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Abstract

Polymer matrices doped with a dispersion of noble metal nanoparticles combine
the strong plasmon resonance-based optical signatures of the latter with the
flexibility and processability of the former. We have developed a nonlinear
lithographic technique to generate large populations of epoxide waveguides
containing a uniform dispersion of Au nanoparticles. The method is based on the
self-trapping of multiple beams of white light propagating through a catonic
polymerizable matrix doped with a gold salt, initiating the polymerization of
epoxide moieties and simultaneously the in situ synthesis of elemental Au
nanoparticles. Each white light filament inscribes a cylindrical waveguide, leading
to an array of metallodielectric waveguides. Field of view (FOV) measurements
indicate that the metallodielectric waveguide array has a nearly 59 % increase in
FOV relative to its all-dielectric counterparts and can be tuned through the
concentration of Au nanoparticles and the optical intensities employed to generate

waveguides.
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1 Introduction

The practical potential of hybrid materials is becoming more and more prominent
due to their versatile and unique properties. Particularly, incorporating metal
nanoparticles in polymers® becomes significant for functional devices used in
spectroscopy, optical sensor’ and optoelectronics. As a typical hybrid material,
polymer matrices doped with a dispersion of noble metal nanoparticles are very
promising, since they combine the strong plasmon resonance-based optical

signatures of the latter with the flexibility and processibility of the former.®

1.1Bio-inspired waveguides (WGS) arrays

1.1.1 Compound eye-mimic structures based on waveguides

1.1.1.1 Natural and artificial compound eyes

As a visual organ of arthropods, natural compound eye consists of numerous
ommatidia, which are independent photoreception units pointing to slightly
different directions.® Each ommatidia contributes its own inputs to form the
perceived image of the arthropod. Comparing to the single-aperture eyes,
compound eyes with small volume possess large field of view (FOV), high

sensitivity to motion and the ability to distinguish polarized light.°
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For the artificial compound eyes, ommatidia essentially are waveguides. Figure
1.1a shows the artificial compound eye which containing numerous artificial
ommatidium. Figure 1.1b is the scheme of artificial ommatidium which is
composed of microlens, polymer cone, waveguide core, waveguide cladding and

photodetector.

microlens A~ microlens
polymer cone )

waveguide

. ’
’ ’

polymer cone

waveguide core
= waveguide cladding
photodetector

artificial compound eye artificial ommatidium

Figure 1.1 (a) The scheme of artificial compound eye. The scheme of artificial
ommatidium. Reprinted with permission from the American Association for the
Advancement of Science [11].

Compared with the single chamber optical system, the artificial compound eye has
a lot of advantages. Since it is a single sensor with multiple waveguides and its
captured image is the combination of the sub-image collected from each waveguide,
which leads to a large FOV and achieves in sub-imaging processing. Figure 1.2 is

an example of the artificial compound eyes which gives a panoramic FOV.
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Figure 1.2 An example of the artificial compound eyes which gives a panoramic
FOV. Reprinted with permission from Science. Reprinted with permission from
National Academy of Science of the United States of American [12].

1.1.1.2 Compound eye-mimic artificial structures created in polymer matrix

Previous work of our group has shown that compound eye-mimic artificial
structures can be created in polymer matrix. As well, we have developed a nonlinear
lithographic technique to generate large populations of epoxide waveguides. When
light propagating through a polymerizable matrix, it can initiate the
photopolymerization, which lead to an increase in the localize density and a
corresponding change of the refractive index. The change of refractive index will
lead light to be self-focused. However, the balance between the self-focusing and
natural divergence of light will lead it to be self-trapped. In this thesis work, a
photomask (PhotomaskPORTAL, square grid pattern, periodicity = 40 um) was
used to split the uniform broad beam into individual narrow self-trapped filaments.
Then, each self-trapped beam will inscribe a permanent cylindrical structure along

3
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its propagation path which is waveguide. Therefore, the waveguides are self-
induced during the irreversible photoinitiated polymerization.

Comparing the compound eye-mimic artificial structures created in polymer matrix
to other types of artificial compound eyes, it has many advantages. It’s cost
effective, it can be fabricated just by using several optical assemblies and cheap
polymerizable sol. However, most of the other types of artificial compound eyes
use the multiple camera systems which requiring multiple lenses and multiple
detector arrays.'® As well, the fabrication process of compound eye-mimic artificial
structures created in polymer matrix is very quick, can be done by a single step. As
well, the compound eye-mimic artificial structures created in polymer matrix has

outstanding FOV, which are illustrated in Section 1.1.3.3 in this thesis.

1.1.2 Fabrication of polymerizable waveguide using nonlinear lithographic
technique

1.1.2.1 Self-trapping of optical beams

When a single narrow optical beam propagating in a linear medium, it has natural
tendency to diverge due to the diffraction and dispersion. However, when the beam
propagating in nonlinear medium, i.e. photoresponsive material, the propagation
results in an increase in refractive index. Then, the change of the refractive index
(An) can lead the light to be self-focused. As a result, the balance between the

divergence and self-focusing causes the initial divergent beam to be self-trapped.*
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The following scheme shows the spatial beam profiles of a propagating beam when

it undergoes natural diffraction, self-focusing and self-trapping.

M
Mt
e

V4
k’
X
DIVERGENCE SELF-FOCUSING SELF-TRAPPING

a b c

Figure 1.3 Scheme of the spatial beam profiles of a propagating beam when it
undergoes (a) natural diffraction, (b) self-focusing and (c) self-trapping, where the
color scale corresponds to intensity. From bottom to top, each column represents
the spatial beam profile at different position along the direction of propagation.
Reprinted with permission from [15].

1.1.2.2 The nonlinear Schrédinger equation

As mentioned above, the self-trapping of a beam is due to the counterbalance
between its self-focusing and it natural divergence. During the propagation of a
self-trapped beam, the spatial intensity profile of the beam stays unchanged and the
resulting propagation path can be very long (much longer than Rayleigh length).

When the divergence of a beam is exactly counterbalanced by its self-focusing, the
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resulting self-trapped beam is defined as a soliton. The expression of the

counterbalance can be explained by the nonlinear Schrodinger equation* as below:

2ikong (22) + V3 + k?(n? — nd) = 0 11

For the Equation 1-1, k is the angular wavenumber and v stands for the electric

field amplitude. Beam divergence can be expressed by the Laplacian term®*:
Vi= (/pe) + O /py2) 1-2
1 Ox2 dy?

, Where the plane of divergence is transverse to the propagation axis (i.e. axis z).

1.1.2.3 Self-trapping of coherent and incoherent light

For coherent beams, their amplitude and phase are completely time and space
correlated. Whereas, the amplitude and phase of incoherent beams vary in time or
in space, which have bad correlation. It is well known that laser is a common
coherent light source while white light belongs to incoherent light sources. Plentiful
researches on optical solitons have been theoretically and experimentally done with
coherent light in the past 40 years. It was hard to generate solitons using incoherent

sources due to their high uncorrelated nature.

However, the self-trapping of incoherent light is attracting more and more
attentions recently. As an incoherent beam, white light contains many random
bright-dark speckles whose fluctuations are at femtosecond timescale.'® Some

instantaneous media or conventional nonlinear media'’81°, such as Kerr media,
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can response to the speckles at same timescale and lead the diverged white light
beam to start self-focusing. As a result, femtosecond multiple filamentation of beam
are obtained, which then randomly inscribe transient intersecting waveguides. To
generate incoherent solitons, there are several critical conditions.?®?* Firstly,
incoherent solitons as a kind of solitons should be self-consisted, which means that
the photoinduced waveguide can also guide the beam itself. Secondly, the response
time of the nonlinear medium must be longer than the average time of fluctuation
of the incoherent light. In this way, the medium would not response to the random
speckles. Thirdly, in the nonlinear medium, the multimodal beam is supposed to
induce multimodal waveguide in order to keep self-consistency of the entire optical

field.

1.1.2.4 Self-trapping of white light in photopolymerizable matrix

Self-trapping of white light is facing a lot of challenges, since it contains many
instantaneous speckles fluctuating rapidly and the multimodal beam. Due to the
random bright-dark speckles fluctuating at femtosecond timescale, it’s important to
prevent the diffraction of the speckled beam from interfering self-trapping of white
light. This requires the medium to have longer response time than the fluctuation
time of the speckles. Thus, photopolymerizable medium as non-instantaneous
medium, which have inherent longer response time, is ideal to elicit self-trapping

of white light. 2223
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As mentioned above, photopolymerizable media can overcome the limitations of
other common medium, since they possess inherent non-instantaneous nonlinearity
which help soliton propagation according to the change of refractive index.
Polymerization as an irreversible chemical reaction in polymerizable medium can
result in the nonlinear response to change the refractive index. During free radical
polymerization, the increasing local density results in an increase in the refractive
index, which consequently results in self-trapping of the white light.?*?6 Kewitsch
et al. has demonstrated the following expression showing the temporal and spatial

variation of refractive index change due to the free radical polymerization.?®
— _ _ 1 [t 2 }
An(x,y,zt) = Ang {1 exp[ 0 Jy NE®) dt]} 1-3

where Ans represents the saturated refractive index change, 7 is the lifetime of
monomer radical, t is time, E(t) is the amplitude of the electric field and Uo is the

minimum energy required to initiate polymerization.

Our group has done several studies on self-trapping of incoherent light source. The
studies showed the experimentally possibility of the nonlinear propagation of white

light through photopolymerizable organosiloxane system.?’-3
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Figure 1.4 Photoinitiated free-radical polymerisation of organosiloxane with
methacrylate groups. Reprinted with permission from [31].

1.1.3 Waveguide structure and the field of view (FOV)

1.1.3.1 Light propagation in a waveguide

Optical waveguide is the three-dimensional self-induced waveguide through the
self-trapping of the beam, which is composed of a cylindrical core surrounding with
a cladding. Figure 1.5 is a scheme of an optical waveguide, where the refractive

index of the core is n1, while the refractive index of the cladding is na.
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cladding,
n»

= [T 0
T\ N

Figure 1.5 Scheme of an optical waveguide, which has a cylindrical core
surrounding with a cladding. The refractive index of the core is ni, while the
refractive index of the cladding is n.. Reprinted with permission from [31].

It’s a common approach to counteract beam diffraction by using optical waveguide.
For optical waveguide, the refractive index of the core is higher than the refractive
index of the cladding, namely n1 > n,. However, the beam can then be confined,
guided and propagated within the medium with high refractive-index due to total
internal refraction. Total internal reflection is a phenomenon that the light is totally
reflected when the incident angle is greater than the critical angle.®? Based on the

Snell’s law, critical angle can be defined as following equation®?:
Ocritical = Sin_l(%) 1-4
2

Therefore, total internal reflection of the light can lead it to be confined, guided and

propagated within the waveguide.

1.1.3.2 The change of FOV from the waveguide structure to the waveguide-free
counterparts

Basically, each waveguide has a specific angular acceptance range (i.e. FOV),

10



Master Thesis — Yi Pan; McMaster University — Department of Chemistry

which can be illustrated as the following figure.

Figure 1.6 The scheme of single waveguide with specific FOV. Reprinted with
permission from [33].

Comparing to the waveguide-free medium, waveguide lattices with certain
arrangement could confer enhanced FOV. For the panoramic arranged waveguide
lattice, the FOV of the structure is the cumulative angular ranges of each constituent
waveguide®®, thus its FOV is larger than the FOV of the unstructured medium.
Alternatively, the FOV of the 0-degree waveguide arrays (Figure 1.7) should be
also broader than the waveguide-free medium. When two same beams propagate
same distance, the beam intensity profile within the waveguides stays unchanged
due to the self-trapping, while the beam intensity decreases due to the beam

divergence in the unstructured medium.

11
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Figure 1.7 Scheme of 8 waveguides evenly spaced, which has a FOV within the y-
z plane. Reprinted with permission from [33].

1.1.3.3 The continuous and discontinuous waveguide structure and their
corresponding FOVs

Previous work of our group has shown that different types of compound eye-mimic
structures can be created based on polymer waveguides. Figure 1.8 (a) is a WEL
structure which has 5 lattices oriented to point different directions. Since the
waveguides are arranged discontinuously, the WEL structure has a discontinuous
FOV.* Figure 1.8 (b) is RDWEL structure, where the waveguides are arranged as

a continuous arc, thus it has a continuous panoramic FOV.*?

12
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(b).

Figure 1.8 (a). scheme of the waveguide encoded lattice (WEL), which shows the
extension of each waveguide array along its axis and its corresponding relative
angular position. Reprinted with permission from John Wiley and Sons [34].
Copyright © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Scheme
of radially distributed waveguide encoded lattice (RDWEL) with continues
panoramic FOV. Reprinted with permission from [33].

13
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1.2 Gold nanoparticles

1.2.1 Properties of gold nanoparticles (Au NPs)

As a noble metal nanoparticle, gold nanoparticles have fabulous physical and
chemical properties. Different form the bulk, the nanosized dimension of gold
nanoparticles leads them to open fascinating possibilities in electronic and optical
applications. Gold nanoparticles have outstanding tunability of properties, their
shape, size and local environment presents can be varied under contain conditions.®
This unusual capability provides gold nanoparticles many novel application
possibilities. There are many synthesis strategies of gold nanoparticle which
provides them various possibilities to incorporate into other materials. Besides, gold
nanoparticles are very stable and hard to agglomerate, so they can be freely
dispersed into some medium such as polymeric networks.

In particular, gold nanoparticles have strong plasmon resonance-based optical
signatures, thus they have been used in various fields. Surface plasmon resonance
(SPR) is one of the most outstanding physical properties of noble metal
nanoparticles. The SPR can enhance the exciting electromagnetic field due to the
collective oscillation of conduction band electrons on the surface of metal
nanoparticles.>> There are a wide variety of applications of SPR of gold

36,37

nanoparticles’™”’, particularly in SPR sensors since they are extremely sensitive to

the change in refractive index resulted from the surface plasmons.

1.2.2 Synthesis of gold nanoparticles
14
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A variety of approaches have been developed to synthesis gold nanoparticles. One
of the most general method is chemical reduction method, which consists of
reduction and stabilization. Reduction agents, such as polyols, aminoboranes, are
used to reduce the gold salt into element gold nanoparticles. Meanwhile,
stabilization agents are used to avoid the aggregation.® Turkevich method is one
of the most classic chemical method for the synthesis of gold nanoparticles, which

is based on the treatment of HAuCls with citrate in boiling water.

Other than the common chemical synthesis, gold nanoparticles can also be
synthesized through other processes, such as electrochemical method, seeding
growth method, biological method etc. For this thesis work, we used the method of
photoinduced in situ synthesis to generate the gold nanoparticles***3, since this
method can produce the gold-polymer nanocomposite. Gold-polymer
nanocomposite as metallodielectric composites combines the unique processing
mechanical properties of the polymers with the outstanding physical and chemical
properties of gold nanoparticles. However, it’s challenging to generate a uniform
distribution of gold nanoparticles within the polymeric waveguides. The synthesis

mechanism is illustrated in the Result and Discussion section of this thesis.

15
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1.3 Waveguide arrays doped with Au nanoparticles

1.3.1 Photoinduced in situ synthesis of gold-epoxide nanocomposite

As a hybrid material, noble metal nanoparticles dispersed into polymer matrix have
significant potential in practical photoelectric devices due to their versatile physical
and chemical properties. Particularly, epoxide-gold nanocomposite attracts more
and more attentions since they have excellent chemical and thermal resistance and
unique optical properties. Yagci et al. has demonstrated the in situ synthesis of gold-
epoxy nanocomposites through photoinduced electron transfer and cationic

polymerization by using visible light. 443

In the work, they designed iodonium salt and HAuUCI4 as oxidizing agents which
ensure the simultaneous generation of gold nanoparticles and cations for the
cationic polymerization. The system must use two different oxidizing agents, since
it requires a gold precursor and a non-nucleophilic counteranion which are
impossible replaced by a single oxidizing agent. Under the illumination of visible
light, the photogenerated radicals can reduce gold salt to generate gold
nanoparticles. At the same time, another portion of the radicals can reduce the
photoacid generator to generate the cations which can the initiate the cationic

polymerization. 4

As another research branches developed from above works, our group has modified
the in situ synthesis method to further study modulation instability of incoherent

LED beam in epoxide systems.* Based on the modification done by our group, this
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thesis work further combined the in situ synthesis approach developed by Yagci et
al. with a nonlinear lithographic technique to generate gold nanoparticles
embedded waveguide structures for this thesis work. To be specific, we used the
method of self-trapping of a broad beam of white light to fabricate large populations
of epoxide waveguides containing a uniform dispersion of Au nanoparticles. The
propagation of the self-trapped incoherent beams can then induce the in situ
synthesis of gold nanoparticles and simultaneously initiate the cationic
polymerization of the epoxide sols to generate the metallodielectric waveguides.

The details of strategy implemented is outlined in the following as Section 3,1.

1.3.2 Optical properties

For the fabrication of the gold nanoparticles doped waveguides, the propagation of
self-trapped white light not only induces the synthesis of gold nanoparticles, but
also initiates the photopolymerization. Consequently, many gold nanoparticles are
generated within the polymer waveguides. The in situ photogenerated gold
nanoparticles can increase the localize density of the polymer waveguides, which
results in the change of the refractive index.?®444% Therefore, the change of

refractive index is based on the loading of gold nanoparticles.

As well, since the change of refractive index is the determining factor for FOV, the
increase in the change of refractive index can result in the increase of FOV.
Therefore, the addition of gold nanoparticles can increase the change of refractive

index and indirectly enhance the FOV. In other words, the waveguide doped with
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gold nanoparticles supposes to have larger FOV comparing to the undoped

waveguide.

1.4 Research objectives: Enhanced Fields of View in Waveguide
Arrays doped with Au nanoparticles

Previous work*' of our group has shown that optical polymer waveguide
microstructures embedded with metal nanoparticles can be fabricated in an epoxide
based photopolymerisable system by combining the in situ generation of metal
nanoparticles with nonlinear propagation of electromagnetic field. Besides, the
WEL work®* of our group has shown that a waveguide array can collect light
incident from a specific angular range. This project is based on the work mentioned
above. In this work, we are working on the fabrication of an ordered array of
epoxide waveguides containing a uniform dispersion of gold nanoparticles and
subsequent study of their optical properties, especially the FOV. There are several

specific objectives of this project as the followings.

Firstly, this project is aimed to fabricate an ordered array of 0° epoxide waveguides
containing a uniform dispersion of gold nanoparticles. Since the gold-epoxide
nanocomposite is going to generate as 0° waveguide arrays using incoherent white
light source, it’s important to select the suitable ring cells used for containing the

sols, and to adjust the fabrication assembly.

After the complete of fabrication, it is valuable to study the optical properties of the

gold-epoxide polymer waveguides. Since the undoped epoxide waveguide has
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already shown the FOV enhancement comparing to the non-waveguide epoxide
polymer, incorporating gold nanoparticle into the epoxide waveguides is going to
open a fascinating possibility in the FOV. Compared to the nanoparticle-free
counterparts, waveguide arrays doped with metal nanoparticles have different
refractive indices, thus they possess different angular acceptance ranges (i.e.
different FOV). It’s valuable to compare the FOV of the epoxide waveguide doped
with gold nanoparticles to the undoped waveguide, and sequentially determine the

FOV enhancement.

Finally, since the optimal waveguide structures can be tuned by several fabrication
conditions, we also need to examine the effects of the concentration of gold

nanoparticles and the fabrication power on the FOV.

2. Experimental Section

2.1 Materials

The structures of the materials used in this study are shown in Figure 2.1. 3, 4-
epoxycyclohexylmethyl-3', 4'-epoxycyclohexane carboxylate (ERL-4221) (1), poly
(1, 4-butanediol (M, 250)) (pTHF) (2), and camphorquinone (3)
Epoxypropoxypropyl terminated polydimethylsiloxane (DMS) (4) is purchased
from Gelest Inc.. Bis(4-t-butyl)iodonium hexafluroantimonate (5) is obtained from
Hampford research Inc.. Camphorquinone is used as photosensitizer (PS) which has

its peak absorption wavelength at 468 nm, and Bis(4-t-butyl)iodonium
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hexafluroantimonate is used as photoinitiator (PI). (97% purity) gold (III)
tetrachloride (6) are purchased from Sigma Aldrich (Oakville, ON). All reagents

are used as received without further purification.

O
n
1 2

NI
R e O
Vﬁ _\V SbF;

4 5

HAuUClI4
6

Figure 2.1 The structures of the materials used to prepare the photopolymerisable
sols.

2.2  Preparation of undoped epoxide sols and the sols containing
gold salts

The undoped epoxide sols were prepared by two steps. Firstly, to a reaction vial 7.6
g of ERL (76 wt%), 1.0 g of DMS (10 wt%), 0.2 g of camphorquinone (2 wt%),
0.2g of iodonium salt (2 wt%) and 1.0 g of pTHF (10 wt%) were added. The
mixtures were prepared under minimal exposure to ambient light. Secondly, the

entire mixtures were sealed with aluminum foil and constantly stirred for 48 hours,
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followed by the filtration through a polytetrafluoroethylene filter (pore size: 0.2 um,
Pall Corporation) before use.

The epoxide sols with gold salt were prepared by the following steps. To facilitate
the solubility of the gold salt in the sols, gold (III) tetrachloride was firstly mixed
with pTHF. Briefly, 5 mg of gold (III) tetrachloride (0.05 wt%) was added into
0.9950 g of pTHF (9.95 wt%) and well stirred. Secondly, the gold-pTHF solution
was added into a mixture containing of 7.6 g of ERL (76 wt%), 1.0 g of DMS (10
wt%), 0.2 g of camphorquinone (2 wt%) and 2g of iodonium salt (2 wt%) was
prepared. All the operations were done under minimal exposure to ambient light.
Finally, the resulting mixture were constantly stirred for 48 hours, followed by the
filtration through a polytetrafluoroethylene filter (pore size: 0.2 pm, Pall

Corporation) before use.

2.3 Preparation of experimental sols with different Au
concentrations

Comparing to the undoped waveguides, the waveguides doped with different
amount of gold nanoparticles may have different FOV. To study the Au-
concentration dependent FOV, sols with different loading of gold salt were prepared.
The weight percentages of the gold salt we selected to study were 0 wt%, 0.03 wt%,
0.04 wt% and 0.05 wt%, respectively. These sols were prepared by mixing the gold-
pTHF solution with the epoxide-PS-PI mixtures as mentioned above in the general
steps. Different amount of HAuCls were dissolved in pTHF, while the total weight

Au-pTHF solutions were still 1.0 g and all the weight percentage of other chemical
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components were kept constant. Same as the general preparation steps, these sols
were prevented from exposure to ambient light, constantly stirred for 48 hours and

filtered before being used.

2.4 Optical assembly for structure fabrication

Figure 2.2 shows the optical assembly used to fabricate the 0° epoxide-based
metallodielectric and dielectric waveguide arrays. A broad beam of white
incandescent light (320-800 nm) was generated from a quartz tungsten halogen
lamp (QTH) (Cole-Parmer). The beam was collimated by a planoconvex lens L; (F.
L. = 250 mm) then passed through an optical photo-mask (PhotomaskPORTAL,
square grid pattern, periodicity = 40 pm) before launched onto the entrance face of
the sample cell (Diameter = 16 mm, path length = 2 mm) containing the
photopolymerisable sol. The beam intensity profiles at the exit face of the sample
ring cell were captured using a pair of planoconvex lenses L and L3 (F. L. = 250
mm) and focused onto a high-resolution, progressive scan, charged-coupled device
(CCD) (1360 (H) x 1024 (V) 3.2 um square pixels, sensitivity range = 350 nm to
1150 nm; WinCamDTM digital camera, Data Ray Inc., USA). Both the photomask
and the sample cell were assembled on a rotation stage, and all the optical
components and the rotation were mounted on a linear optical rail (resolution =

Imm) with rail carriers,
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CCD
Ly Sample Camera

QTH

Photomask

Figure 2.2 Schematic diagram of optical setup used to fabricate the 0° array of
epoxide-based metallodielectric and dielectric waveguides.

2.5 Fabrication conditions of the structures

Since the fabrication exposure power may affect the resulting structure, both 7.0
mW and 8.0 mW were used for the fabrication. Power was measured at the entrance
face of the photomask using a power meter, and the power meter was set to 468 nm
since the absorption peak of camphorquinone is at 468 nm. The evolution of
reaction was monitored with the CCD camera, and the beam intensity profiles at
the exit face of the samples were recorded every 60s. Since the sols loaded with
different amount of the gold salt have different transparency, the illumination time
needed to fabricate these structures may vary. Multiple experiments were done to
optimize the fabrication time of the structures with different amount of gold salt.
To be specific, when illuminated under a 7.0 mW white incandescent lamp, the
epoxide sols containing 0 wt% (the undoped sols), 0.03 wt%, 0.04 wt% and 0.05
wt% gold salt were irradiated for 48, 50, 52, 58 minutes respectively. However,
when illuminated under an 8.0 mW white incandescent lamp, the epoxide sols

containing 0 wt% (the undoped sols), 0.03 wt%, and 0.05 wt% gold salt were
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irradiated for 30, 33, 35 minutes respectively.

2.6 Structural Characterization

Laser transmission images of the waveguides doped with gold nanoparticles and
the undoped waveguides obtained with a He-Ne laser (632.8 nm, Spectra-Physics,
USA). The micrographs of the structures were captured using an Olympus BX51
optical microscope (x5 magnification), fitted with a Q-Imaging Retiga EXi digital
camera and Image proTM software. From previous work done by Dr. D. K. Basker,
the JEOL 2010F field emission transmission electron microscopy (TEM) equipped
with energy dispersive X-ray spectroscopy (EDS) spectrometer was used to
characterize the metal nanoparticles. Samples for the TEM was prepared using

ultramicrotome and sliced to about 70 nm.

2.7 FOVs measurements

Figure 2.3a shows the schematic diagram of the optical assembly used for
measuring the FOV of the waveguide arrays. The photograph of the actual setup is
shown in Figure 2.3b (All optical components are labeled corresponding to that in
Figure 2.3). A broad collimated beam of white light generated from a QTH lamp
(Ocean Optic Inc.) and passing through a donut shaped mask (~3 mm) was used as
the probe beam. The fabricated waveguide samples (S) were mounted on a rotation
strage (R), which was rotatable around the vertical y-axis with a resolution of 1°.

An aperture (A) was placed in front of a pair of planoconvex lenses L, and L3 (F.
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L. = 250 mm, diameter D= 25.4 mm) to block the stray light. All imaging
components were mounted on an optical linear rail (resolution = 1mm) and to vary
the incident angle of the probe beam, the optical rail was rotated = 8° about the
optical axis of the beam with an interval of 0.5°. The intensity profile at the exit
face of the testing samples under each incident angle were captured by a CCD
camera (1360 (H) x 1024 (V) of 3.2 um square pixels, sensitivity range = 350 nm
to 1150 nm; WinCamDTM digital camera, Data Ray Inc., USA). Three or more
parallel experiments were done for each waveguide array with different
concentration of gold nanoparticles to ensure accuracy.

a

QTH CCD

Figure 2.3 a) Scheme of optical assembly for measuring the FOV of the waveguides.
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b) Photograph of the actual setup used for measuring the FOV.
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3. Results and discussion

3.1 Photoinduced in situ synthesis of epoxide-metal nanocomposite

The epoxide photopolymerization system with the in sifu gold nanoparticle
synthesis was developed by Yagci et al.*'*** We combined the in situ synthesis
approach developed by Yagci et al. with the self-trapping! of a broad beam of white
light for fabricating gold nanoparticles embedded waveguide structures. In other
words, we developed a nonlinear lithographic technique to generate large
populations of epoxide waveguides containing a uniform dispersion of Au
nanoparticles. The method is based on the self-trapping*® of a broad beam of white
light propagating through a cationic polymerizable matrix doped with the HAuCls,
which initiates the polymerization of epoxide moieties to form waveguides while
simultaneously in situ synthesizes of elemental Au nanoparticles.*’

To generate gold nanoparticles embedded epoxide waveguide structures, HAuCls,
camphorquinone  (visible light sensitizer) and  bis(4-t-butyl)iodonium
hexafluroantimonate (photoacid generator) are used to enable the cationic chain
propagation of metallodielectric epoxide polymer. Figure 2.4 shows the
mechanism of visible light induced in situ synthesis of the element gold
nanoparticles and the simultaneously cationic polymerization of epoxide moieties.
Upon exposure to visible light, camphorequinone absorbs the photon energy to
form camphorquinone radicals (i.e. step 1 in Figure 5). A portion of photogenerated

camphorquinone radicals then react with HAuCls and reduce it to zero-valent nano
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scale gold and achieve the in situ synthesis of gold nanoparticles (i.e. step 2 in
Figure 2.4). The formation of epoxide waveguides occurs simultaneously as the
formation of the gold nanoparticles. The chain propagation is induced by cationic
polymerization. However, the cationic polymerization of epoxide moieties cannot
be enabled by HAuCls which does not carry non-nucleophilic counteranion. In
other words, the oxidant used to generate the initiating cations of the polymerization
is different from the one for the in situ synthesis of Au nanoparticles. The
mechanism of the cationic polymerization can be illustrated as the following. The
other portion of photogenerated camphorquinone radicals (in setp 1) are oxidized
by bis(4-t-butyl)iodonium hexafluroantimonate to form H X" (Step 3), which reacts
with epoxide monomers to generate an initiative epoxide cation (step 4), then starts

the polymer chain propagation (Step 5).
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Figure 2.4 Mechanism for visible light induced in situ synthesis of gold-epoxide
and the simultaneously cationic polymerization of epoxide moieties. Reprinted with
permission from [44].

3.2 Sample appearance

Figure 3.1 shows the appearance of the experimentally fabricated undoped
waveguide samples and the corresponding samples doped with gold nanoparticles.
As we can see, the sample with its waveguide doped with gold nanoparticles has
dark brown color while the undoped waveguide sample is yellow (due to un-reacted
camphorquinone), which can preliminary indicate that gold nanoparticles were

generated during illumination.
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Figure 3.1. Comparison of the appearance of the actual samples experimentally
fabricated. The structure of undoped waveguide is shown on the left and
waveguide-encoded sample doped with Au NPs is shown on the right. (Scale bar =

Imm).

3.3 Optical characterization of the waveguide matrix structure

During the illumination, the photoinitiated ring opening cationic polymerization
took place, which resulted in the increase of the localize density and the
corresponding change in the refractive index. 2*#* The photomask could lead the
uniform broad beam to split into individual narrow self-trapped filaments. The self-
trapped beams then inscribed permanent cylindrical structures along their path
during the irreversible polymerization, which led to the formation of the
waveguides. For this project, since we didn't put any condenser lens in front of the
samples, the generated waveguides are 0° and periodically spaced, a scheme of the

matrix structure is shown in Figure 3.2.
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Figure 3.2 Scheme of 8 waveguides evenly spaced, which has a FOV within the y-
z plane.

The laser transmission profiles and the optical micrographs of the transverse cross-
sections of the waveguide sample are shown as Figure 3.3. It's clear that all images
exhibit periodically spaced high intensity spots, which refer to waveguides. Those

are the evidence of the formation of the 0° waveguide arrays.
a.
b.
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Figure 3.3 The optical characterizations for the 0° waveguide arrays. a) Laser
transmission profiles of the transverse cross-sections of the undoped waveguide
array (left) and the waveguide array doped with Au nanopaticles (right). (Scale bar
=160 um). b) Optical transmission micrographs of the transverse cross-sections of
the undoped waveguide array (left) and the waveguide lattice doped with Au
nanoparticles (right). (Scale bar = 160 pm).

From all the transverse cross-section images above of the undoped waveguide and
the waveguide doped with Au nanoparticles, the presence of the spots indicates that
the waveguides were imaged straight on. Therefore, the 0° metallodielectric and

dielectric waveguides were formed.

3.4 Characterization of the gold nanoparticles

For the sol with gold salt, as the white light self-trapped to induce the inscription of
the waveguides, the in situ generation of metal nanoparticles is also taking place.
As mentioned in Section 3.1, the in situ synthesis of gold nanoparticles is
photoinduced, so most of the generated gold nanoparticles should distribute in the

core of the cylindrical waveguides, as shown in the scheme in Figure 3.4.
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Figure 3.4 Scheme of the 0° epoxide waveguide arrays doped with gold
nanoparticles

Previous work of our group has characterized the generation of gold nanoparticles,
that we conducted TEM microscopy and EDX spectroscopy to ultrathin waveguide
samples doped with gold salt. The EDX spectrum in Figure 3.5¢ shows strong peak
of Au, indicating the existence of elemental gold in the structure. The TEM
micrographs in Figure 11a-b shows the morphology of the gold, which indicate that
the elemental gold is in the form of spherical gold nanoparticles, with average
diameter of 10 + 3 nm. Figure 3.5d shows the Ultraviolet—visible (UV-vis)
spectrum of the waveguide structure embedded with gold nanoparticles. It exhibits
a peak absorption wavelength at 560 nm, which corresponds to the dipolar plasmon

resonance of gold nanoparticles embedded in polymers.

33



Master Thesis — Yi Pan; McMaster University — Department of Chemistry

C
A Spectrum 1
Cu
Au
Au
Cu
A Ay
Au
T T T T T T T T T T B N i T T
1 2 3 4 5 g 9 10 1 12 13 14 15 16 17 18 19 20
Scale 961 cts Cursor: 0000 kel k')
562 nm
036
0.34
0.32 4
. 0.30 4
=
s
3 0.28
2 o026 -
3
024 4
022 4
0.20
018 y T T T T
450 500 550 600 650 700
Wavelength (nm)

Figure 3.5 The optical characterizations for gold nanoparticles. a) The TEM
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micrographs which shows the distribution of Au nanoparticles in epoxide
waveguide arrays. b) high resolution TEM image showing the presence of single
gold nanoparticle. ¢) EDX spectrum confirming the presence of elemental gold. d)
UV-Vis absorption spectrum of a waveguide structure embedded with gold
nanoparticles. Reprinted with permission from [44].

3.5 The enhanced FOV

Previous work of my group shows that the 0° waveguides set of the RDWEL
structures had larger angular acceptance range than the 0° control sample (i.e.
waveguide-free medium). In this project, the FOV measurements were done for the
0° epoxide waveguide array doped with gold nanoparticles, 0° undoped epoxide
waveguide array, and the control sample (i.e., the waveguide-free epoxide sol).
Figure 3.6 compares the acceptance patterns of the 0° waveguide array doped with
gold nanoparticles, 0° undoped waveguide array and control sample (waveguide-
free sample). For each acceptance pattern, each donut image represents the intensity
profile at the exit face of the testing sample under each incident angle, where the
incidence angle was varied from —6° to 6°. All these tree patterns show that the
intensity of the donut image drops as the incident angle of the probe beam increases.
By comparing all the acceptance patterns, it is obvious that the 0° waveguide array
doped with gold nanoparticles has the largest acceptance range while the control
sample has the least acceptance range. To clarify, the patterns of the waveguides
doped with Au nanoparticles in Figure 3.6 should have lowest intensities
comparing to other two patterns, due to the absorption and scattering of the

generated Au nanoparticles. However, higher exposure time was used for the
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measurements for the Au nanoparticles doped structures, which lets the pattern

shows higher intensity.

4
* 10 Waveguide Doped with Au Nanoparticle (0° lattice)

2. -T2 220000000000000000wL.

Undoped Waveguide (0° lattice)

Angle of incidence (°)

Figure 3.6. Comparison of the acceptance patterns among the 0° waveguide array
doped with gold nanoparticles (top), the 0° undoped waveguide array (medium) and
the control sample (bottom). For each acceptance pattern, each donut image
represents the intensity profile at the exit face of the testing sample under each
incident angle, where the incidence angle was varied from —6° to 6°.

The intensity profile was in donut shape since it is easier for the following
integration for FOV quatification. To quantify the enhancement in the FOV for the
0° waveguide array doped with gold nanoparticles, the total intensities of the
images in all acceptance patterns of Figure 3.6 were integrated, normalized to the
highest values and plotted against the incident angles. Figure 3.7 shows the plots
obtained from the 0° waveguides array (red), the 0° waveguides array doped with

gold nanoparticles (black) and the waveguide-free control samples (blue).
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Figure 3.7 Comparison of the FOV among the 0° waveguide array doped with gold
nanoparticles (black), the 0° undoped waveguide array (red) and the control sample
without waveguide (blue).

It is obvious that both structures with waveguide arrays have much larger
acceptance range than the waveguide-free medium (i.e. the epoxide sol). The FOV
of a structure is determined by the full width at half maximum (FWHM) of the
corresponding plot. Therefore, it was found that 0° undoped epoxide waveguide
array, the 0° epoxide waveguide array doped with gold nanoparticles and the 0°
waveguide-free medium have FOV of 5.11°, 8.15° and 1.64° respectively.
Compared to the 0° waveguide-free medium, the 0° undoped epoxide waveguide
exhibits an enhancement of ~212% in FOV (as Figure 3.8a), while the 0°
waveguide doped with gold nanoparticles exhibits an enhancement of ~397% (as

Figure 3.8b). Comparing the FOV of the two waveguide structures, we can see that
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after introduced with Au nanoparticles, the FOV was increased by ~59% (as Figure

3.8¢).
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d.
Figure 3.8 (a) Comparison of the FOV between the undoped waveguide array (red)

and the control sample (i.e. waveguide-free medium) (blue). (b) Comparison of the
FOV between the waveguide array doped with Au NPs (black) and the undoped
waveguide array (red). (c) Comparison of the FOV between the waveguide array

doped with Au NPs (black) and the control sample (i.e. waveguide-free medium)
(blue).

Both Figure 3.6 and Figure 3.8¢ indicate that the 0° waveguide doped with gold
nanoparticles is more efficient than the 0° undoped waveguide on collecting and
guiding light with larger incident angles. The waveguide doped with gold

nanoparticles has broader FOV.

3.6 Au concentration dependent FOV

The FOV plots of the waveguide arrays doped with different amount of gold salt

are shown in Figure 3.9a, c. The resulting FOV values are plotted versus gold
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concentration, as shown in Figure 3.9b, d respectively. It is very clear that the FOV
values of the 0° waveguide array enlarges as the increasing load of gold salt, that
following an exponential trend. We can then deduce that, with even heavier loading
of gold salt, even larger FOV will be achieved. However, the conclusion only
applies on the waveguide arrays doped with 0 to 0.05 wt% gold nanoparticles, since
the 0.05 wt% nanoparticles is the upper limit for the gold concentration.
Furthermore, for the waveguides doped more than 0.05 wt% nanoparticles, it is
impossible to measure the FOV, since the light intensity is too low to be captured

due to the light absorption of gold nanoparticle.

0.05% wt AuNPs (7.0mW)
Undoped waveguide
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Figure 3.9 a) Comparison of the FOV plots of waveguide arrays doped with
different amount of gold salt. (For the waveguides fabricated under 7.0 mW
illumination). b) The plot of gold concentration dependent FOV (For the
waveguides fabricated under 7.0 mW illumination). ¢) Comparison of the FOV
plots of waveguide arrays doped with different amount of gold salt (For the
waveguides fabricated under 8.0 mW illumination). d) The plot of gold
concentration dependent FOV. (For the waveguides fabricated under 8.0 mW
illumination)

3.7 Au concentration dependent An

The addition of the gold nanoparticles leads to the change of refractive index. Since
the change of refractive index is the determining factor for FOV, it’s valuable to
study the relationship between An and the gold concentration. The FOV is positive
related with An of a material. To study the relationship between the An and the
concentration of gold nanoparticle, the resulting FOV values are plotted versus the

An which is shown a Figure 3.10, where the FOV is determined at the full width at
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1/€? of the corresponding plot. Based on Figure 3.10, An under different Au
concentration can be determined and shown as graph b. Then the plot of An versus

concentration is deducted as shown in Figure 3.11.
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Figure 3.10 The relationship between the FOV and the change of refractive index
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Figure 3.11 The plot of gold concentration dependent An (The structures are all
fabricated under 7.0 mW illumination).

3.8 The effect of fabrication power on FOV

The structures fabricated at 7.0 mW exhibit much larger FOV (Figure3.11 b,d),
therefore the FOVs of the gold-epoxide waveguide arrays are assumed to be
dependent on the fabrication power. According to the assumption, a study of
fabrication power dependent FOV was carried out. Please notice that both the lamp
as light source and the sensor of power meter were changed to new ones for the
study of the effect of fabrication power on FOV, so the intensity reading for this
section are not exactly agree with previous results. However, all the experiments
were done after the calibration of the equipment, thus the tendencies concluded

from the concentration dependent FOV study are still correct. Figure 3.11a-c shows
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the relationship between the FOV and the fabrication intensity, and the amount of
gold nanoparticles doped keeps consistent for each plot. The results clearly show

that the optimum fabrication power is at 10mW.

7
6.5 '
6 /r\‘
=55
85| |
45 1
4

7.5 8 8.5 9 95 10 105 11 115
Intensity (mW)

a.
7
6.5
6 }—/
;5.5
(@]
L5
4.5
4
7.8 8.8 9.8 10.8
b. Intensity (mW)

45



Master Thesis — Yi Pan; McMaster University — Department of Chemistry

7
6.5
6
£55 -
3
L 9
4.5
4
75 8 85 9 95 10 105 11 113
c. Intensity (mW)

Figure 3.12 The plots of fabrication power dependent FOV a) The plot of the
waveguides doped with 0.03 wt% Au nanoparticles. b) The plot of the waveguides
doped with 0.04 wt% Au nanoparticles. c) The plot of the waveguides doped with
0.05 wt% Au nanoparticles.
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4. Conclusions

In summary, an array of polymer waveguides doped with a dispersion of Au
nanoparticles is fabricated by propagating a broad beam of white incandescent light
into an epoxide-based photo-polymerizable medium doped with gold salt (HAuUCla).
The broad beam of white light launched into this hybrid medium spontaneously
break into microscopic filaments, which not only initiate the cationic
polymerization of epoxide monomers to form waveguides but also simultaneously
induce the electron transfer for the in situ reduction synthesis of Au nanoparticles.
Therefore, most of Au nanoparticles distribute in the cores of the metalldielectric
waveguide array, which provide the polymer matrices with strong plasmon
resonance-based optical signatures. The FOV measurements indicate that the
metallodielectric waveguide array fabricated has a significantly nearly 59%
increase in the FOV relative to their all-dielectric counterparts. In addition, the FOV
of metallodielectric waveguide array can be tuned through the concentration of Au
nanoparticles and the optical intensities employed to generate waveguides. The
study of gold concentration depended FOV indicates that the corresponding FOV
is enlarged as the concentration of gold nanoparticles increases. As well, the study
of fabrication power depended FOV indicates that the optimum fabrication intensity

is 10mW.
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5. Possible Future Works

According to this thesis work, we propose the future works in several directions.

For the waveguides doped less than 0.05 wt% gold nanoparticles, the heavier
loading of gold nanoparticle in the metallodielectric waveguides can results in
larger refractive index and corresponding larger FOV, so the large FOV is ensured
by stable and uniform dispersion of metal nanoparticles within the metallodielectric
waveguides. Currently, we can in situ synthesis the gold-epoxide waveguides,
however the gold nanoparticles are randomly distributing in the waveguides.
Therefore, the further study can modify the fabrication method to precisely control
the microstructure of the metallodielectric waveguide arrays. It’s important to make
sure that the gold nanoparticles are stable and dispersing uniform within the
waveguides. In addition, it’s important to make sure that the gold nanoparticles are
mainly fixing inside the waveguides, which means that the population of gold
nanoparticles generated within the waveguides arrays is much larger than the

surrounding’s.

It’s also necessary to measure TEM micrographs of the metallodielectric
waveguides to optical characterize the size and the distribution of the gold
nanoparticles. Previous work of our group has measured the TEM micrographs of
the epoxide doped with gold nanoparticles** which shown that the existence of Au
nanoparticles within the waveguides. However, comparing to the previous work,
this thesis work uses different compositions of gold-epoxide system as well as
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different fabrication methods including different light source, different fabrication
power and different fabrication setup, so the microstructures of the resulting
metallodielectric waveguides are different too. Thus, it’s also necessary to measure
TEM micrographs for the metallodielectric waveguides of this thesis work to
determine the size and characterize the distribution of the gold nanoparticles within
the waveguides. Especially, for the future work mentioned in the previous
paragraph, TEM micrograph can be a powerful evidence of the uniform dispersion

of metal nanoparticles within the waveguides.

Since this thesis work only considered the 0° waveguides, the fabrication of
waveguides doped with gold nanoparticles with panoramic FOV and subsequent
study of the total FOV enhancement would be another future work. Previous work
of our group® has shown that waveguide encoded lattices (WELS) encoded 3D
interconnected waveguides have panoramic FOV. Each WEL lattice consists a
dense of identical pentadirectional waveguides, the five waveguide arrays oriented
at different directions result in panoramic FOV and multiple corresponding imaging

functionalities.3*
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Figure 5.1 a) A scheme of the WEL, which shows the extension of each waveguide
array along its axis and its corresponding relative angular position. Reprinted with
permission from John Wiley and Sons [34]. Copyright © 2017 Wiley-VCH Verlag
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GmbH & Co. KGaA, Weinheim. b) Scheme of optical assembly for the WELs
fabrication. Reprinted with permission from [48].

For this thesis work, due to the significant enhancement of FOV for the 0°
waveguide array doped with gold nanoparticles, we assume that WELs doped with
gold nanoparticles also confer a substantial enhancement in the panoramic FOV.
Thus, it’s valuable to further fabricate WELs doped with gold nanoparticle and
subsequently investigate its optical properties based on the panoramic FOV

measurement.

External quantum efficiency (EQE) measurements for the gold doped waveguide
and the undoped sample can be another branch for future work. EQE is the ratio of
charge carriers extracted by the solar cell to incident photons.*® Based on the results
of my thesis work, the waveguide doped with gold nanoparticles has larger FOV
than the undoped waveguide, so the gold nanoparticles doped waveguide structure
are supposed to be able to capture wide-angle light. As the angle of light incident
increases, according to Fresnel law, light transmitted into the solar cell decreases.
However, since the gold nanoparticles doped waveguide film has larger acceptance
range, EQE of the solar cell coated with the gold doped film is supposed to decrease
slower. Therefore, it’s also valuable to measure EQE for the waveguide doped with

gold nanoparticles and the undoped sample.

Demonstration of metal nanoparticle doped polymer waveguides can lead to variety

of new works. Since silver (i.e. Ag) as a noble metal nanoparticle also has numerous
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physical and chemical properties, it has great potential in enhancing optical
properties of the silver nanoparticles doped polymer waveguides. For this new
research idea, we can start with the fabrication of silver nanoparticles doped
epoxide waveguides and sequent study its optical properties. Yagci et al. have
motioned the high possibility to fabricate silver-epoxy nanocomposite using
photoinduced electron transfer and simultaneous cationic polymerization as a novel
route.*? Their approach is similar as the in situ method for preparing gold-acrylic
nanocomposites through the free radical polymerization®? which is easier than the
preparation of gold-epoxy nanocomposites. For the future work of this thesis, it’s
interesting to modify the synthesis approach to go along with our white light self-
trapping method, since the corresponding silver nanoparticles doped waveguide
structures probably have several unique optical properties. The optical
characterization may use same idea as this thesis work, it’s valuable to measure
FOV of the 0° metallodieletric waveguides and tune the change of FOV through
modifying the fabrication conditions. As well, it’s also interesting to attempt to
study other potential optical properties of the silver nanoparticles doped epoxide

waveguides.
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