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Abstract

Surface modification of electrodes becomes a powerful process to improve the per-
formance of organic electronic devices such as organic light emitting diodes (OLEDs)
and organic photovoltaic cells (OPVs), boosting their further commercialization. Ef-
fective improvement can be achieved by introducing several types of nanoparticles
onto the electrodes. Magnetic fields also have influence in the organic electronics,
due to charge transport mechanisms of organic semiconducting materials. Therefore,

magnetic nanoparticles are of particular interest.

Magnetic y-Fe,O3 nanoparticles have been produced using diblock copolymer re-
verse micelles method. The processes were elucidated in detail by Raman spectroscopy
to reveal the iron oxide evolution. Compositional and structural information of in-
dividual ~-Fe,O3 nanoparticles were also characterized thoroughly by transmission
electron microscopy (TEM) equipped with energy-dispersive X-ray spectroscopy (EDX)
and electron energy loss spectroscopy (EELS), while their magnetic properties of the
nanoparticles arrays were also evaluated by superconducting quantum interference
device (SQUID) magnetometer. The low temperature annealing process was developed
to facilitate the incorporation of v-Fe;O3 nanoparticles in practical devices. Intro-
ducing y-Fe;O3 nanoparticles onto the anode of basic OPV devices showed a positive

effect on performance during the preliminary test.

By using several methods, dispersion of y-Fe;O3 nanoparticles can be tuned, exam-
ined by disLocate which is a comprehensive suite of tools for quantitative dispersion
analysis. Additionally, the size of the nanoparticles can be changed simply by changing
the loading ratio of FeCls below the maximum loading which was determined by
quantum mechanical mapping using atomic force microscopy (AFM-QNM). With
high control in terms of size and dispersion, the magnetic v-Fe;O3 nanoparticles are
ready to be employed to study the surface modification and magnetic effect on organic

electronic devices.
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Chapter 1

Intoduction

Thin film organic electronic devices are starting to exert a remarkable influence onto
the modern electronic market. Next generation displays consisting of organic light
emitting diodes (OLEDs) are already used in mobile phones, televisions, while signifi-
cant progress is also being made in organic photovoltaic cells (OPVs) for harvesting
solar energy.[1-3] The ongoing developments in this field are stimulated by the high
processibility of organic semiconductor materials. Most of the organic semiconductor
molecules are compatible with the convenient solution-based processing methods such
as spin coating, inkjet printing, and roll-to-roll manufacturing,[4-7] giving rise to poten-
tial low-cost large scale device fabrication. Additionally, they have been incorporated

into stretchable electronics which are another fast-growing advanced application.[§]

Despite the technical relevance, the relatively low efficiency in these devices com-
pared to inorganic counterparts hinders their further commercialization. Nevertheless,
several approaches can be applied to improve the performance of organic electronic
devices. For instance, interfacial modification is one of the frequently-used method.[9]
Organic devices are usually composed of several layers of different materials with con-
ductive metal or metal oxide electrodes, leading to a variety of interfaces that impede
the charge carriers transport during operation. Among various interfaces, the interface
between electrodes and organic semiconductors is particularly important, as it has a
direct impact on the charge extraction and injection processes.[10, 11] Thus, surface
modification of electrodes play an important role in improving the performance of

organic electronics, especially for OPV and OLED devices. This usually involves tuning



MASc Thesis — Kunyu Liang McMaster University — Engineering Physics

the work function (Fermi level, Eg) of the anode to match up the highest-occupied
molecular orbital (HOMO) of the organic semiconductor to minimize the hole transport
barrier.[11] Similarly, the work function of the cathode can be tailored to match up the
lowest-unoccupied molecular orbital (LUMO) of the organic semiconductor to lower
the electron transport barrier. A variety of high work function metal oxides[11] have
been applied to modify the anodes, contributing to the state-of-the-art OPVs[12] and
OLEDs][13].

In addition, magnetic fields have been found to be able to change the electrolu-
minescence and photocurrent of organic semiconducting materials and thus organic
electronic devices.[14] The excited states (excitons) of organic semiconductors are
responsible for the electronic process. Due to the electron-spin multiplicities, the
electron and hole can have either parallel or antiparallel spin configuration when the
exciton is formed, giving rise to singlet and triplet excited states with a statistic ratio of
1:3 under random-spin capture. The singlet and triplet excited states can be mutually
converted by spin flipping mechanisms. In principle, an external magnetic field can
affect the spin configuration of electrons and holes during exciton formation or change
the mutual conversion between singlet and triplet excited states, as it affects the spin
precessions of electrons and holes. This can lead to the variation of the singlet and
triplet ratio. Since the lifetime of singlet and triplet states are significantly different,
the variation of the singlet to triplet ratio in turn influences the electronic processes
of the devices, especially for OPV and OLED. Recently, it has been proposed that
introducing a small amount of isolated magnetic nanoparticles onto the electrode can
lead to a higher singlet/triplet ratio under small applied magnetic field and thus en-
hanced the performance of OPV[15] and OLEDs.[16, 17] Together with their abundance
and stability, magnetic iron oxides are a good candidate for studying the magnetic
effect in OPV and OLED devices. In addition, recent work has suggested that the
thickness of the oxide film has a major affect on the performance improvements in
OLEDs,[18] with a sub-monolayer/discontinuous film showing the greatest impact.[16]
Therefore, it is of interest to pursue a method to produce and deposit magnetic iron
oxides nanoparticles with high controllability in terms of size and dispersion, in order
to explore the magnetic effect on the OPV and OLED devices.

The main focus of this thesis is to synthesize and deposit magnetic iron oxide
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nanoparticles in highly controllable manner. In order to accomplish this goal, diblock
copolymer reverse micelles have been applied in nanoparticle production. The process
of iron oxide formation was determined in detail, which is described in Chapter 4.
The composition, crystal structure, and magnetic properties of monolayer iron oxide
nanoparticles are also investigated using a variety of characterization in Chapter 5,
where the preliminary results from OPV devices incorporated with these monolayer
nanoparticles are shown. Finally, the dispersion and size control of the nanoparticles

are addressed in Chapter 6 for the potential application in the future.



MASc Thesis — Kunyu Liang McMaster University — Engineering Physics




Chapter 2

Background and motivation

2.1 Magnetic iron oxide nanoparticles

Magnetic iron oxide nanoparticles are of widespread interest due to their abundance,
stability, and biocompatibility.[19] For decades, they have been applied in not only
fundamental research about the magnetization mechanisms but also in a wide range
of applications,[20, 21] including drug delivery systems,[22] magnetic resonance imag-
ing,[23, 24] and hyperthermia[25, 26]. Apart from the bio-medical related applications,
nanoscale iron oxide have also been incorporated in electronic devices such as the
high-density data storage disks,[27] Li-ion batteries,[28] gas sensors,[29] and also solar
cells[30]. Recently, magnetic nanoparticles have been reported to have a positive
impact on the performance of organic electronics devices.[15, 18, 31] In practice, the
magnetic properties of iron oxide nanoparticles are essential for all of the potential
application, which is directly related to the crystal structures and nanoscale size.[21,
32, 33]

2.1.1 Crystal structures

The crystal structure of iron oxide nanoparticles has a strong impact on their magnetic
properties as it determines the arrangement of Fe and O atoms and thus the magnetic
dipoles. Depending on the arrangement of the magnetic dipoles with and without the

applied magnetic field, materials can be categorized into diamagnetic, paramagnetic,
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ferromagnetic, ferrimagnetic and antiferromagnetic, as indicated in Figure 2.1 from
Jeong[34]. Diamagnetic and paramagnetic materials yield a weak magnetic response.
Diamagnetic materials do not possess magnetic dipoles without an applied magnetic
field, but they have weak induced dipoles aligned opposite to a field. Paramagnetic
materials have randomly oriented magnetic dipoles which can be aligned in the same
direction of the magnetic field. In contrast, long-range order of magnetic dipoles exists
in ferromagnetic materials, yielding a strong magnetic moment. For ferrimagnetic
materials, the long-range order strong dipoles are accompanied with adjacent weaker
magnetic dipoles aligning oppositely, which also possesses strong magnetic moment.
In antiferromagnetic materials, the adjacent magnetic dipoles are antiparallel in the
same magnitude, so they cancel each other and thus result in a zero net magnetization.
Therefore, the most useful magnetic materials are ferromagnetic and ferrimagnetic,
whose basic magnetic properties are usually determined from the typical magnetization

curve (magnetization (M) vs magnetic field strength (H)) as shown in Figure 2.2.[34]

H=0 _H H=0 _H
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Ferromagnetic Ferrimagnetic Antiferromagnetic

Figure 2.1: Schematic representation of the magnetic dipoles arrangements for five dif-
ferent categories of materials with and without applying a magnetic field(H). Apdapted
with permission from [34].

There are numerous phases of iron oxide with different crystallographic structures
and/or variable oxidation states of Fe ions but not all of them possesses significant
magnetic property at room temperature. For iron(III) oxide, a-Fe;O3 with corundum
structure (R3¢) and the y-FeyO3 with inverse spinel structure (Fd3m) exist in nature,
while other polymorphs: 3-Fe,Os with bixbyite structure (Ia3) and e-FeyOs with
orthorhombic structure (Pna2;) are rare phases that are generally produced in the

laboratory.[35, 36] The other common phase, similar to 7-Fe,Og, Iron(IL,I1I) oxide

8
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Figure 2.2: Representation of typical magnetization curve for ferromagnetic and
ferrimagnetic materials. Mg: the saturation magnetization-maximum value of M; M,:
the remanence magnetization-residual magnetization at zero field strength; and H.:the
coercivity or coercive field, the applied field required to bring magnetization back to
Zero.

(FegOy4) also possesses an inverse spinel structure,[37, 38] and could transform into

~v-FeyO3 at relatively low temperature under ambient condition.[39]

Figure 2.3 shows the crystallographic unit cells of different iron(III) oxides, reprinted
from MacHala.[36] Among those phases at room temperature, a-Fe,O3 exhibits a
weak ferromagnetism,[35, 36] while 8-FesO3 shows paramagnetism,[40] both showing
low saturation magnetization (weak magnetic response). e-FesO3 have been reported
displaying a large coercive field at room temperature, yet its magnetic behavior is not
completely understood.[36, 41, 42| Interestingly, v-Fe,O3 diplays ferrimagnetism at
room temperature[35, 36, 38], exhibiting strong magentic response. Together with its
prominent magnetic performance, high Curie temperature(T¢ = 928 K) and remark-
able chemical stability,[19] y-FeoOs3 is of particular interest in practical applications.[21,
32]
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Figure 2.3: Schematic of crystallographic unit cells of several iron(III) oxides. Repro-
duced with permission from reference [36]. Copyright American Chemical Society.

2.1.2 Nanoscale size

Apart from crystal structure, the size of the iron oxide nanoparticles is another
important factor that affect the magnetic properties. Two critical size limit, the single
domain limit and the superparamagnetic limit, have been investigated extensively
for magnetic nanoparticles.[32] The existence of the domain walls is governed by the
competition between the magnetostatic energy(Ens, Ems ~ Volume of the particle(V))
and the domain wall energy(Eqy, Eqw ~ interface area of domains(S)). When the size
decreases to a certain point, the single domain configuration is energetically favorable.
This single domain limit, related to several anisotropic energy terms, normally exists
in the region from several tens to hundreds of nanometers.[43]. The single domain
critical diameter (Dgingle) for spherical magnetic nanoparticles could be estimated by

the following equation:[32, 33]

VAK,
Dsingle ~ 36 d (21)
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(In equation 2.1, A: exchange constant, K. ss: effective anisotropy constant, fip: vacuum
permeability and Mj: saturation magnetization.) Below this limit, the nanoparticles
would be magnetized in a way that all the magnetic moments of atoms are aligned in
one direction.[44] According to previous report, the K.rs of 7-Fe;Og is on the order of
4 to 8 x 10* J/m? for nanoparticles,[45, 46] being similar to that of the bulk, while the
M, of the bulk v-Fe,O3 is around 350 emu/cm? (for volume magnitization: lemu/cm?
converts to 10° A/m).[39, 46] Additionally, the exchange constant is 10'* J/m for
7-Fe203.[47] Therefore, one can estimate the lowest limit of Dgygle for spherical y-FeoOg

nanoparticles situates at around 50nm.

The alignment of single domain nanoparticles is mostly governed by the anisotropy

energy (E,), which is defined as:
Ea = KeffV sin2(9) (22)

with V and 6 representing the volume of the nanoparticles and the angle between
the magnetization and the easy axis (the direction when E, is minimized).[21, 32]
Magnetization reversal can only happen with magnetic moment rotation without
the domain wall motion. Consequently, the single domain nanoparticles could have
large coercivity (H.) compared to the larger multidomain particles.[39, 48] With the
size further decreasing, the superparamagnetic limit would be reached at a point
where the thermal energy KpT (25.7meV) overcomes E,, causing a spontaneous
magnetization reversal.[33] The relaxation time for magnetization reversal is expressed

by the Neel-Brown expression as follows:[32, 33, 49|

KoV
KgT

) (2.3)

T = Toexp(

Where 7 is typically in the range between 101" and 10%. Since the K, ;; of 7-Fe;O3 is
known,[45, 46] the critical diameter that causes the spontaneous magnetization reversal
can be estimated to be at around 12nm. Below this limit, the 7 shares the similar
magnitude as 7y, causing the high frequency magnetization reversal, which result zero
net magnetization during typical measurement duration. Hence, the nanoparticles
could exhibit superparamagnetic features without H,. while maintaining a decent value

of M. However, the decrease of size also deteriorates the M, of the nanoparticles as

11
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the ratio of the surface atoms become prominent because of the incomplete coordina-
tions and broken exchange bonds on the surface, which can lead to surface magnetic

anisotropy, giving rise to what is known as the surface spin-canting effect.[50-53]

Overall, the magnetic properties of iron oxide nanoparticles rely heavily on the
crystal structure and the size. Hence, the confirmation of the crystal structure is very
important for their further usage, which will be discussed later in section 2.3. On the
other hand, the size also has a large influence on the magnetic properties as described
above. To control the magnetic properties, controlling the size distribution becomes
essential, so it is necessary to employ methods that could synthesize nanoparticles

with narrow size distribution.

2.2 Diblock copolymer reverse micelles for

nanoparticles synthesis

The traditional methods to produce nanoparticles include physical milling, sputter-
ing, and chemical reactions, which usually require an additional process to avoid
the aggregation of the particles and also possess low controllability of the size or
shape.[21, 54] To tackle this problem, one of the recent advancement is employing
diblock copolymers self-assembly templates which offers rigid space confinement.[55]
Particularly, diblock copolymers micelles have been used to produce nanoparticles
since the late 1990s.[56-58] Those diblock copolymers usually consist of two chemically
different blocks with one non-polar (hydrophobic) and another polar (hydrophilic).
With selective non-polar solvents, the diblock copolymers could form reverse micelles
with the core of polar blocks surrounded by the corona of non-polar blocks.[56] The
internal structures related to the size of core and corona for micelles of several diblock
copolymers were well characterized by dynamic light scattering[59] and small angle
neutron scattering,[60] showing a narrow size distribution nature. By incorporating the
proper metal precursors which are usually polar in nature and thus have the affinity
to combine with the polar core, different types of diblock copolymer reverse micelles
have been adopted to produce different nanoparticles including metals, metals oxides
and metal alloys.[55, 61, 62]

12
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Among the various types of diblock copolymer, the polystyrene-b-poly(vinyl
pyridine)(PS-b-PVP) families, including polystyrene-b-poly(4 vinyl pyridine)(PS-b-
P4VP) and polystyrene-b-poly(2 vinyl pyridine)(PS-6-P2VP), are frequently used in
the fabrication of nanoparticles. The early classical example was to employ PS-b-P4VP
in the production of Au nanoparticles by incorporating HAuCly which protonated and
attached to the vinyl pyridine micellar core via electrostatic interaction.[63] In addition
to the noble metal nanoparticles, recently, several magnetic nanoparticles (Pt, Co, Fe)
and bimetallic nanoparticles (FePt, CoPt) array were also produced using either PS-b-
PAVP or PS-b6-P2VP.[62] In these systems, the PS-6-P2VP or PS-0-P4VP were usually
dissolved in toluene, a selective non-polar solvent for the PS block, to form the reverse
micelles with non-polar PS corona and polar PVP core. The proper precursor salts
were then added and infiltrated inside the polar core, driven by the solubility difference
or specific interactions.[56] After that, the precursor loaded micelles could be applied
to coat the surface typically by spin-coating or dip-coating. By performing plasma
treatment, the polymeric micelles layers would vanish and expose the corresponding
nanoparticles. This strategy greatly facilitates the surface modification without the
use of wet chemical etchant. The following schematic Figure 2.4[64] summarizes of the

above procedure.

Diblock copolymer Micelles formation Salt loading Saltinfiltration Spin coating Drying Plasma treatment Final particles
solvation

N
I

PS-b-P2VP

Figure 2.4: Schematic of nanoparticles synthesis using polystyrene-b-poly(2 vinyl
pyridine) diblock copolymer reverse micelles. Adapted with permission from reference
[64].

One of the significant advantages of this approach is that the resultant nanoparti-
cle arrays adapts similar dispersion to that of the loaded micelles, offering excellent

flexibility in tuning the spacing and arrangement of these nanoparticles. For example,

13
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the quasi-hexagonal two-dimensional array of Au nanoparticles was generated using
HAuCl, \ PS-6-P2VP by dip-coating and oxygen plasma treatment.[57] In this case,
the interparticle distance changes with the varying molecular weight of PS or P2VP.
The use of different non-polar solvents and concentrations of the diblock copolymer
also affected the dispersion of the PS-0-P2VP reverse micelles as reported by Krish-
namoorthy.[65] The above ideas, can be summarized using the Figure 2.5 from the
recent study.! In addition, the spin-coating speeds were also reported to change the
micelles dispersion.[65, 66] The detail examination of the dispersion of the micelles

will be discussed in Chapter 6.

65.4nm
+6.2 nm

300nm

34.0nm
+9.3 nm

Figure 2.5: Different ways to modify dispersion of PS-6-P2VP reverse micelles.

Another advantage of this method is the size tunability of the resulted nanoparti-

cles. By simply changing the amount of precursor loading or the block length of PS

'Figure adapt from the paper in preparation, "Synthesizing Monodispersed Methylammonium
Lead Iodide Perovskite Nanoparticles by Reverse Micelles Templating, L. S. Hui, C. Beswick, A. W.
Getachew, H. Heibrunner, K. Liang, G, Hanta, H. Dawood, M. Scharber, N. Isik, R. LaPierre, N. S.
Sariciftci, and A. Turak"
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and P2VP, different size of different types of nanoparticles, including magnetic metal
nanoparticles, were generated successfully.[57, 62, 67] These convenient ways to alter
the dispersion and size could change the properties of the nanoparticles and thus have

different impacts on the surface modification.

2.2.1 PS-b-P2VP reverse micelles formation and several

related parameters

Typically, PS-0-P2VP reverse micelles are formed in the selective solvent for the
non-polar polystyrene (PS) blocks, when the concentration of the PS-6-P2VP is above
the critical micelles concentration (cmc). Toluene is typically used as a solvent for
PS-b-P2VP to form the reverse micelles.[56, 58, 59] The cmc for the PS-b-P2VP (300
styrene units in PS block and 300 2-vinyl pyridine units in P2VP block) was found to be
at around 0.1mg/ml.[58] During the micelles formation, the non-polar polystyrene(PS)
blocks align toward the polymer-solvent interfaces to form the corona as PS is highly
soluble in toluene (a non-polar solvent), while the polar poly(2-vinyl pyridine)(P2VP)
blocks concentrate inside to form the core, driven by lowering the free energy of the

system. Figure 2.6 shows the schematic for PS-0-P2VP reverse micelles formation.

Non-polar solvent Above critical micelles concentration  Micelles formation
A
"\/~‘ !, / / ! 2
L % i ‘./’,
PS-b-P2VP 3 ,Jf
S

C —\\\\"a/ \
®; -
&

Figure 2.6: Schematic for PS-6-P2VP reverse micelles formation.

In addition, the size of the micelles should remain unchanged for concentrations

between 1mg/ml to bmg/ml.[58]. The size of the micelles is closely related to the
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aggregation number (the total number of diblock copolymer molecule in single micelles)
which can be changed with the block length of PS or P2VP.[59] Therefore, different
size of micelles can be obtained by varying the molecular weight in PS or P2VP block
of PS-b-P2VP. Moreover, using different solvent also appears to have a large impact
on the reverse micelles, as it directly interacts with the PS block of PS-b-P2VP.[65]
Therefore, many parameters can be changed to manipulate the PS-6-P2VP reverse

micelles. Some of them will be presented in Chapter 6.

2.2.2 Using PS-b-P2VP reverse micelles for iron oxide

nanoparticles production

An iron salt, FeCls, was recently found to be a suitable precursor for loading PS-b-
P2VP reverse micelles.[52, 67, 68] Similar to the procedure described in Figure 2.4,
oxygen plasma was employed for the purpose of removing the carbon-based micelles
and oxidizing the FeCls, together by an annealing process (600°C in vacuum for 2h) to
increase the crystallinity of the nanoparticles.[52] Yet, there is no detailed investigation
of the FeCls loading and iron oxide formation in these reverse micelles processes nor
the crystal structure of the related iron oxide nanoparticles. In order to apply the iron
oxides nanoparticles into the actual OPV or OLED devices to explore the magnetic
effects as described in the introduction, it is necessary to determine the exact iron oxide
formation processes and their crystal structures during the typical reverse micelles

process. The above issues will be elaborated in Chapter 4 in the thesis.

In addition, FeCl; was found to coordinate with the lone pair electrons on nitrogen
atoms of vinyl pyridine unit in neat PS-6-P2VP.[69] Since PS-b-P2VP reverse micelles
have limited amount of the vinyl pyridine unit, there could be a saturation loading of
FeCl; due to the steric configuration and the available nitrogen atoms in the P2VP
core. Over-loading of FeCls into PS-0-P2VP reverse micelles has been observed, leading
to poor quality nanoparticles.[68] Tt is thus important to investigate the saturation
limit of FeClz in PS-b-P2VP reverse micelles to fully take advantage of reverse micelles
method for size and dispersion control. By using quantum mechanical mapping in
atomic force microscopy, this saturation limit is elucidated in this thesis(See 6.5 for

detail).
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2.3 Different techniques for characterizing iron

oxide nanoparticles

The properties of the iron oxide nanoparticles require a variety of characterization
techniques, especially for the limited amount and size of the nanoparticles from reverse

micelles synthesis and the diversity of crystal structures.

To determine crystal structures, X-ray diffraction(XRD) is commonly used to
characterize different iron oxides. Yet it requires a relatively large amount of material
(normally large powders or thick films) to yield decent data output, which is not
compatible with the small amount of materials from reverse micelles synthesis. In
addition, XRD is not adequate to distinguish two important magnetic iron oxides:
~v-FeoO3 and Fe3O4 due to their similar crystal structure, as this technique is based
on the constructive interference of X-rays or electron from the crystal structure of
samples.[70, 71] Therefore other methods need to be applied in order to distinguish
between v-Fe,O3 and FezOy.

A ¥ Virtual states

1 A 4 \ 4
0 v v Vibrational levels

SO

Stokes Rayleigh scattering Anti-Stokes

Figure 2.7: Illustration of Raman scattering processes. Adapted with permission from
reference [72].

Raman spectroscopy appears to be a versatile technique for characterizing iron

oxides, since different phases exhibit distinctive Raman peaks.[72-76] The spectrum is
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a result of Raman scattering radiation, an inelastic scattering process of photons with
phonons, providing detailed information of the material based on the vibrational modes
of the phonons, as indicated in Figure 2.7 from Soler.[72] The Raman spectra originate
from the Stokes and anti-Stokes components in the dipole moment, from which the
polarizability can be expanded as a linear function of the oscillation frequency and
its availability is governed by the selection rules [77]. As an incident photon interacts
with a molecule, it induces a dipole moment P to the electron cloud. The Raman
spectrum can be induced by the frequency shift from the incident frequency (pg)of the
photon as a result of the vibrational frequency of the molecule (ji,). It is therefore,
capable of revealing the material properties, such as the atomic bonds, vibrational
states, crystallinity and strain. Groups have reported the iron oxides vibrational modes
calculated by the density function theory (DFT) and group theory simulations [72, 74].
In addition, Raman spectroscopy has been used to investigate PS-6-P2VP|[78, 79] and
FeCl;.[80-82] Importantly, PS-b-P2VP, iron oxides, and FeCl; characteristic vibrational
modes corresponds to the Raman shift at different wavenumbers with respect to each
other, which greatly facilitate the spectra interpretation. Hence, Raman spectroscopy
is an excellent candidate for studying the evolution of the iron oxide nanoparticles from

the very beginning of the synthesis process using PS-6-P2VP and FeCl; (See Chapter 4).

To investigate the individual iron oxide nanoparticles directly, it is necessary to
apply other techniques with the ability to acquire information from nanometer scale.
For instance, atomic force microscopy (AFM) is used to measure the morphology of
nano-sized objects, especially for the micelles and nanoparticles arrays in flat sur-
faces,[83-85] with the high accuracy in height (z) direction. Yet, there is a limitation
to acquire the morphology of a large area with AFM due to its relatively slow scanning
speed. Another frequently-used method to obtain the morphology in nanometer scale
is scanning electron microscopy (SEM) which offers real-time imaging with wide range
magnification.[86, 87] Figure 2.8 shows the schematic of electron beam-sample interac-
tion in electron microscopy. For SEM, secondary electrons (SE) are typically collected
to acquire the topographic information. In addition, transmission electron microscopy
(TEM) equipped with energy-dispersive X-ray spectroscopy(EDX) or electron energy
loss spectroscopy (EELS) has been proved to be particularly helpful in characterizing
nanoparticles, offering an effective way to reveal the crystal structure and the composi-

tion of the single nanoparticles.[39, 88, 89] In TEM, the elastically scattered electrons
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are collected for electron diffraction, while the inelastically scattered electrons yield
EELS spectra. In addition, the characteristic X-rays are detected to obtain EDX

spectra.

Figure 2.8: Schematic illustration of electron beam-sample interaction.

In terms of measuring the magnetic properties of the nanoparticles, superconducting
quantum interference device magnetometer (SQUID) is usually applied especially for the
small amount of material such as a thin layer of nanoparticles[62, 90, 91], thin films[92,
93] and etc. Figure 2.9 shows the typical structure of the SQUID magnetometer. The
detection circuit has two opposed Helmholtz detection coils and the SQUID input coil

connected in series. The current that flows in response to a change in flux is given by:

_AD

AT
L

(2.4)

, where AT is the induced current due to the flux change A®, and L is the circuit’s
inductance. During measurement, the sample is vibrated between the two counter-
wound detection coils. When the sample passes through a coil, it results in the change
of flux in that coil by the amount proportional to the magnetic moment (M) of the
sample. SQUID magnetometer can measure extremely small variations in magnetic

flux, having sensitivities on the order of 10 emu.[94]

Applying various types of characterization techniques, it is possible to gain a better
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Figure 2.9: Schematic representation of SQUID magnetometer. The figure on the right
represents a response of the detection coils as a function of sample position height.
Reproduced from reference [94].

understanding of the morphology, crystal structure and magnetic properties of the

iron oxide nanoparticles.

2.4 Magnetic effect on organic semiconductor

The excited states (excitons) are responsible for electronic processes in organic semi-
conductor. Due to the spin configuration of electron-hole pairs that form the excitons,
the excited states are divided into singlet and triplet states with the statistical ratio of
1 to 3. In these excited states, the long-range Coulombic attraction determines the
binding energy in excitons, while the short-range spin-spin interaction yields the energy
difference between singlet and triplet states.[14, 95] The conversion between singlet and
triplet excitons can be achieved by a spin flipping mechanism from hyperfine interaction
or spin-orbital coupling.[14, 96] It has been found that magnetic field can affect the

spin dependent pairing of electrons and holes during the exciton pair formation or
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change the interconversions between singlet and triplet excited states.[14] Therefore,
the singlet to triplet ratios can be altered. Since singlet and triplet excited states have
different impact on the related electronic processes such as dissociation and decay of
the excited states, magnetic field have a potential to influence the photocurrent and

electroluminescence of organic semiconductors and thus the related devices.

2.4.1 Incorporation of magnetic materials onto OPV and
OLED devices

Recently, Wu[16] reported that applying isolated Co magnetic nanoparticles onto the
anode of OLEDs resulted in the enhancement of electroluminescence under a small
magnetic field. They proposed the spin-polarized hole injection from the Co magnetic
nanoparticles, which increase the singlet ratio in the OLED, leading to an improvement
in electroluminescence. Similar effect was found by applying a thin layer on the
anode,[18] where the current efficiency (cd/A) was improved by 10.5% with optimum
thickness under 15000e applied field. Additionally, magnetic iron oxides have been
applied to modify the anode of the OPV, leading to smoother contact, better trans-
parency and higher conducitivity of the anode, which improves the power efficiency of
OPVs.[15] However, the magnetic effect was not addressed in the same study. Recently,
magnetic fields showed positive impact on poly[4,4-bis(2-ethylhexyl)-cyclopenta-(2,1-
b;3,4-b)dithiophen]-2,6-diyl-alt-(2,1,3- benzo-thiadiazole)24,7-diyl (PCPDTBT) which
is intensively used in bulk heterojunction solar cells, by affecting the current through
the PCPDTBT-based diode.[97] Overall, to investigate how the magnetic nanoparticles
could affect OPV and OLED is essential for their further development.
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Chapter 3

Overall experimental

3.1 Materials

Polystyrene-block-poly(2-vinyl pyridine)(PS-6-P2VP, M,,: 48500-5-70000)-P1330, poly-
styrene-block-poly(2-vinyl pyridine) (PS-6-P2VP, M,,: 75000-5-66500)-P4824 and ho-
mopolymer poly(2-vinyl pyridine) (M,: 77000)-HP2VP were purchased from Polymer
Source Inc. The Iron(III) chloride(FeCls, sublimed grade, > 99.9%) and Iodine(ACS
reagent, > 99.8%) were purchased from Sigma-Aldrich for loading and staining the

micelles respectively.

For solvents, toluene(HPLC grade, > 99.8%), hexanes(HPLC grade), tetrahy-
drofuran(reagent grade), acetone(reagent grade) and 2-propanol(reagent grade) were
purchased from Caledon Laboratories Ltd. In addition, ethanol(95%vol) was bought
from Commercial Alcohols and o-xylene(reagent grade, > 98.0%) was bought from

Sigma-Aldrich. All the solvents were used as received.

In terms of organic solar cells fabrication, the poly(2,3-dihydrothieno-1,4-dioxin)-
poly(styrene sulfonate)(PEDOT:PSS) was acquired from Ossila while the poly(3-
hexylthiophene-2,5-diyl) (P3HT) and [6,6]-phenyl-Cg;-butyric acid methyl ester(PCBM)
were obtained from Luminescence Technology Corp. The chlorobenzene(> 99.5%) for
dissolving the PSHT and PCBM was purchased from VWR International.
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3.2 Synthesis of iron oxide nanoparticles

3.2.1 PS-b-P2VP fritting

The Polystyrene-block-poly(2-vinyl pyridine)(PS-6-P2VP, M,,: 48500-56-70000)-P1330
and poly-styrene-block-poly(2-vinyl pyridine) (PS-6-P2VP, M,,;: 75000-b-66500)-P4824
were fritted to exclude the impurities. The PS-b-P2VP powders were added to a clean
vial and then tetrahydrofuran(around 10ml) was introduced to dissolve the PS-b-P2VP.
Ultrasonication was applied to speed up the dissolving process. The resulted solution
was filtered by glass pipette filled with glass wool and then dropped into a beaker with
250ml hexane. The precipitates of the PS-0-P2VP were suspended in a large amount of
hexane(nonsolvent for PS-6-P2VP) under 350rpm stirring. To collect the precipitates,
the above mixture was filtered through a fine pore size filter funnel under the aid of
a vacuum pump. The precipitates were dried overnight under ambient environment

before collecting for further usage.

3.2.2 PS-b-P2VP reverse micelles formation and iron

precursor loading

To prepare a typical PS-0-P2VP reverse micelles solution, the fritted PS-6-P2VP pow-
ders(either P1330 or P4824)were dissolved in o-xylene(or toluene) to yield the 3mg/ml
solution which was above the critical micelle concentration.[58, 98] The non-polar
polystyrene(PS) blocks align toward the polymer-solvent interfaces to form the corona
of reverse micelles as PS is highly soluble in o-xylene or toluene(both non-polar solvent,
while the polar poly(2-vinyl pyridine)(P2VP) blocks concentrate inside to form the
core. The solutions were kept under magnetic stirring for at least 24h before iron

precursor loading.

The loading of the iron precursor into the reverse micelles was done by adding a
certain amount of FeClz into the reverse micelles solution. Here, the loading ratio
was defined as the ratio between the amount of Fe3t and the total amount of 2-vinyl
pyridine(2VP) units of the PS-b-P2VP (unit in mole). After adding the FeCls, the

solutions were kept under magnetic stirring for 24h to allow adequate loading(i.e. FeCls
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infiltrated into the reverse micelles core). Details about different loading ratios will be

described in the corresponding sections.

The detailed procedures for the homopolymer poly(2-vinyl pyridine) assisted load-

ing can be seen in the experimental section in Chapter 6.

3.2.3 Oxygen plasma treatment of the loaded micelles

To produce the iron oxide nanoparticles, the above FeCls loaded reverse micelles
solution was typically spin coated onto a clean silicon substrate. Oxygen plasma
treatment was employed to convert the FeCls precursor into iron oxide and remove
the carbon-based micelles. Details about oxygen plasma treatment parameters will be

described in section 3.3.3.

3.3 Other processes

3.3.1 Substrates and vials cleaning

The substrates(including Si, smooth ITO/glass, patterned ITO/glass) and vials were
immersed in a clean beaker with acetone for a 15 minutes ultrasonic bath treat-
ment(ultrasonic cleaner,VGT-1620QTD) and subsequently with 2-propanol for another
15 mintues ultrasonic bath treatment. A N, gun was used to dry the substrates and

vials after solvents cleaning.

3.3.2 Spin coating

The spin coating processes were performed on a spin coater outside the glovebox (Lau-
rell Technologies, WS-650MZ-23NPP) or a spin coater inside the glovebox (Specialty
Coating Inc, G3P). The micelles solutions were transferred by a mechanical pipette
for spin coating. To generate a single layer of micelles on substrates, the standard
procedures were using 4ul of the micelles solution for single dynamic spin coating with

2000rpm spin speed. The spin coating time was set to 45s. The effect of other spin
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speeds will be described in Chapter 6.

3.3.3 Oxygen plasma treatment

The oxygen plasma treatments were conducted in a Harrick Plasma cleaner (PDC-
001-HP) for iron oxide nanoparticles formation and polymeric micelles removal. The
power of the plasma cleaner was adjusted to 29.6W(Med) with 30 sccm Oy gas flow
rate, corresponding to around 950mtorr in the plasma chamber. The typical plasma
treatment duration was 25 minutes for one substrate coated with a monolayer of

micelles.

3.3.4 Annealing

Annealing of the iron oxide nanoparticles was carried out in a Lindberg tube furnace
where the nanoparticles coated substrates were kept on top of an alumina boat sitting
in the middle of the furnace tube. The tube having glass caps of both ends enables
annealing under different gas environments (typically N, in our case). The typical
annealing condition was 600°C for 2h under N, environment, which was confirmed
to increase the crystallinity of the nanoparticles with v phase crystal structure(See

Chapter 4 for detial). Other annealing conditions will be described in the Chapter 5.

3.4 Characterization techniques

3.4.1 Raman spectroscopy

Raman spectroscopy was performed by a Renishaw inVia spectrometer at 514nm laser
excitation. The laser power was set to 10mW and an objective of 20x and 1800 | per mm
grating was used. The baseline of spectra was created and then subtracted to highlight
the peaks of interest. In addition, the spectra were smoothed by Savitzky-Golay
function in Origin. After that, the full spectra, which corresponded to the Raman shift
from 150cm™ to 2000cm™, were normalized into the value between 0 to 1 to facilitate

the comparison. Moreover, to highlight the iron oxide characteristic peaks, the portion
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from the Raman shift between 150cm™ and 900cm™ was normalized between 0 and
1. The processed spectra from 150cm™ to 900cm™ were further deconvoluted using

Lorentzian line shape profiles for comparison.

3.4.2 Atomic force microscopy

The substrates for atomic force microscopy (AFM) characterization were silicon(thickness:
500um, orientation: <100>, University Wafer.) or smooth ITO thin film on glass.

AFM images were collected by an Asylum MFP-3D instrument(Oxford Instruments

Asylum Research Inc.) in the alternating current mode under ambient environment.

AFM probes(Oxford Instruments Asylum Research Inc.) with spring constant of 26N /m

and resonant frequency at 300kHz were applied in tapping mode for topography scan.

WSxM was used to process the AFM raw data.[99]

3.4.3 Scanning electron microscopy

The substrates for scanning electron microscopy(SEM) characterization were P-doped
silicon wafers(thickness: 380um, orientation: <100>, resistivity: 0.001-0.0050hm-cm,
University Wafer.) which were conductive enough to allow the direct SEM imaging of
micelles /nanoparticles without coating. The micelles/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.

3.4.4 Transmission electron microscopy

The silicon nitride membranes window grids (0.1 x 0.1mm, 3 x 3 array, 10nm thick,
Norcada Inc) were used for transmission electron microscopy (TEM) characterization.
This type of girds can withstand our routine oxygen plasma treatment and annealing

(up to 600°C) condition. The samples were spin coated on the grids with the help of
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a customized grid holder, which allow the direct observation of single nanoparticles.
The TEM (JEOL 2010F) imaging was operated at 200kV with the field emission gun
(FEG) source. The selected area electron diffraction (SAED) was carried out using a
1.2um aperture for studying the crystal structure. In addition, energy-dispersive X-ray
spectroscopy (EDX) and electron energy loss spectroscopy (EELS) were performed
for acquiring the compositional information in the scanning transmission electron
microscopy(STEM) mode under the same TEM. The TEM, SAED, and EELS data
were processed by Gatan Microscopy Suite 3 software and the EDX data was processed
by INCA Microscopy Suite.

3.4.5 Superconducting quantum interference device

magnetometer

The magnetic properties of the nanoparticles were measured by a liquid Helium cooled
superconducting quantum interference device magnetometer (SQUID)(Quantum De-
sign, Inc.). The measurements of the samples were performed at 300K with an applied
magnetic field between -200000e and 200000e. Data points were collected by each
1000e increment from -50000e to 50000e and each 10000e increment for the rest of

the range.

3.4.6 IV measurement

The I-V testings were carried out using a Xtralien X-100 source measure unit in
combination with a push-fit test board from Ossila, using the I-V measurement Python
script. The equipment included a Ossila push fit test board, a Xtralien X-100 source
measure unit, a source measure unit AC adapter, a BNC Cable, and a USB cable. The
Ossila push fit test board was attached to the Xtralien X-100 source measure unit via
channel 1 by a BNC cable, while the source measure unit was connected to a power
supply by the AC adapter and to the computer by the USB cable. The I-V sweeping

range and interval will be described in the corresponding device I-V testing section later.
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3.5 Organic solar cells fabrication

The diodes and organic solar cells were fabricated using 6 pixels ITO/glass substrates
and encapsulating glass coverslip from Ossila. The cleaning was conducted by the

same procedures in section 3.3.1.

The structure of the organic solar cells was ITO/PEDOT:PSS/P3HT:PCBM/AL
The PEDOT:PSS layers were spun at 6000rpm for 30s using 30ul volume. A cotton
swab dipped in DI water was then applied to wipe the cathode strip and anode strips
along the sides of the substrates. After that, the substrates were annealed on a
hotplate at 150°C for 5min. Subsequently, 20ul of PSHT:PCBM solutions were used
to spin coat on PEDOT:PSS layer using 2000rpm for 15s. Here, the PSHT and PCBM
were dissolved in Chlorobenzene in a mass ratio of 1:0.6, yielding a concentration of
25mg/ml. After PSBHT:PCBM spin coating, the cathode strip and anode strips were
cleaned with a cotton swab dipped in chlorobenzene. The substrates were annealed at
100°C for bmin after spin coating of PSHT:PCBM. Finally, the Al layer was deposited
using physical vapor deposition(PVD) under high vacuum( 2 x 107 mbar) with great
control over its thickness which is around 50nm. The encapsulation was done by ap-

plying a UV-curable epoxy in conjunction with a glass coverslip under UV light for 1min.
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Chapter 4

Evolution of iron oxide
nanoparticles from the reverse
micelles method tracked by Raman

spectroscopy

4.1 Experimental

The FeCl; loaded micelles and iron oxide nanoparticles were synthesized following the
procedures as described in section 3.2 and 3.3 in Chapter 3.The polystyrene-block-
poly(2-vinyl pyridine)(PS-b-P2VP, M,;: 75000-5-66500, labeled as P4824) was used in

this experiment.

For the Raman characterization, all the samples were fabricated by drop-casting
(2ul for 2 times) the loaded P4824 micelles using o-xylene as solvent on freshly cleaved
KBr substrates to get enough materials for spectra acquisition, as the spin coated
sample could not yield a sufficient Raman signal in the system. In addition, the
loading ratio (the number of the Fe3" ion divided by the number of the 2VP units

I"Chapter submitted for publication with some modifications as K. IIANG, L.S. Hui, A. Turak,
Evolution of iron oxide nanoparticles by the reverse micelle method, J. Mater. Chem. C"
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in PS-6-P2VP) was set to 1.5 in this study. Following the synthesis processes in
chapter 3, coated KBr substrate was treated with 25 mins oxygen plasma before
annealing. The same substrate was then annealed at 600°C in N, for 2h for phase
identification of iron oxide nanoparticles. Extra annealing was carried out at the
same condition (600°C in N, for 2h) to investigate the phase transformation of the
iron oxide nanoparticles. Raman spectra of the sample at each stages were collected.
As a reference, the Raman spectrum of drop-casted empty P4824 micelles was also
collected for comparison. Finally, the poly(2-vinyl pyridine) homopolymer(HP2VP,
M,: 77000g/mol) was used to study the interaction between FeCls and poly(2-vinyl
pyridine). In this case, 6mg of HP2VP was added to 1ml o-xylene with FeCl; to
yield a 0.3 loading ratio mixture and then kept stirring for at least 24h before drop-
casting on a freshly cleaved KBr substrate. In order to generate adequate signals for
the spectra acquisition, the laser was focused at regions with high concentration of

materials, which is on the "coffee stain" area as the drop-casted sample solution dried off.

4.2 Evolution of iron oxide nanoparticles in the

reverse micelles syntheses

Raman spectroscopy has been used to identify the phases of iron oxide thin films[100],
particle aggregations[39] and bulk solids[101], as each phase of iron oxide has unique
Raman active phonons corresponding to different Raman shifts.[72, 74-76, 102] It
provides a convenient way to differentiate the exact phase. In particular, owing to
the similar crystal structure and magnetic property, the phase identification between
v-FeaO3 and Fe3O4 cannot be confirmed with the conventional X-ray\electron diffrac-
tion techniques or magnetometer measurement (See section 2.1 and 2.3 for detail).
Therefore Raman spectroscopy was employed to confirm the exact form of the iron
oxide nanoparticles. In fact, the Raman shifts for the Raman active phonons of
FeCls and PS-b6-P2VP are also distinguishable from that of iron oxides. Consequently,
Raman spectroscopy was also performed to monitor the processes at each stage, to
investigate the evolution of iron oxide nanoparticles throughout the synthesis process.
Table 4.1 summarized the characteristic peaks position for several phases of iron oxide,

FeCl; (the iron precursor salt) and PS-6-P2VP. For Raman sample preparation, KBr
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substrates were employed as its Raman features did not interfere the features of the

materials in this study.

Table 4.1: Table of the observed Raman peaks for PS-6-P2VP, FeCl; and several
phases of iron oxide

PS-b-P2VP[78, 79] FeCl3[80-82, 103] a-Fe,05[73] ~-Fe,05[100]  Fes0,4[104]
225

247
282 293
301
330%*
365
412
498 511
533
613
663
700
1005(s)
1064(m)
1583(m)
1602(m)

*hydrated [FeCly]
s = strong, m = medium, w = weak.

The Raman spectra from each step of the processes can be seen in Figure 4.1
from (a) to (f). Starting from the spectrum of P4824 empty micelles in Figure 4.1

Land 1591cm™ were visible, which can be assigned

(a), only two peaks at 1000cm
to v(1) symmetric ring breathing mode and v(8b) ring stretching mode of 2-vinyl
pyridine(2VP).[78, 79] After the loading of the FeCls(See Figure 4.1 (c)), a new peak
appears at 294cm™, which could be related to FeCly A;, mode.[82, 103] Although the
expected Ay, mode of a pristine FeClz should be at 282cm™[103], the upshift was likely
due to the configuration change as the FeCly coordinated with 2VP.[69] Similar be-
haviour was observed when FeCls was intercalated with graphite.[82, 103] Additionaly,
new peaks emerged at 1160cm™, 1306cm™, 1446cm™ which was not obsered in the
empty micelles. The activation of those peaks probably arose from the FeCl3-2VP
interaction.[69] In fact, the Raman signal of the micelles was highly diminished due
to the transparency in visible range of both the sample layer and the KBr substrate.
While only a portion of incident laser intensity is reflected and scattered back to the

detector, most of the incident laser is transmitted through the substrate, resulting
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in a low count of detected Raman scattering signals. In fact, these polymer peaks
would normally be quite visible under normal circumstances on reflective or even with
opaque substrates. On the other hand, after the KBr substrate was drop-casted with
the FeCl; loaded micelles, the incident laser light instead of being transmitted through
the substrate was more diffuse scattered by the brownish loaded micelle layer and the
resulted counts of Raman signals was much higher. To optimize the measurement, the
Raman signals were specifically collected from "coffee stain' regions where it has high

concentrations of materials, as a result of the drop-casting process.

213 294T T T 1000 1160 1306 1446 1591
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Figure 4.1: The Raman spectra of the evolution of the iron oxide nanoparticles
synthesized by the reverse micelles method. Note that magnified insets above spectra
(c)Loaded micelles (red line), (d)Oy plasma (green line), and (e)600 °C Ny (navy blue
line) are amplified 5 times in the 270 to 320cm™ region to highlight the FeClz-P2VP
complex peak.
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For comparison, FeCly was mixed with HP2VP mixture in o-xylene(See Figure
4.1 (b) for the corresponding Raman spectrum). The peaks above 1000cm™ were
very similar to that of the loaded micelles, reinforcing that the new peaks could be
attributed to the interaction between FeCls and 2VP. The new peak at 330cm™ from
the FeCls and HP2VP mixture solution can be assigned to the hydrated FeCl;-P2VP
complex A; mode[80, 81] due to hygroscopic nature of the FeCls and the affinity of Fe
ion with the VP group as proven by the presence of the 1306cm™ FeCls-P2VP complex
mode in the spectrum. Micelles normally provides a shielding environment for salts
infiltrated inside, but the absence of micelles in this FeCl3-HP2VP solution allows
moisture in environment to combine with the FeCls salts which is highly hygroscopic.

All the above peaks and their assignments can be seen in table 4.2

The spectrum of loaded micelles after 25mins O, plasma treatment is shown in
Figure 4.1 (d). A broad peak occurred at around 700cm™, which could be assigned to
the Ay mode of 7-FeyO3, was evidence of iron oxide formation after plasma treatment
(Further confirmation can be seen in section 5.2.1) This was further supported by the
apperance of a new peak at 213cm™ which could be attributed to A;; mode of the
laser induced a-Fe;O3 due to local heating[73, 105], as Chourpa[101] found that using
laser power higher than 1.6mW could lead to instantaneous formation of a-Fe,O3 and
downshift of the Raman peaks. However, the peaks above 1000cm™ and at 294cm™
persisted without significant change of intensity, suggesting that the majority of the
loaded micelles were unaffected by Os plasma. One possible explanation is that only
the surface region were affected by the 25mins Os plasma treatment due to the thick
layer of loaded micelles from drop-casting.(25mins O, plasma treatment is sufficient
to remove all the carbon-based micelles and convert the FeCls to iron oxide in the

monolayer case. See Chapter 5 and refchapterdispersion for detail.)

In order to promote the formation of v-Fe203, the O, plasma treated sample
was annealed at 600°C in N, for 2h(Raman spectrum in Figure 4.1 (e)). The 2VP
related peaks above 1000cm™ disappeared while the second order scattering broad
peak of 7-Fe,O3 at around 1420cm™ was revealed[100], demonstrating the complete
removal of all the carbon-based micelles by heating. Additionally, the FeCl3 A, peak
at 294cm™ also vanished as compared to that of the loaded micelles spectrum(Figure
4.1 (c)) and post O, plasma treated spectrum(Figure 4.1 (d)), as highlighted in the
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insets. The disappearance of the 2VP related peaks and the FeCls A, peak confirmed
the complete removal of micelles and conversion of the FeCls of the drop-casting
sample. The iron oxide characteristic peaks below 900cm™ were fitted with Lorentzian
peaks(See Figure4.2 (a)). As 600°C is sufficient to convert v form iron oxide to the
thermal stable o form, we performed extra annealing under the same condition to
study the evolution of the iron oxide nanoparticles.[39, 100] After that, the Raman
spectrum was collected (See Figure 4.1 (f)) and then the spectrum below 900cm™ was

also fitted with Lorentzian peaks(Figure4.2 (b)) for further discussion.

4.3 Phase identification of iron oxide

nanoparticles

Normalized intensity (arbitrary unit)
Normalized intensity (arbitrary unit)

100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900

Raman shift (cm™) Raman shift (cm™)

Figure 4.2: Raman spectra of the iron oxide nanoparticles under two step annealing
conditions with peaks fitting. (a) Annealing at 600°C under Ny environment for 2h;
(b) Extra annealing at 600°C in Ny environment for 2h. Note that the spectra were
fitted with Lorentzian peaks.

The center positions of the fitted Lorentzian peaks from Figure4.2 were listed in
the first column of Table4.2 along with the peak assignments and references. After
the first annealing(600°C, Ny, 2h)(Figure4.2 (a)), the broad peak at around 700cm™
could be fitted with two Lorenztian components at 670cm™ and 720cm™, representing
the Ay, stretching mode of tetrahedral units in y-Fe,O3.[72, 74, 101, 106] The peak at
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509cm™ could be assigned to the E; mode (symmetric bands of O with respect to Fe)
of ¥-Fe, 03 while the broad peak at around 360cm™ related to the translatory T; mode
of 7-Fey03 had two Lorenztian component at 345cm™ and 384cm™.[74, 101] Those
characteristic peaks indicated that the iron oxides nanoparticles were in v form after
annealing at 600°C in N, for 2h, as reference to table 4.1. Again, the peak at 213cm™
could be related to the A;; mode of a-Fe,Os3, resulting from the laser heating effect as
described above. Figure4.2 (b) shows the Lorentzian fitted spectrum after the second
annealing(600°C, Ny, 2h), which is distinct from Figure4.2 (a). The spectrum features
of Figure 4.2 (b) can be considered as characteristics of a-Fe;O3. Five E, modes are
expected for a-Fe;O3 but two of them (293cm™ and 299cm™) are typically only be
resolved below 100K.[73] As our Raman spectra were collected at room temperature,
four E; modes(243cm™, 292cm™, 409cm™ and 610cm™) of a-FeyO3 were observed.[73,
100] The other two peaks at 223cm™ and 497cm™ could be assigned to two the A;,
modes of a-Fe;03.[73] In addition, the peak at around 660cm™ was considered as the
IR active longitudinal optical E, mode activated by disorder.[100, 102, 107]. The
transformation from v-Fe,O3 to a-Fey,O3 is further supported by the shift of second
order scattering peak from 1420cm™ to 1320cm™, comparing Figure 4.1 (e) and (f).[100,
102] Consequently, the characteristic peaks in Figure4.2 (b) confirmed the complete

conversion to « form after the second annealing step.

Summarizing the discussion from the above two sections, all the observed peaks
were listed at table 4.2 in detail together with their assignments and corresponding

references:
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Figure 4.3: Schematic of the evolution of iron oxide nanoparticles synthesized by the
reverse micelles method.

Using the Raman spectra, we can summarize the complete iron oxide nanoparticles

evolution processes in Figure4.3: In the beginning, the PS-b-P2VP reverse micelles
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Table 4.2: Table of the observed Raman peaks and their references

Observed Raman shift (cm™) Related spectra in Figured.1 ~Assignment References
213 (d)(e) Ayy of a-Fey05 [73, 101]
293 (f) Aug of 0-Fey0y 73, 101]
243 (f) B, of a-Fe;O3 [73, 101]
292 (f) E,; of a-Fey03 [73, 101]
294 (e)(d) FeCl3-P2VP complex [82, 103]
330 (b) hydrated FeCl3-P2VP complex [80, 81]
345 (e) T, of v-Fey,O3 [100]

384 (e) T, of v-FeyO3 [100]

409 (f) E,; of a-Fey03 [73, 100]
497 (f) Ay, of a-Fe,Oy 73, 100]
509 (e) E, of v-Fe; O3 [100]

610 (f) E, of a-Fe,05 73, 100]
663 (f) LO E, of a-Fe,03 [100]

670 (¢) Ay of 4-FeyO5 [72, 101, 106]
720 (e) Ay, of 7-Fey 03 [72, 101, 106]
1000 (a)(b)(c)(d) Symmetric ring breathing of 2VP  [78, 79]
1160 (b)(c)(d) *FeCl3-P2VP complex this work
1306 (b)(c)(d) *FeCl3-P2VP complex this work
1446 (b)(c)(d) *FeCl3-P2VP complex this work
1591 (a)(b)(c)(d) Ring stretching of 2VP [78, 79]

are formed. After that, the FeCl; is added and combined with P2VP for forming the
loaded micelles. Oxygen plasma treatment can then be performed for removing the
carbon-based micelles and forming the iron oxide(y form). Annealing the nanopar-
ticles at 600°C under N, environment for 2h produces v-Fe,O3 with high degree of
crystallinity, whereas the phase transformation to a-FesO3 can be achieved by further

annealing in N, at the same temperature.

4.4 Summary

Along with the discussion about all the Raman spectra above, we were able to identify
the exact phase of the iron oxide nanoparticles for the annealing treatments at 600°C
under N,. Moreover, three new peaks are proposed to arise from the FeCl3-2VP
interaction. The magnetic properties of the iron oxide nanoparticles will be discussed

in the following Chapter 5.
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Chapter 5

Characterization of monolayer iron

oxide nanoparticles

Apart from the comprehensive results of Raman characterization in the last chapter,
other characterization techniques were required to understand of the monolayer iron
oxide nanoparticles by themselves instead in the thick layer as the drop-casted Raman
sample. TEM, with its ability to reach atomic scale resolution, was employed to
characterize the isolated iron oxide nanoparticles. With the same oxygen plasma
treatment and annealing process(as described in the experimental of Chapter 4), the
composition information and crystal structure of single nanoparticles were obtained
directly through EELS\EDX and HRTEM. In addition, the magnetic properties of

the monolayer iron oxide nanoparticles on thin silicon was studied by SQUID.

Our goal is to apply the iron oxide nanoparticles onto the anode substrates of the
organic optoelectronic devices. The common anode substrates are indium tin oxide
(ITO) coated float glass. The standard 600°C annealing temperature would deteriorate
the electrical properties of the ITO layer and also induce the deformation of the float
glass matrix, as it exceeds the maximum recommended annealing temperature of ITO
from several suppliers and the strain point of the float glass. As a consequence, the
annealing temperature was decreased to 350°C and the duration was extended to 12h,
which should be sufficient to convert the nanosized iron oxide to either y-Fe;O3.[39]
In this case, TEM, Raman spectroscopy and SQUID characterization were also per-

formed to investigate the nanoparticles, which will also be discussed later in this chapter.
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5.1 Experimental

The FeCls loaded micelles and iron oxide nanoparticles were synthesized in the pro-
cedures that have been described in section 3.2 and 3.3 in Chapter 3. Two different
molecular weight polystyrene-block-poly(2-vinyl pyridine) (PS-6-P2VP) were used in
this experiment (i.e. PS-6-P2VP, M,;: 75000-b-66500, labeled as P4824; PS-b-P2VP,
M,,: 48500-5-70000, labeled as P1330).

TEM samples were prepared by spin coating (2000rpm, 45s) the loaded micelles
solution on silicon nitride membranes window grids. To confirm the compositional
and structural information of isolated iron oxides nanoparticles from different loaded
micelles solutions, the 0.2 FeCls loading ratio P1330 o-xylene solution and the 0.3
FeCl; loading ratio poly(2-vinyl pyridine) homopolymer in P4824 o-xylene solution
(details can be seen in the experimental section in Chapter 6) were used for spin-coating
and then treated by 25 mins oxygen plasma with 2h annealing at 600°C in N; in
the end. Low temperature annealing conditions were also investigated in order to
apply the resultant nanoparticles for actual device fabrication. Hence, TEM samples
from 0.2 FeCl; loading ratio P4824 o-xylene solution were prepared and annealed at
350°C which was reported to produce « phase iron oxide.[100] This temperature was
suitable to be applied to the normal ITO glass substrates without degrading their
properties according to the product information from several companies. In this case,
two annealing processes (350°C for 12h in Ny; 350°C for 12h in air and then 350°C for

12h in N3) were carried out for comparison.

Raman spectroscopy was again performed to study the nanoparticles with low tem-
perature annealing processes. Following the similar sample preparation as described
in experimental of chapter 4, two thick samples were prepared using low temperature
annealing processes.(350°C for 12h in Ny; 350°C for 12h in air plus 350°C for 12h in N,).

For magnetic properties measurement, the 275um thick Si substrates were cut into

40mm by bmm stripes to accommodate the sample holder in the SQUID magnetometer.

Only the center area(5mm by 5mm) of the stripe was spin-coated by the loaded micelles
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solution at 2000rpm for 45s. All SQUID samples were treated with 25 mins oxygen
plasma before annealing. To investigate the size effect on the magnetization, three
different solutions(0.2 FeCl; loading ratio P1330 o-xylene, 0.3 FeCls loading ratio
poly(2-vinyl pyridine) homopolymer in P1330 o-xylene, 0.2 FeCl; loading ratio P4824
o-xylene) were used to produced different average size iron oxide nanoparticles with
the same annealing condition(i.e. 600°C for 2h in Ny). To study the effect of low
temperature annealing on the magnetization, the sample coated with 0.2 FeCls loading
ratio P4824 o-xylene solution was annealed in air at 350°C for 12h first and then was
further annealed in Ny at 350°C for 12h. In this case, the SQUID measurements were

conducted between each annealing steps for direct comparison.

5.2 Composition, crystal structure and magnetic
properties characterization of the

nanoparticles

5.2.1 Compositional analysis of the nanoparticles

The elemental composition of the nanoparticles can be confirmed by EDX or EELS in
the TEM\STEM system. The nano-size electron beam together with the thin windows
of the TEM grids enables the acquisition of high-resolution EDX or EELS elemental
maps and STEM images for the individual nanoparticle in the same time, which offers

a powerful way to detect the nanoscale objects in great detail.[108]

Figure 5.1 (a) directly reveals the composition of the nanoparticles from P1330
o-xylene 0.2FeCl3 loading ratio solution, by comparing the Fe elemental map(green)
and O elemental map(red) to the selected area(purple rectangle) for EDX analysis in
the STEM image. The Fe K,; and O K,; characteristic x-ray signals are concentrated
in the area of the nanoparticles in the corresponding STEM image. In addition,
the EDX spectrum from the same scan clearly shows the characteristic Fe K,; peak
at 6.405KeV and Kp; peak at 7.059KeV together with characteristic O K,; peak at
0.525KeV, while the Cl characteristic peak(K,; 2.622KeV and K 2.812KeV) and
C Ku1 peak(0.277KeV) are absent, indicating that the oxygen plasma and annealing
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Figure 5.1: STEM/EDX analysis of nanoparticles from P1330 o-xylene 0.2FeCl; loading
ratio solution. (a) Left: the STEM image of nanoparticles, right: enlarged selected
area for EDX elemental mappings-Fe mapping(green color) and O mapping(red color),
(b) The EDX spectrum from the EDX elemental mapping scan.

treatment are sufficient to remove the polymeric micelles and covert the FeCls precursor
to iron oxide for the spin-coated sample. This EDX result not only supports the Raman
results of the sample with the treatment but provides the direct evidence of iron oxide

in nanoparticle form.

We found that the EELS was more efficient for acquiring the compositional in-
formation of the nanoparticles. Decent results could be collected in a much smaller
time frame because EELS measures the kinetic energy change of the inelastic electrons
through the sample. Consequently, EELS was applied for investigating the composi-
tion of the smaller nanoparticles synthesized by using different type of PS-0-P2VP
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Figure 5.2: STEM/EELS analysis of nanoparticles from P4824 o-xylene HP2VP
0.3FeCl; loading ratio solution. (a) STEM image of nanoparticles(selected area
for EELS indicated by purple rectangle), (b) EELS Fe mapping(green color) and
corresponding EELS Fe edge, (¢) EELS O mapping(red color) and corresponding

EELS O edge, (d) Overlay of (b) and (c).

(P4824 o-xylene HP2VP 0.3FeCl; loading ratio solution) to verify the universality of
producing the iron oxide nanoparticles using the similar reverse micelles procedures
(details can be seen in the experimental of Chapter 6). The results can be seen in
Figure 5.2 where (b) and (c) show the Fe (green) and O (red) elemental map with
the corresponding EELS spectrums. The Fe and O elemental maps match well with
the nanoparticles in the selected area highlighted in the STEM image (a), which is
supported by the overlaid elemental map in the image (d). The spread out of the
oxygen signal might be coming from the oxidation of the Si3sN, window during the
oxygen plasma treatment. Nevertheless, the most intense oxygen signal arises from
the nanoparticles region. Moreover, no Cl or C characteristic signals were detected,
revealing that the nanoparticles consisted of only Fe and O. This EELS result shares

the similar information compared to the previous EDX result.

Apart from the compositional analysis, the electron diffraction and high resolution
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TEM of these two samples were also collected to study their actual crystal structure.

5.2.2 Crystal structure analysis of the nanoparticles

Although we have confirmed the exact form of the iron oxide in Chapter 4 by Raman
spectroscopy, it is compelling to directly characterize the crystal structure of the indi-
vidual nanoparticle in high resolution. The crystal structure analyses were performed

in parallel with the above compositional analyses below.

B _ - — -

Figure 5.3: SAED of nanoparticles (annealing at 600°C for 2h in Ns) from P1330
o-xylene 0.2FeCl; loading ratio solution. (a)TEM image of the nanoparticles(selected
area for electron diffraction highlighted in red circle), (b) Electron diffraction pattern
from the highlighted area in (a), (¢) The line intensity profile from the line in the
electron diffraction pattern.

As shown in Figure 5.3, the SAED result confirms the crystal nature of iron oxide
nanoparticles corresponding to the sample whose compositional information have been
shown in Figure 5.1. Originating from the electron diffraction of the selected area
in Figure 5.3 (a), the concentric ring patterns related to different lattice planes are
clearly visible in Figure 5.3 (b). To extract and calculate the d-spacings, an intensity
line profile (Figure 5.3 (c)) was drawn through the center of the diffraction pattern,

where the intensity peak positions were highlighted with dash line in different colors.
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The results of the d-spacings are shown in the following table 5.1:

Table 5.1: The d-spacings value of the sample, v-Fe;O3 (JCPDS No0.39-1346) and
Fes04 (JCPDS No.75-0033), unit in A.

Ring patterns Sample of Figure 5.3 ~-Fe;O3 FezO4  (hkl)
1 2.9634 2.9530 2.9641 (220)
2 2.5490 2.5177  2.5278 (311)
3 2.0980 2.0886  2.0960 (400)
4 1.6018 1.6073 16135 (511)
5) 1.4910 1.4758  1.4821 (440)

Figure 5.4: High resolution TEM image of nanoparticles (annealing at 600°C for
2h in Ny) from P1330 o-xylene 0.2FeCl; loading ratio solution. (a) A single crystal
nanoparticles, (b) fast Fourier transform from (a)(inset indicates 3 reciprocal distances).

The d-spacings extracted from the first to fifth ring patterns(from the center of
the diffraction pattern) can be assigned to the (220), (311), (400), (511) and (440)
crystallographic planes of y-Fe;O3 or Fe3Oy4, according to the information from table
5.1.[109] Moreover, the HRTEM image(Figure 5.4) from the same sample reveals clear
fringes of a single iron oxide nanoparticle. The fast Fourier transform pattern from
the nanoparticle shows three distinct sets of centrosymmetric diffraction spots. By
interpreting those diffraction spots, we can obtain three d-spacings: 4.81A, 2.93Aand
2.41Awhich matches that of the (111), (220) and (222) crystallographic planes of
v-FeoO3 or FezOy, agreeing with the results from Figure 5.3.
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Figure 5.5: SAED of nanoparticles from P4824 o-xylene HP2VP 0.3FeCl; loading ratio
solution. (a)TEM image of the nanoparticles(selected area for electron diffraction
highlighted in red circle), (b) Electron diffraction pattern from the highlighted area in
(a), (¢) The line intensity profile from the line in the electron diffraction pattern.

The SAED of iron oxide nanoparticles synthesized by different types of PS-b-
P2VP(P4824 o-xylene HP2VP 0.3FeCl; loading ratio solution) was also collected
for comparison, as shown in Figure 5.5). The electron diffraction in Figure 5.5 (b)
shows three distinguishable concentric rings. Using the intensity profile, the calculated

d-spacings are summarized in the following table 5.2:
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Table 5.2: The d-spacings value of the sample, v-Fe;O3 (JCPDS No.39-1346) and
Fes04 (JCPDS No.75-0033), unit in A.

Ring patterns Sample of Figure 5.5 ~-Fe;O3  Fe;O,  (hkl)
1 2.9625 2.9530  2.9641 (220)
2 2.5214 2.5177  2.5278 (311)
3 1.4865 14758 1.4821 (440)

Figure 5.6: High resolution TEM image of nanoparticles (annealing at 600°C for 2h
in Ny) from P4824 o-xylene HP2VP 0.3FeCl; loading ratio solution. (a) A single
crystal nanoparticles, (b) fast Fourier transform from (a)(inset indicates 3 reciprocal
distances).

The d-spacings extracted from the first to third ring patterns(from the center of the
diffraction pattern) are consistent with that of (220), (311) and (440) planes of y-FeyO3
or FezOy, as shown in table 5.2.[109] Although the HRTEM image of the individual
nanoparticle in Figure 5.6(a) does not have clear fringes as shown in Figure 5.4(a), the
fast Fourier transform of it shows one clear set of diffraction spots. By analyzing that
diffraction spots, we can calculate the d-spacings of 2.56A, matching that of (311) plane
of v-Fe;O3 or Fe3Oy. From the above SAED and HRTEM analyses, we can conclude

that the iron oxide nanoparticles from this two samples share the same crystal structure.

Combining the compositional and structural analyses, we can confirm that the iron
oxide nanoparticles with same crystal structure could be synthesized generally by the
reverse micelles methods despite changing the molecular weight of PS/P2VP block
and adding the HP2VP for FeCl; loading, under the typical O, plasma and annealing
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treatment.

5.2.3 Magnetic properties of monolayer iron oxide

nanoparticles after standard 600°C annealing
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Figure 5.7: Magnetization-applied magnetic field curve of monolayer iron oxide nanopar-
ticles on silicon substrates after 600°C annealing in /N, for 2h. Note that nanoparticles
were from P1330 o-xylene 0.2FeCl; loading ratio solution.

After the standard annealing process (600°C in Nj for 2h), the magnetization-
applied magnetic field (M-H) curve of iron oxide nanoparticles arrays on silicon was
collected at 300K using SQUID, as shown in Figure 5.7. The average heights of
nanoparticles were determined by randomly picking 100 nanoparticles in the corre-
sponding AFM topography image,[110] which appeared to have an average height
of 5.49nm with 1.09nm standard deviation. (The detailed procedure to extract the
height will be discussed in section 6.5.2) According to the estimation from equations
2.1 and 2.3 in section 2.1.2, the size of those nanoparticles was below the single domain

limit and superparamagnetic limit of v-Fe;Oj3 if the nanoparticles were spherical. In
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fact, the coercive field (H.) was existed with the magnitude at around 500e extracted
from the M-H curves. Although H, was relatively small and below the applied field
increment(1000e), it did suggest that the nanoparticles were not superparamagnetic,
implying the shape might not be a perfect sphere, which was consistent with the TEM
results above. In addition, the remanence magnetization (M,) was extremely small
in the order of the 1077 emu region, which was approaching the detection limit in
the SQUID measurement. The M, was less than 8% of the magnetization at 20000e
applied field, indicating the net magnetization was low with the external magnetic
field. The H. and M, indicated the soft magnetic nature of those nanoparticles, giving

rise to almost an instantaneous response to the external applied magnetic field.

To confirm that the y-Fe;O3 nanoparticles were responsible for this specific mag-
netic response, the above tested sample was further annealed in Ny at 600°C for 2
hours, which would convert the ferrimagnetic v-Fe,O3 to the a-Fe;O3 as confirmed in
chapter 4. After the second annealing, the magnetic response of that sample was below
the detection limit of the SQUID due to the weak magnetic ferromagnetic nature of
the a-Fe,O3 at room temperature[111], supporting that the specific magnetic response

was derived from the ferrimagnetic v-Fe;O3 NPs.

5.2.4 Compositional and structural analysis of the
nanoparticles from low temperature annealing

processes

In this part, the compositional and structural analyses of the nanoparticles from low

temperature annealing processes will be described.

The SAED result of the sample (annealing at 350°C for 12h in N;) suggests an
amorphous nature of the nanoparticles with the diffused electron diffraction pattern
where the line intensity profile did not possess obvious peaks, as shown in Figure
5.8 (a) and (b). In addition, we changed the annealing condition by adding a new
period annealing(350°C for 12h in air) first in order to make sure the full oxidation of
the FeCls and the removal of carbon-based residue through the oxidation, and then
the sample was further annealed at 350°C for 12h in N,. The related SAED result
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Figure 5.8: SAED of nanoparticles from P4824 o-xylene 0.2FeCl3 loading ratio solution
under different annealing conditions. (a) TEM image of the nanoparticles annealed at
350°C for 12h in Ny, (b) Electron diffraction pattern from the highlighted red circle
area in (a) with line intensity profile, (¢) TEM image of the nanoparticles annealed at
350°C for 12h in air and another 12h in Ny, (d) Electron diffraction pattern from the
highlighted red circle area in (c) with line intensity profile.

was shown in Figure 5.8 (c¢) and (d), revealing the similar amorphous nature of the
nanoparticles. However, the nanoparticles of the selected area(Figure 5.8 (a) and (c))
were sparser compared to that in Figure 5.3 (a) and Figure 5.5 (a), which indicates
a small amount of materials. Those diffused ring patterns might be originated from
the amorphous SizgNy, as the amount of the nanoparticles was probably inadequate in
the selected area. Due to the limited size of electron aperture, the selected area for
electron diffraction was small so that the amount of materials on that area was not

enough to yield a clear diffraction pattern.
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Figure 5.9: STEM/EELS analysis of nanoparticles from P4824 o-xylene 0.2FeCl;
loading ratio solution. (a) STEM image of nanoparticles(selected area for EELS
highlighted by purple rectangle), (b) EELS Fe mapping(green color) and corresponding
EELS Fe edge, (¢) EELS O mapping(red color) and corresponding EELS O edge, (d)
Overlay of (b) and (c).

EELS was again applied for investigating the composition of the nanoparticles from
the low temperature annealing processes(350°C for 12h in air and the 350°C for 12h in
Ns). The results can be seen in Figure 5.9. The Fe and O characteristic signals were
concentrated in the area of a single nanoparticle in the selected area highlighted in
the STEM image (a), revealing the iron oxide nature of the nanoparticle. This was
further supported by the overlaid elemental maps in Figure 5.9 (d). Moreover, no Cl
or C characteristic signals were detected, confirming the complete conversion of FeCls

and removal of carbon-based residues using the low temperature annealing.

Without the structural information from the TEM, other methods were required to
gain a further understanding of the resultant nanoparticles from the low temperature
annealing. As Raman spectroscopy has shown conducive results before, it was thus
applied to study the low temperature annealing, which would be discussed in the

following section.
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5.3 Phase identification under different annealing

conditions by Raman spectroscopy
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Figure 5.10: Raman spectra of iron oxide nanoparticles on KBr substrates under
three annealing conditions. (a) Normalized full spectra of three annealing conditions;
Normalized spectra in the region between 150 and 900 cm™ and the related Lorentzian
fits(Dash lines) of iron oxide nanoparticles on KBr substrates under (b) 600°C annealing
for 2h in N, (c¢) 350°C annealing for 12h in Ny, (d) 350°C annealing for 12h in air
with additional 12h in N,.
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As described above, comprehensive information of the iron oxide nanoparticles could
be obtained conveniently by Raman spectroscopy. Therefore, two Raman samples were
prepared following the sample preparation procedures in the experimental section for
the purpose of examining the nature of the nanoparticles under two low-temperature

annealing conditions.

The normalized full spectra of those two low-temperature annealing samples can be
seen in Figure 5.10 (a) labeled with blue and orange respectively. For comparison, the
spectrum of the well-characterized vy-Fe;O3 nanoparticles from annealing at 600°C in
N, for 2h was also placed in the same figure. No obvious peaks related to the FeClz or
PS-b-P2VP micelles were observed after these three annealing processes. The samples
annealed at 600°C in N, for 2h and at 350°C in Air for 12h plus in N, for another
12h showed only one prominent broad peak at around 1400cm™ in the region above
1000cm™, which can be assigned to second order scattering of y-Fe;03,[100] implying
the complete removal of the carbon-based micelles and conversion of FeCls of the thick
drop-casting sample. However, two broad peaks at around 1360cm™ and 1587cm™
remained from the sample under another low temperature annealing (350°C in N
for 12h). Those two peaks showed different features and Raman shift comparing to
the peaks related to the micelles or FeCl3-P2VP complex as described in Chapter 4.
The disappearence of the PS-b-P2VP characteristic peak at 1000cm™ and the FeCl;
peak at 294cm™ further reinforced the different origin of these two peaks. In fact,
they were consistent with the amorphous carbon doublet peaks at that region.[112]
Those amorphous carbon peaks indicated there was still carbon residue in the sample
probably due to the anoxia environment with low-temperature annealing. As seen
in table 4.1, the characteristic Raman active peaks for different phase of iron oxide
occur below 900cm™. Thus the spectra of that region were plotted and fitted with
Lorentzian peaks in Figure 5.10 (b), (c¢) and (d) for further discussion.

The detailed peaks analysis of Figure 5.10 (b) has being carried out in section 4.3,
which confirmed the y-Fe;O3 nature of the nanoparticles under the orignal annealing
condition (600°C in N, for 2h). Moving toward the spectra of low temperature anneal-
ing, Figure 5.10 (c) displays the Lorentzian fitted spectrum of the sample annealed at
350°C in N, for 12h. The broad peak at around 700cm™ can be decomposed to two

Lorenztian components at 670cm™ and 720cm™ which are related to the A, stretching
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mode of the tetrahedral units in -Fe,O3.[72, 74, 101, 106]. Additionally, the fitted
peaks at 505cm™, 384cm™ and 345cm™ are also evidence of v-FeyO3, with the first
peak related to the E, mode and the other two to the Ty mode.[74, 101] Likewise,
the fitted peak at 219cm™ can arise from the laser induced a-Fe,O5 as described
above. The Lorentzian fitted spectrum from another low temperature annealing(350°C
for 12h in air + 12h in N;) can be seen in Figure 5.10 (d). The fitted Lorenztian
components are located at 720cm™, 670cm™, 511cm™, 380cm™, 340cm™ and 213cm™,
sharing similar Raman shifts with the corresponding fitted peaks shown in Figure 5.10
(c) and thus can be assigned similarly. Zooming into the low Raman shift region in
5.10 (d), the normalized intensity of the laser induced a-Fe,O3 peak at 213cm™ is just
above the baseline, whereas that of in Figure 5.10 (b) is obvious higher, indicating
that the 600°C annealing might have partially converted the iron oxide to o phase.
The Lorentzian fitted peaks positions of Figure 5.10 (b) to (d) are summarized in table
5.3 with the assignments and references, indicating that those two 350°C annealing

processes produce v-Fe;O3 successfully.

Table 5.3: Table of the Lorentzian fitted Raman peaks positions(cm™) with assignments
and references for different annealing conditions

600°C for 2h in Ny 350°C for 12h in Ny 350°C for 12h in air + 12h in N, Assignment References

213 219 213 Ay of 0-Fe,05  [73, 101]
345 345 340 T, of 4-Fes04 [100]
384 384 380 T, of 4-Fey04 [100]
509 505 511 E, of 7-Fey 05 [100]

670 670 670 Ay of 4-Fe,05  [72, 101, 106]
720 720 720 Ay of 7-Fe,O3 72, 101, 106]

Figure 5.11 clearly shows the mixture of the gamma and alpha phase with the
thick layer, according to reference table 4.1. The sample was thick layer prepared by
multiple drop casting, which underwent two annealing process: 600°C annealing for

2h in N, and another 600°C annealing for 6h in air.
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Figure 5.11: Raman spectra of iron oxide nanoparticles on KBr substrates showing
both alpha and gamma phase.

Combining the information from Figure 5.10 (a) to (d), we can conclude that the
low temperature annealing process(350°C for 12h in air + 12h in N;) seems to be a
good substitution for the original annealing one (600°C for 2h in N,), as it was able
to remove the carbon-based residues completely and produce v-Fe;O3 nanoparticles
while reducing partial conversion to o phase. As a result, the iron oxide nanoparticles

could be applied to the practical device fabrication processes.
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5.3.1 Magnetic properties of monolayer iron oxide

nanoparticles under different annealing conditions
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Figure 5.12: Magnetization-applied magnetic field curves of monolayer iron oxide
nanoparticles on silicon substrates with different annealing conditions.

As we confirmed that the low temperature annealing process (350°C for 12h in air +
12h in N,) could be applied to produce v-Fe;O3 nanoparticles, it is worth checking
the magnetic properties of the monolayer nanoparticles in each stage of this two
steps annealing process. Figure 5.12 shows the magnetization-applied magnetic field
(M-H) curves of the nanoparticles on silicon after first and second steps annealing,

accompanied by a reference M-H curve from 600°C annealing process.

The coercive field (H.) was at around 500e extracted from the sample after the
first step annealing at low temperature, similar to that of the 600°C annealing. In
addition, the remanence magnetization (M,) was similarly small in the order of the 1077
emu region, contributing to less than 8% of the magnetization at 20000e applied field.
Both H, and M, indicated the soft magnetic nature of those nanoparticles, yielding a
similar result as 600°C annealing. However, the magnetic properties changed after the
second step annealing. In this case, the H, was at around 1000e with the M, in the -

emu region which accounted for 25% of the magnetization at 20000e, showing a clear
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hysteresis.
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Figure 5.13: Normalized magnetization-applied magnetic field curves of monolayer iron
oxide nanoparticles on silicon substrates with different annealing conditions. Note that
the normalization was based on the average height and density of the nanoparticles
from the corresponding AFM topography images.

In terms of saturation magnetization (M), the size and the density of nanoparticles
need to be considered for a direct comparison. Figure 5.13 shows the normalized
M-H curves from Figure 5.12. Surprisingly, the normalized magnetization at 50000e,
which could be set as the Mg in all three curves (leveling off), is significantly higher
for the sample after finishing two steps low temperature annealing, while Mg of the
sample from first step low temperature annealing and 600°C annealing shares similar
magnitude. This could be explained by the partial conversion of v-FesO3 to a-FeyO3
when using 600°C annealing, which reduces the Mg due to the weak ferromagnetic
nature of a-FesOgs, supporting the Raman results from above. Moreover, another
sample was prepared and underwent two annealing process: 600°C annealing for 2h in
N5 and another 600°C annealing for 6h in air, which was the same condition being
applied in Figure 5.11. In this case, the magnetic response of the sample was below
the detection limit of the SQUID, indicating the SQUID was sensitive to monitor

the conversion to alpha phase of monolayer iron oxide nanoparticles. Alternatively,
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the crystallinity might not reach the maximum after first period low temperature

annealing, resulting in relatively low M.
Comparing the M-H curves results, we can confirm the iron oxide nanoparticles

possess decent magnetic properties using low temperature annealing process, which

potentially yields higher purity vy-FeyOs.

5.4 Preliminary organic solar cells testing
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Figure 5.14: Current density-voltage characteristics for OPV devices with various
interlayers under dark condition

Prevous work in our group! has shown that SnOx nanoparticles increased the per-
formance of OLEDs by enhancing hole injection. Therefore, the SnOx nanoparticles
were also used for comparison in this investigation. At room temperature, mag-
netic field showed positive impact on poly[4,4-bis(2-ethylhexyl)-cyclopenta-(2,1-b;3,4-
b)dithiophen]-2,6-diyl-alt-(2,1,3- benzo-thiadiazole)24,7-diyl (PCPDTBT) which is

lsubmitted as "Improved hole injection for blue phosphorescent organic light-emitting diodes using
solution deposited tin oxide nanoparticles decorated ITO anodes, S. Lee, G. Yun, J. Kim, G. Hanta,
K. Liang, L. Kojvic, L. S. Hui, A. Turak, and W. Kim, Applied Physics Letters"
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intensively used in bulk heterojunction solar cells, by affecting the current through the
PCPDTBT-based diode.[97] Hence, it is interesting to investigate how the magnetic

nanoparticles could affect the organic electronic devices.

Using the organic solar cells fabrication procedures in section 3.5, three devices were
produced with bare I'TO, SnOx nanoparticles coated ITO and ~-Fe;O3 nanoparticles
coated ITO(using low temperature annealing: 350°C in air for 12h and in N, for

another 12h), with the bare ITO representing the reference device.

The current density-voltage characteristics under dark condition can be seen in
Figure 5.14. The high current rectification ratios at +1V indicated that adding
nanoparticles (SnOx or 7-Fe;O3) does not limit the device performance/shockley
diode behaviors. The turn on voltage (corresponding to 1mA /cm? current density)
is at around 0.64V and 0.61V for the SnOx nanoparticles and the y-Fe,O3 device
respectively, both lower than that of the reference (bare ITO device) at 0.71V. In
addition, the reverse bias leakage current is less in both devices with nanoparticles

compared to the reference device.
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Figure 5.15: Current density-voltage characteristics for OPV devices with various
interlayers under illumination.
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Table 5.4: Solar cell performance of the illuminated diodes with anode modifications.
Values are normalized to that of the reference device.

Sample Jsc¢ Voo FF Ra  Rs

Ref 1 1 1 1 1
SnOx  1.22 097 0.88 1.82 1.19
v-FeoO3  1.41 0.98 0.95 1.74 1.00

Figure 5.15 shows the current density-voltage characteristics of three OPV devices
under illumination. In this case, lab light source was applied in preliminary tests
instead of using a standard 1.5AM solar simulator. Therefore, the power conversion
efficiency was not calculated. Several solar cells parameters are summarized in table
5.4. The shunt resistance (Rg,), extracted by the slope of the J-V curve at V=0, is
generally associated with leakage currents in the device.[113] The short circuit current
(Jsc) shows an increase with respect to that of the reference OPV devices when the
applying SnOx and ~-Fe;O3 on the ITO, suggesting the potential to reach higher
output with adding the nanoparticles. In addition, the open circuit voltage is not
affected as compared to a previous study using the same OPV structure.[114] The
introduction of SnOx and ~-Fe;O3 nanoparticles to the ITO largely increase the Rgy

values, indicating a reduction of the power loss.

This section presented the preliminary results on basic structure OPV devices.
Further optimization of the devices needs to be carried out in order to elaborate the
effect of magnetic nanoparticles on OPV and OLED devices. Additionally, applying an
external magnetic field on OPV and OLED devices with the magnetic nanoparticles

incorporated should be conducted.

5.5 Summary

Monolayer iron oxide nanoparticles were examined in detail throughout this chapter.
With the help of TEM/STEM together with EDX/EELS, we were able to confirm the
compositional and structural information of individual nanoparticles, showing that

the PS-0-P2VP /FeCl; system possess the universality on the generation of iron oxide
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nanoparticles after the typical O, plasma and annealing treatment. Moreover, SQUID
magnetometer was used to characterize the magnetic properties of this nanoparticles
arrays, revealing the soft magnetic nature of these nanoparticles. Importantly, low
temperature annealing processes were carried out for the purpose of facilitating the
fabrication of actual devices, which showed the success of producing v-Fe;O3. The
preliminary results of the OPV devices with v-Fe;O3 exhibited a positive effect, con-

stituting a good starting point for the further devices investigation.
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Chapter 6

Dispersion of micelles and iron

oxide nanoparticles

In this chapter, the dispersion of the micelles and nanoparticles will be evaluated using
quantitative methods, as the distribution of the nanoparticles could have large influnce
in the surface modificaiton of the substrates for devices. In addition, a method to
reveal the loading ratio of FeCls is introduced, accompanied by the discussion on the

size control of iron oxide nanoparticles.

6.1 Experimental

The micelles formation was the same as described in section 3.2.2. Polystyrene-block-
poly(2-vinyl pyridine)(PS-6-P2VP, M,,: 48500-b-70000, labeled as P1330; PS-b-P2VP,
M,,: 75000-b-66500, labeled as P4824) diblock copolymer was dissolved in toluene and
o-xylene with the same concentration to study the solvent effect on dispersion. The
above two solutions were spin coated on clean silicon substrates using the same spin
coating procedure in section 3.3 for dispersion analysis. To investigate the influence of
spin coating speeds on micelles dispersion, the spin speed was varied from 2000rpm to
8000rpm with 2000rpm increment using the P1330\ o-xylene solution.[65] Two different
concentrations of P4824\ o-xylene micelles solutions (3.00mg/ml and 3.75mg/ml) were
applied to study the effect on micelles dispersion. In summary, different solvents, spin

coating speeds, and concentrations were used to study the dispersion of the micelles,
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which will be discussed in detail in section 6.3.

Similarly, the iron oxide nanoparticles array were generated following the same
processes in section 3.2. Normally, the loading ratio(the number of the Fe3T ion
divided by the number of the 2VP molecular units in PS-6-P2VP) was set to 0.2 to ex-
amine nanoparticles array dispersion, yielding a clear solution without visible unloaded
powder residues. Two additional methods were applied for tuning the dispersion of

the nanoparticles, as described in section 6.1.2 and 6.1.3.

The above micelles or iron oxide nanoparticles array on silicon substrates were
characterized by AFM or SEM to obtain the topographic information. WSxM were
used to extract the AFM raw data.[99] The information related to the size, location(x,
y coordinates) and number of nanoparticles was acquired by ImageJ[115] through
the binary and finding maxima functions. Dispersion analysis was done by using the
disLocate package[66] in Mathematica.(See 6.1.4)

6.1.1 Iodine stained micelles on TEM grid

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 Iy vapor for 3 hours at room temperature, by placing iodine

crystals and TEM grids in a sealed glass container.[116, 117]

6.1.2 Co-solvents for tuning the dispersion of the
nanoparticles array

Ethanol and methanol were selected in order to investigate the co-solvents effect on

the dispersion of nanoparticles in our systems. In this experiment, the concentration of

PS-5-P2VP(P1330) in o-xylene was set to 3.00mg/ml and the loading ratio of the FeCls

was 0.2. After stirring for one week, the small amount of ethanol and methanol(10ul

for 1ml o-xylene)were added to the above loaded micelles solutions and were kept
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stirring for one week again before the spin coating and O, treatment.

6.1.3 Poly(2-vinyl pyridine) homopolymer assisted loading

for modifying the dispersion of the nanoparticles array

Poly(2-vinyl pyridine) homopolymer(HP2VP) was employed as a precursor carrier for
the PS-b6-P2VP micelles system in order to improve the dispersion of the nanoparticles
array.[68] Following the similar procedures as described in reference,[68] 6mg of HP2VP
(Mn: 77000g/mol) and FeCls were mixed together in 1ml toluene or o-xylene in a vial
which was kept stirring for 72 hours. Simultaneously, 15mg of PS-6-P2VP(P4824) was
added to 4ml toluene or o-xylene and stirred for 72 hours to form the micelles in another
vial. The micelles solution was then transferred to the FeCl3-HP2VP mixture solution
and stirred for another week. In addition, the resulted solution was centrifuged at
11500rpm for 12 minutes to remove any insoluble substances. The amount of FeCls was
accurately controlled to obtain the 0.3 loading ratio(in this case, the ratio between the
number of Fe3" ions and 2-vinyl pyridine in HP2VP). Following the same procedure

as section 3.3, nanoparticles array was generated for further dispersion analysis.

6.1.4 Dispersion analysis using disLocate package in

Mathematica

The disLocate package[66] developed by Dr.M. Bumstead from Dr. Turak’s
group encompasses a series of tools and metrics to gauge the spatial dispersion of
two-dimensional distributed objects, which is particularly conducive to the quantitative
analysis of our micelles and nanoparticles arrays. Among the tools in the package, the
pair correlation function and the Voronoi area deviation were utilized as the major

techniques for the dispersion analysis in this chapter.

'Parts of this section were published in Bumstead, M., Liang, K., Hanta, G., Hui, L. S., Turak, A.
(2018). disLocate: tools to rapidly quantify local intermolecular structure to assess two-dimensional
order in self-assembled systems. Scientific reports, 8(1), 1554.
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The pair correlation function[118], also known as “the radial distribution function”,
can be applied to examine the translational order for particles. The probability of
finding other particles at different distances(center to center) from each particle can

be obtained using the following function:

o Nn(r)
©2mrArp

g(r) (6.1)

Where Ar is the width of the annulus from the center of the particle; N, (r) is the
neighbor probability as a function of distance, which is determined by counting the
particle inside the annulus; p is the density of the configuration. The peaks from
this function provide the information about short and long-range translational order.
The relative interparticle spacing can be extracted from the position of the first peak.
To get a reliable result from the pair correlation function, it usually requires a large
number of particles. Thus a bootstrap technique was implemented to smooth the g(r)
generated by a finite set of data points from AFM or SEM images(Detail description
can be found in reference [66]). Also, the root mean square difference (Arms) from
the related hexagonal array in g(r) and the root mean square hexatic displacement (o)

are generated to gauge the dispersion.

The Voronoi tessellation is a plane partitioning method depending on the coordi-
nates information of the points inside the plane, resulting in polygonal segmentations
within the plane. The polygons are constructed by a set of perpendicular bisectors
of the lines connecting adjacent points.[119, 120] Random points dispersed inside the
plane would lead to a wide distribution of shape and size of the Voronoi segmentation
compared to those of highly ordered points.[121] The Voronoi area deviations in the

disLocate package are calculated by the following equation:

Avor _ Ahex

e (6.2)

AA:’

Where A" is the area of the Voronoi cell from the experimental data point; A"* is
the area of the corresponding Voronoi cell from the hexagonally arranged data point.
The total area and the number of points are the same in this case. In addition, the

levels of deviation from the ideal hexagonal Voronoi cells are highlighted in different
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color for visualization with deep blue, blue, light blue, green, yellow, orange, red from
0 to 35% deviation with a 5% increment. This parameter, which is very sensitive
to the random deviations of points, provides another way to gauge the order of the

micelles and nanoparticles arrays.

6.2 Micellar core size

The PS-b-P2VP reverse micellar cores, in which the precursors are concentrated, have
a direct impact on the resulting nanoparticles. As a result, investigating the size of
the P2VP core is of interest. According to some previous reports,[116, 117, 122] iodine
vapor could selectively stain the P2VP core of PS-b-P2VP micelles. The iodine stained
core of the micelles could be observed directly via TEM/STEM due to the fact that
the iodine yields a great phase and atomic number (Z) contrast from the carbon-based

micelles.

6.2.1 Micellar core size of the PS-b-P2VP with different

molecular weight

Typically, changing the molecular weight of the diblock copolymer has a direct impact
on the aggregation number(the number of the diblock copolymer molecules that make
up the micelle) which influences the core and corona size of the micelle.[56, 59, 123]
To study this effect, two types of PS-6-P2VP(with different molecular weight in PS
and P2VP block, P1330 and P4824)were dissolved in toluene to produce 3.00mg/ml

solutions respectively.

As shown in Figure 6.1 (a) and (c), the iodine stained P2VP core appears to
be darker than the background in the bright field TEM images, which facilitates
determining the size information of the core. The size of the cores was acquired by
ImageJ using the binary function. In addition, the binarized image was overlaid on

top of the related TEM image to gauge the outcome before the size analysis.
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Figure 6.1: Iodine stained PS-b-P2VP micelles with different molecular weight using
toluene as the solvent. (a) TEM image of iodine stained P1330 micelles, (b) core size
histogram and the Gaussian distribution of P1330 micelles, (¢) TEM image of iodine
stained P4824 micelles, (d) core size histogram and the Gaussian distribution of P4824
micelles. Note that the cores appear to be darker due to the selective of iodine on
P2VP block.

The size distribution of micellar cores was determined by randomly selecting indi-
vidual cores in the binarized images. One hundred cores were analyzed to acquire the
statistical representation of the size.[110] In addition, Gaussian function was applied
to the raw data to minimize the effect of extra small or large outliers. The mean
size of the P4824 core was 30.9 4+ 4.08nm which was smaller than that of the P1330
core (38.2 + 5.48nm), although they share a similar molecular weight of the P2VP
block(66.5K in P4824, 70.0K in P1330). This phenomenon indicated that the core
size of the micelles was not only determined by the P2VP block. In fact, it has
to do with the aggregation number of the micelles and the solvent interaction with

the polymer. The polydispersity indices(PDI, relative standard deviation from the
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Gaussian function) were 0.13 and 0.14 for P4824 and P1330 respectively, revealing the

narrow size distribution of both micellar cores.
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6.2.2 PS-b-P2VP(P1330) micellar core size in different

solvents
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—— Gaussian distribution(Mean= 38.2, SD=5.48)
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Figure 6.2: Iodine stained PS-b6-P2VP(P1330) micelles with different solvent. TEM
images of iodine stained P1330 micelles (a) in toluene and (c) in o-xylene; Core size
histograms and the Gaussian distributions of P1330 micelles (b) in toluene and (d) in
o-xylene.

The solvent is another essential factor for the formation of the micelles.[56, 59]
Here, toluene and o-xylene, both the selective solvents for the PS block, were employed
for the direct comparison of the P1330 core size. The concentration of the P1330 was

kept the same using 3.00mg/ml for both toluene and o-xylene.

The core size distributions of the P1330 in toluene and o-xylene were obtained
using the same procedures as described in last section. The mean size of the P1330

core in toluene and o-xylene were (38.2 £ 5.48nm) and (34.8 £ 2.34nm) respectively.
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Interestingly, the PDI of the P1330 core in o-xylene was significantly decreased to 0.07,
leading to a more uniform size distribution(Figure 6.2 (d)) compared to the toluene
counterpart, despite the slightly smaller core size. This might have an influence on

the size of the resultant nanoparticles, which will be discussed later.
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6.3 The micelles array dispersion analysis

6.3.1 Different solvents
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Figure 6.3: Dispersion comparison of PS-6-P2VP(P1330) micelles dissolved in o-xylene
and toluene. AFM image of P1330 micelles in o-xylene (a) and toluene (b), and the
corresponding Voronoi tessellation (c¢) and (d), Voronoi histogram of the local area
deviation from hexagonal (e) and (f), pair correlation function (g) and (h).
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In order to evaluate the dispersion of the micelles array, the P1330 was dissolved in
toluene and o-xylene to yield 3.00mg/ml solutions respectively. After spinning for 24
hours, the micelles solutions were spin coated on the 1 by lcm silicon substrates. The
spin coating period was set to 45 seconds at 2000rpm spin speed using 44 1 solutions

for the purpose of generating the monolayer micelles array.

Figure 6.3 (a) and (b) represents the typical AFM topography image of the micelles
array from o-xylene and toluene solutions. By comparing the Voronoi tessellation and
the corresponding histogram of the local area deviation from hexagonal, the micelles
array from o-xylene solutions possesses a higher order of lateral distribution as only
9.4% of the Voronoi cells are above 20% deviation from hexagonal, whereas 24.4% of
the Voronoi cells are above 20% deviation from hexagonal from toluene solutions(See
Figure 6.3, (c¢) (e) and (d) (f)). The micelles array from toluene solutions yields a
higher density of 234 micelles per 1um?, which is probably due to the faster solvent
evaporation during spin coating(Vapor pressure at 20°C, toluene: 2.8kPa, o-xylene:
0.9kPa), leaving less time for the micelles to spread out. In addition, the pair cor-
relation function (g(r)) in Figure 6.3(g) shows that the root mean square difference
(Arms) from the related hexagonal array in g(r) is 0.206 and the root mean square
hexatic displacement (o) is 4.7 from o-xylene solutions. Both are lower compared to
that of the toluene solutions, again reinforcing a higher degree of order in micelles
array with o-xylene. In addition, the nearest neighbor distance (r) of micelles array
(o-xylene) is 73.1nm compared to the 64.3nm of micelles array (toluene), which is
consistent with the lower density in micelles array from o-xylene. The pair correlation
function difference of the micelles arrays from toluene and o-xylene is also plotted in

Figure 6.4 for direct comparison. The results are similar as indicated in Figure 6.3.
Combining the Voronoi tessellation and pair correlation function analysis, we can

conclude that the micelles array from o-xylene solutions yields a higher degree of

lateral order.
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Figure 6.4: Pair correlation function difference of P1330 micelles array from toluene
and o-xylene.
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6.3.2 Different spin coating speeds
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Figure 6.5: Dispersion comparison of P1330 micelles dissolved in o-xylene(3.00mg/ml)
with varying spin speed. AFM topography, Voronoi tessellation, histogram of local area
deviation from hexagonal and pair correlation function of (a) 2000rpm, (b) 4000rpm,
(¢) 6000rpm, (d) 8000rpm.

When spin coating is applied to deposit the material, the spin coating speed is
considered as a convenient parameter to control the final thickness of the materials
due to the difference in centrifugal force. The same idea could be applied to changing

the dispersion of the monolayer micelles. In this case, the solution was 3.00mg/ml

2Parts of this section were published in Bumstead, M., Liang, K., Hanta, G., Hui, L. S., Turak, A.
(2018). disLocate: tools to rapidly quantify local intermolecular structure to assess two-dimensional
order in self-assembled systems. Scientific reports, 8(1), 1554.
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P1330 in o-xylene because of the better dispersion as shown in last section. It was
also reported that the micelles dissolved in toluene tend to pack closely due to the
fast evaporation of toluene, which was not influence by changing the spin coating
speed.[65] Four spin coating speeds: 2000rpm, 4000rpm, 6000rpm and 8000rpm were
employed in this study. The AFM topography image and corresponding Voronoi
tessellation, histogram and pair correlation function (g(r)) of the micelles arrays from
different spin coating speeds can be seen in Figure 6.5. The density of the micelles
decreases with increasing spin coating speed, which is consistent with the increasing
nearest neighbor distance (r) in the corresponding g(r). Comparing the Voronoi cells
and histogram of local area deviation from hexagonal between these four spin-coating
speeds, the local dispersion does not decay with the increasing spin coating speed. In
addition, the differences of pair correlation functions for four different speeds are shown

in Figure 6.6, showing the first peak shift towards larger distance with increasing speed.
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Figure 6.6: Pair correlation function difference of various spin speeds compared to the
2000rpm data set.

According to the above disLocate analysis, changing the spin speed offers the
convenient way to alter the separation and thus the density of the micelles(P1330

o-xylene) while maintaining high degree of lateral order.

76



McMaster University — Engineering Physics MASc Thesis — Kunyu Liang

6.3.3 Different PS-b-P2VP concentrations
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Figure 6.7: Dispersion comparison of P4824 micelles dissloved in o-xylene with different
concentrations. 3.75mg/ml: (a) SEM image, (¢) Voronoi tessellation, (e) histogram
of local area deviation from hexagonal and (g) pair correlation function; 3.00mg/ml:
(b) SEM image, (d) Voronoi tessellation, (f) histogram of local area deviation from
hexagonal and (h) pair correlation function.
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Figure 6.8: Pair correlation function difference for two micelles concentrations with
reference with 3.00mg/ml data set

The concentration of the P4824 using o-xylene as a solvent was also investigated to
see how it affects the dispersion. In this study, the spin coating speed was 2000rpm
for 45s coating duration. Two different concentrations, 3.00mg/ml and 3.75mg/ml,
were chosen, which were within the range where the size of micelles could remain un-
changed.[98] As shown in Figure 6.7, raising the concentration of the diblock copolymer
from 3.00mg/ml to 3.75mg/ml resulted in significant difference for the micelles density.
The number of micelles for 3.75mg/ml solutions was 109 micelles per /mum? in SEM
image, which is around 1.8 times of that for 3.00mg/ml solutions. Both micelles arrays
yielded a decent hexagonal dispersion as indicated by the Voronoi tesselations and the
corresponding histograms of local area deviation from hexagonal, showing more than
90% of the micelles were within 20% deviation from the related hexagonal array. From
pair correlation function g(r) perspective, the expected first neighbor distance (r) in
g(r) was decreased to 98.1nm with 3.75mg/ml solution from 129nm with 3.00mg/ml
solution, supporting the density difference in these two cases. In addition, Figure 6.8
gives the direct comparison of the pair correlation functions, showing a clear shift of

the peaks towards smaller distance with a higher concentration P4824 solution.

Therefore, the average distance of the micelles(P4824 o-xylene) can be changed
easily by changing the concentration of the diblock copolymer without causing a

decrease in lateral order.
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6.4 The nanoparticles array dispersion analysis

6.4.1 Changing the solvent and PS-b-P2VP
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Figure 6.9: Dispersion comparison of iron oxide nanoparticles. Note that the PS-b-
P2VP concentration was 3.00mg/ml and the FeCl; loading ratio was 0.2. (a) P4824
toluene solution, (b) P4824 o-xylene solution, (c) P1330 o-xylene solution.
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After loading FeCls, the resultant loaded micelles and iron oxide nanoparticles could
yield a different dispersion compared to the empty micelles themselves, due to the
FeCl3/P2VP interaction as described in section 2.2.2. Here, the dispersion compar-
ison was carried out for nanoparticles arrays from P4824 0.2 FeCl; loading ratio in
toluene or o-xylene. The results can be seen in Figure 6.9 (a) and (b), similar to
the empty micelles dispersion outcome as described in section 6.3.1. Although the
Voronoi tessellation shared similar features, the nanoparticles arrays from o-xylene
solutions possessed a lower root mean square difference (Arms) from the corresponding
hexagonal array in the pair correlation function g(r) as compared to that from the
toluene solutions, revealing a higher lateral order of the nanoparticles. Also, the density
of nanoparticles was slightly higher when using toluene as a solvent, showing a similar

result as that of the empty micelles.

In addition, when using the same solvent (o-xylene), the average distance between
the nanoparticles was changed using PS-0-P2VP with different block length as indi-
cated by the change in nearest neighbor distance (r) in g(r) of Figure 6.9 (b) and (c).
As the PS block of P1330 is much shorter than that of P4824, the thickness of the
corona is smaller in P1330, indicating less seperation for the resulted nanoparticles,

which is again supporting the decrease of r in g(r).

The spin coating speeds and the concentration of the PS-b-P2VP could also be
used to change the density/average distance of the resulted nanoparticles, which was
expected to yield a similar results as that of the empty micelles in section 6.3.2 and
6.3.3. However, unlike the empty micelles, the regional dispersion was deteriorated in
the nanoparticles cases, showing a higher local area deviation in the Voronoi tessella-

tion. Hence, other methods were required to improve the order of the nanoparticle array.
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6.4.2 Co-solvents effect
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Figure 6.10: Dispersion comparison of iron oxide nanoparticles with and without
co-solvent. Note that the P1330 concentration was 3.00mg/ml. (a) 0.2 ratio FeCls
loading, (b) 0.2 ratio FeCls loading with additional methanol co-solvent(10ul to 1ml
o-xylene), (c) 0.2 ratio FeCl; loading with additional ethanol co-solvent(10ul to 1ml
o-xylene).

Adding a small volume of appropriate co-solvents into the loaded PS-b-P2VP micelles

could be introduced to fine-tuning the morphology of the micelles arrays and hence
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improve the lateral order of the resultant nanoparticles.[124] In this study, ethanol

and methanol were selected for the purpose of tuning the dispersion of the nanoparticles

The co-solvents were applied to tune the dispersion of the nanoparticles array,
following the processes in section 6.1.2. Figure 6.10 shows the related AFM images and
the corresponding disLocate dispersion analysis. By comparing the Voronoi tessellation
and the local area deviation histogram, neither adding methanol nor ethanol could
improve the local order as more than 30% of the voronoi cells are above 20% deviation
from the hexagonal, showing the similar dispersion behavior as their direct loading
counterpart. From the pair correlation function (g(r)) perspective, the lateral order
decays to a certain extent as indicated by the larger root mean square difference (Arms)
from the corresponding hexagonal array in the g(r) for adding co-solvent compared to
the g(r) of the direct loading, while the first nearest neighbor distances (r) are roughly
the same. According the above disLocate analysis, the methanol and ethanol were not
suitable to be applied to the FeCls/P1330 systems for the purpose of improving the

lateral order of the resulted nanoaprticles.
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6.4.3 Poly(2-vinyl pyridine) homopolymer assisted loading
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Figure 6.11: Dispersion comparison of iron oxide nanoparticles from HP2VP assisted
loading of P4824 in toluene and o-xylene. Note that the loading ratio is 0.3 with
respect to 2VP in HP2VP. Nanoparticles from toluene solutions: (a) SEM image, (c)
Voronoi area deviation, (e) histogram of Voronoi area deviation, (g) pair correlation
function. Nanoparticles from o-xylene solutions: (b) SEM image, (d) Voronoi area
deviation, (f) histogram of Voronoi area deviation, (h) pair correlation function.
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Figure 6.12: Pair correlation function difference of HP2VP assisted loading of P4824
in toluene and o-xylene with o-xylene data set as reference.

The over-loading of FeClz into PS-0-P2VP reverse micelles has been reported to
result in bad dispersion of the resultant nanoparticles.[68] As described in Chapter 4,
the FeCls can interact with 2VP units, so there could be a saturation limit for loading,
above which could affect the micelles structure and thus jeopardize the control over

the size and dispersion of the following nanoparticles.

Here, the nanoparticles arrays were generated as indicated in section 6.1.3. As seen
in the left column of Figure 6.11, the HP2VP assisted loading of the P4824 micelles did
not significantly improve of the local order for the nanoparticles when using toluene as
solvent, compared with the previous results of direct loading. Specifically, by looking
at Figure 6.11 (c) and (e), around 36% of Voronoi cells possesses more than 20% local
area deviation with relatively even distribution from 0% to 35% local area deviation
when using toluene as a solvent, which shares similar features as the voronoi cells from

the previous direct loading or adding co-solvents.

In contrast, using o-xylene as solvent, iron oxide nanoparticles array had a signifi-
cant improvement in the Voronoi tessellation, using the same iron precursor loading
ratio, HP2VP concentration and P4824 concentration. 90% of Voronoi cells were
within 20% local area deviation with only a few Voronoi cells possessing more than

30% local area deviation, indicating a high degree of local order. Additionally, the pair
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correlation function (g(r)) also showed a significant difference. The root mean square
difference (Arms) from the corresponding hexagonal array in the g(r) is significantly
lower in o-xylene case, reinforcing the higher degree of lateral order. The pair correla-
tion function difference is also plotted in Figure 6.12 for direct comparison, showing
a long-range order in the o-xylene case. In addition, the average distance between
nanoparticles is similar in both HP2VP assisted loading, but is obviously larger than
that of the previous direct loading. This might be caused by the change of micelles
core/corona by addition HP2VP. Moreover, the size of the resultant nanoparticles from
HP2VP assisted loading was significantly smaller than that of the direct loading(detail
can be see in table 6.1 in section6.5), probably causing by the fact that the HP2VP

also occupy the space in the core of reverse micelles.

Hence, using o-xylene as a solvent, the HP2VP assisted loading could be used to

generate a high lateral order nanoparticles arrays.

6.5 Size control of the iron oxide nanoparticles

3

6.5.1 Size control experimental

We also tested the size of the resulted iron oxide nanoparticles by using only P4824(3mg/ml
in toluene) reverse micelles with different FeCls loading ratio (the number of the Fe™
ion divided by the number of the 2VP units in PS-0-P2VP). The reverse micelles
formation and FeCls was described in section 3.2.2. In this experiment set, the loaded
micelles solutions were created with the loading ratios of 0.05, 0.10, 0.15, 0.20, 0.30,
0.45, 0.60 and 0.70. The solutions were kept stirring for at least 24h to allow adequate
precursor infiltration. After that, the loaded micelles arrays with different loading
ratio were prepared on lem by lem Si substrates by spin-coating(4ul volume, 2000rpm,
45s) for quantum nanomechanical mapping(QNM) by AFM. After that, the samples

were treated with Oy plasma(29.6W, 25mins) to produce the iron oxide nanoparticles

3Results from this section submitted as "G. Hanta, K. Liang, A. Turak, "Young’s Modulus
variations to track loading precursor salts in reverse micelles", Langmuir"
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for further AFM characterization to determine their sizes.

Additionally, homopolymer poly(2vinyl pyridine)(HP2VP) was applied to our re-
verse micelles systems to investigate how it affects the size of the resulted nanoparticles.
In this route, the FeCls was mixed with 6 mg HP2VP in 1ml toluene in a vial while
15 mg PS-b-P2VP was dissolved in 4 ml toluene in a separate vial. After continuous
stirring for 72 hours, these two solutions were mixed together yielding the same PS-b-
P2VP concentration as we used before, and then the mixtures were stirred for 7 days.
The loading ratio was determined by the molar ratio of FeCls to the 2VP units of
HP2VP in this case. Two loading ratios (0.30 and 0.53) using P4824 and one loading
ratio (0.30) using P1330 were fabricated for comparison. The corresponding nanoparti-

cles samples were prepared by the same procedures as described in the above paragraph.

AFM 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 the recommendation from Bruker. For each measurements, the probe was calibrated
using a relative method of calibration from a sample of known modulus. The calibration
first involves the calculation of the deflection sensitivity by ramping the probe onto a
clean sapphire substrate provided by Bruker. A minimum of three ramps were done and
the average deflection sensitivity was used. The probe was then withdrawn from the
substrate and a thermal tune was performed 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 modu-

lus. AFM images were taken on a scale of 1 yum x 1 um and at a scanning rate of 0.5 Hz.

AFM images were analyzed in WSxM[99]. 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 schematic of how to extract
the modulus can be seen in Figure 6.13. The elastic modulus for each micelle was
determined by taking the average of the centre 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 fitted using a Gaussian approximation to calculate the average

modulus value and error for each treatment.
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Figure 6.13: Schematic showing AFM procedure for quantum nanomechanimcal (QNM)
mapping. (a) and (d): schematic of the empty and loaded micelles; (b) and (e): AFM
images of empty and loaded micelles with line corresponding to the Young’s modulus
line profile in (c¢) empty and (f) loaded micelles.

6.5.2 size control discussion
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Figure 6.14: The illustration for average height determinations of the nanoparticles.
(a) AFM of a typical spin-coated nanoparticles array on Si substrates, (b) The height
profile of a single nanoparticles, (c) The height histograms with Gaussian fitting.

The average size of the nanoparticles was obtained from the height profiles of nanopar-
ticles in AFM images by the help of WSxM.[99] One hundred randomly selected height
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profiles were analyzed to acquire a the statistical representation.[110] Moreover, a
Gaussian function was then applied to the raw data in order to minimize the influence

of the small and large anomalies. The overall processes were shown in Figure 6.14.

Representative AFM images of the nanoparticles related to different loading ratios
were listed together in Figure 6.15, with the homopolymer assisted loading conditions
labelled in white from (i) to (k). Following the same size determination procedures,
the average size of the nanoparticles were summarized in table 6.1 along with their
standard deviations(SD) and polydispersity indices(PDI). Here the PDI was defined
as the ratio between the standard deviation and the related average height. Observing
the average height only, it increased as the loading ratio was raised till 0.45. However,
the density of the nanoparticles went up with loading ratio higher than 0.30 as shown
in Figure 6.15 (e) to (h). Table 6.1 summarized the average height with SD of the
different loading ratios and also the PDIs. In addition, the average nearest neighbor
distance between the nanoparticles (r in the g(r)) and the lattice disorder parameter

(0 in g(r)) were also listed in the same table.

38



McMaster University — Engineering Physics MASc Thesis — Kunyu Liang

.
200nm
=

0.00
S nNm

20.00

0.00
nm

(j)P4824 HP2VP(0.53)
=0.60to P4834 .-

.

L 4

200
00nm ?](r)r(])

Figure 6.15: Representative AFM images of nanoparticles with different loading ratio.

Using one type of PS-b-P2VP, the size of the nanoparticles could be tuned to a
certain degree by simply varying the loading ratio of the FeCls. According to table 6.1,
the height of the nanoparticles seemed to peak at 0.45 loading ratio. Exceeding that

loading ratio resulted in smaller nanoparticles with decreased nearest neighbor distance,
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Table 6.1: Summary of average heights and polydispersity indexes for different FeCls
loading ratios using P4824 in toluene solvent

Nearest
. . Average Height Neighbor
Loading Ratio (nm) + SD PDI Distance

(nm)

0.05 6.5 £+ 0.66 0.10 51.2
0.10 6.0 &= 1.50 0.25 54.8
0.15 7.2 &£ 247 0.34 48.5
0.20 7.0 £ 274 0.39 53.9
0.30 11.0 &+ 3.19 0.29 42.9
0.45 13.0 + 2.41 0.19 43.7
0.60 8.1+ 1.99 0.25 45.6
0.70 9.4 £ 722 0.77 39.6
P1330-HP2VP(0.30) 4.6 4+ 1.03 0.22 53.1
0.34-HP2VP(0.30) 3.5+0.75 0.21 57.6
0.60-HP2VP(0.53) 6.3 + 1.66 0.26 N.A.

indicating a change in dispersion. It suggested that there should be a maximum loading
limit of the FeCls.

The loaded micelles were characterized using QNM to extract the Young’s modulus,
showing the relation between the loading ratio and the relative Young’s modulus. Fig-
ure 6.16 shows the QNM results together with the schematic depicting the FeCl;/P2VP

interaction.

(a)FeCl, LOADING (b) 15
3 e T * X
( PS-b-P2VP w2,
o= l.4F
3 $
ot
©E
23 13[ ]
23 |
38, .
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> @© 1+ 4 P4824 Homopolymer Loading
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\ 0 0.2 0.4 0.6 0.8

\ Molar ratio of FeCls to di-block copolymer

Figure 6.16: (a)FeCl; incorporated into the micellar core by binding along the P2VP
block backbone and connecting adjacent P2VP blocks, leading to an increase in Young’s
modulus, (b) the Young’s modulus ratio of the loaded micelles to empty micelles.
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Comparing the Young’s modulus ratio of the regular loading(direct loading) in
Figure 6.16 (b), it increases rapidly from 0.1 to 0.2 loading ratio, indicating an increase
in loading. After 0.3 loading ratio, the increase in Young’s modulus becomes insignifi-
cant and begins to level off after 0.45 loading ratio, indicate a maximum infiltration
at this point. The use of homopolymer appears to have led to an earlier maximum
infiltration. This is consistent with the AFM height results in table 6.1 showing the
maximum height at 0.45 loading ratio. Moreover, the QNM measurements of the
homopolymer HP2VP assisted loading can also be seen in Figure 6.16 (b). In this case,
the HP2VP appears to have smaller maximum infiltration, as the Young’s modulus
begins to flatten at below 0.3 loading ratio. This could be a explanation on why the
size of the nanoparticles in HP2VP assisted loading was significantly smaller than the
direct loading. Additionally, the HP2VP could occupy the space inside the micelles’
core, decreasing the actual amount of FeCls in that region, which again lead to the

smaller resulted nanoparticles.
In summary, we could changed the loading of FeCl; to tune the size of the resulted

iron oxide nanoparticles under the maximum loading ratio which is around 0.45 for

direct loading.
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6.5.3 Size effect on the magnetization-applied magnetic field

curves of the monolayer iron oxide nanoparticles array

S
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Figure 6.17: Comparison of M-H curves with varying the size of iron oxide nanoparticles.
AFM images of SQUID samples-single layer iron oxide nanoparticles on Si with different
mean height: (a) 3.45+0.58nm, (b) 5.494+1.09nm, (c) 9.23+1.72nm; (d)M-H curves of
the related SQUID samples.

The magnetization-applied magnetic field (M-H) curves of 3 different averaged
heights iron oxide nanoparticles arrays were measured at 300K using SQUID. The
average heights of nanoparticles were calculated from 100 randomly picked nanopar-
ticles in the corresponding AFM images(Figure 6.17(a), (b) and (c)) to acquire an
accurate representation of the height.[110] Figure 6.17(d) shows the M-H curves
of three SQUID samples with 3.454+0.58nm (in green), 5.494+1.09nm (in red) and
9.234+1.72nm (in navy) nanoparticles respectively. The corresponding coercive field
(Hc) was all at around 500e extracted from the M-H curves. The H. was relatively
small which was below the applied field increment(1000e). In addition, the rema-

nence magnetization (M,) were extremely small in all three cases in the order of the
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107 emu region, which was approaching the detection limit in the SQUID measurement.

Three M-H curves were also normalized by their height and density from the related
AFM analysis, shown in Figure 6.18. The normalized saturation magnetization (M)
converges to a similar magnitude at relatively high field strength at 50000e, but
showing different responses on the low field strength region. The normalized magneti-
zation of the sample with 9.2341.72nm nanoparticles appears to saturate at lower field
strength compared to that of the smaller size nanoparticles. This phenomenon could
arise from the higher ratio of the surface atoms. Due to the incomplete coordinations
and broken exchange bonds on the surface, surface magnetic anisotropy affect the

saturation magnetization, decreasing the M. [50-53]
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Figure 6.18: M-H curves normalized by the average height and density of the nanopar-
ticles.

6.6 Summary

In this chapter, the micellar core size of different PS-6-P2VP was determined using
toluene as a solvent, showing that P1330 micelles possessed larger average core size
than that of P4824 micelles. The cores of P1330 micelles appeared to be slightly
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smaller and also yielded a smaller PDI when using o-xylene as a solvent. Moreover,
the dispersion of the empty micelles have been examined, showing a higher degree of
lateral order in o-xylene. The average first nearest neighbor distance of the micelles
can be altered by spin coating speeds and diblock copolymer concentration. However,
the dispersion of the nanoparticles decayed compared to the empty micelles. In this
case, homopolymer poly(2-vinyl pyridine) assisted loading improved the lateral order
of the nanoparticles, whereas the methanol and ethanol co-solvents seemed to have
negligible impact on the dispersion. Moreover, tuning the size of the nanoparticles
was also achieved by changing the loading ratio of FeCl; under the maximum loading,
using different PS-6-P2VP and applying poly(2-vinyl pyridine) assisted loading. The
M-H curves of several selected size monolayer iron oxide nanoparticles were collected
to reveal their magnetic properties, indicating the size dependence of the saturation

magnetization.
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Chapter 7

Conclusion and outlook

7.1 Conclusion

This thesis focused on developing a simple magnetic y-Fe;O3 nanoparticles synthesis
processes with a high degree of control over the size and dispersion with the help of di-
block copolymer reverse micelles. By using Raman spectra, the iron oxide nanoparticles
evolution processes was elucidated in detail in Chapter 4. The overall processes could
be described as: a. Formation of the PS-0-P2VP reverse micelles; b. Adding FeCls
precursor; c. Dispensing (spin coating and dip coating); d. Oxygen plasma treatment;
e. Annealing treatment. Importantly, the low temperature annealing condition was

also developed for the purpose of incorporating into the actual organic electronic devices.

Moreover, the compositional and structural information of individual nanoparticles
were also characterized thoroughly with TEM/STEM equipped with EDX/EELS in
Chapter 5 where the magnetic properties of the nanoparticles arrays were also evaluated
by SQUID magnetometer. The preliminary results of the OPV devices with y-Fe;O3
showed a positive effect on the performance, yet more device investigation needed to

be carried out for further exploration.

As dispersion of the nanoparticles is of interest in terms of actual organic electronic
devices and magnetic properties, Chapter 6 summarized several methods to effect the
dispersion which was evaluated quantitatively using the disLocate package in Mathe-

matica, showed that homopolymer poly(2-vinyl pyridine) assisted loading improved
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the lateral order of the nanoparticles with great success. In addition, the size tuning
of the nanoparticles was also achieved by changing the loading ratio of FeCls below

the maximum loading.

7.2 Outlook

~v-FeoO3 nanoparticles can be generated with high degree controllability in terms of
size and dispersion using the method in this thesis, whose processes are compatible
with the actual organic electronic devices (such as OPV, and OLED) fabrication.
Incorporating these nanoparticles into the standard devices is a good starting point
moving forward to investigate the electrode modification effect with and without the
external magnetic field, which might provide a further understanding about the charge
carriers spin injection mechanism. 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 are ready to be

applied to many potential applications in either academia or industry.
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