to
calculate the amount of SnCly:

n(Sn2+)

n(2VP) 20

This yields an amount of 16.9 mg of SnCl, to be loaded into the micelles solution. For SnCl; only
P4824 polymer was used, the amount calculated above is for P4824.

The solution is kept under magnetic stirring for at least 48 hours to ensure adequate precursor
loading. Then, an additional reagent is used to produce the SnO2 nanoparticles. A small amount
of Ethanol is decanted into a clean beaker, then using a pipette 0.300 mL of ethanol is poured
into the Sn?* loaded reverse micelles solution. The vial is covered tightly with parafilm and left
to spin for at least 48 hours.

3.3.3. Substrate coating

The substrates used were Silicon for AFM and SQUID, and KBr for Raman purposes. The silicon
substrates and vials are cleaned as described in 3.2. After adequate magnetic stirring of the
reverse micelles solution, the reverse micelles have to be coated on the substrates. For spin
coating, typically 4 pL is dynamically spin coated on the silicon substrates for 45 seconds at
spinning rate of 2000 rpm. The spin coater used is Laurell Technologies Spin coater (WS650MZ-
23NPP) and is used outside the glovebox. Moreover, for Raman spectroscopy the samples used
are KBr samples. The samples are cleaved and cleaned using a N2 gun. The coating of the KBr
samples is different, the coating technique used is drop casting. 4 pL of the micelles solution is
deposited in the center of the stationary KBr sample and left to dry. Typically for most of the
KBr samples, three drop casts are required for adequate Raman response. The different
materials used will be further explained in chapter 4.

3.3.4. Oxygen plasma treatment

The coated samples were plasma etched in an oxygen environment to remove the polymeric
micelles and leave the iron oxide and tin oxide nanoparticles on the substrates. The plasma
treatment was carried out in a Harrick Plasma cleaner (PDC-001-HP). The etching conditions
were set as 29.6W power (medium) with 30 sccm O; gas flow for 25 minutes, which
corresponds to about 950 mTorr in the plasma chamber.
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3.3.5. Annealing

After oxygen plasma treatment, the silicon samples coated with the nanoparticles on are
annealed in a Lindberg tube furnace where the coated substrates were kept in an alumina boat
pushed into the middle of the furnace. The tube has glass caps on both ends, this enables us to
have a N; flow. Different annealing conditions were deployed typically changing the annealing
times. The full annealing conditions for all the samples are explained in chapter 4.

3.4. Characterization techniques

3.4.1. Raman Spectroscopy

Raman spectroscopy was performed by a Renishaw inVia spectrometer at 514nm laser
excitation on drop casted (2 plL twice) samples on freshly cleaved KBr substrates. The laser
power was set to 10mW and an objective of 20x and 1800 | per mm grating was used. To
generate adequate signals for the spectra acquisition, the laser was focused at regions with
visible residue ("coffee stain" area as the drop casted sample solution) where more materials
were aggregated. The baseline of the spectra was created and then subtracted to highlight the
peaks of interest. In addition, the spectra were smoothed by Savitzky-Golay function in Origin.
The smooth spectra were normalized to 0-1 in the region from 150 cm? to 900 cm™. The
processed spectrum features from 150 cm™ to 900 cm™. were deconvoluted using Lorentzian
line shape profiles to highlight the iron oxide characteristic peaks.

3.4.2. Atomic Force Microscopy (AFM)

The AFM substrates used were all silicon, the silicon wafers had a thickness of 500 um, and
<100) orientation. The AFM images were collected by an Asylum MFP-3D instrument (Oxford
Instruments Asylum Research Inc.) in the alternating current mode in room temperature. AFM
probes (Oxford Instruments Asylum Research Inc.) with a spring constant of 26 N/m and
resonant frequency of 300 kHz were applied for the topography scans.

WSxM was used to process the AFM images (105). AFM images were taken on a scale of 1 um x
1 um and at a scanning rate of 0.5 Hz. The height of the nanoparticles was determined by taking
a line profile through 100 nanoparticles and taking the average.
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3.4.3. Superconducting quantum interference device magnetometer (SQUID)

The magnetic properties of the nanoparticles were measured by liquid cooled SQUID. The
samples were created by cutting the 275um thick Si substrates into a 40 mm by 5 mm stripes to
accommodate the sample holder in the SQUID magnetometer. The center area of the Si
substrate (5mm by 5mm) is the only area that was covered, and the loaded micelles solution is
spin-coated at 2000 rpm for 45 seconds. The center area as mentioned is left uncovered,
however the remaining of the Si substrate is covered by a small aluminum foil that is wide
enough to cover the width of the substrate on both sides of the center of the substrate with
aluminum tape on top of the foil to ensure that the loaded micelles solution does not slip to the
sides. All SQUID samples were treated to 25 minutes with oxygen plasma before annealing. The
measurements of the samples were performed at 300K with an applied magnetic field between
-2000 Oe and 2000 Oe. Data points were collected by each 100 Oe increment between -5000
Oe and 5000 Oe, and by 100 Oe increments for the rest of the data set.

3.4.4. Quantitative Nanoscale Mechanical Characterization (QNM)
(Measurement & analysis done by Greg Hanta)

QNM was done using a Bruker Bioscope Catalyst with an RTESPA probe. The probe was selected
to match the range of elastic modulus we were investigating based on recommendations by
Bruker. For each round of measurements, the probe was calibrated using a relative method of
calibration, using a sample of known modulus. The calibration first involves the calculation of
the deflection sensitivity by ramping the probe into a clean sapphire substrate provided by
Bruker. A minimum of three ramps were done and the average deflection sensitivity was used.
The probe is then withdrawn from the substrate and a thermal tune is preformed to calculate
the spring constant. Lastly, a polystyrene sample of known modulus provided by Bruker is
loaded and imaged. The tip radius is adjusted until the measured modulus agrees with the
known modulus. AFM images were taken on a scale of 1 um x 1 um and at a scanning rate of 0.5
Hz. The elastic modulus was determined by taking a line profile through 100 micelles by
matching the coordinates in the topography channel to the elastic modulus channel. The elastic
modulus for each micelle was determined by taking the average of the center points of the line
profile. The number of points averaged to determine the modulus varied due to a range in the
size of micelles measured. However, typically 10 points were taken. The modulus
measurements for each micelle were fit using a Gaussian approximation to calculate the
average modulus value and error for each treatment.
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3.4.5. Scanning Electron Microscopy (SEM)

The substrates for SEM characterization were P-doped silicon wafers with thickness of 380um,
orientation of <100> and resistivity: 0.001-0.005 ohm-cm. These wafers are conductive enough
to allow the direct SEM imaging of nanoparticles without coating. The nanoparticles coated
substrates were mounted by carbon tape and nickel paste on 25.4mm standard Al stubs. The
SEM characterizations were conducted in FEI Versa 3D SEM with a Schottky thermal field
emitter electron gun. The accelerating voltage and probe current were normally adjusted to
5kV and 12pA to minimize the charging effect, which still maintained good signal-to-noise ratio
for high quality imaging.
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Chapter 4

Tracking of the Iron Oxide nanoparticles using Raman
Spectroscopy?

4.1. Experimental

To use the iron oxide nanoparticles as optical isolators on silicon waveguides, we must make
sure that the nanoparticles that are synthesized are in y-Fe>03 phase. The y-Fe;03 has been
proven to be a good optical isolator as in the work of D. Hutchings et al.(106). We use Raman
spectroscopy to be able to identify the best PS-b-P2VP polymer to use along with the optimum
annealing conditions. In this chapter, the FeCls loaded micelles and iron oxide nanoparticles
were synthesized following the procedures in chapter 3. Two loading ratios were used, 0.2 and
1.5. The PS-b-P2VP used here were both P4824 (PS-b-P2VP, My: 75000-b-66500) and P9861 (PS-
b-P2VP, Mn: 28000-b-36000).

The samples fabricated for the Raman characterization were drop-cast (4 ulL for 3 times) on
freshly cleaved KBr substrates. The solution used was FeCls loaded in a P4824 or P9861 solution
using o-xylene as a solvent. Following the synthesis processes in chapter 3, the KBr sample was
oxygen plasma etched for 25 minutes before the annealing step. The same substrate was
annealed at different conditions to investigate the phase transformation of the iron oxide
nanoparticles. The Raman spectra for different samples annealed at different conditions using
different polymers were collected. It is important to note that in order to get sufficient Raman
signal, the laser was focused on regions with high concentration of materials, often referred to
as the “coffee stain” which was visible as the sample solution dried off.

Scanning electron microscope (SEM) measurements were performed with a FEI VERSA 3D. SEM
images were obtained using an accelerating voltage of 5kV and a probe current of 12pA. Atomic
force microscopy (AFM) images were collected using an Asylum MFP-3D instrument (Oxford
Instruments Asylum Research) in the alternating current (AC) mode under ambient
environment. AFM probes (Oxford Instruments Asylum Research) with spring constant of

1 This chapter is a modified version of “Multi-phase crystallization from manipulation of reverse micelle deposition:
single crystalline Fe203 nanoparticles with tunable crystal structure” A. Ibrahim, R. Arbi, K. Liang, G. Hanta, L. S.
Hui, A. Turak, submitted to Particle and Particle Characterization (2019)
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26N/m and resonant frequency at 300kHz was engaged in tapping mode for topography scan.
WSxM 5.0 was used for AFM image processing.(107)

To perform analysis of the micelle or nanoparticle sizes, SEM or AFM images were first imported
into ImageJ.(108) To determine the sizes and locations of the micelles/particles, depending on
the quality of the image, the images were either binarized, with ImagelJ used directly to
calculate the location and radius of each particle, or if the noise level of the image is too high,
the size was found manually, by drawing an ellipse around the object. The major and minor
radius measurements from either approach are used to find the approximate radius and area of
the micelle. This was converted into an effective radius of a circular micelle for each particle. In
general, a hundred measurements on different particles within a 2um x 2um area were
sampled to determine the average radius and error from a histogram of the radii distribution.

Quantitative nanomechanical mapping (QNM) AFM was performed using a Bruker Bioscope
Catalyst with an RTESPA probe. To confirm the mechanical properties of the micelles, hardness
and Young’s modulus maps were generated using the QNM AFM mode provided by the Bruker
Nanoscope software. AFM images were analyzed in post using WSxM(107) (76). The elastic
modulus was determined by taking a line profile through 100 micelles by matching the
coordinates in the topography channel to the elastic modulus channel. The elastic modulus for
each micelle was determined by taking the average of value at the center points of the line
profile, correlated to the centre of the micelle in the topography channel. The number of points
averaged to determine the modulus varied due to a range in the size of micelles measured.
However, typically 10 points were taken. The modulus measurements for each micelle were fit
using a Gaussian approximation to calculate the average modulus value and error for each
treatment.

All SEM, AFM and QNM samples was prepared by dynamically spin-coating 4ul of solution on to
a 1x1 cm? Si substrate inside a glovebox at 2000rpm for 45s (Specialty Coating Inc. G3P spin
coater).

To determine the inner core diameter of the micelles, a thin layer of micelles was deposited to
the porous carbon thin film TEM grids by using dip-coating, which allowed direct TEM/STEM
characterization of the individual micelles. In order to selectively stain the P2VP cores, the
micelles coated TEM grids were then exposed to |, vapor (lodine, >99.8%, Sigma-Aldrich) for 3
hours at room temperature, by placing iodine crystals and TEM grids in a sealed glass
container.(109)
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4.2. Using Raman spectroscopy to identify the different phases in the
iron oxide nanoparticles under different annealing conditions

Given the different crystal structures of the FexOy polymorphs, the vibrational modes and
Raman spectra of different phases of iron oxide nanoparticles,(110) thin films,(111) particle
aggregations,(112) and bulk solids(113) can be easily identified. Using group theory, the active
Raman modes of a system can be predicted. The y — Fe,03 with the P41432 space group has five
(A1g, E1g and 3 Tyg), mathematically describing their atomic vibrations against their rotational
principle axis and inverse structures. Though y — Fe;0z and Fe304 belong to the same space
group, the observed Raman phonons at similar wavenumber have a different atomic origin,
making them easily distinguishable.(112,114) Raman can as well readily determine the purity of
the crystallographic phase in the particles under various conditions,(114-116) as a-Fe203 with
R3c space symmetry possesses seven Raman active modes (2 x Aig and 5 x Eg) that are clearly
distinguishable. Raman is also capable of differentiating the hydrogenated FeCls species(99,116)
and peaks shifting induced by laser illumination for a-Fe>03.(117) As well, the Raman spectra
for PS-P2VP has been reported (118,119) with modes mostly in the higher wavenumber regime,
which do not interfere with the iron oxide modes. When FeCls complexates with the P2VP block
inside the micelles, it induces two Raman modes due to the steric hinderance of Fe-2VP
complexation.(110) Table 4.1. summarizes the characteristic peaks positions for FeCls (iron
precursor salt), hematite, and maghemite. For Raman sample preparation, KBr substrates were
employed as its Raman features do not interfere the features of the materials in this study.

Table 4.1. Expected Raman peaks for FeCls, Fes04 and different phases of Fe;03

FeCl3(98,99, a - Fe;0;(122) y - Fe,03(111)
120,121)
225
247
282 293
330*
365
412
498 511
613
700

*Hydrated [FeCls]
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In the search for the best magnetic iron oxide nanoparticles for optical isolation, we examined
different annealing conditions with two diblock co-polymers. The Raman spectra from both
polymers (P4824 and P9861) are summarized in Figure 4.1 from (i) to (viii). The exact polymers
used, and annealing conditions are summarized in Table 4.2.

Starting from Figure 4.1 (i), five distinct peaks can be observed. Three can be assigned to the
symmetric double-degenerate Eg modes 292 cm™ (vibrations due to Fe atoms), 409 cm'?
(vibrations of O ions with respect to the Fe ions in the plane perpendicular to the c-axis of the
hexagonal unit cell) and 613 cm™ of a-Fe;0s. The two additional E; modes are typically not
observable when Raman spectra are collected at room temperature.(111,122,123) The other
two peaks of a-Fe;0s at 223 cm™ and 497 cm™ could be assigned to the Asg stretching modes
due to the vibrations of Fe ions moving along the c-axis of the hexagonal unit and O ions moving
along the c-axis of the hexagonal unit cell respectively(122,123). By changing the annealing
conditions and polymer, we can see that the spectra changes. In Fig. 4.1(ii), there can be
observed the emergence of a new peak around 660 cm™. Though this could be the IR active
longitudinal optical E, mode activated by disorder, (111,115,124) it also could correspond to the
emergence of the broad peak around 700 cm™ of y — Fe,03. Further modification of the
combination of diblock copolymer and annealing shows further evidence of the emergence of y
— Fe,03, culminating in the Figure 4.1 (vii) where only three peaks can be observed. The broad
peak around 700 cm could be fitted with two Lorentzian fits at 670 and 720 cm™. This peak
represents the Aig stretching mode of tetrahedral units in y — Fe;03 (113,125). The peak at 509
cm® could be assigned to the E; mode of y — Fe,03, which represents the symmetric bands of O
with respect to Fe. The broad peak at around 360 cm™ is assigned to the transalatory T: mode of
y —Fe203 which was fitted using two Lorentzian fits at 345 cm™ and 384 cm™. The observed
peaks for each spectrum are summarized with their assignment in Table 4.3.

Due to the presence of features from both the y — Fe203 and a-Fe;03 phases in the same
spectrum, we used the intensity ratio of the A, peak of y — Fe203 (¥550-800cm™) against the A,
of a-Fe>03 (¥150-300cm™) to make a semi-quantitative estimate of the percentage of each
phase, following a modified approach similar to that by Bersani et al.(115) and Chuorpa et
al.(113) As Raman is more sensitive to the a-Fe,03 phase, this is probably an underestimation
of the amount of y — Fe;03 present in the samples. Though the Raman analysis was not
correlated to the XRD data, it was used here to provide a semi-quantitative analysis of the
relative abundance of each phase.

To calculate the intensity, the area of the A; peak of the o phase at 223 cm™ and the area of the

A; peak of the y phase at 700 cm™ were approximated using the rectangle approximation with
widths of approximations as small as 2cm™.
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I
The area intensity ratio of y phase to a phase was given by ¥ = I—y

a

)

The percentage of y phase to a phase was given by %y = st 100.

Following this approach, the %y of the nanoparticles resulting from the conditions of Figure 4.1
(ii) is 28%, and for Figure 4.1 (vii) is 94%. The approximate percentage of y — Fe,Os for each
processing condition is summarized in Figure 4.1 (b).

Normalized intensity (arbitrary units)

(o -

il I AL I ' l L l L l L l L l L
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Raman shift (cm)
(b)
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Treatment conditions
Figure 4.1. Normalized Raman spectra of the iron oxide nanoparticles synthesized by the reverse micelles method under various
annealing conditions with Lorentzian line peaks fitting. (b) Percentage of y- phase determined from the Raman spectra for each
annealing condition
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Table 4.2. Polymers used and annealing conditions for each step.

Figure Polymer used Annealing conditions
(i) P9861 600°C, N, for 2h
(ii) P4824 600°C, N2 for 2h + 600°C, Air for 2h
(iii) P9861 600°C, N2 for 1h
(iv) P9861 350°C, N; for 1h
(v) P4824 600°C, N, for 2h + 600°C, Air for 6h
(vi) P4824 600°C, N2 for 2h
(vii) P4824 350°C, N2 for 12h + 350°C, Air for 12h
Table 4.3. Table of observed Raman peaks and their assignments.
Observed .
Raman shift Relatfad spectrain Assignment References
Figure 4.1
(em™)
214 (v) A1g of a-Fey03 (85,88)
219 (i), (iii), (iv) A1g of a-Fey03 (85,88)
243 (ii), (iii), (iv) Eg of a-Fe,03 (85,88)
277 (v) Eg of a-Fe,03 (85,88)
284 (i), (iii) E1g of a-Fe203 (83,84)
288 (iv) Eg of a-Fe,03 (85,88)
292 (ii) E1g of a-Fe 03 (83,84)
345 (vii) Tog of y — Fe203 (86)
385 (v), (vi) Tog of y — Fe203 (86)
409 (ii), (iii), (iv) Eg of a-Fe 03 (85,86)
497 (i), (ii), (iii), (iv), (v) Aig of a-Fex03 (85,86)
610 (i), (i), (iii), (iv) Eg of a-Fe 03 (85,86)
663 (ii), (iv) LO Eu of y — Fez03 (86)
677 (vii), (vi), (v), (iii) Aig of y — Fe20s (68,88,89)
725 (vii), (vi), (v), (iv) Aig of y — Fex03 (68,88,89)

As Figure 4.1 (b) shows, by changing the polymer and the annealing conditions, it is possible to
change the ratio of y — phase to a — phase in the nanoparticles. This is critically important
information for the production of magnetic nanoparticles as the a — phase is anti-ferrimagnetic,
and will likely poison the magnetic properties. For applications requiring highly magnetic
particles, we would desire nanoparticles with the highest percentage of y — phase Fe;0s.
Annealing at 350°C, N2 for 12h + 350°C, Air for 12h using P4824 for the micelles yielded 94% y —
phase, which was the highest percentage that we could achieve using the conditions tested.
However, there are other applications where the tunability of the iron oxide crystal phase is of
interest, including nanoparticles for sensors, photocatalysts, or batteries.
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4.3. Identifying the differences between P9861 and P4824

100 200 300 400 500 600 700 800 900
Raman shift (cm™)

Normalized intensity (arbitrary units)

Figure 4.2. Raman spectra of the iron oxide nanoparticles synthesized by the reverse micelles method under the same annealing
conditions with peaks fitting. (i) P4824 annealed at 600°C under N, environment for 2h; (ii) P9861 annealed at 600°C under N,
environment for 2h. The spectra were fitted with Lorentzian peaks.

Figure 4.2 shows the iron oxide nanoparticles synthesized by two different diblock copolymers,
(i) shows P4824 while (ii) shows P9861. The same annealing conditions were applied for both
which was 600°C under N2 environment for 2 hours. For (i), the broad peak around 700 cm™!
could be fitted with two Lorentzian peaks at 670 and 720 cm™. This peak represents the Aig
stretching mode of tetrahedral units in y — Fe;03.(113,114,125) The peak at 509 cm™ could be
assigned to the Eg mode of y — Fe;03, which represents the symmetric bands of O with respect
to Fe. The broad peak at around 360 cm™ is assigned to the translatory T1 mode of y — Fe;03
which was fitted using two Lorentzian fits at 345 cm™ and 384 cm™.(111,113,114) There is also
evidence of a small peak at 213 cm™ which is assigned to the Aijg mode of a-Fe;03.(111,122,123)
These peaks indicate that using the P4824 polymer for reverse micelle deposition of iron oxide
from FeCls has resulted in iron oxide nanoparticles that are most in the y — Fe2Osz form; from our
peak comparison, we estimate about 88% y — phase. However, if the diblock copolymer is
changed to a low molecular weight version, with similar PS:P2VP ratio, under the same
annealing conditions, a completely different Raman spectrum can be observed. The spectrum
from Figure 4.2 (ii) are characteristic of a-Fe,0s, with no evidence of y — Fe,03. Three Eg modes
are resolved (292 cm™, 409 cm™, and 610 cm™); the two other peaks at 223 cm™ and 497 cm™
can be assigned to the Ajg modes of a-Fe;03.(111,122,123) There is a complete absence of any
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peaks from the y — phase. To explain this behaviour, we have examined the loading behaviour
of FeCls prior to plasma etching.

2VP Related Modes
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Figure 4.3. The Raman spectra of the different loaded micelles of P4824 and P9861. P9861 with a loading ratio (LR) 1.5
(blue).,P4824 with a LR 1.5 (red), homopolymer of P2VP with 1.5 LR (black)

Normalized intensit

Recently, Liang et al.(110) identified three features of FeCls loaded micelles which are
characteristic of the complexation of FeCls and 2-vinylpyridine (2VP). The two pyridine related
stretch modes at 1306 and 1575 cm™ are enhanced due to the resonant interaction of Fe with
the unpaired electrons of N on the pyridine rings; simultaneously the v(1) symmetric ring
breathing mode of P2VP at 1000 cm™ is suppressed. Additionally it was observed that when
FeCls was infiltrated inside the micelle, a peak at around 290cm™ emerged related to the
intercalation of FeCls and P2VP.(110) As seen in Figure 4.3, for the two different polymers, as
well as a homopolymer of 2VP, there is evidence of Fe-2VP complexation, with large resonant
peaks at 1306 and 1575cm™, and suppression of the 1000cm™ peak. For the P4824 polymer, the
intercalation peak for FeCls is visible at 294cm™ (red), assigned to the Aig mode of pristine
FeCls.(110,120,121) Though the P9861-FeCls mixture shows a low wave number peak related to
FeCls similar to the P4824, the peak is extremely red shifted to 330cm™. This can be assigned to
the hydrated FeCls A1 mode.(98,99) A similar behaviour was observed for the homopolymer
loaded with FeCls, as seen in Figure 4.3. The FeCls salts are, upon deposition, exposed to water
adsorbed on the KBr substrate when complexated on the homopolymer HP2VP chain. As FeCls
is highly hygroscopic, it immediately forms a hydrated phase (this is also observed when FeCl; is
deposited directly on the KBr surface(110)). Moreover, when homopolymer loaded FeCls or
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pure FeCls is plasma etched, only characteristic peaks for the a-Fe;03 phase can be observed.
Direct formation of iron oxide nanoparticles from FeCls solutions without micelles have noted
the formation of intermediate iron hydroxides that can ripen into a-Fe;03.(126) The formation
of a hydrated phase therefore seems to be an intermediate requirement for the formation of a-
Fe,0s at low temperatures. This additionally suggests that the P4824 micelles provide a
shielding environment for salts infiltrated inside, but the P9861 does not provide a shielding
environment, similar to the case when the homopolymer alone is deposited on the KBr surface.
This allows for moisture to combine with the FeCls salts which are highly hygroscopic.

An analysis of the two different micelles allows us to develop a model of the different behaviour
of the salt with the different micelles. Table 4.4 compares the properties of the two different
micelles.

Table 4.4. Comparison between P4824 and P9861.

P4824 P9861
P2VP:PS ratio 0.89 1.28
P2VP My (x 10°) 66.5 36
PS My (x 10%) 75 28
Micellar Diameter (nm) 41.12 +3.64 94.57 £4.01
Core Diameter (nm) 30.86 +4.10 74.66 + 3.92
Corona Thickness (nm) 5.131+2.74 9.96 +2.80
Micelle centre height (nm) 9.5441.12 8.12+0.95
Micelle Core Young's Modulus (GPa) 2.24 +0.05 0.17 £ 0.07

As can be seen from table 4.4, the two polymers have very different molecular weights for the
P2VP to PS blocks, which results in very different block lengths in the final micelle structures.
Though micelle size is expected to decrease with the molecular weight of the polymer
chains,(127-130) we can see from Table 4.4 that the average micelle diameters, as measured
by SEM, were substantially larger for P9861 compared to P4824. When we compare the SEM
results to the AFM images seen in Figure 4.4(a) and (b) (line profiles shown in Figure 4.4(e) and
(f)), we observe a similar radius. However, the micelle height noted in shows a micelle height of
8 nm, almost identical or slightly smaller than that for P4824.

We used iodine staining to determine the inner core radius, as iodine is known to preferentially
stain pyridine over polystyrene.(131) Typically in SEM/TEM, empty micelles have very low
contrast due to the weak elastic interactions of carbon and nitrogen with energetic electrons,
without a significant difference for PS and P2VP blocks. By exposing the empty micelles to an
iodine vapor, the P2VP cores can be made visible due to the preferential complexation of iodine
and pyridine.(132) Using the difference in the measured micelle and core diameters, the
thickness of the PS corona can also be estimated to get an idea of the size and shape of the
resultant micelles. This analysis indicates that the P2VP core is smaller in the case of P4824,
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with the micelles densely packed. On the other hand, the P9861 is twice the size, even though
the length of the polymer chains are much shorter, due to the lower molecular weight of the
polymer.

We used quantitative nanomechanical property mapping (QNM) using the AFM in tapping
mode to examine the properties of the micelles(107). QNM allows the measurement of the
Young's modulus variation on a surface, and has been successfully applied to examining the
properties of soft materials.(133-135)
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Figure 4.4. (a) AFM topography images of the P4824 micelles deposited on Si (b) AFM topography image of P9861 micelles
deposited on Si (c) Corresponding Young’s modulus image of P4824 (d) Corresponding Young’s modulus image of P9861 (e) Line
profile for the P4824 micelles (f) Line profile for the P9861 micelles

As seen in Figure 4.4(e), the line profile through the empty micelle P4824 indicates that the
measured Young’s modulus of the core is slightly less than the corona region. This lowering of
the modulus through the core likely results from anisotropic nature of polystyrene in the
diblock copolymer. The diblock copolymers are aligned horizontally when the tip first interacts
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with the micelle and vertically as the tip interacts with the core; as the polystyrene has a higher
Young's modulus when aligned laterally in a lamellar formation than vertically as in a polymer
brush, the modulus is reduced through the core.(135) On the other hand, P9861, as Figure 4.4(f)
shows, has a strong Young's Modulus in the corona region, similar to that observed for P4824,
but goes to zero at the center with respect to the silicon substrate. This results in a “coffee
bean” type structure, as seen in Figure 4.4(d) and (f) for P9861 micelles.

For P9861, the small height of 8 nm, accompanied with an extreme decrease in Young's
modulus, seemingly indicating that the micelle has collapsed when it was deposited on the Si
surface. We believe that these micelles balloon out in solution due to the interaction with the
solvent but collapse when they are deposited and the solvent evaporates.

This behaviour can suggest a mechanism by which the P9861 polymer is not able to protect the FeCls
precursor during the plasma etching. In the typical process of nanoparticle formation using micellar
templates, micelles will form spontaneously in selective solvents when there are enough diblock
copolymer unimers to be above the critical micelle concentration. In non-polar solvents such as o-
xylene or toluene which selectively dissolves polystyrene, PS-P2VP forms reverse micelles as shown
schematically in Fig. 4.5, where the hydrophillic P2VP block forms the micelle core surrounded by a
hydrophobic corona of PS.

The spherical structure consists of loosely associated unimers, which are very dynamic with unimers
regularly exchanging between the micelle and the solvent.(136—138) The size and shape of the
micelles in solution is driven by the molecular weight of the polymer chains and their interaction
with the surrounding solvent. In the case of P4824, the longer P2VP chains are packed tightly
together, forming a dense 2VP core inside the micelle, and closer packed PS. On the other hand, for
P9861, the shorter chains are stretched, and the micelle balloons out.
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Figure 4.5. Schematic of the structure and interaction of FeCls; -loaded micelles from the two polymers.
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In both cases, the dynamic nature of the micelles allows the FeCls; to penetrate through the corona
due to the osmotic pressure of the non-polar solvent. Driven by the incompatible polarity between
non-polar solvent and the polar metal salt, the precursor ions diffuse into the micellar cores. Once
inside, the FeClsthen interacts with the P2VP chains. As explained in chapter 5, the loading ratio
required to produce the same size nanoparticles with P4824 and P9861 are very different. In the
dense environment of the P4824 micelle, a loading ratio of 1.5 is required to produce particles with
an average diameter of ~20nm. It is relatively difficult for the FeClsto penetrate inside the dense
micelles, but once inside it is protected by both the PS and the P2VP unimers, which do not collapse
when the solvent evaporates after deposition. This allows the FeClsto be protected from water in
the environment, preventing it from turning into a hydrated salt (as shown by the FeCls peak at
293cmin Figure 4.3). Upon plasma etching, due to the low temperature and the lack of a hydrated
salt, the y — phase is able to form.

On the other hand, the large balloon-like micelles of P9861 allow easy infiltration of the salt while in
the solution. To achieve ~20 nm nanoparticles, P9861 only requires a LR of 0.2. This suggests that a
large amount of FeCls is able to penetrate inside the micelle, some of which interacts the P2VP.
However, when the micelle is deposited on the surface, the micelle collapses and is not able to
protect FeCls precursor properly, causing it to turn into hydrated FeCls (with a peak observed at
330cm™* in Figure 4.3). Due to the presence of this hydrated phase, it is extremely easy to form the a
— Fex03 phase.

4.4. Summary

In summary, in this chapter we discussed the behaviour of iron oxide formation using different
diblock copolymers using Raman spectroscopy. The nanoparticles were synthesized using the
reverse micelles method. We were able to identify and tune the exact phase of iron oxide using
different treatments. Using different polymers, post-deposition annealing temperatures and
times, we could produce pure a — Fe;03 nanoparticles, almost pure y — Fe203 nanoparticles, and
mixed phases with varying percentage of y — Fe203. Moreover, we were able to understand why
PA4824 is capable of protecting the precursor salt better yielding higher degrees of crystallinity
and hence better magnetic response. This is extremely useful as the nanoparticles synthesized
by P4824 has a higher chance of yielding y — phase which is what we need in order to have a
successful optical isolator. The full discussion on integrating the iron oxide nanoparticles on
silicon waveguides to achieve isolation will be discussed in Chapter 7.
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Chapter 5

Optimization of monolayer iron oxide nanoparticles

Raman characterization was carried out in the last chapter however, other techniques were
required to understand the monolayer iron oxide nanoparticles by themselves instead of the
thick layer as the dropcasted Raman sample. An important feature of the nanoparticles that
influences magnetization is size, therefore different loading ratios were deployed in an attempt
to have different sizes for the nanoparticles. AFM was used to showcase the topography of the
different loading ratios. In addition, the magnetic properties of the monolayer iron oxide
nanoparticles were studied by using SQUID.

Moreover, we also show the difference between both polymers and the effects of using P4824
and P9861 on the particles’ size and magnetic properties using AFM and SQUID respectively.

As our goal is to apply the magnetic nanoparticles on the silicon waveguides to achieve optical
isolation, a deep understanding of the different loading ratios and different polymers will help
us choose the best loading ratio and polymer to choose as the candidate to use on silicon
waveguides. We have already established the best annealing conditions from chapter 4 using
Raman.

5.1. Experimental

The FeCls loaded micelles and iron oxide nanoparticles were synthesized using the procedures
described previously in chapter 3. Two different molecular weight polystyrene-block-poly (2-
vinyl pyridine) (PS-bP2VP) were used in this experiment. PS-b-P2VP, M,: 75000-b-66500,
labeled as P4824 and PS-b-P2VP, Mn: 28000-b-36000 labeled as P9861. The diblock copolymer
was dissolved in o-xylene above the critical micelle concentration. The polymers were dissolved
in o-xylene to produce 3.00mg/ml solutions respectively. After spinning for 24 hours, the
micelles solutions were spin coated on the 1 by 1 cm silicon substrates. The spin coating speed
was set to 45 seconds at 2000 RPM.

Similarly, the iron oxide nanoparticles were synthesized following the procedures from chapter
3. The loading ratio “LR” (number of Fe3* ions divided by the number of 2VP molecular units in
PS-bP2VP) was set to 0.2 and 1.5 to test the different loading ratios.

The above micelles or iron oxide nanoparticles were characterized on silicon using AFM to
obtain the topographic information. WSxM was used to extract the AFM raw data (76).
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SEM was used to characterize the nanoparticles’ size, the substrates for SEM characterization
were Pdoped silicon wafers with thickness of 380um, orientation of <100> and resistivity:
0.001-0.005 ohm-cm.

These wafers are conductive enough to allow the direct SEM imaging of nanoparticles without
coating. The nanoparticles coated substrates were mounted by carbon tape and nickel paste on
25.4mm standard Al stubs. The SEM characterizations were conducted in FEI Versa 3D SEM with
a Schottky thermal field emitter electron gun. The accelerating voltage and probe current were
normally adjusted to 5kV and 12pA to minimize the charging effect, which still maintained good
signal-to-noise ratio for high quality imaging.

For magnetic properties measurement, the silicon samples were created using the procedure
described in chapter 3. All SQUID samples were treated with 25 minutes oxygen plasma before
annealing. To investigate the size effect on the magnetization, two different solutions (0.2 LR”
Loading Ratio” FeCls and 1.5LR FeCls) were used to produce different average size of iron oxide
nanoparticles with the same annealing conditions (350°C for 12h in Air followed by 12h in N»).

5.2. Iron oxide nanoparticles size analysis using different loading ratios
and different polymers

The size of the iron oxide nanoparticles is directly related to the loading ratio of the FeCls. The
two loading ratios were set to have a nanoparticle size that was less than the single domain
limit defined as:

VA* Kepy

Dsingle ~ 36 g * M 2
0 S

The single domain diameter limit was calculated in chapter 2 and was found to be around
50nm. The loading ratios were chosen to have a particle size closer to the single domain limit
which is the 1.5 loading ratio compared to the standard loading ratio of 0.2 for FeCls. However,
studies on the relationship between particle size and magnetic properties specifically saturation
magnetization, remanence and coercivity remain sparse. Smolensky (139) revealed that 18 nm
particle size results in higher saturation magnetization and higher coercive field than 7 nm. This
is the bases of our study for this chapter by increasing the size; we expect higher magnetic
response.

The loading ratio (LR) is defined as the ratio between Fe3* ions and 2VP is used to calculate the
amount of FeCls to add:
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Moreover, changing the molecular weight of the diblock copolymer directly impacts the
aggregation number (the number of the diblock copolymer molecules that make up the micelle)
which influences the core and the corona size of the micelle (57). To study this effect, two
different molecular weights of PS-b-P2VP P4824 and P9861 were used.

The different loading ratios yield different nanoparticles sizes as Figure 5.1 shows, Figure
5.1(a)&(b) show the different loading ratios yielding larger particle sizes in the case of the 1.5LR
for P4824. The 1.5LR has shown to yield micelles that are closer together and not necessarily a
monolayer array of iron oxide nanoparticles. After 25 minutes of etching, as 5.1(e) shows the
particles are still very clustered. In the P4824 1.5LR, the particles have very small interparticle
distance compared to the P4824 0.2LR. Figure 5.1(c) shows the etched particles of 0.2LR, the
particles have a smaller size than both P4824 1.5LR, with an intermediate interparticle distance.

Figure 5.1 also presents the AFM topography image of the micelles array from P9861 0.2LR. By
comparing the images, we can see that P9861 loaded micelles have a similar size to the P4824
1.5LR loaded micelles. However, post etching we can see that the particles are more dispersed
and have larger interparticle distance. Moreover, the P9861 nanoparticles post etching do not
yield spherically shaped nanoparticles as the P4824 0.2LR. Table 5.1 summarizes the heights for
the different images from figure 5.1 supporting that 0.2 LR P9861 and P4824 1.5LR yield
comparable particles’ sizes.
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Figure 5.1. AFM topography images of (a) P4824 0.2 loading ratio loaded FeCls, (b) P4824 1.5 loading ratio loaded FeCls, (c)

P9861 0.2 loading ratio loaded FeCls, (d) P4824 0.2 loading ratio post etching, (e) P4824 1.5 loading ratio post etching, (f) P9861
0.2 loading ratio post etch

Table 5.1. Table of observed particles heights and standard deviation using different polymers and different loading ratios

Height (nm) Standard deviation
P4824 0.2 loaded 11.31 3.12
P4824 1.5 loaded 48.41 3.15
P9861 0.2 loaded 45.86 2.98
P4824 0.2 etched 8.89 2.82
P4824 1.5 etched 44.12 4,14
P9861 0.2 etched 38.28 4.97

Moreover, Figure 5.2 shows the SEM dispersion and size comparisons for the P9861 0.2LR and
P4824 1.5LR. The sizes as expected are very comparable, for P9861 the average size is 25.4 + 4.1
nm and 28.3 + 3.4 nm for P4824 1.5LR. This means that using P9861 for a smaller loading ratio
can yield the same particle size as increasing the loading ratio in P4824, this is important as the
overloading of FeClz into PSb-P2VP has been reported to yield bad dispersion in the resultant
nanoparticles(66,140). There exists a saturation limit for loading, above which the micelles
structure is affected thus jeopardizing the control over size and dispersion of the nanoparticles
(92,140). This ratio was found to be around 0.45 for P4824(141).
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Figure 5.2. SEM dispersion and size comparison of (a) P9861 0.2LR and (b) P4824 1.5LR.

5.2.1. Magnetic properties of different loading ratios for iron oxide nanoparticles

In the previous section, we showcased the AFM topography of the different loading ratios and
we were able to show the different heights and sizes of the iron oxide nanoparticles yielded by
the different loading ratios and different polymers. However, the next step is using SQUID to
measure the magnetic properties of both 0.2LR and 1.5LR for P4824 and P9861. Figure 5.2
shows the magnetic response of both the 0.2LR and 1.5LR at the same low temperature
annealing conditions of 350°C for 12h in Air and 12h in N3. This lower temperature annealing
condition is applied to produce y- Fe20z as described in chapter 4. Figure 5.3 shows the
magnetization-applied magnetic field (M-H) curves of the nanoparticles after the annealing
process.
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Figure 5.3. Magnetization-applied magnetic field curve of monolayer iron oxide nanoparticles on silicon substrates using both
loading ratios after having the same annealing conditions of 350°C for 12h in Air and 12h in No.

The coercive field (Hc) was at around 1000e for the P4824 0.2LR with the M, in 10° emu region
which accounted for 25% of the magnetization at 20000e, showing a clear hysteresis. However,
for the 1.5LR we can see almost no magnetic response from the nanoparticles. This could be
accounted as mentioned in the previous section that the interparticle distance is very small
which causes the magnetization from each particle to cancel out having a very minimal
response.

Moreover, we wanted to confirm that the magnetic response from the P4824 0.2LR is due to
the high percentage of y- Fe2Os present as confirmed by chapter 4. We created another SQUID
sample that was annealed at a different temperature (600°C for 2h in N3). Figure 5.4 compares
between the two samples discussed and the new sample.
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Figure 5.4. Magnetization-applied magnetic field curve of monolayer iron oxide nanoparticles on silicon substrates with different
annealing conditions.

M for the 600°C is clearly lower in magnitude than the P4824 0.2LR under the low annealing
process. This could be explained by the conversion of y-Fe,03 to a-Fe,03 as supported by the
Raman data from the previous chapter, reducing the magnetization due to the weak
ferromagnetic nature of a-Fe,0s3. Moreover, another sample was prepared and underwent two
annealing process: 600°C annealing for 2h in N; and another 2h in air which was the same
condition as Figure 4.1 (ii). In this case, the magnetic response was below the detection limit of
the SQUID. This confirms that the higher the conversion of y-Fe>03 to a-Fe;0s the worse the
magnetic response will be. Moreover, we tried creating a sample that had 50% y-Fe>O3 but that
resulted in no response. On the other hand, temperature plays an important role as well as we
saw in chapter 4 with the different annealing temperatures with the low temperature annealing
process yielding mainly y-Fe;0s. Thus, the low temperature annealing process at 0.2LR gives the
best results in terms of magnetic response supported by the SQUID data. P9861 yields iron
oxide nanoparticles that are mainly in the a phase as found by results in chapter 4, therefore,
no SQUID data was done as the SQUID does not detect the a phase iron oxide nanoparticles.

5.3. Summary

In summary, we were able to conclude that the P4824 polymer with a loading ratio of 0.2 yield
the best magnetic response for our desired functionality. We compared with a different loading
ratio, then comparing two different polymers, comparing the size and the magnetic response.
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Chapter 6

Tin oxide structure and properties and characterization

As concluded in chapter 5 we deduced that a specific loading ratio of 0.2 should be used with
P4824. In this section, we explore a different metal salt to produce tin oxide nanoparticles. Tin
oxide nanoparticles are very interesting and have been found to exhibit room temperature
ferromagnetism(37). In this section, we explore the topography and magnetic properties of tin
oxide compared with iron oxide nanoparticles.

6.1. Experimental

The SnCl; loaded micelles and SnO; nanoparticles were synthesized in the procedures that have
been described in chapter 3. However, an extra step is added for the synthesis of SnO,, after
salt loading the SnCls and waiting for 48 hours for it to mix properly with the diblock copolymer
solution, 0.300 mL of ethanol is decanted and added to the solution. The mixture of SnCls,
diblock copolymer, o-xylene, and ethanol is left to mix for an extra 48 hours before using. For
this experiment, only one molecular weight polysterene-block-poly92-vinyl pyridine) PS-b-P2VP
is used which P4824 (M,: 75000-b-66500).

For magnetic properties measurement, SQUID was used to measure the magnetic properties of
the SnO; nanoparticles. The full procedure for making the SQUID samples is explained in section
3.4.3.

The above micelles and tin oxide nanoparticles were also characterized by AFM to obtain the
topographic information. WSxM was used to extract the AFM raw data(105).
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6.2. AFM topography of Tin oxide nanoparticles

The AFM topography of the tin oxide nanoparticles synthesis process is shown in Figure 6.1.
Figure 6.1 (a) shows the tin chloride loaded micelles, this is post the first step of synthesis after
the salt SnCls is loaded in the solution containing the P4824 solution. Figure 6.1 (b) shows the
AFM topography image after the Ethanol loading, and then finally Figure 6.1 (c) shows after the
plasma etching yielding tin oxide nanoparticles. The etched tin oxide nanoparticles have an
average height of 48 nm, which is comparable to the 1.5 LR of FeClz shown in chapter 5. The
particles have a similar problem as the 1.5LR, which is the particles are clustered together.

(c) Etched Tin Oxide

(a) Tin Chloride loaded

Figure 6.1. AFM topography images of (a) Tin chloride loaded micelles, (b) Tin chloride after loading with Ethanol, (c) Etched tin
oxide nanoparticles

A SQUID samples was created and compared to that of P4824 0.2LR FeCl3 SQUID sample used in
chapter 5. The P4824 SnCl; sample annealed at 600°C in a N; environment for 2 hours. Figure
6.2 compares the AFM topography of both samples, Figure 6.2 (a) shows the AFM topography
of the iron oxide nanoparticles created using P4824 with a loading ratio of 0.2. The particles
have a better dispersion than that of the tin oxide nanoparticles’ AFM image shown in Figure
6.2 (b). The tin oxide nanoparticles appear to be more clustered in specific areas on the silicon
substrate, which ultimately could affect the SQUID results. The AFM topography is different for
the SQUID samples for both the iron oxide and the tin oxide than the AFM previously shown
due to the uneven width of the SQUID samples. The SQUID samples are 40 mm by 5 mm, with
the solution spin coated on an area about 10 mm by 5 mm. This small uneven area can cause
some of the solution dropped on the sample to fly off and thus yielding lower number of
particles as shown in Figure 6.2.
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Figure 6.2. AFM topography images of SQUID samples of (a) Iron oxide nanoparticles, (b) Tin oxide nanoparticles

6.3. Magnetic properties of monolayer tin oxide nanoparticles compared
to monolayer iron oxide nanoparticles under different annealing
conditions

As we showed in the previous section, the AFM of the SQUID samples appear to favor the iron
sample. However, we need to measure the magnetic response from both samples to be able to
fairly compare between the tin oxide and iron oxide nanoparticles’” magnetic response. Figure
6.3 shows the different iron oxide nanoparticles SQUID data shown in Figure 5.4 adding the tin
oxide nanoparticles SQUID data. The figure shows the magnetization-applied magnetic field (M-
H) curves of all the nanoparticles on silicon of the full annealing process to compare with the
SnO3 nanoparticles on silicon annealed at 600°C for 2h in N3.
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Figure 6.3. Comparison between the magnetization-applied magnetic field curves of monolayer iron oxide nanoparticles and tin
oxide nanoparticles with different annealing conditions (92).

For the tin oxide nanoparticles, the coercive field (Hc) was around 400e with the remanence
magnetization (M) was in the region of 10”7 emu. This accounts for about 6% of the
magnetization at 20000e. The magnetic response from the tin oxide nanoparticles is clearly
lower than the P4824 0.2LR FeCls annealed at the low temperature annealing process, however,
the magnetic response is better than the P4824 0.2LR FeCls annealed at 600°C for 2 hours and
the P4824 1.5LR FeCls annealed at the low temperature annealing process.

Comparing the M-H curves results, we can confirm that the iron oxide nanoparticles possess the
best magnetic properties when using low temperature annealing process, which yields higher
purity y-Fe,03. However, more work needs to be done to achieve higher magnetic response
from the tin oxide nanoparticles. Previous work shows higher magnetism by doping the tin (27),
with low temperature annealing at 350°C. As well as, several authors have reported using
different temperature annealing conditions (22,28) to synthesize tin oxide nanoparticles.

6.4. Summary

In summary, the tin oxide nanoparticles are very promising in terms of magnetic response
compared to the different iron oxide nanoparticles SQUID data. However, more research needs
to be done to be able to use tin oxide nanoparticles as optical isolators. For the time being, the
best material to use as an optical isolator supported by chapters 5 and 6 is using P4824 with a
loading ratio of 0.2 to create iron oxide nanoparticles, followed by a low temperature annealing
process at 350°C for 12 hours in Air then another 350°C for 12 hours in N. This was proven to
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show the best magnetic response supported by the Raman and SQUID data and thus, the best
material to be used as an optical isolator.
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Chapter 7

Optical Isolators and monolithically integration

In this chapter, we present preliminary results of an optical isolator using the magnetic nanoparticles
synthesized in chapter 4 . We are utilizing the waveguide Faraday rotation phenomenon for our
design. We will present the layout of the samples used for our proposed optical isolator.

7.1. Nanoparticle selection

In the previous chapters, we showcased iron oxide and tin oxide nanoparticles. For iron oxide,
we tested two different polymers yielding different sizes of nanoparticles (P4824 and P9861).
Then, we tested using different loading ratios to examine how the loading ratios affect the size
and magnetization. After the different characterization techniques, we concluded that using
P4824 with a loading ratio of 0.2 of FeCls yielded the best magnetic nanoparticles. We
concluded that P4824 0.2LR annealed using the low temperature annealing process yields
higher saturation magnetization and better magnetic properties and thus, was chosen to be
used in this chapter.

Dani et al.(6) proposed a model to describe the expected Faraday rotation for iron oxide
nanoparticles coated by a gold shell and suspended in water as mentioned in chapter 2, the
calculations were made over the ultraviolet region between 350 nm < lambda < 700 nm.

For the permanent magnetization in these single domain particles, the internal magnetic field is
H lM Bin :/UO(Hin_'_M):

=— . - . 2
in — 3" and the internal magnetic induction is 5HM  The component

=B, (cos ) =2 M % = (gyOVM

2
along zis Bin. /kBT)B. This internal magnetic induction is

2 2
amplified by the factor (9 HoVM /kBT) = 5.5, which helps to enhance the Faraday rotation

compared to that in a non-magnetized medium. This calculation is done for nanoparticles with
a radius of 4.85 nm.

Their calculations for maghemite coated with a gold shell shows that it can theoretically yield
up to 10 rad/Tm for nanoparticles with an average radius of 4.85 nm in the UV region between
350 < lambda < 700 nm. Dani et al. only show results for the gold shell around the iron oxide
core nanoparticles which they show that they experimentally yield Faraday rotation of 3
rad/Tm to 10 rad/Tm for a gold shell of 5nm coated on a 10nm Fe;03 core measured at a
wavelength of 632 nm.
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However, the particles synthesized by our reverse micelles method have an average radius of
approximately b = 10 nm for 0.2LR P4824. Thus, the volume of the particles is V = 47b°/3 =
1200 nm3, This higher particles’ volume results in a higher amplification factor for the internal
magnetic induction by a factor of 3. The new amplification factor should be on the order of 15,
expecting an even higher enhancement in the Faraday rotation. Theoretically, the larger radius
nanoparticles should yield a higher Faraday rotation as long as the particles are in the single-
domain limit for ferromagnetism.

7.2 Optical Isolator design

Figure 7.1 shows the GDS layout for the waveguide design that was used. The layout was
designed, then sent to the University of Southampton to make a 3mm by 7mm silicon chip with
the waveguide mask on top. The structures for testing are shown, all grating coupled so they
are meant to be measured using cleaved fibers from above. Each waveguide can support both
TE and TM modes, but the grating couplers only accept TE polarized light.

e e e e e e e

: 400 pn;
L— Figure 7.1. GDS layout of the waveguides.

The nanoparticles are deposited on top of the waveguides by spin coating as described in
chapter 3, the particles are spin coated, etched for 25 minutes and then annealed using the low
temperature annealing process at 350°C in air for 12 hours followed by 12 hours in N, at 350°C.
Figure 7.2 shows a schematic of the iron oxide nanoparticles deposited on the waveguides. The
figure shows an SOl waveguide, light is guided in a silicon core separated from the silicon
substrate by an SiO; layer acting as the lower cladding.
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Figure 7.2. Schematic of the components required for a Faraday rotation waveguide isolator with the iron oxide nanoparticles.

To test the optical isolation of the iron oxide nanoparticles, we used the experimental setup
outlined in Figure 7.3. Grating couplers ensure that light is propagating in TE mode. As the
nanoparticles should work as a Faraday rotator, the light would be coupled from the TE to the
TM mode as it propagates, and then it would not be able to exit the device, thus we should see
a change in transmission as the magnet was brought closer and closer causing the nanoparticles
magnetic moments to align. The magnet is set up to be as close as possible to the chip on the
order of um. The magnet used is a DIYMAG magnet, with a diameter of 32mm. The alignment
of the magnet was set to be perpendicular to the direction of propagation of light, however,
the alighnment of the magnet was changed in an attempt to measure any change in
transmission. The input laser wavelength was set to 1550 nm for all the chips. For optical
communication, several wavelengths are used in the infrared region typically around 850, 1300
and 1550 nm. These wavelengths are used because the attenuation of the transmission is much
less at those wavelengths.

Input-output
optical fibers

/ Magnet \

'\ Sample holder

Grating Couplers

Figure 7.3. Experimental setup used to measure the Faraday rotation of the iron oxide nanoparticles consisting of: Input and
output grating couplers, DIYMAG magnet and sample holder.
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Figure 7.4 shows the magnetic field of the DIYMAG magnet. The magnetic field spreads out
from the south pole, arch around the middle of the magnet and converge again near the north
pole. The strength of the force is directly related to the number of lines, as the lines crowd
together, the force is strong, where the are spaced widely apart it is weak. This magnetic field
lines encompasses the iron oxide nanoparticles deposited on our sample and ensures that we
have an adequate magnetic field that will enable the nanoparticles to show rotation.

Figure 7.4. Schematic of the magnetic field lines of the DIYMAG magnet.

7.3 Results

For all the chips, iron oxide nanoparticles were spin coated on the silicon substrates. Table 7.1
outlines the polymer used, the loading ratio and annealing condition. The chips are very
sensitive to temperature, if the temperature increases above 500°C the chip will be
permanently damaged, and the waveguides will be destroyed. The temperatures and time were
chosen to yield the most y — Fe;03 nanoparticles from the two polymers. The two-step low
temperature annealing condition used for sample #1 is the annealing conditions proven from
chapter 4 to yield the most y — Fe2,03. Moreover, a control sample was used to test how the
chips are stressed after plasma etching and the two-step annealing condition.
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Table 7.1. Summary of the polymer, loading ratio and annealing conditions used for the four chips tested.

Annealin
Sample # Polymer used Loading ratio . g
conditions
350°C Air 12hrs
1 P4824 0.2 + 350°C N,
12hrs
) P4824 02 350°C N3 2hrs
3 P9861 0.2 350°C N3 1hrs
350°C Air 12hrs
Control N/A N/A + 350°C N2

12hrs

No nanoparticles were deposited on the control sample, it was meant to test if the stress
caused by plasma etching and the two-step annealing process was sufficient to destroy the
waveguides. We were able to transmit light through the control sample with no major losses
associated to damage done to the chips suggesting that our general approach is sound. For the
P9861 sample #3, we expect no optical isolation results from the nanoparticles as the
nanoparticles synthesized from P9861 show low magnetic response supported from chapter 4.
As expected for sample #3, we did not observe any change in transmission of light.

If successful, we would expect a greater response from sample 1 than sample 2 corresponding
to the amount of y phase in the iron oxide nanoparticles.

Unfortunately, the results for the optical isolation for chips #1 and #2 were disappointing as
neither chip showed any response. The iron oxide nanoparticles synthesized by P4824 with a
loading ratio of 0.2 should yield y-phase iron oxide nanoparticles as supported by chapter 4.
We expect the two-step temperature annealing at 350°C to have higher magnetization and
better Faraday rotation results as a result.

One possible explanation is that the nanoparticles were not quasi-phase matched. Quasi-phase
matching (QPM) is a measure of the flow of energy between the TE and TM modes. QPM
requires a spatial modulation, as Figure 7.5 shows the accumulated phase difference between
the cladding of lengths Lg and Ln. The cladding lengths correspond to the width of the
waveguide (Lg), and the distance between the successive waveguides (Ln). The cladding lengths
L and Ly corresponding respectively to a modal phase offset of Ag = 2t such that we can
prevent Faraday rotation where phase relation has the opposite sign for growth and achieve
isolation(142). In our case, the nanoparticles might rotate a tiny amount, and then immediately
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rotate back which will yield no net Faraday rotation as shown in Figure 7.5 for the modal phase
mismatch.

Ls

(a)
™
A
< M=2r
Q 1
= I I
b ! |
> I 1 With Quasi Phase Matching
= ! i
d ] 1
L [
I Modal Phase Mismatching
TE
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Figure 7.5. (a) Schematic of the components required for a Faraday rotation waveguide isolator with the iron oxide nanoparticles.
(b) Schematic showing the effects of phase mismatch and the solution of QPM (143)

QPM could be achieved by calculating the length of the claddings required to have the optimum
response from the nanoparticles, then depositing the magnetic nanoparticles only on top of the
waveguides. As shown in Fig 7.5(a), using photolithography to coat the sample with the
nanoparticles and then use a pre-designed mask to uncover locations where the particles are
undesirable followed by a sonication to ensure that the nanoparticles at these specific locations
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are gone. This can enable us to have nanoparticles where we require them to be and eliminate
other nanoparticles that will contribute to modal phase mismatch.

Moreover, only one wavelength was used to test the iron oxide nanoparticles’ response at 1550
nm. More wavelengths could be used to explore the response of the nanoparticles at different
wavelengths, particularly in the range from 350 nm to 750 nm as tested by Dani et al. (6), as
well as, the near infrared region from 750 nm to 1350 nm.

7.4. Summary

In this chapter, the design and preliminary experimental tests for our proposed optical isolator
was shown. We used P4824 and P9861 with a loading ratio of 0.2, the micellular particles were
then spun on the silicon chips, etched for 25 minutes and annealed at different annealing
conditions. The optical isolation of the nanoparticles was then measured but achieved no
response. This is likely due to the modal phase mismatch between the cladding and the
nanoparticles. The particles could be quasi-phase matched by using state of the art lithography
techniques followed by sonication to eliminate undesirable particles. Finally, a range of
wavelengths could be used to test the Faraday rotation of the iron oxide nanoparticles.
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Chapter 8

Conclusion and future work

8.1. Summary

The goal for this thesis is to design and fabricate nanoparticles with high magnetization to be
used as an optical isolator which can be monolithically integrated with semiconductor lasers
used for telecommunications. By using Raman spectra, the iron oxide nanoparticles and tin
oxide nanoparticles evolution processes were elucidated in detail in chapters 4 and 5
respectively. The overall process of synthesizing the nanoparticles could be described as:

1) Formation of the PS-b-P2VP reverse micelles

2) Adding FeCls precursor for iron oxide nanoparticles or SnCls for tin oxide nanoparticles
3) Dispensing (spin coating and drop casting)

4) Oxygen plasma treatment

5) Annealing treatment

Moreover, the magnetic properties of the magnetic nanoparticles arrays were also evaluated
by SQUID magnetometer. Chapters 5 and 6 show the difference between iron oxide
nanoparticles and tin oxide nanoparticles’” magnetization properties. Iron oxide nanoparticles
yielding higher percentages of y-Fe,03 show superior magnetic response than tin oxide
nanoparticles. However, more research needs to be done to be able to use tin oxide
nanoparticles as optical isolators. For the time being, the best material to use as an optical
isolator supported by chapters 5 and 6 is using P4824 with a loading ratio of 0.2 to create iron
oxide nanoparticles, followed by a low temperature annealing process at 350°C for 12 hours in
Air then another 350°C for 12 hours in N2. This was proven to show the best magnetic response
supported by the Raman and SQUID data and thus, the best material to be used as an optical
isolator.

Finally, the iron oxide nanoparticles were spun on the silicon chips, treated with oxygen plasma
treatment followed by the low temperature annealing process to test for Optical isolation.
However, no optical isolation response was measured from the chips.
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8.2. Future work

y-Fe203 nanoparticles can be generated with high degree of control in terms of size and
dispersion and subsequently the magnetization of the nanoparticles. Incorporating the iron
oxide nanoparticles onto silicon chips with quasi phase matching is a good starting point
moving forward to investigate the Faraday rotation that the nanoparticles can show. As well as,
encapsulating the iron oxide nanoparticles with a gold shell as Dani et al. have done. In
addition, tin oxide shows promising results in terms of magnetization compared to the iron
oxide nanoparticles. Different annealing times and temperatures could be incorporated for tin
oxide nanoparticles in order to yield higher magnetic response, followed by integrating the tin
oxide nanoparticles in the same process as iron oxide nanoparticles onto the silicon chips to
show signs of optical isolation. In addition, potential future studies could be devoted to
exploring the relationship between the dispersion of magnetic nanoparticles and the related
magnetic properties. The iron oxide nanoparticles have many potential applications in
academia and in the industry as well.
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