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ABSTRACT

In this study the optical properties of methacrylate-based photopolymers were
explored, using the stereolithography-based 3D printed optical waveguides. A first-
order model was developed to estimate surface scattering losses in the waveguide and
how the transmission of the light through the waveguide would change when the
waveguide interacts with solvents. This study revealed that in the presence of
solvents, a dynamic gain in the optical power through the 3D printed waveguide was
observed due to the formation of a swelling layer at the surface producing a cladding
effect. The degree of swelling depends on the solvent’s absorption affinity for the
methacrylate-based polymer and the refractive index of the individual solvents here
had a trivial role to play in the optical power gain. When physically interacted with
solvents, the methacrylate-based waveguide exhibited significant optical gain in the
transmitted light, confirming the theoretical observations. When the waveguide was
tested with solvents having different absorption affinities for the methacrylate-based
polymer but having a similar refractive index, the highest optical gain was produced
by the solvent with the highest absorption affinity for the photopolymer, as it develops
more homogenous and thicker swelling layer and hence effective cladding. This
showed that the effectiveness of the swelling layer to act as cladding depends on how
well the given solvent can be absorbed in the polymer rather than the refractive index
of the solvent. The methacrylate-based waveguide was further studied for its
temperature-dependent properties. It was found that the optical transmittance through
the waveguide changes with a change in the ambient temperature. However, the
methacrylate-based waveguide did not show a consistent optical output and failed to
produce a change in the optical output when tested for multiple cycles. To address this
issue, we embedded gold nanoparticles in the polymer matrix. When tested, the gold
nanoparticle incorporated waveguides showed more stable results. For a change of
surrounding temperature from room temperature to 45 °C, we observed consistent
optical transmittance change between 90 to 98%, respectively and up to 20 repeated

heating and cooling cycles the waveguide exhibited similar behavior.

Keywords: Methacrylate-based photopolymer, Nanoparticles embedded waveguides,

3D printed waveguides, Solvent absorption, Polymeric swelling
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CHAPTER 1
INTRODUCTION

1.1 Background of the Study

Innovations in the field of materials and methods for optical components and photonic
devices have gained significant pace recently to overcome the fabrication complexity
associated with commonly used traditional methods like chemical vapor deposition,
sputtering, lithography, etc. that requires sophisticated equipment and facilities
making these methods expensive (Imoto et al., 1983). Photopolymers, in this regard,
have drawn significant attention lately because of their ability to get cured easily with
direct exposure to light (N. Sakai, 2009), high refractive indices (Venkatraman &
Alsberg, 2018), large working dimensions (typically from 100nm to 100s of microns),
and low cost. Transparent photopolymers have shown an efficient light transmission
in the visible and near infra-red region of the electromagnetic spectrum with low
production cost. The ease of handling these photopolymers, generally at ambient

conditions, makes the fabrication process more convenient.

At present, photopolymers are being used in a variety of photonics applications like
waveguides (Madani & Azarinia, 2017), deformable lenses (Falahati et al., 2019),
electro-optic modulators (Yongqiang Shi et al., 2000), light-emitting diodes (Schmitz
et al., 2001) and flexible displays (Fujikake et al., 2016). Fabrication of waveguides
using photopolymers is one of the most valuable applications in integrated optics and
has broad applications in areas like optical communication, microwave signal
processing, and sensing. Waveguides with high aspect ratios, rapid duplication, and
customized sizes make photopolymers a potential material to be used for integrated
optical devices. Photopolymers are generally available in liquid suspension form,
which makes them suitable ink material for 3D printing methods such as
stereolithography (SLA) where photopolymers are cured when exposed to an inbuilt

UV light source (Dall’ Argine et al., 2020).

A CAD file of the specified design is uploaded to a 3D printer, which prints the entire
3D structure in a layer-by-layer format in a single-step fabrication process. This
flexibility, with practical correctness, makes photopolymers a viable option for

integrated optical devices fabrication. Photopolymers can also be doped with different
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chemical functional groups which help to impart some unique properties to
photopolymers such as mechanical strength, hardness, transparency, and color (Sinha
et al., 2020). Photopolymers are special kinds of polymers that are cured by the light
of a specific wavelength to convert liquid resin into a hard polymer. Poly-methyl
methacrylate (PMMA) is the most commonly used photopolymer in the

stereolithography process.

The main repeating unit in PMMA is methyl methacrylate (MMA), but often other
monomers and co-polymers are added to implant different physical properties in the
final product. PMMA shows good physical properties like tensile strength, flexural
strength, transparency, grinding ability, refractive index, and economic viability over
other photonics polymers like polycarbonate (PC) when extremely high strength is not
necessary (Hamdi, 2020). Unlike PC, PMMA does not have bisphenol-A which is
toxic (Le et al., 2008). For this reason, PMMA is used for biomaterial applications
like dentures and prosthetics in joint replacement. PMMA exhibits hydrolytic stability
against acid and base hydrolysis (Rodriguez et al., 2018) and solid PMMA is inert to
ordinary aminolysis (Henry et al., 2000) which makes PMMA chemically stable

under common working conditions.

1.2 Statement of the Problem

Studies have been conducted to evaluate the optical properties of photopolymers for
their potential use in integrated optical devices (Peters, 2011). Methacrylate
photopolymers are widely studied and numerous sensing applications have been
reported (Fuchs et al., 2012). Methacrylate-based photopolymers are easy to handle
and provide decent mechanical stability to the optical components. They, however,
are not stable in high acidic or basic conditions, as well as at high temperatures, and
react with most of the organic chemicals. Typically, in optical sensing applications,
optical components are expected to get exposed to any kind of chemical atmosphere
depending on the application area. For example, a photopolymer-based chemical
sensor will be exposed to a chemical environment to sense the target chemical, where
the atmosphere can be corrosive or can contain other chemicals mixed with the target

chemical, which can interfere with the optical properties of the photopolymer.

Robustness of methacrylate-based photopolymers in such applications is a desired

property and the understanding of the material’s chemical nature is a key factor to

2



fabricate robust optical components. Till date very few studies have been conducted
to understand the interaction of methacrylate-based photopolymers with commonly
used solvents and their effects on the optical properties of the polymer. Methacrylate-
based polymers are generally hydrophilic in nature and exhibit swelling whenever
they meet solvents like water and alcohol (Miller-Chou & Koenig, 2003). Swelling of
the polymers also can occur due to the presence of humidity and VOCs (H. Guo et al.,
2020) in the ambient environment. The extent of such swelling mostly depends on the
temperature of the environment and the concentration of the chemicals. Recent
research conducted on polyacrylic acid hydrogel (Okudan & Altay, 2019) shows that

the degree of swelling is being affected by the change in the solvent temperature.

Polymers are long-chain networks that are cross-linked with each other. During the
crosslinking process some void spaces within the polymer chains are created. Solvent
molecules have the ability to diffuse inside these polymer chains (Vrentas & Vrentas,
1994) and acquire the void spaces. When solvent molecules come in contact with the
polymer, they eventually fill these void spaces (Vrentas & Duda, 1977), and the net
effective volume of the polymer, therefore, increases. This process is termed as
swelling which mainly depends on the mutual diffusion between the polymer and the
solvent. For example, polymethyl-methacrylate (PMMA) has a strong affinity to
absorb less polar solvents, like acetone and toluene, while it has a poor affinity to

absorb water which is a highly polar solvent (Ballenger et al., 2002).

It has been shown that exposure to varying concentrations of ethanol in water, the
swelling of methacrylate-based polymers also varies (Malacarne-Zanon et al., 2009).
The degree of swelling is maximum in the case where the concentration of ethanol is
the highest. A similar analysis was reported on poly-vinylpyrrolidone (PVPON) and
poly-acrylic (PAA) thin films (Q. Han et al., 2014) and it was found that the extent of
swelling depends on the concentration of ethanol in the solvent. This process of
absorption of solvent in the polymer will continue till a saturation state is reached

(Gervasio et al., 2015).

During the swelling process, solvent molecules penetrate the polymer network
affecting the natural properties of the polymer. Effect of swelling on the structural
properties of polymers, like tensile strength (Mat-Shayuti et al., 2017), compressive
strength (Krasucka et al., 2018), cyclic loading (Abdul Hamid et al., 2020), etc., have

3



been studied. However, the effect of swelling on the optical properties of polymers

has not been studied in detail. To use photopolymers in integrated optics, particularly

for the fabrication of sensing devices, it is important to understand the effect of

swelling on their optical properties.

1.3 Research Questions

Based on the above discussion following are the research questions that lead to take-

up this doctoral research work.

1.

How would the optical transmission in a methacrylate-based photopolymer
waveguide change due to swelling of the polymer resulting from the
absorption of a solvent in the polymer network? Would this change be
similar or different for different solvents?

What are the factors that contribute to this change of optical transmission
in a methacrylate-based photopolymer due to swelling? Would this depend
on, the refractive index of the solvent or the swelling capacity of the
polymer, or the concentration of the solvent? Also, is the effect of swelling

on the optical properties of the photopolymer a reversible effect?

. How would the optical transmission of a photopolymer waveguide will be

affected by the change in the temperature of its ambient? Since
temperature affects the swelling process, any change around the
surrounding temperature of the photopolymer waveguide should affect
optical transmission through it. Can this effect of temperature on the
optical transmission in the polymer be affected by embedding

nanoparticles in the polymer?

1.4 Objectives of the Study

Following are the specific objectives of this doctoral study.

1.

Explore the effects of solvent-photopolymer interaction on the optical
properties of a methacrylate-based 3D printed waveguide and find the
relationship of the swelling of the polymer with different types of
commonly used solvents.

Develop a solvent-photopolymer diffusion model explaining the reduction
of surface scattering and dynamic optical gain in the 3D printed

waveguide.



3. Study the effect of temperature on the optical properties of the
methacrylate-based photopolymer waveguide.
4. Study the role of gold nanoparticles embedded in the waveguide on its

temperature dependent optical behavior.

1.5 Hypothesis of the Study

It is hypothesized that the optical transmission through the methacrylate-based
photopolymer waveguide can be affected by polymeric swelling which depends on
the ability of the solvent to interact with the polymer and temperature of the ambient.
The developed swelled layer in the photopolymer waveguide due to solvent
absorption would act as a natural cladding layer which would reduce the interaction of
light with the rough waveguide surface and eventually yield a reduction in surface
scattering loss. This would induce an optical gain in the photopolymer waveguide as
the transmission through the photopolymer waveguide will be enhanced. The change
in the temperature of the ambient can also alter the refractive index of the
methacrylate-based photopolymer waveguide by affecting the optical transmission

through it.

1.6 Organization of the Report

This report is organized in the following steps:

Chapter 1: Introduction, in this chapter the background of the research and the need to
do the research on the swelling-induced optical properties of photopolymers are
established. Research questions and specific objectives of the research work are

explained.

Chapter 2: Literature Review, in this chapter literature review relevant to this
research, is described. This includes usage of polymers in integrated optics, properties
of photopolymers, 3D printing, solvent absorption by the polymers, formation of the
swelling layer, and effect of temperature on the optical properties of the polymers are

discussed in detail.

Chapter 3: Methodology, in this chapter the methods for both theoretical and
experimental studies that have been applied to conduct this research are described.
This includes characterization of the photopolymer, 3D printing of the waveguide,

development of the theoretical model for the swelling process and how it affects
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surface scattering losses in the waveguide, conducting physical experiments to verify
actual swelling and effect of temperature, and any other experiments conducted in this

research are explained.

Chapter 4: Results and Discussion, in this chapter the results obtained from both
theoretical models and experiments are mentioned and discussed. This includes UV -
Vis absorption spectroscopy and hydrophilicity of photopolymer, microscopic images
of the 3D printed waveguide, theoretical results for swelling layer thickness, increase
in optical power through the waveguide due to solvent-polymer interaction, and

transmittance variation with respect to temperature of the ambient.

Chapter 5: Conclusion and Future Recommendation, in this chapter conclusions from
the findings of this research work are explained and recommendations to conduct

further research are given.



CHAPTER 2
LITERATURE REVIEW

This chapter provides the substantial impression of the study done previously by other
researchers which are referred to find research gaps to conduct this doctoral study. It
introduces the framework to find answers to the research questions while keeping the
research focus on the objective of doctoral study. The chapter opens with the usage of
polymers in integrated optics applications and subsequently, photopolymers have
been introduced with their synthesis principle. Next, stereolithography-based 3D
printers and their working technique has been explained which is the main fabrication
method in this research. This is followed by scattering losses in waveguides, swelling
of polymers due to absorption of solvent, and the possibility of the swelled layer to act
as cladding is described. This chapter ends with explaining the effect of temperature

on polymers which possibly affect the optical properties of the polymer.

2.1 Polymers and Their Application in Integrated Optics

Polymers have been used as an economical and easily available alternative for
traditional photonic materials such as silicon or quartz (Paquet & Kumacheva, 2008).
Polymers such as polymethacrylates (PMA), Polyurethanes (PU), and Polycarbonate
(PC) have shown a refractive index in the range of 1.4-1.6 (Liu & Ueda, 2009). These
polymers are clear polymers and transparent like glass which makes them suitable for
the fabrication of optical components like lenses and waveguides. In recent times,
researchers have developed polymers-based optical fibers (Bhowmik & Peng, 2019)
as an alternative to silica-based optical fibers and conducive polymers-based antennas

(Chen et al., 2016) for wireless sensor applications.

With the addition of doping agents like silicones, the siloxanes polymers can show a
refractive index of around 1.54 (Yang et al., 2013). Another advantage of these
polymers is their availability in both solid and liquid forms which give the user
convenience during the fabrication process and by changing the concentration of
monomers and doping agents (Obreja et al., 2006), properties like physical strength,
hardness, and flexibility of the polymers can be improved. Some methacrylate-based
polymers can be recycled by dissolving them in a suitable solvent (Esmizadeh et al.,

2018) which makes them sustainable for some of the applications. Refractive indices



of some common polymers that have been used in the photonics application are

mentioned in Table 2.1.

Table 2.1

Common Polymers that have been Used in Photonics Applications with Their

Refractive Indices at 632nm (Sudarsan, 2012)

Sr. No Polymer Type Refractive Index
1. Polymethyl-methacrylate (PMMA) 1.4887
2. Polycarbonate (PC) 1.5863
3. Polyvinyl chloride (PVC) 1.5400
4. Polydimethylsiloxane (PDMS) 1.4283
5. Polyvinyl alcohol (PVA) 1.4766

Polymers can be cured with different techniques, for example, PMMA based
polymers are cured in Ultra-Violet (UV) light (Mendes-Felipe et al., 2019) that is why
they are also called photopolymers or light-sensitive polymers. Other polymers like
Polydimethylsiloxane (PDMS) are cured by applying heat (Yingli Shi et al., 2020),
while some polymers can also be electro-cured by applying suitable voltage and
current (M. Hossain, 2020). There is a new class of polymers known as self-cured
polymers (Reddy et al., 2020) which get cross-linked when polymers chains come in
contact with each other, that’s is why they are also called self-healing polymers as

they can repair any damage that happened in the structure.

Polymers can be used in a wide variety of dimensional ranges, pairing with the right
technique the working dimensions with polymers can be as low as 100 nm (Kuila et
al., 2013) to as high as in 100s of microns (Horak, 2003). This makes them suitable
for the fabrication of optical and photonics components which required complex
geometry and precise dimensions. The lower density of the common polymers
(Bernardo et al., 2019) helps them in the fabrication of lightweight optical

components in comparison to glass. Selecting the right polymer with a desirable



refractive index and pairing it with an appropriate fabrication technique, can make

polymers a promising material in the future of integrated optics.

2.2 Formation Mechanism of Photopolymers

Photopolymers draw their names from the word ‘photo” which means light, and this is
because light plays an important role in the synthesis of these types of polymers.
Polymers are long-chain supra-molecules that contain an initiator, a monomer, and
oligomers (Naka, 2021). The purpose of the initiator is to start the polymerization
mechanism and the most common method is the formation of free radicals (Bisht &
Chatterjee, 2001). Photo-initiators molecules when exposed to the light of specific
wavelengths get decomposed to an active fractured segment called free radicals.
These free radicals combined with monomers and oligomers to create a long chain of

polymer networks.

Monomers are the smallest part of polymers joined in a repeated fashion to create a
new molecule called a polymer. Oligomers are binder molecules that are repeated
units of monomers present in smaller quantities. Together these three make long
chains of polymers and the process propagates further till the polymer chain is
terminated. After the formation of long-chain molecules, individual polymer chains
further absorb light and stronger bonds are formed among different chains which is
called crosslinking (Tawade et al., 2021). The final product formed is a crosslinked
structure which is a supra-molecule as shown in the below mechanism and this

process is commonly known as curing of the polymer.

Light + Photo-initiator ——— > Active Compound

Active Compound + Monomers & Oligomers ——— > Polymer Chains

Polymer Chains + Light ——— Cross-linked Structure

A specific type of photopolymers that absorbs ultra-violet light for the polymerization
process is commonly called a UV-Resin. UV-resin generally absorbs light wavelength
from around 250 nm to 410 nm (Shukla et al., 2004). Light in this electromagnetic
region has a higher frequency which contributes to higher energy (hv) resulting in

better excitation of the initiators to begin the polymerization process. Also, the light



of higher energy can penetrate polymer structure better (Araujo et al., 2019) which
results in a faster process, stronger structure, and higher working dimensions. The
common examples of photopolymers are acrylated polyesters, acrylated urethanes,
acrylated silicones (J. Guo et al., 2012). The most common monomer that is present in
UV-Resin is methacrylate and in general, these resins or photopolymers are called
methacrylate-based resins. An example of the synthesis of PMMA through free

radical polymerization is presented in Figure 2.1.

Figure 2.1

Synthesis of Poly (Methyl Methacrylate) Through Free Radical Polymerization
(Darvell, 2018)
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The refractive index of PMMA, a common methacrylate-based polymer is around

1.48-1.50 (Ali et al., 2015) which can serve as an efficient optical material that can be
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used in optical fibers, waveguides, and lenses. Due to the presence of a highly active
double bond in its chemical structure (Leggat et al., 2009) the free radical activity of
methacrylate to undergo polymerization is high. Also, its ability to combine with
different functional groups like epoxies, urethanes, amides, imides, ethers,
hydrocarbons, esters, and siloxanes (Yoshida et al., 2019) makes methacrylate-based
resin the most sought after polymers for the UV-cured class of polymers. With the
ability to produce desirable results and being environmentally friendly methacrylate-
based polymers first have been used in dental implants in 1975 (Leigh, 1975) and then
in 2006, they were used as prosthetics in orthopedic surgeries (Frick et al., 2006) for

knee, hips, and shoulders.

2.3 Stereolithography Based 3D Printing

3D (or 3-Dimensional) printing is the technology that has provided much ease and
flexibility in the fabrication process. The term "3D printing" was originally generated
through a process that deposits a binder material onto a bed with an inkjet printer head
in a layer-by-layer mechanism (Horvath, 2014). Since the deposition is done in a
layer-by-layer format, the height or the Z-axis can be controlled as well, and hence
this technology gives us printouts where all three-dimensional axis (X, Y, and Z) can
be designed and fabricated as per the specific requirements. In the 3D printer, a CAD
file (generally in STL format) is uploaded, and the respective software of the 3D
printer converts this CAD file into G-codes which are further read by the printer’s
controller to move all 3-axis to produce the required print. Selecting a commercial 3D
printer with high resolution can help achieve dimensions as low as 10s of the microns

(Maines et al., 2021) and good surface finishing.

Using the raw material available in different colors, also provide attractive looks to
the finished products for their commercial usage. Commercially available 3D printers
are also categorized according to the raw material and printing technology they use
for 3D printing, like fused deposition modeling (FDM) which uses thermoplastic
filament (Ngo et al., 2018) and stereolithography (SLA) which uses light-sensitive
resin or photopolymers, selective laser sintering (SLS) that uses a laser as power
supply to form 3D printed objects (Huang et al., 2020). Amongst these, SLA-based
3D printers have created a huge interest as they use light-sensitive resin to create

sophisticated 3D objects. In an SLA-based 3D printer, an inbuilt UV-light source is
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placed inside the body of the printer and under a transparent screen that can be able to
project this UV-light. Above the screen, the transparent tank is placed which is used
to fill liquid resin and a movable holder is placed above the tank as shown in Figure
2.2 which is controlled by a micro-controller that is attached with the printer. This
holder moves up-down in the Z-axis to control the height of the structure that is

intended to print.

Figure 2.2
Up-Side-Down 3D Printer Schematic
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The G-code generated by the software are projected on the screen which gets cured
when the inbuilt light source flashes, the XY-coordinates are directly projected from
the G-codes of the design while the Z-axis can further be controlled in a layer-by-
layer format, which means the printer software divides the total height of the design in
small layers and the thickness of each layer can be decided by the user which can vary

from 10 um to 100 um as per the user’s requirement (Ravi & Shiakolas, 2021). This
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process is called slicing. This gives more flexibility and finesse in the fabrication and
helps to generate surfaces with the desired finishing. Since the print is generated on
the printer holder as shown in Figure 2.2, this kind of printing style is called upside
down because the downside of the design is printed first on the holder and then the
holder keeps moving up in the increments of the layer (which is decided by the user).
SLA-based 3D printers are compact, relatively cheaper, convenient to use and with
much flexibility in fabrication (Quan et al., 2020) gives them an edge over traditional

fabrication methods.

2.4 3D-Printed Waveguides and Their Scattering Losses

3D printing is an effective and convenient fabrication method that can be used for the
fabrication of polymeric waveguides for integrated optics applications. Waveguides of
different aspect ratios and geometries can be 3D printed within practical limits of
tolerances in dimensions. The simplicity of the 3D printing process gives it a major
advantage over traditional methods like lamination, doctor-blading, and extrusion
which are complex and time-consuming (Han et al.,, 2018). But, like any other
fabrication method, 3D printing also creates irregularity within the 3D printed
waveguide which results in scattering losses. Due to scattering, light deviates from its
original path within the waveguide, and the net transmittance through the waveguide
is decreased. The main reasons for the occurrence of scattering losses in the 3D
printed waveguide are molecular level defects, volumetric defects, and surface defects

which are described below.

1. Molecular-level defects in the 3D printed waveguide occur due to
inhomogeneities in photopolymer material which results in structural
irregularities and disordered molecular bonding (Elson, 2003). At times,
due to inaccurate blending of monomers and oligomers in the
photopolymer resin, the crosslinking among different photopolymer chains
are not homogenous which results in the variation of the photopolymer
chain length, density, and size of voids within photopolymer structure
(Xavier, 2003). These imperfections in the photopolymer structure
optically result in the variation of the refractive index within the same

photopolymer waveguide. In general, these material imperfections are
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smaller in comparison to the wavelengths in the visible region (Trost et al.,
2013) and result in lesser power losses in the waveguide.

. Volumetric defects in the 3D printed waveguide occur due to irregular 3D
printing mechanism. During the 3D printing, the air bubbles present in the
resin tank of the printer get entrapped inside the 3D printed structure
which results in the formation of an internal cavity (Maruyama et al.,
2020). At times, due to uneven projection of UV-light by the printer, some
part of the waveguide gets cured lesser than the other which results in the
formation of different optical zones within the same 3D printed waveguide
(Berglund & Tkaczyk, 2019). With the development of sophisticated 3D
printers, the occurrence of volumetric losses in the waveguides has been
lowered by controlling the slicing thickness, speed of the holder, and
movement of the printer in all three directions.

Surface defects in 3D printed waveguides include surface roughness,
sidewall roughness, and surface irregularities in the waveguide geometry
which mostly occurs at core/air interfaces of the waveguide (Verrina et al.,
2020). The propagating light in the waveguide gets distorted when the
interface has large surface irregularities (Barwicz & Haus, 2005) which
results in a portion of the light spreading away from its regular path. The
extent of such loss also depends on factors like the length of the
waveguide, the wavelength of light, the refractive index of waveguides,
and the surrounding environment (Grillot et al., 2008). A detailed
discussion on surface scattering losses in 3D printed waveguides is

presented in the next sections.

2.4.1 Scattering Losses Due to Surface Roughness

Optical losses mostly depend on two things: raw material and the fabrication process

(Ramponi et al., 2002). Since the quality of raw materials used for waveguide

fabrication, lesser or more is the same hence what matters the most is the choice of

the fabrication method. Because losses like absorption and sub-surface defects depend

on the raw material it is safe to say that it is the surface scattering losses that

contribute to most of the optical defects as they mostly depend on surface quality

which in turn depends on the fabrication method used (Ying Shi et al., 2020). When

the light interacts at the junction of two medium which has rough surfaces, a large
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part of the light is scattered and get wasted as shown in Figure 2.3. It has been
observed that surface roughness can be minimized but it is not possible to totally
eliminate it from the waveguides. Effect of surface roughness becomes more critical
for small-sized waveguides (Fang et al., 2008) because there is lesser scope to control
physical parameters during the fabrication process. Hence it would be better to use

this surface roughness as a useful tool in integrated optics like sensing.

Figure 2.3

Scattering Losses in Waveguide Due to Rough Surfaces

Scattered light
Surface

roughness / n,.

Np

Note. n, is the refractive index of the polymer material which is used for 3D printing of
waveguide and ngir is the refractive index of the environment in which the waveguide is

placed, most commonly air.

2.4.2 Surface Roughness in 3D Printed Waveguides

Like other fabrication techniques, SLA-based 3D printing also induces surface
roughness on the printed components. The extent of surface roughness induced in an
object printed by an SLA-based printer can be influenced by factors like the
resolution of the printer, the thickness of each layer in the Z direction, minimum
structural dimensions, the complexity of the design, and the type of polymer used
(Vidakis et al., 2020). Among them the most important part is played by the thickness
of each layer which comes because of slicing in the Z direction, hence at the juncture
of every layer, there will be some gap that accounts for most of the surface roughness

as shown in Figure 2.4. This is called the staircase effect (Xue & Fu, 2014) which is
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mostly observed in surfaces with contours. How much roughness this juncture will
create depends on the resolution of the printer as well as the type of photopolymer
used (Hartcher-O’Brien et al., 2019). Printers having higher resolution combined with
good curing ability of polymers can be crosslinked well and the extent of surface
roughness can be lowered while having a poor resolution with poor curing ability

cause products with high surface roughness and uneven surface finish.

Figure 2.4

Staircasing Effect in an SLA-based 3D Printer Which Leads to Surface Roughness in
the Print and its Dependence on the Thickness of the Slicing Layer (Brooks et al.,
2011)
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The main reason which leads to the formation of staircase, poor surface quality, and
inaccuracies is due to the slicing process (Ravi, 2020). Mostly SLA-based 3D printers
use a CAD model as a reference to print a structure that is being sliced by the printer’s
software. During slicing an algorithm is generated by the printer software that cuts the
structure into a certain number of slices having equal thickness. Hence in this
approach, the print that we get would be a precise approximation of the original CAD

model but not the exact copy (Héllgren et al., 2016). So, there is a possible loss of
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geometries if the design is complex with many contours and arches. This loss of
geometry that happens in the Z direction due to slicing is called as staircase effect.
Researchers have solved this problem by adjusting the slicing process by either
reducing the thickness of the sliced layer or slicing a structure with a mathematically
calculated model (Ahamed et al., 2016). Reducing the staircase leads to lesser surface

roughness and high finishing in the printed product.

2.4.3 Role of Cladding in Reducing Surface Scattering Loss

Cladding layer has been applied to optical fibers and waveguides for better light
confinement and to improve guided light transmission. It has been already explained
previously that whatever method and material that we choose to fabricate waveguides
there will always be some surface roughness that would lead to surface scattering
losses. Because of this optical signal is both attenuated and distorted (Maradudin &
Mendez, 2007). The output that we get is weak and at times it degrades beyond an
acceptable level. To solve this problem, a thin layer of cladding material whose
refractive index is smaller than the waveguide material (Addanki et al., 2018) but
higher than the air or the environment of the waveguide is applied as shown in Figure
2.5. The cladding layer causes light to remain confined in the core of the waveguide
by reducing the forward scattering and increasing the backward scattering at the

boundary between the two (Suzuki et al., 2018).

Figure 2.5

Role of Cladding Layer in Reducing Optical Losses in Waveguides
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The light that was earlier getting wasted due to the interaction between waveguide-air
boundary is now confined in the waveguide which adds in optical signal gain.
Another important reason for the use of cladding in optical transmission is to utilize
the advantage of total internal reflection (Mahoney et al., 2020). During propagation,
light tends to bend outwards from normal when it travels from high refractive index
medium to low refractive index medium. When the refracted angle exceeds the
critical angle, the light ray reflects into the core of the waveguide and this principle is
called total internal reflection. Therefore, the refractive index of the cladding
materials for waveguides is kept lower in comparison to the core (Sinchenko et al.,
2013). At present, there are a variety of materials like silica, glass, and quartz being
used for cladding but with increasing usage of polymer in optics, the next section

explores the potential usage of polymers as a cladding material.

2.4.4 Application of Polymers as Cladding Material

In recent times application of polymers has been widely increased in the field of light
transmission. Polymers have replaced the traditional glass and silica-based optical
fibers and polymer optical fibers (POF) are being frequently used for optical signal
transmission. POF can demonstrate high flexibility and other physical properties that
include high bending strength, fracture toughness, elastic strain, potential negative
thermo-optic coefficients (Beckers et al., 2017). Also, by doping or adding different
functional groups optical properties of the polymer can be modified to exhibit a range
of lower refractive indices compared to the optical core of the waveguide or optical
fiber contributed to the extensive use of polymers for cladding applications (Stajanca
et al., 2018). The ease in handling, simpler fabrication process, and low cost make
polymers a favorable choice as a cladding material over traditional material like silica

or quartz (Cennamo et al., 2021).

Certain polymers can be doped with nanomaterials such as silica nanoparticles and
quantum dots (C. Y. Yu et al., 2007) which further improves optical transmission by
reducing scattering and reflection losses in the waveguide. However, with many
benefits polymers have certain limitations as well. At times, the waveguides are used
for a certain specific application like high temperature or in corrosive environments,
which limits the usage of polymers as cladding materials. The glass transition

temperature (Tg) of common polymers like PVC, PMMA, etc. is around 100 °C which
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does not allow these polymers to function properly at high temperatures (Abiad et al.,

2009).

Typically, polymers used for cladding are acrylic polymers, silicones, polyimides,
polyether, and polyurethanes which can go structural changes when high temperature
is applied which can affect optical transmission through the waveguide (Uyor et al.,
2020). Also, a corrosive environment that may include alkanes, toluene or chloroform
can dissolve the polymers like PMMA as these polymers have very high solubility for
these solvents (Evchuk et al., 2005). In this situation, the polymer structure will be
disturbed and will affect the optical transmission through the waveguide. Even though
polymers suffer from these problems, research is going on to improve their
performance by cross-linking, using different copolymers, fluorination, and doping

but we are aware that this is a long way to go.

2.5 Solvent Absorption by Polymers

The absorption of a solvent by a polymer matrix can be described by Flory-Huggin's
theory. When a solvent encounters the polymer, whether the solvent molecule would
be diffused inside the polymer matrix or not will depend on the change in free energy
of mixing of this process which is denoted as AGmix. For a solvent-polymer
combination if the AGm < 0, the solvent will always be absorbed by the polymer
matrix (Brinke, 2012). The derived equation (Bussamra et al., 2021) for AGmix is
presented in Eq. (2.1) and it shows that AGmix depends on the number of moles of
solvent (n1) and polymer (n2), the volume fractions of solvent (f1), and polymer (f2),
and the polymer-solvent interaction parameter (y). For crosslinked polymer networks,
the term n,Inf, approximated as 0 considering that fully crosslinked networks are
essentially made up of one molecule (Sudhakar et al., 2018), hence Eq. (2.1) can be
further modified to Eq. (2.2)

AGmix = RT(nllTlfl + nz lnfz + anfz) (2.1)
AGpix = RT(nyInf; + xn;f;) (2.2)

From Eq. (2.2), if the moles and volume fraction of solvent and polymers are kept
constant and the temperature remains the same, it is the interaction parameter on
which AGmix will be depending. The value of the interaction parameter depends on the

difference between the solubility parameters of the polymer and the solvent (dp - ds)
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(Tian et al., 2019). The solubility parameter is a numerical value associated with the
relative solvency behavior of a substance mostly used for solvent and polymers. In
1936 Joel H. Hildebrand proposed the square root of the cohesive energy density as a
numerical value indicating the solvency behavior of a solvent (Roughton et al., 2011).
In 1950, the term solubility parameter was specified for this value and symbolized by
d (values for some common solvents are presented in Table 2.2). Eq. (2.2) shows that
the lower value of y is preferred to keep AGmix as low as possible, hence it can be said
that the solubility parameters of polymer and solvent (6p and 0s) should be as close as
possible (Jankovic et al., 2019) such that difference, dp - ds should be close to 0 or y =
0. From this, an inference can be drawn that if a solvent has a solubility parameter

close to the given polymer, more likely it will be absorbed by the polymer.

Table 2.2

Solubility Parameter of some Common Solvents and Polymers (Novo & Curvelo,

2019)

Solvent Solubility Polymer Solubility
Parameter Parameter
(MPal/Z) (MPal/Z)

DI water 48.0 PMMA 19.0
Ethanol 26.2 PET 20.5
Methanol 29.7 PVA 18.05
Isopropanol 23.8 PCS 20.3
Glycerol 36.2 PVC 19.6

2.6 Swelling of Polymer and Change in Refractive Index

It is already explained that polymer chains have empty spaces which get filled by the
solvent molecules due to mutual diffusion. When solvent acquires the available space
inside the polymer matrix, the new state of this solvent absorbed layer becomes

different from the rest of the dry polymer. This new state of polymer is called swelled
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polymer and the depth up to which solvent molecules penetrate polymer is called the
swelling layer. It is found that due to the absorption of the solvent, polymers also
reflect a change in their physical state that included an increase in the volume and
mass (Tokmachev et al., 2017) of the polymer. Due to the presence of solvent inside
the swelling layer the physical characteristic of the polymer-like appearance,
transparency and color also change (Koziara et al., 2016). This can be utilized to

visibly inspect and judge whether the polymer is swelled or not.

The Homogeneity of this swelling layer depends on the miscibility between the given
polymer and the solvent (Marcombe et al., 2010). If a solvent has a strong affinity
towards a given polymer, it would be able to diffuse inside the polymer matrix in a
homogenous fashion (Kozanecki et al., 2016) which will result in a more continuous
swelling layer but if the solvent has a poor affinity towards the polymer the swelling
response will be weaker at times without absorbing any solvent at all. This swelling
process is reversible in nature (Cimadoro & Goyanes, 2020) and it was found that
solvent molecules leave the polymer due to the application of an external process like
drying or heating (T. Sakai et al., 2012). Hence after the removal of solvent
molecules, if the polymer can show its previous properties like in the dry state, the
polymer can be said de-swelled (T. Sakai, 2020). This reversibility of the polymeric
swelling process gives us more flexibility with application-based sensing applications

and the polymer sensor can be retained after usage.

The effective refractive index of the solvent-polymer swelling layer can be calculated
using the effective medium theory (EMT) (Kappert et al., 2019). Since the polymer
absorbs the solvent, it acts as a host matrix and the solvent acts as inclusion and the
net refractive index of the polymer-solvent swelling layer can be calculated as shown
in Eq. (2.3). Where nsol, nsw, and np are the refractive indices of the solvent, swelled
polymer matrix, and original polymer, Vfsol is the volume fraction of the solvent in the
swelled polymer matrix. An example of the refractive index of the swelled
methacrylate-based polymer with common solvents like methanol, ethanol, and
isopropanol is shown in Figure 2.6 and refractive indices of some common solvents

are presented in Table 2.3.

Ngyw = Vfsoinger + (1 — stol)np (2.3)
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Figure 2.6

Variation in Effective Refractive Index of the Swelled PMMA Matrix Corresponding
to Change in the Volume Fraction of the Solvent for Methanol, Ethanol, and
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Table 2.3

Refractive Indices of Some Common Solvents at 632nm (Sudarsan, 2012)

Sr. No Solvent Refractive Index
1. DI water 1.33
2. Methanol 1.3264
3. Ethanol 1.3604
4, Isopropanol 1.3752
5. Glycerol 1.4707

From this, it can be observed that the refractive index of swelled polymer matrix due

to solvent absorption depends on the refractive index of the polymer, solvent, and
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volume fraction of the solvent. For the same polymer and keeping the volume fraction
of the solvent constant, it is found that the refractive index of the swelled polymer
matrix decreases when the refractive index of the solvent is lowered (Ogieglo et al.,
2015). For example, since the refractive index of methanol is lower than ethanol, then
at the same volume fraction, the refractive index of a swelled polymer layer with
absorbed methanol is lower than ethanol absorbed swelled polymer layer. Also, with
an increase in the volume fraction of the solvent, the refractive index of the swelled

polymer further decreases.

2.7 Effect of Swelling on Light Transmission in Polymer Waveguide

Due to the change in the refractive index of the polymer because of the swelling, it is
natural to consider that there will be some change in the light transmission through the
polymer waveguide (Kazakov, 2012). Since swelling occurs mostly on the surface of
the polymer structure as solvent molecules diffused more in the surface in comparison
to the deep core (Marcon & van der Vegt, 2014) it is safe to assume that in this
condition the core and surface of the waveguide might be having relatively different
refractive indices. Hence, there is a strong possibility that the newly formed swelling
layer may be able to act as cladding and the propagated light inside the waveguide,
interacts with this swelling layer rather than the rough surface of the polymer
waveguide as shown in Figure 2.7. This idea can be related to a humidity sensor that
uses a plastic optical fiber (POF) with PVA and PMMA as cladding material (Harith
etal., 2019).

The working approach of this sensor relies on the refractive index of the cladding
material and the change in scattering happens due to the absorption of environmental
humidity. In another research, it was found that the main principle of humidity sensor
utilizes the change of surface scattering in the cladding deposited on a POF which
changes with increasing moisture absorption which further affects transmitted optical
power through the sensor (Hu et al., 2020). In another humidity sensing application, a
cladding material which is a hydrogel coating based on poly-dimethyl-acrylamide
(PDMAA) is used to detect a change in the optical signals due to moisture absorption
by the cladding material (Kelb et al., 2017). In a polymer optical fiber Bragg grating
(POFBG) (Lu et al., 2009), it was found that because of fiber swelling induced by the

atmospheric humidity there was a change in the wavelength spectrum. Hence it is
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justified to expect that the optical transmission through a polymeric waveguide, 3D
printed from a hydrophilic polymer can be affected by the polymeric swelling which

has the potential to lower surface scattering.

Figure 2.7

A Possible Depiction of Swelling Layer Acting as Cladding Leads to Reduction in

Surface Scattering Losses
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Note. n, is the refractive index of the polymer material which is used for 3D printing of
waveguide, nsy is the refractive index of the swelling layer due to absorption of solvent
molecules by dry polymer, and n.i: is the refractive index of the environment in which the

waveguide is placed, most commonly air.

2.8 Effect of Temperature on the Physical Properties of Polymers

Polymers are long-chain molecules that are crosslinked with each other, hence with
the application of temperature, it is natural for these bonds to undergo certain
transformations which would result in the change of chemical and physical properties.
The effect of temperature on the shear and tensile strength of polymeric materials has
been fairly reported over the years (Reis, 2012). Research has been conducted to
report the thermal degradation of polymeric composites (Witkowski et al., 2016) in

thermoset polymers. Any continuous fluctuation of temperature within a range of 20
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°C to 80 °C can lead to heat distortions (Liang, 2013) which can further reduce the
lifetime of the material. The behavior of a polymeric material under different
temperatures is an important factor to be considered while using a polymer for any
application as it can affect the overall performance of the respective system.
Recommended working temperature of common polymers has a limit of 60 °C to 250

°C while for glasses it can vary from 400 °C to 700 °C.

Polymeric materials are viscoelastic in nature and due to their sensitivity towards
high-temperature problems like creep and thermal fatigue occur in the structure
(Alothman et al., 2014). Common Polymers like PMMA and PC exhibits glass-
transition temperature (Tg) where individual polymer chains of the cross-linked
polymer become reasonably mobile at the molecular level (Xie et al., 2020) and start
to behave more independently than the entire rigid structure. This event can also be
observed as softening of the polymer, and for fabrication purposes, polymer material
loses many of its natural physical properties (Kawaguchi et al., 2014). Studies have
been conducted on epoxies and unsaturated polyester (Plushchik & Aniskevich, 2000)
under different temperatures to evaluate their mechanical performance. It was found
that after the limit of 60 °C, the flexural and compressive strength of the polymer
decreases sharply as temperature increases, and at higher temperatures, a loss of more

than 50 % was observed.

2.8.1 Thermo-Optical Property of Polymers

Since temperature affects the structural properties of the polymers, it is natural that it
would also affect the optical properties of the polymers. While applying temperature,
it was found that the coefficient of thermal expansion for polyacrylic has an average
value of 7x103 K! (Wang et al., 2012) while for the N-BK7 glass it is 0.71x10”° K-!,
which shows polymers expands much faster due to the application of temperature. It
is found that the basic optical property of polymers i.e., the refractive index also
changes with temperature (Konopelnik et al., 2005) and it is called the thermo-optic
coefficient of polymers. This corresponds to the variation in refractive index with
temperature and donated by dn/dt. The thermo-optic coefficient of polymers depends
on two factors: (1) the change in density caused by the coefficient of thermal
expansion and (2) the increase in polarizability with temperature change (Trenti et al.,

2018).
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The values of dn/dt of polymer materials are generally larger in comparison to optical
glasses (M. F. Hossain et al., 2010) which means polymers are more optically
sensitive to temperature in comparison to glasses. Since polymers have a larger
thermo-optic coefficient, any variation in temperature would be affecting light
transmission through an optical component (Zhang et al., 2006) and the overall
performance of the optical system. Since the measurement of thermo-optical
coefficient requires precise equipment and sophisticated technology, and complex

sample preparation it makes the process difficult (Wietzke et al., 2011).

In a noteworthy research, a polymer-based fiber Bragg grating (FBG) based sensor is
fabricated to detect the change in the temperature of the surrounding (Sidhu et al.,
2019). This sensor utilizes the thermo-optic properties of the given polymeric
material, where a change in the refractive index of the polymer grating due to a
change in the temperature results in the change of the peak wavelength. In another
research, a polymer-based fiber interferometer is fabricated (Lian et al., 2020) that
utilizes large thermo-optical and thermal expansion coefficients of the polymer
material to show high sensitivity towards change in the surrounding temperature.
Optical simulations (Suar et al., 2020) have also shown a decrement in normalized
optical power through a PMMA waveguide when the temperature of the surroundings
increases. These researches are significant and show that the optical properties of the

polymers are significantly affected by the variation in their ambient temperature

2.9 Chapter Summary

This chapter focuses on the research works that have been previously done but more
importantly, it helps to identify the research gaps that will be answered in this
doctoral study. Swelling of polymers has been reported previously but its effect on
light transmission through a polymer waveguide has not been categorically reported.
Swelling of polymers is affected by mutual diffusion between polymer and solvent,
but the optical transmission through a waveguide generally depends on the refractive
index, hence it is very crucial to identify that in the case of a polymer waveguide,
what will be the dominating factor that would affect the light transmission through a
polymer-based waveguide. To use photopolymers for practical applications in

integrated optics like developing an optical sensor, it is required to understand how
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the given photopolymer would respond when interacting with different analytes or

solvents.

Also, there is a need to develop a theoretical model that can illustrate the swelled
polymer layer as a natural cladding for a polymer-based waveguide and how it affects
light transmission through the waveguide. Available models either depict swelling in
a polymeric system or surface scattering losses in the regular waveguide but do not
demonstrate their combined effect. Similarly, the effect of temperature on the optical
properties of the polymeric materials has been reported but how exactly a polymer
waveguide would perform with the change in its surrounding temperature has not
been reported. How modification of polymer material by addition of nanoparticles
would affect the performance of a polymer waveguide has not been studied. These
gaps in previous research served as motivation to undertake this doctoral research

work.
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CHAPTER 3
METHODOLOGY

In this chapter steps and methods that have been employed to conduct this research
work are presented. This includes the development of a theoretical model for the
solvent-methacrylate-based photopolymer waveguide interaction, characterization
methods to analyze properties of the methacrylate-based photopolymer, 3D printing
of methacrylate-based photopolymer waveguides, followed by physical experiments
to verify the theoretical model. Physical testing includes testing of methacrylate-based
photopolymer waveguide with different solvents, testing at different temperatures,
synthesis of gold nanoparticles, and embedding them in the methacrylate-based
photopolymer waveguide. Further gold nanoparticles embedded methacrylate-based
photopolymer waveguide was subjected to repeated temperature testing to study its
optical stability and was compared with methacrylate-based photopolymers

waveguide without gold nanoparticles.

3.1 Theoretical Model for Solvent and Methacrylate-based Photopolymer
Waveguide Interaction

A first-order theoretical model was derived to study the solvent and methacrylate-
based photopolymer waveguide interactions. The model considers the formation of a
swelling layer due to the absorption of solvent molecules in the polymer matrix and
its potential use as a natural cladding layer in reducing surface scattering losses. The
first-order model also assumes adsorption or diffusion of the solvent in the polymer
matrix in one direction only increasing the thickness of the waveguide by swelling

effect and does not consider the diffusion in other directions.

First, the thickness of the swelling layer (d;) was estimated using Eq. (3.1), which
depends primarily on the mutual diffusion coefficient (D,,) between a polymer and a

solvent at any time (t).

d, = /Dt (3.1)

Then, considering short-time Fickian diffusion in only one direction (along with the
thickness) of the waveguide, the mass of the solvent absorbed by the polymer matrix
at any time (t) is defined using Eq. (3.2).
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(Mt/Ms) = (dt/Tt) (3.2)

Where M; is the absorbed mass of the solvent at any time (t), Mg is the maximum
possible mass of solvent that the waveguide can absorb, and T; is the total thickness of
the methacrylate-based photopolymer waveguide. T;, therefore, also represents the
maximum thickness up to which solvent molecules can diffuse inside the
methacrylate-based photopolymer waveguide. Assuming that the density of the
solvent remains constant during the swelling process, dividing mass with the density

of the solvent in Eq. (3.2) and substituting d: from Eq. (3.1), Eq. (3.2) can be rewritten

as:
(Mt/Ms) = (Vt/vs) = Dmt/Tt or
Vi = Vg (\/ Dmt/Tt) (3.3)

where V; is the absorbed volume of solvent at any time (t) and V; is the maximum
possible volume of solvent that the waveguide can absorb. It is assumed here that the
maximum possible volume of the solvent absorbed by the methacrylate-based
photopolymer waveguide cannot be more than the total volume of the waveguide.
Hence in the theoretical calculation, Vg is taken as the total volume of the given

waveguide.

The Value of D, was calculated using Eq. (3.4), where the diffusion coefficient at a
given temperature (T) between a given polymer-solvent pair is expressed, where A is

a pre-exponential factor and B is the rate constant.
D, = Ae B/T (3.4)

The diffusion of solvent molecules in the polymer matrix results in swelling of the
polymer leading to guided mode transmission in the methacrylate-based
photopolymer waveguide producing a cladding effect. To explore this, a lower order
guided mode was considered having a propagation constant B which varies close to
Konpe1y (Where kg = 21/ is the wavenumber in space or air in this case) and npyy, is
the refractive index of the polymer. The attenuation coefficient (k) of the guided light

can be therefore approximated as,
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k ~ k, /nlz)oly —nZ, = (2n/}) /nfmly —n%, (3.5)

where, ng,, is the refractive index of the newly formed swelled layer, which can be

calculated using effective medium theory, as shown in Eq. (3.6).
Ngy = Vfgoger + (1 — stol)npoly (3.6)

where, ng, is the refractive index of the solvent and Vf,; is the volume fraction of

the solvent in the solvent-polymer matrix. Considering Vpo1, as the volume of the

polymer matrix, Vfg, can be obtained as,
Visor = Ve / (Ve + Vpoly) (3.7

Therefore, Eq. (3.5) can be rewritten as,

K = (Zﬂ/)\)\/nfyo]y - (stolnsol + (1 - stol)npoly)2 (3-8)

The strength of the evanescent wave at the surface of the waveguide in terms of the
electric field component (E;) of the propagating light, which is a function of the

thickness of the swelled layer that varies with time, is then expressed as
E(d) = E, e *4® (3.9)

The scattering coefficient mostly depends on the difference in permittivity between
the swelled layer and the superstrate (Ag, region above waveguide) and the mode
propagation constant § and can be written as Wy.,:(B, Ag). Here, we assumed that the
leakage is happening only due to the forward scattering from the rough waveguide

surface, where E.,; is the scattered (or lost) field which can be estimated as

Egcat = Eo e ¥d®e~Wscat(BAe) (3.10)

Converting the electric field components to power terms, Eq. (3.10) was then used to

estimate the guided optical power (Pgyiq) transmitted through the waveguide which is

simply given by the difference between the total power (Py) and the scattered power

(obtained from Eq. (3.10)), is shown in Eq. (3.11).
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Pouia = Po[1 — e72*d®e2Wscar(BAe)] (3.11)

3.2 Characterization of the Methacrylate-based Photopolymer

For the experimental design, we used a commercially available photopolymer Px8880
(hex-polymer brand) which is a transparent methacrylate-based photopolymer and
used the SLA-based 3D printing technique to print waveguides. The basic properties
of the Px8880 photopolymer are listed in Table 3.1. Recommended curing
wavelength range for this methacrylate-based photopolymer is 365 nm-420 nm and
the minimum thickness for the SLA-based 3D printing machine is 25 pm, which
depends on the resolution of the 3D printer and complexity of the intended design.
Two characterization methods (1) UV-Vis spectroscopy and (2) liquid contact angle
measurements are performed on the photopolymer to investigate their optical and

surface wetting properties.

Table 3.1

Basic Properties of Px8880 Photopolymer

Str. No Photopolymer Property Value

1. Polymer type Acrylate base

2. Curing Wavelength 365-420 nm

3. Shore hardness 85D

4. Viscosity 500 cps

5. Color Clear or Transparent

3.2.1 UV-Vis Absorbance Spectroscopy

A UV-Vis spectrophotometer (Make: Ocean Optics, Model: USB4000) was used to
study the optical absorption of the Px8880 photopolymer. The light source that was
used is a combination of a deuterium lamp (for UV region) and a halogen lamp (for
visible). First, a blank cuvette was used to set the reference, and then a similar cuvette
filled with the methacrylate-based photopolymer was used for recording absorbance

by the spectrophotometer. This experiment was performed to get two important pieces
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of information, first, the wavelength that photopolymer absorbs strongly to identify
the correct light band where the methacrylate-based photopolymer will be cured
during 3D printing, and second the wavelength range in which the methacrylate-based
photopolymer does not absorb light to identify the wavelength band that can transmit
through the methacrylate-based photopolymer waveguide without getting significant

attenuation.

3.2.2 Contact Angle Measurement

To check the surface wetting behavior of the given methacrylate-based photopolymer
contact angle (CA) measurements with three solvents DI water, isopropanol, and
glycerol were performed on the methacrylate-based photopolymer using the sessile
drop method as shown in Figure 3.1. First, a thin layer of photopolymer was coated
on clean regular microscopic glass slides using the spin-coating method. These glass
slides after spin-coating were cured under UV light (wavelength: 370 nm) to complete
the crosslinking and form a uniform solid surface. A SuL volume of solvent was
dropped on the methacrylate-based photopolymer film and CA was measured using a
goniometer (C60 drop shape analysis system) that utilizes a high-resolution camera to

capture the profile of the solvent drop on the photopolymer surface.

Figure 3.1

Contact Angle Measurement Setup for Methacrylate-based Photopolymer Films
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From the profile of the drop, the inbuilt software of the goniometer calculates the

contact angle made by the solvent at the solid/liquid/gas interface by putting tangent
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on the solvent drop with respect to the photopolymer surface. 10 CA readings were
recorded from different locations of the methacrylate-based photopolymer film, and
the averaged value of the CA was calculated from these individual readings. Finally,
the average CA value is reported in the result section with measurement standard

deviation.

3.3 Waveguide Design for 3D Printing

Waveguide structure was designed using 123 design software that converts designed
CAD file into STL file, the format which is supported by SLA 3D printer. The basic
dimensions of the waveguide are 700 pm high, 500 pm wide and 20,000 um in length.
The waveguide was placed on a support with a reduced width of 250 pm as shown in
Figure 3.2. The thinner support ensures less leakage of light from the waveguide to

the substrate by confining the light more into the waveguide.

Figure 3.2
Design of Waveguide (a) Side View (b) Top View

(a) (b)

500 pm 500 pm
[~—|
'y
E
é" Waveguide =
2 =
o
S
S
=
~—=| 250 um o
Support
Substrate
Y

3.4 Methacrylate-based Photopolymer Waveguide Fabrication using SLLA-based
3D Printing
The entire waveguide structure was fabricated using an SLA-based 3D printer

(Duplicator 7, Wanhao Make). This 3D printer uses an upside-down 3D printing
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configuration. The generated STL file was uploaded in the printer software which
generates G-codes, and the inbuilt microcontroller of the 3D printer read these G-
codes to carry out the 3D printing process. A 50 um thickness of each layer for the
slicing process for the 3D printing process was chosen. Details of the 3D printing

process are presented in Table 3.2.

Table 3.2

Details of 3D Printing Process used in this Study

Sr. No Characteristics Description

1. Printer type SLA

2. Make Duplicator 7 by Wanhao
3. Thickness of slicing layer 50 pm

4. Printing time 4 hours 15 minutes

5. Printing style Upside-down

6. Post curing time 30 minutes under UV light
7. Format of CAD file STL

After 3D printing, post-curing of the structure was performed using the conditions
recommended by the resin manufacturer. First, the waveguide was cleaned in
isopropanol and rinsed in DI water to remove any unwanted impurities at the surface,
and dried using an air blower. After cleaning, the printed waveguide was further cured
for 30 minutes under a UV lamp (wavelength 370 nm) to complete the crosslinking of
the methacrylate-based photopolymer which imparts strength and helps in achieving

full mechanical properties of the photopolymer.

3.5 Testing of Solvent and Methacrylate-based Photopolymer Waveguide
Interactions

After 3D printing of the waveguide, they were tested with solvents to physically
observe the effect of solvent and methacrylate-based photopolymer interaction on the

optical transmission of the waveguide. The main purpose of this experiment was to
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account for two important things: (1) verification of the theoretical model that was
presented in the previous section 3.1, and (2) to understand optically, what is the
dominating factor in the methacrylate-based photopolymer waveguide and solvent
interactions, is it the mutual diffusion coefficient between the solvent and
methacrylate-based photopolymer or the refractive indices of the solvent and the

methacrylate-based photopolymer.

3.5.1 Interaction with Solvent Vapor

First solvents with different refractive indices were physically tested with a 3D
printed waveguide for possible optical gain. The solvents chosen for this study are
methanol and ethanol having distinct refractive indices at 650 nm of wavelength. A
testing chamber of inner dimensions 40 mm in length, 25 mm in width, and 20 mm in
height and thickness 5 mm was fabricated using a filament-based (PLA) 3D printer
having openings to collect optical signals. Optical fibers were used to shine and
collect light at the ends of the waveguide and the change in the transmitted optical
power was recorded in an optical power meter (Make: Thor Labs, Model:
PM100USB) at 650 nm wavelength. The inner volume of this chamber was designed
in such a way that 1 uL of the solvent inside is equivalent to 50 ppm with respect to
the chamber’s volume. An opening as shown in Figure 3.3, was made in the chamber

for solvent vapors to get released inside the chamber.

Figure 3.3

Schematic of Testing Methacrylate-based Photopolymer Waveguide Interaction with

Solvent’s Vapor to Observe Gain in the Optical Power
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Solvents were used in vapor form to let the solvent interact with the entire waveguide
inside the chamber, mimicking a natural atmosphere that any optically sensitive
system should work with. Since both ethanol and methanol are highly volatile
solvents that can present in the natural environment, using them in vapor form would
also help us to understand the functioning of the waveguide if it might come in
contact with volatile organic compounds (VOCs) present in the environment. The
waveguide was placed smoothly at the center of the chamber and aligned with the
path of the light source and the detector. Both solvents in 250 ppm quantity were
used. The top of the testing chamber was sealed using a tight cap such that no solvent
vapor could escape in the ambient environment. Once the saturation level of gain in
the optical power was reached, the cap was removed, and the system was allowed to

revert to its original conditions by releasing the solvent vapors.

3.5.2 Interaction with Liquid Solvent with Similar Refractive Indices

Next, the methacrylate-based photopolymer waveguide was tested with solvents
keeping their refractive indices in a similar range. For this, two solvents isopropanol
and glycerol were chosen, and they were diluted in DI water at different concertation
in such a way that the refractive indices of the two sets remain in a similar range. For
isopropanol samples, the concentration of isopropanol in DI water (v/v) was chosen as
20 %, 40 %, and 60 %, and corresponding refractive indices were observed as 1.346,
1.358, and 1.367 respectively. For glycerol samples, concertation of glycerol in DI
water (v/v) was chosen as 10 %, 15 %, and 20 % and corresponding refractive indices
were 1.349, 1.355, and 1.365 respectively. The reason for choosing isopropanol and
glycerol for this study is the difference between their solubility parameters while

keeping their respective indices in a similar range.

The data mentioned in the literature review section 2.5, Table 2.2 shows that the
solubility parameter of isopropanol (23.8 MPa!”?) is closer to PMMA (19.0 MPa'??)
which is similar to the methacrylate-based photopolymer used in this research, while
glycerol (36.2 MPa'”?) and DI water (48.0 MPa'?) have a much higher value. Since
the refractive indices were kept similar, any differences in the optical output of both
sets of solvents would mainly be dominated by the solvent and methacrylate-based
photopolymer mutual diffusion rather than their optical properties. A 25 pl quantity of

the respective solvent was dropped on the waveguide as illustrated in Figure 3.4 and
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transmitted optical power in the waveguide was recorded in an optical power meter
(Make: Thor Labs, Model: PM100USB) at 650 nm wavelength. After the optical
power was reached to saturation, the methacrylate-based photopolymer waveguide
was cleaned and dried gently with an air blower. This process was repeated several

times to check the repeatability of the optical output.

Figure 3.4

Schematic of Testing Methacrylate-based Photopolymer Waveguide with Liquid

Solvents Having Similar Refractive Indices
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3.6 Testing of Methacrylate-based Photopolymer Waveguide- at Different
Ambient Temperatures

After studying the effect of solvent absorption on the optical transmission of the
photopolymer waveguide, the effects of temperature variation on the optical
transmission were studied. It is already described in the literature review section
(Chapter 2) that the refractive indices of common polymers vary with the change in
temperature. Hence, an experiment was performed to check variation in the optical
transmittance through the photopolymer waveguide due to the change in the
surrounding temperature as shown in Figure 3.5. A 3D printed photopolymer
waveguide was placed inside the testing chamber and connected with optical fiber

cables for light input and output.

The change in the transmittance with respect to the change in the temperature
chamber atmosphere controlled by a Peltier device (TEC1-12730) was recorded using
a spectrophotometer (USB4000, Ocean Optics). A thermometer was placed inside the
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testing chamber to measure the temperature variations in the chamber atmosphere.
The top of the testing chamber was covered with an aluminum foil on which the
Peltier plate was placed. The aluminum foil seals the testing chamber and provides
uniform heating such that the heat generated by the Peltier plate uniformly dispatches
to the entire testing chamber. A variable DC power was connected to the heating plate

to change the temperature by varying voltage and current to the device.

Figure 3.5

Schematic of Testing Methacrylate-based Photopolymer Waveguide at Different

Ambient Temperatures
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3.7 Fabrication of Gold Nanoparticles (Au-NP) Embedded Methacrylate-based
Photopolymer Waveguide

Au-NP embedded waveguide was fabricated using the soft molding process as shown
in Figure 3.6 and a detailed procedure is given below. Gold (Au) nanoparticles (NPs)
were synthesized using the UV-light reduction method on zinc oxide (ZnO) nanorods
as support and mixed uniformly with methacrylate-based photopolymer resin. This
new photopolymer was used as a filler material for soft mold and by applying UV
curing (wavelength: 370 nm) on Au-NP embedded methacrylate-based photopolymer,
the waveguides were solidified. Fabricated waveguides were gently removed from the

soft mold, rinsed with DI water, and stored in a cool dry place. Before pouring into
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the mold, the resin was vacuum pumped in a dark chamber at room temperature for 30
minutes to remove air bubbles that got trapped in the resin during the mixing of the
Au NPs. This way, it was made sure the Au-NP resin was free from air bubbles and
other gaseous impurities. In this case, the soft molding process rather than 3D printing
for the fabrication of Au-NP embedded waveguide was selected as the 3D printing
happens in the ambient which would cause the absorption of environmental humidity
in the waveguide. To avoid any absorption of humidity in the photopolymer structure
of the waveguide soft molding was performed and humidity was sucked using a
vacuum chamber. After fabrication, characterization of the waveguides was

performed, and absorbance spectroscopy was measured.

Figure 3.6

Soft Molding Process for the Fabrication of Au-NP Embedded Waveguides (a)
Fabrication of Master Mold in 3D Printer (b) Preparation of PDMS for Soft Molding
(c) Curing of PDMS by Heating (d) Top View of Fabricated Soft Molds
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3.7.1 Fabrication of Soft Molds Using PDMS
A soft mold composed of polydimethylsiloxane (PDMS) was prepared to fabricate the
Au-NP embedded photopolymer waveguide. To prepare the soft mold, a hard

methacrylate photopolymer-based master mold was designed and fabricated using the
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SLA-based 3D printing technique. The hard-master mold contains the exact replica of
the waveguide with dimensions 10 mm x 0.7 mm x 0.5 mm (length x width x height).
Here the crosssection of the waveguide (0.7 mm x 0.5 mm) was modified in
comparison to the 3D printed waveguide (0.5 mm x 0.7 mm) for better filling of the
Au-NP resin in the soft mold due to larger width and better curing due to smaller
height. PDMS elastomer (Sylgard 184) was poured into the 3D printed master mold
and baked for 2 Hours at 80 °C. Part A and part B of the PDMS elastomer were mixed
with a ratio of 10:1 respectively. After 2 hours master mold was allowed to cool down
to normal temperature and the soft PDMS mold was gently taken out and flushed with
water to remove unused PDMS. The soft mold was then allowed to naturally dry for

another 12 hours.

3.7.2 Synthesis of Au-NP and Au-NP Embedded Methacrylate-based Photopolymer

The Au-NP was prepared using UV reduction of chloroauric acid in the presence of
ZnO nanorods as the catalyst. First regular microscopic glass slides were cleaned with
acetone, followed by DI water, and thoroughly dried in an oven. 1 mM zinc acetate
dihydrate solution in pure ethanol was prepared and sprayed gently on the glass side
while keeping the temperature around 100 °C. After thoroughly coating glass sides it
was annealed at 250 °C for 5 hours to obtain a uniform coating of tiny ZnO seeds on
the glass substrate. Next, a 5 mM solution of hexamine and zinc nitrate hexahydrate
was prepared in water. This solution acts as the growth solution for zinc oxide
nanorods. Glass slides coated with ZnO seeds were placed in an upside-down position
inside a petri-dish and submerged with 45 ml of the growth solution and sealed
completely. The petri-dish was then placed in a microwave oven and run at light

heating mode for 30 minutes (solution temperature ~90 °C).

After that the growth solution was drained, samples were cleaned thoroughly in DI
water and the process was repeated for 4 more times. The samples finally were rinsed
with an ample amount of DI water and annealed again at 350 °C for 1 hour. The
resultant sample gave a uniform coating of ZnO nanorods on the glass substrate which
was then used as catalyst and support for the Au NPs. Next gold nanoparticles were
synthesized using reduction of chloroauric acid in UV-light having a wavelength of
370 nm. A 0.2 mM solution of chloroauric acid was prepared in 50 % ethanol and 50

% DI water. Glass substrates containing ZnO nanorods were submerged in 25 ml of
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this solution under UV light (to promote the reduction of Au NPs) for 5 minutes and
then annealed in an oven at 150 °C for 1 hour. This process was repeated 6 times and
then samples were annealed at 350 °C for 1 hour in a furnace. The resultant sample
produced Au-NPs decorated on the surface of the ZnO nanorods. A schematic of the

synthesis of the Au-NP process is shown in Figure 3.7.

Figure 3.7

Synthesis of Gold Nanoparticles on Glass Slide (a) Spraying Seeding solution on
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After synthesis, Au NPs decorated on ZnO were characterized using the following
methods: 1. Energy Dispersive X-ray Spectroscopy (EDS) for elemental analysis
(Oxford X-Max 20) 2. Field Emission Scanning Electron Microscope (FE-SEM) for
ZnO and Au/ZnO surface morphology (JEOL JSM7800F) 3. UV/VIS Spectroscopy
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for Absorbance Measurement of Au NPs (Ocean Optics USB4000). After
characterization, gold nanoparticles were removed from the glass slides by gently
scratching them and the powder obtained in this way was mixed uniformly with the
methacrylate-based photopolymer to obtain the Au-NP embedded methacrylate-based
photopolymer. The Au-NP embedded methacrylate-based photopolymer was then
poured into the PDMS soft mold containing the negative replica of the waveguide and
placed in a vacuum chamber to remove air bubbles from the mixture. Subsequently,
the Au-NP embedded methacrylate-based photopolymer was cured under UV light
(wavelength: 370 nm) for 2 hours to obtain the solid Au-NP embedded methacrylate-

based photopolymer waveguide.

3.8 Effect of Temperature on the Optical Transmission through the Au-NP
Embedded Waveguide

The effect of temperature on the optical transmission through the Au-NP embedded
methacrylate-based photopolymer waveguide was studied using the same setup as
described in section 3.6, Figure 3.5. First, the plain methacrylate-based photopolymer
waveguide of similar dimensions was used as a reference to set the reference
spectrum. Then the Au-NP embedded photopolymer waveguide was placed, and the
transmittance spectrum was recorded in a spectrometer (Ocean Optics USB4000).
Change in the optical transmittance due to change in the surrounding temperature was
recorded and then repeatability test was performed in continuous cycles. During the
repeatability experiment, first heating was provided to raise the temperature of the
chamber, and then the system was cooled using the cooling effect of the Peltier plate

by reversing the polarity of the DC power source.

The cyclic process of heating-cooling was continuously repeated for 20 cycles (or till
the waveguide reaches a steady-state and is no longer affected by surrounding
temperature). The transmittance spectrum was recorded continuously with respect to
change in the temperature. This experiment helped to understand how thermo-
optically stable the waveguide is when it undergoes repeated thermo-cyclic loading.
This experiment was performed on both plain methacrylate-based photopolymer, and
Au-NP embedded waveguides and their performances were compared to understand
which waveguide is more stable and shows higher repeatability in optical signals.

After recording the transmittance spectrum, in the case of Au-NP embedded
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methacrylate-based photopolymer waveguide, the data was further analyzed to
calculate the change in the peak height of the spectrum at different temperatures. The
highest point and the lowest point on the transmittance spectrum were located and the
difference in transmittance values was calculated as peak height at the given
temperature. Later, experimental values of peak heights were compared with

theoretical values to compare the trends shown by the results.

43



CHAPTER 4
RESULTS AND DISCUSSION

4.1. Theoretical Model to Study Solvent-Photopolymer Waveguide Interaction

In this section, a solution to solvent and methacrylate-based photopolymer waveguide
interaction and its effect on the dynamic optical gain in the methacrylate-based
photopolymer waveguide is presented. First, the thickness of the swelling layer due to
the absorption of solvent in the methacrylate-based photopolymer waveguide is
estimated. Then dynamic gain in optical power which occurred due to the reduction in
surface scattering losses because of the developed swelling layer in the methacrylate-

based photopolymer waveguide is presented.

4.1.1 Estimation of Thickness of the Swelling Layer

Polymeric swelling is the process where solvent molecules diffuse into the polymer
matrix through a molecular motion which results in the absorption of the solvent in
the polymer. The extent of swelling inside a polymer depends on the coefficient of
mutual diffusion (Dm) between the polymer and the solvent. Dm is the relative factor
between a solvent and a polymer and is different for different polymer-solvent
combinations. The estimated thickness of the swelled layer (d:) is the measure of how
far the solvent molecules have penetrated inside the polymer matrix which depends on
Dm and time (t). Considering short-time Fickian diffusion in only one side of the
waveguide, the mass of the solvent absorbed by the polymer matrix at any time is

presented in the equations in Chapter 3, section 3.1.

Swelling is a volumetric concept, but since here we have considered a first-order
model, we have assumed that swelling in the other 2 directions (width and length) is
negligible and absorption of solvent only increases the thickness of the polymer film
in one direction only as shown in Figure 4.1. Value of Dn is then calculated using Eq.
(3.4), where the mutual diffusion coefficient at a given temperature (T) between a
given polymer-solvent pair shows how poly-methyl methacrylate (closest polymer to
our methacrylate-based photopolymer) would interact with our chosen solvents:
methanol and ethanol. The value of Dm at T = 298K is calculated and found to be

35.60x107'? cm?/s for methanol and 13.63x107'? cm?/s for ethanol. Using these values
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thickness of the swelling layer for the given methacrylate-based photopolymer

waveguide was calculated and results are presented in Figure 4.2.

Figure 4.1

Schematic Showing the Formation of Swelling Layer in the Methacrylate-based
Photopolymer Waveguide due to Solvent Diffusion in Polymer Matrix
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Figure 4.2

Theoretically Estimated Thickness of Swelling Layer for Poly-methyl Methacrylate
(PMMA) with Methanol and Ethanol as Solvents
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It can be observed that the thickness of the swelling layer increases with respect to
time for both the solvents. The thickness of the swelling layer at a given time is higher
in the case of methanol followed by ethanol which means methanol molecules can
swell the polymer network more swiftly penetrating to a higher depth in comparison
to ethanol. This is because methanol (35.60x107'? cm?/s) shows a higher coefficient of
mutual diffusion for the methacrylate-based photopolymer in comparison to ethanol
(13.63x107'2 cm?/s). Due to a higher mutual diffusion, the polymer network accepts
solvent molecules with less resistance. Therefore, the swelling effect produced by a
solvent for the given methacrylate-based photopolymer depends on their coefficient of
mutual diffusion, where a higher mutual diffusion will lead to a higher extent of

swelling.

4.1.2 Gain in the Transmitted Power due to Swelling Layer

A first-order optical model that exploits the swelling layer as cladding and its effects
in the reduction of surface scattering losses is used here to estimate the optical gain in
the transmitted optical power through the waveguide before and after the swelling. A
3D printed methacrylate-based photopolymer waveguide typically has a considerable
amount of surface roughness resulting in surface scattering of the transmitted light
through the waveguide, as illustrated in Figure 4.3 (a). The formation of a swelling
layer reduces the interaction of the light with the rough waveguide surface and rather
light interacts more with the swelling layer which is more homogenous in comparison
to the rough waveguide surface. This swelling layer has a new refractive index (nsw)

than the actual waveguide refractive index (npoly) as shown in Figure 4.3 (b).

Formation of this swelled layer then results like a guided mode transmission in the
methacrylate-based photopolymer waveguide and to explore this, a lower order
guided mode is considered having a propagation constant § which would be very
close to konpoly (ko = 2m/A is the wavenumber in space or air in this case). The
refractive index of the swelled layer (nsw) is then calculated using effective medium
theory as described in Chapter 3, section 3.1. Considering Eo as the electric field
component of the propagating light, the strength of the evanescent wave (Eaq) at the
surface of the waveguide, which is a function of the thickness of the swelled layer (d:)

was determined. The scattering coefficient mostly depends on the difference in
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permittivity (Ag) between the swelled layer and the region above waveguide and the

mode propagation constant § and can be written as yscat (B, A€) in the functional form.

Figure 4.3

Surface Scattering Losses in 3D Printed Waveguide (a) Before Swelling and (b) After
Swelling due to the Solvent Diffusion into the Methacrylate-based Photopolymer

(a) High scattering
\f losses

Roughness

Low scattering

M’ losses

Here, we assumed that the leakage is happening only due to the forward scattering
from the rough waveguide surface and no other kind of losses are being considered.
The scattering loss that depends on the scattering loss component (e~ Vscat(BA)) and
attenuation component (e~2%4(M) was then used to estimate the transmitted optical
power. The attenuation component is responsible for the dynamic optical gain the
methacrylate-based photopolymer waveguide. This optical gain will majorly depend
on the refractive index of the methacrylate-based photopolymer and solvent pair and

the thickness of the swelling layer. The detailed model is described in Chapter 3,
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section 3.1. The normalized dynamic gain in optical power with respect to time was

plotted and results are shown in Figure 4.4 for both methanol and ethanol.

Figure 4.4

Comparison of Theoretical and Experimental Increase in the Normalized Optical
Power due to Solvent and Methacrylate-based Photopolymer Interaction when

Solvent used are (a) Methanol (b) Ethanol
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From this model, it was observed that when there is an increase in the thickness of the
swelling layer, there is an exponential increase in the guided optical power through

the waveguide. Model is solved for two solvent ethanol and methanol having
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refractive indices of 1.3269 and 1.3592 respectively and the polymer is taken as
PMMA with refractive index 1.49 at A = 650 nm. Optical power increases with time
and gets saturated in both cases. In the same Figure 4.4, the results of physical testing
of the waveguide with methanol and ethanol are presented and compared with the
theoretical results. Experimentally, it can be observed that whenever solvent vapor
interacts with the methacrylate-based photopolymer waveguide there is an increase in
the transmitted optical power till the optical power saturates. The absolute gain in
optical power for methanol and ethanol is presented in Appendix A, Figure Al. The
increase in the optical power is faster in the case of methanol than ethanol and the

same trend was seen in both theoretical and experimental results.

The significant increase in the transmitted optical power is mainly due to the
reduction of the surface scattering losses in the waveguide. Due to surface roughness
guided light normally would scatter while transmitting through the waveguide
resulting in a loss of light. But, due to the formation of the swelling layer, there is an
optical gain in the waveguide which results in the increase of the transmitted optical
power through the waveguide. This shows that the swelled methacrylate-based
photopolymer layer is physically capable of showing the cladding effects in the
waveguide. The faster increase in the optical power in the methanol and methacrylate-
based photopolymer pair confirms the development of the more effective swelling
layer in comparison to the ethanol and methacrylate-based photopolymer pair. The
time to reach saturation point is compared for both the solvents. It is observed that for
methanol theoretical value is around 110 s to reach full saturation and the

experimental value is 215 s. For ethanol, it is 220 s and 420 s respectively.

Both theoretical and experimental results show that methanol results in a faster
diffusion, and hence the formation of the swelling layer is faster than ethanol which is
primarily because of the higher mutual diffusion between methanol and methacrylate-
based photopolymer in comparison to ethanol. Although both theoretical and
experimental values show a similar trend, the experimental time values are larger than
the theoretical values. It is already mentioned previously that in our model swelling is
considered only in one direction (along with the height of the waveguide) while in
reality, the swelling would happen in all directions in the waveguide and the actual

experiments are affected by other atmospheric factors, are the reasons why the
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experimental and theoretical values might not match exactly, but we do observe a
similar trend which was the main reason to develop a theoretical model as it helps us
the envisage the experimental output. Also, it can be seen that the ratio of
experimental time to theoretical time is 1.95 for methanol and 1.90 for ethanol which
are quite close and within the limits of practical conditions. From this, we can say
that the swelled methacrylate-based photopolymer layer due to the diffusion of
solvent molecules inside the methacrylate-based photopolymer can show cladding
effects and can significantly contribute to the dynamic optical gain in the waveguide

which increases with time until saturation is reached.

4.2 Characterization of Methacrylate-based Photopolymer used for 3D Printing
4.2.1 UV-Visible Absorbance for Methacrylate-based Photopolymer

The UV-Visible absorption spectrum was performed on the methacrylate-based
photopolymer (Px8880) and the absorbance of the methacrylate-based polymer is
shown in Figure 4.5. It can be observed that the methacrylate-based photopolymer is
absorbing wavelength from 300 nm to 410 nm which falls in the UV and violet light
region of the electromagnetic (EM) spectrum while the methacrylate-based
photopolymer does not absorb any light in the visible region where the wavelength is

more than 410 nm.

Figure 4.5

UV-Vis Absorption Spectrum for Methacrylate-based Photopolymer (Px8880)
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From this, it can be said that the given methacrylate-based photopolymer is sensitive
to the UV and violet light region of the wavelength while it is not affected by the
remaining visible region of the EM spectrum. Hence it can be suggested that the
optical components being fabricated using methacrylate-based photopolymer would
be suitable to work in the wavelength region higher than 410 nm of the EM spectrum
as the methacrylate-based photopolymer does not absorb any wavelength in this

region.

4.2.2 Solvophilic Nature of the Methacrylate-based Photopolymer Surface

To check the solvophilic nature of the methacrylate-based photopolymer surfaces,
contact angles (CAs) for different solvents are measured at the methacrylate-based
photopolymer surface. From the results, as shown in Figure 4.6, it can be observed
that CAs for three solvents DI water, isopropanol, and glycerol are around 45.4°,
31.9°, and 47.9° respectively. Since CA for all solvents is less than 90° the given
methacrylate-based photopolymer is solvophilic in nature and has a tendency to
absorb solvents and produce a considerable amount of swelling when solvents interact

with the methacrylate-based photopolymer surface.

Figure 4.6

Contact Angle of DI Water, Isopropanol and Glycerol on the Methacrylate-based
Photopolymer (Px8880) Surface

45.4°+0.2° 31.9°+0.2° 47.9°+0.2°

e

DI Water Isopropanol Glycerol

It can also be observed that isopropanol shows a much lower CA in comparison to DI
water and glycerol, hence it can be said that isopropanol results in more surface
wetting leading to higher interaction between the methacrylate-based photopolymer

and solvent which would correspond to higher swelling of the methacrylate-based
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photopolymer. CA shown by DI water and glycerol are very close, it can be suggested
that the extent of swelling produce by DI water and glycerol would be closer and

lower than what would be produced by isopropanol.

4.2.3 Microscopic Images of 3D Printed Methacrylate-based Photopolymer
Waveguide

Photopolymer waveguides were 3D printed for physical testing with solvents. After
the fabrication of the waveguides, microscopic images of the waveguide were taken to
check the physical conformity. From microscope images, it was found that waveguide
printed using a 3D printer has considerable surface roughness as shown in Figure 4.7
(b). This roughness is originated due to the slicing process during the 3D printing
which was explained earlier in the literature review section. Due to this surface
roughness, the given 3D printed methacrylate-based photopolymer waveguide is

likely to have significant surface scattering losses.

Figure 4.7

Microscopic Images of 3D Printed Waveguides (a) Side View (b) Top View (c)
Magnified Image of Waveguide for Pixel Analysis to Calculate Slicing Thickness
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Figure 4.7(c) shows the top view of the waveguide structure taken from a

monochrome camera (DCC1545M-CL) which is used to estimate the effective
thickness (Ax) of the slicing layers. The 3D printer uses the slicing technique to print
waveguides in a layer-by-layer format and due to the adjoining of every layer some
roughness occurs which is clearly seen in Figure 4.7 (c). Using pixel analysis from the
value of the acquired image, Ax was calculated to be 55.9 = 5.8 pm, which is close to

the chosen slicing thickness of 50 pm.

4.3 Optical Transmitted Power with Solvents of Similar Refractive Indices

The 3D printed methacrylate-based photopolymer waveguide was first tested with the
three different solvents: DI water, isopropanol, and glycerol. These solvents were
dropped on the waveguide and the change in the output power was recorded, as

shown in Figure 4.8.

Figure 4.8

Transmitted Optical Power in the Methacrylate-based Photopolymer Waveguide in
the Presence of Isopropanol, DI Water, and Glycerol
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It can be observed that isopropanol shows the largest increase in the optical power
when dropped on the waveguide (around 60 % increase in transmitted power) which
is much larger in comparison to DI water and glycerol. This is due to the higher

absorption affinity of isopropanol as a solvent towards the given methacrylate-based
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photopolymer producing higher transmitted optical power in the waveguide. From
these results, it can be said that the extent of increase in optical power depends on the
type of solvent as the nature of a solvent affects the degree of swelling in the
methacrylate-based photopolymer which further affects the surface scattering that
occurs at the waveguide surface. To separate the effect of refractive index from the
swelling behavior of the optical responses due to solvent-photopolymer interaction,
two solvents samples having nearby refractive indices were tested with the
methacrylate-based photopolymer waveguide and results are shown in Figure 4.9.

Trend lines were added to show the continuity and repeatability in the results

Figure 4.9

Optical Power with (a) 20 % Isopropanol in DI Water (v/v) and (b) 10 % Glycerol in
DI Water (v/v) Dropped on Methacrylate-based Photopolymer Waveguide
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It was also observed that when samples were dropped repeatedly, while wiped and
dried in between each repeated drop, optical power settles to the original level during
drying and went back to a high value once solvents are reintroduced. This shows
repeatability in the optical responses in the solvent-photopolymer interaction. Also in
results, a sudden increase in the optical power is observed before settling to the initial
power levels. This happened when the unabsorbed solvent was cleaned using a handy
air blower (this is already mentioned in section 3.5.2) which made the remaining
solvent further interact with the waveguide. For the calculation, we have not
considered this part and the natural increase in the optical power due to solvent-
photopolymer interaction was considered. We choose to present our results in the
actual way we recorded because we think it gives us a better understanding of how the
photopolymer waveguide would interact in the natural environment as these kinds of
situations would happen in the natural environment and understanding them makes us
develop better sensing system that can work in the ambient. From the results, it can be
seen that the optical response was consistent and repetitive which shows the stability

and precision of our experiment.

To further analyze the solvent-photopolymer interaction effect on the optical power of
the methacrylate-based photopolymer waveguide, waveguide was further tested with
more samples containing (i) isopropanol and (ii) glycerol in DI water in different
concentrations (v/v). These samples were prepared in order to keep the refractive
indices of corresponding samples approximately in the same range as presented in
Table 4.1. Samples were dropped on the waveguide and the percentage increase in the
optical power was recorded. It should be noted that when a solvent is dropped on the
methacrylate-based photopolymer waveguide, the solvent gets absorbed by the
methacrylate-based photopolymer matrix, which depends on the absorption affinity of

the solvent, defined by the solvent’s solubility index (or solubility parameter).

A higher solubility parameter indicates a lower absorption affinity. It is already
reported that the solubility parameters of glycerol (36.2 MPa'?) and water (48.0
MPa'!?) are higher than isopropanol (23.8 MPa!’?). The solubility parameter of our

2 which is closer to

methacrylate-based photopolymer is approximately 19.0 MPa
isopropanol. Hence isopropanol will have a higher absorption affinity and diffusion in

the methacrylate-based photopolymer in comparison to glycerol or water and
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develops a homogenous and effective swelling layer. A higher affinity of isopropanol
for the methacrylate-based photopolymer was also reflected during the measurement
of CA, where isopropanol (31.9°) showed a lower CA in comparison to glycerol
(47.9°) and DI water (45.4°). Based on these results obtained from solvent-
photopolymer interaction experiments, the increase in the output optical power of the
waveguide in the presence of different solvents can be explained by using the below-

mentioned theory.

Table 4.1

Refractive Index of Samples of Isopropanol and Glycerol in DI Water (v/v) at

Different Concentrations and the Corresponding Increase in the Optical Power

Isopropanol in DI water

Concentration (v/v) 20 % 40 % 60 %
Refractive index 1.346 1.358 1.367

Increase in optical power (%)  9.74 +0.15 20.50+£0.48 36.55+0.68

Glycerol in DI water

Concentration (v/v) 10 % 15% 20 %
Refractive index 1.349 1.355 1.365

Increase in optical power (%)  4.91 £0.03 4.91+0.03 4.93+£0.03

When any solvent interacts with a methacrylate-based photopolymer, it gets absorbed
and diffuse inside the methacrylate-based photopolymer resulting in the development
of a swelling layer in the methacrylate-based photopolymer waveguide. This swelling
layer has the capability to act as a cladding layer, having a lower refractive index than
the core of the waveguide, and the majority of the transmitted light interacts with this
swelling layer lowering the surface scattering losses and hence increase in the
transmitted optical power improving the overall dynamic optical gain of the
waveguide. Higher is the absorption affinity of a solvent for the methacrylate-based

photopolymer, more effective and homogenous will be the swelling layer, and hence
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higher will be the optical power gain through the methacrylate-based photopolymer
waveguide. Thus, the absorption affinity of a solvent in the methacrylate-based
photopolymer is the dominant factor affecting the dynamic optical gain in the

waveguide, over the refractive index of the solvent.

4.4 Role of Temperature on the Optical Transmittance in the Methacrylate-
based Photopolymer Waveguide

After the studies on the solvent-photopolymer interactions, we investigated the role of
surrounding temperature on the optical transmission in the methacrylate-based
photopolymer waveguide. The transmittance spectrum of the methacrylate-based
photopolymer waveguide at different ambient temperatures is presented in Figure
4.10. The temperature was varied between 27 °C to 45 °C using a Peltier plate as
described in Chapter 3, section 3.6, and optical transmittance in the methacrylate-
based methacrylate-based photopolymer waveguide was recorded using a UV-Visible
spectrophotometer. A low-temperature range was chosen for this study to avoid any
permanent damage or deformation that may happen to the methacrylate-based
photopolymer waveguide and the experiment was started from the ambient
temperature (27 °C) to study the photopolymer waveguide in its naturally swelled

state.

Figure 4.10

Transmittance Spectrum in a Methacrylate-based Photopolymer Waveguide at

Different Ambient Temperatures
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It was observed that optical transmittance through the methacrylate-based
photopolymer waveguide decreases with an increase in the ambient temperature.
Normalized transmittance at 27 °C showed an almost flat response over the
wavelength range from 500 nm to 750 nm and up to 30 °C there was no significant
change in the optical transmittance. Beyond 30 °C, optical transmittance in the
waveguide was observed to drop gradually demonstrating almost a 25 % drop in the
overall transmittance over the wavelengths 500 to 750 nm when the ambient
temperature was increased from 30 °C to 45 °C. The overall change in the optical
transmittance in the waveguide obtained by averaging and normalizing the
transmittance over the wavelength range between 500 nm to 750 nm was then

estimated for different ambient temperatures and is presented in Figure 4.11.

Figure 4.11

Change in Average Transmittance in the Waveguide as a Function of the Ambient

Temperature
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It can be observed that the average transmittance in the waveguide decreases with
increasing ambient temperatures (from 30 °C to 45 °C) following a linear relation
with slope —0.0178 /°C and the goodness to fit (R?) is 0.98 shows a low error in the
experimental results. The effect of temperature on the optical transmission through

the methacrylate-based photopolymer waveguide can be explained in the following
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way. Methacrylate-based Photopolymers have a natural tendency to swell by
absorbing humidity that is present in the surrounding atmosphere which results in
changes in the refractive index of the swelled polymer layer (nsw) at the surface. As
described earlier, this swelled polymer layer can act as a cladding layer guiding more

light through the waveguide, as shown in Figure 4.12 (a).

Figure 4.12

Schematic Representation Showing the Effect of Ambient Temperature on the
Methacrylate-based Photopolymer Waveguide. (a) Light Transmission Through a
Naturally Swelled Photopolymer Waveguide and (b) Higher Scattering Losses due to
Deswelling and Drying of the Photopolymer Waveguide with Increasing Temperature
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When the surrounding temperature rises, adsorbed humidity present near the surface
of the photopolymer waveguide leaves the polymer matrix reducing the swelling and

thus producing a dried polymer whose refractive index (ndp) moves towards the
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original photopolymer before swelling. As a result, scattering losses increase at the
waveguide surface reducing the overall transmittance through the waveguide, as
illustrated in Figure 4.12 (b). It should be noted here that the refractive index of
methacrylate-based polymers typically decreases with increasing temperatures, e.g.,
PMMA refractive index drops from 1.492 to 1.488 as temperature increases from 30
°C to 45 °C (Kovacevi¢ & Djordjevich, 2009). A drop in the refractive index usually
means more light transmission, which is not the case in our study. Therefore, we ruled
out the effect of change in the refractive index of the photopolymer due to the
increasing temperature on the observed decreasing optical transmittance and
concluded that de-swelling of the polymer is the predominant factor resulting in lower

optical transmission through the waveguide as ambient temperature rises.

4.5 Optical Transmission through the Methacrylate-based Photopolymer
Waveguide with Repeated Heating and Cooling Cycles

In order to study the repeatability of the optical transmission behavior, we subjected
the methacrylate-based photopolymer waveguide to repeated heating and cooling
cycles. The testing chamber was repeatedly heated from room temperature 27 °C to
45 °C and cooled down to 27 °C using the Peltier plate and the optical transmittance
through the waveguide was continuously recorded. From Figure 4.13 it can be
observed that the optical transmittance dropped during the heating cycles and during
the cooling cycles recovery of the optical transmittance was observed. However, the
recovery of the optical transmission was not 100% and for the 1% heating-cooling
cycle almost a 10 % drop in the recovered average transmittance value was recorded
compared to the initial average transmittance. This drop was observed to gradually
increase with subsequent heating-cooling cycles and after the 5™ cycle, the waveguide
did not produce any considerable change in the optical transmittance irrespective of

the ambient temperature.

The drop in optical transmittance with increasing ambient temperature is already
explained in the previous section. During cooling, the photopolymer waveguide
reabsorbs the available humidity from the surrounding resulting in the formation of
the swelling layer at the surface of the waveguide again trapping more light in the
waveguide and thus increasing the optical transmission during cooling. As the heating

and cooling cycles increases, this release and reabsorption of the humidity from the
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surrounding also repeat resulting in reduction and restoration of the optical
transmittance through the waveguide, respectively. However, the process of water
molecules (humidity) released from the waveguide surface during heating and their
reabsorption during the cooling cycles is not completely reversible. As the number of
water molecules in the surrounding drops due to the repeated heating/cooling of the
surrounding stopping the waveguide from further absorption of water molecules, the
optical transmission output from the waveguide becomes steady and remained

constant at around 80 % of the initial value as observed in the Figure 4.13.

Figure 4.13

Average Optical Transmittance Through the 3D Printed Methacrylate-based
Photopolymer Waveguide with Repeated Heating and Cooling Cycles. The Red Graph
Represents the Change in the Ambient Temperature Inside the Testing Chamber,
while the Blue Graph Represents the Corresponding Average Optical Transmittance

Through the Waveguide
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4.6 Fabrication of Au-NP Embedded Photopolymer Waveguide

In order to obtain a steady optical transmittance output from the waveguide with
variable ambient temperatures, we then prepared a methacrylate-based photopolymer
waveguide with gold nanoparticles (Au-NP) embedded in the polymer. The idea here

was to utilize the localized surface plasmon resonance (LSPR) properties of the Au
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NPs as an indicator of the variations of the ambient temperature rather than the optical
transmittance. The LSPR property of Au NPs, which is highly sensitive to
temperature and refractive index of the surrounding medium, is well-studied and used
widely to fabricate sensors and other optical devices (Chang et al., 2018), (Mayer &
Hafner, 2011). The preparation, characterization of the Au-NP, fabrication of the Au-
NP embedded methacrylate-based photopolymer waveguide and its optical

characteristics with respect to the ambient temperature are discussed below.

4.6.1 Synthesis and Characterization of Au NPs

The detailed synthesis process of Au NPs is described in Chapter 3. Briefly, we used a
ZnO nanorod support to synthesize Au NPs in-situ on the ZnO surface using a
photoreduction method. Figure 4.14 shows the SEM micrographs of ZnO nanorod
support and Au NPs deposited on the surface of the ZnO nanorods. The ZnO
nanorods showed their characteristic hexagonal shape with size of around 50 nm + 15
nm. Au NPs deposited on the ZnO surface were found to be almost spherical in shape

and with sizes smaller than 50 nm.

Figure 4.14

SEM Micrographs of (a) Zinc Oxide Nanorods and (b) Au NPs In-situ Deposited Zinc
Oxide Nanorods

The size range of Au NPs was quite broad indicating poor control over the size of the
in-situ deposited nanoparticles. But no agglomeration was observed, and Au NPs
were found to cover the ZnO surface uniformly. The optical absorption of the Au NPs

in-situ deposited on ZnO nanorods is shown in Figure 4.15. The Au NPs exhibited the
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characteristic LSPR peak at 527 nm. However, due to their wide size distribution, the
LSPR peak showed a slight broadening. An LSPR peak around 530 nm generally
represents Au NPs of size around 30 nm, which corroborates with the size of the Au
NPs observed in the SEM results. Another peak is absorbed at 360 nm in the UV
region due to the presence of ZnO nanorods in the samples. However, no abnormal
peak broadening was observed until 750 nm indicating the presence of individual Au

NPs without any agglomeration.

Figure 4.15

Absorbance Spectrum of Gold Nanoparticles In-situ Deposited on ZnO Nanorod
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4.6.2 Fabrication of Au-NP Embedded Photopolymer Waveguide

Au-NP embedded photopolymer waveguides were then fabricated using a soft PDMS
mold, as described in chapter 3. The volume fraction of Au NPs in the photopolymer
was 0.000055 estimated from the atomic percentage of Au to Zn obtained from EDS
of the Au NPs decorated ZnO nanorods. This value was selected based on the
experimental precision as when a value of volume fraction 0.000062 was selected
there was no output observed through the waveguide. This happened due to the
agglomeration of Au NPs in the waveguide at a higher volume fraction, while if the

lower volume fraction would have chosen the LSPR effect through the waveguide
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was not prominent. The dimension of the Au-NP embedded methacrylate-based
photopolymer waveguide was measured using a microscopic camera and found to be
0.651 mm x 0.456 mm against the original dimensions of 0.700 x 0.500 mm as shown
in Figure 4.16 (a). These measured dimensions are acceptable and are within the
limits of practicality. Also, the volume shrinkage of the waveguide was calculated by
subtracting the designed volume of the waveguide (3.50 mm?) and observed volume
(2.97 mm?®) of the fabricated waveguide and found to be 0.53 mm?3. After fabrication
of Au-NP embedded methacrylate-based photopolymer waveguides absorbance
spectroscopy was performed again on the samples to observe the LSPR peak of the

Au NPs, as presented in Figure 4.16 (b).

Figure 4.16

(a) Microscopic Images of Au-NP Embedded Waveguide (b) Absorbance Spectrum
Showing the LSPR Peak of the Au NPs Embedded in the Photopolymer Waveguide
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From the absorbance curve, it can be seen that the Au-NP waveguide has a peak
absorbance first at a wavelength of 385 nm which is due to the presence of ZnO
nanorods, and then at 580 nm due to the presence of Au NPs in the waveguide..
Generally, Au NPs LSPR peak shifts to higher values when the refractive index of the
surrounding increases. The optical absorption shown in Figure 4.15 was measured in
normal air conditions which has a refractive index of 1 at 589.2 nm. However, in the
case of the methacrylate-based photopolymer waveguide, the refractive index of the
polymer surrounding the Au NPs is much higher (1.492) than air and as a result the
LSPR peak shifts to a higher wavelength value. The other absorbance characteristics
of the embedded Au NPs were found to be more or less similar to the absorbance of
the Au NPs prior to embedding in the polymer which shows an orderly distribution of
the Au NPs and ZnO nanorods in the waveguide as initially observed before their

embedding.

4.7 Effect of Temperature on the Optical Transmittance of the Au-NP Embedded
Photopolymer Waveguide

Au-NP embedded waveguide was tested for its optical properties at different ambient
temperatures. First, the temperature was increased from 28 °C to 45°C and then
cooled down back to the initial temperature using a similar setup described in sections
4.4 and 4.5. Change in visible light optical transmittance through the waveguide was
recorded and presented in Figure 4.17, where Figure 4.17 (a) represents the variations
in the optical transmittance during the heating cycle and 4.17 (b) represents the
changes during the cooling cycle. Due to the strong LSPR absorption by the Au NPs,
the lowest transmittance through the waveguide was observed at 580 nm, which

gradually decreased with increasing ambient temperature varied from 28 °C to 45 °C.

Recovery of the optical transmittance to its initial value was observed during the
cooling cycle when the ambient temperature was allowed to return to 28 °C. There is
no disorder in the transmittance spectrum throughout the experiment which happens
due to the uniform distribution of Au NPs in the waveguide and the absence of
environmental humidity (or water molecules) in the core of the waveguide which was
achieved by vacuum suction during the soft molding process. The Au-NP
methacrylate-based photopolymer waveguide was then subjected to repeated heating

and cooling cycles to investigate its stability. Figure 4.18 shows the normalized
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optical transmittance response of the Au-NP methacrylate-based photopolymer

waveguide at 580 nm for 20 heating and cooling cycles.

Figure 4.17

Transmittance Spectra of Au-NP Embedded Waveguide at Different Ambient
Temperatures During (a) Heating and (b) Cooling Cycle
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Figure 4.18

Repeatability of the Optical Response of Au-NP Embedded Waveguide for 20 Cycles
of Heating and Cooling. The Reported Normalized Optical Transmittance was
Measured at 580 nm
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As described, the optical transmittance of the waveguide at 580 nm (LSPR peak) was
found to decrease with increasing temperature (from 28 °C to 45 °C) and retired to its
initial value when the temperature was allowed to cool down to near room
temperature. Unlike the plain photopolymer waveguides without the embedded Au
NPs, the optical transmittance behavior of the Au-NP embedded methacrylate-based
photopolymer waveguide was found consistent throughout the 20 repeated heating
and cooling cycles, showing only a small variation (within £2.5%). The optical
transmittance behavior of the Au-NP embedded photopolymer waveguide at 580 nm
for the individual heating and cooling cycles is shown in Appendix B. The experiment
was repeated several times which took about 12 hours to complete 20 heating and
cooling cycles and during this continuous long 12 hours, we did not observe any
physical damage to the waveguide. Figure 4.19 shows the overall variation of the
optical transmittance of the Au-NP embedded methacrylate-based photopolymer

waveguide averaged at 580 nm from the 20 repeated heating cycles.

Figure 4.19

Overall Change in the Optical Transmittance of Au-NP Embedded Waveguide at 580

nm (LSPR wavelength) with Increasing Ambient Temperature
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The change in the optical transmittance at the LSPR wavelength (580 nm) of the Au
NPs with increasing ambient temperature was found to have nearly linear behavior,
with slope around —0.0047 /°C and the goodness to fit (R?) is 0.97 shows a low error
in the experimental results. Compared to the plain photopolymer waveguide in the
absence of the Au NPs which showed a slope of —0.0178 /°C, the Au-NP embedded
waveguide exhibited an optical responsivity of lesser order. However, the stability of
the Au-NP embedded methacrylate-based photopolymer waveguide was found to be

far better than the plain methacrylate-based photopolymer waveguides.

4.8 Theoretical Model of the Au-NP Embedded Photopolymer Waveguide

To further analyze the LSPR effect shown by Au-NP embedded methacrylate-based
photopolymer waveguide and its dependence on temperature, a theoretical model was
developed. The LSPR effect shown by the Au NPs depends on the refractive index of
Au NPs and the refractive index of its surrounding which happens to be a
methacrylate-based photopolymer in this case. The Refractive index (n) of a material

depends on its dielectric constant (¢) as
n = gl/? 4.1)

Dielectric constant also has both real and complex parts, hence it can be written that

gy, = € +ig) 4.2)
gg = £g +ig} (4.3)

Where ¢ is the dielectric constant for methacrylate-based photopolymer, which is the
host matrix, &g is the dielectric constant for Au NPs which are embedded in the host
matrix. The complex part of the dielectric constant is mainly responsible for the
absorption of light by a material. Since the methacrylate-based photopolymer has no
complex value in its dielectric constant so its dielectric constant, Eq. (4.2) can be

modified as
g, = €& (4.4)

Considering the approximation of the Riccati—Bessel functions (Bohren & Huffman,
1998), the scattering cross-section (oOsca) can be calculated. osca depends on the

dielectric constant of Au NPs (¢'¢ & €%), the dielectric constant of the host matrix
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which is methacrylate-based photopolymer (g'p), the wavelength of light (1) and
volume of Au NPs (V) as shown in Eq. (4.5).

2
oo = 32m* (eh)?V? ((sé—sé) +£z‘2’:)
sca A4 ((sé+2£i},)2+s§)

(4.5)

For small particles, the scattering cross-section signifies the given cross-section of the
particles where light interacts. This cross-section is the area on the particles which
scatters light and hence this area can also absorb light for those particles which has
light absorption properties, like our Au NPs, so Eq. (4.5) can be modified where Gsca

is replaced with cabs which is absorption cross-section.

2
1 1 2
_ 32m*(e))?V2 ((Eg—sp) +£g)

6 =
abs A4 ((sé+2£11,)2+8§)

(4.6)

Eq. (4.6) is solved by using the size of Au NPs as 50 nm, dielectric constant value for
Au (Johnson & Christy, 1972), and the dielectric constant for methacrylate-based
photopolymer at different temperatures (Xiang et al., 2006), and results are shown in
Figure 4.20. It can be seen that the maximum absorption cross-section is found at 545
nm of wavelength and it is the wavelength where the Au-NP embedded methacrylate-
based photopolymer waveguide would show maximum theoretical absorption.
Experimentally, the resonance wavelength occurred at 580 nm, here we have to
consider that the theoretical model assumes an ideal situation where the experiment

can be affected by practical factors which result in this difference.

From Figure 4.20, it can be observed that with an increase in the temperature there is
no significant shift in LSPR wavelength. This is because the thermo-optic coefficient
of our methacrylate-based photopolymer is around -0.127e-3 /°C, hence the change in
the refractive index of the methacrylate-based photopolymer is small to observe any
shift in the resonance wavelength, but it can also be observed that the height of the
absorption peak is decreased when the temperature is decreased. This is because due
to the increase in the temperature there is a small decrease in the refractive index of
the methacrylate-based photopolymer which is the local atmosphere in which Au NPs
are embedded. Due to this, the intensity of light that is absorbed by the Au NPs
decreases which is the basic principle of LSPR. The change in the absorbed intensity
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of light is small hence it would not able to generate any shift in the resonance
wavelength, but it results in the decrease in the height of the absorbance peak which is

observed in the graphs.

Figure 4.20

Theoretical Value of Absorption Cross-section for Au-NP Embedded Methacrylate-
based Photopolymer Waveguide at Different Ambient Temperatures

1
C _ 0
S 5 T28°C
g 08y jf' —T30°C ]
o= [\ T35°C
8 —06/ [ ——T40°C |
G X I\ T
S E 04+ f! x\ 1
= C
e_ S ‘\Q_\K _;' \\\
8 (.2 \“ g r./"i \ 1
0
< |

0
400 500 600 700
Wavelength (nm)

Next, using Lambert’s Law of Absorption, the normalized transmittance (Tc) through
the waveguide was then calculated as shown in Eq. (4.7) where a is the absorption
coefficient of Au-NP embedded waveguide material and L is the length of the

waveguide.
T, =e™ L (4.7)

o can be calculated from cabs as shown in Eq. (4.8) where n is the atomic number

density which signifies the number of atoms of a given material per unit volume.

Oabs = O(/‘r] or A = OapsT (4.8)
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n is calculated using Eq. (4.9) as shown below where Na is the Avogadro’s number, p

is the density and M is the molecular weight.
N
n==22 (4.9)

Since in the Au-NP embedded methacrylate-based photopolymer waveguide, Au NPs
are distributed over the entire volume of the waveguide, the effective molecular mass
of the waveguide is calculated considering the combined effect of methacrylate-based
photopolymer, ZnO and Au NPs. Mass of Au NPs and ZnO are calculated from the
atomic percentage of Au to Zn which is obtained from EDS of the Au NPs decorated
Zn0O nanorods. The mass of the methacrylate-based photopolymer is calculated by
multiplying its volume used in synthesis with its density and then individual mass %

of all three components are calculated and used in Eq. (4.10).
M = %my, My, + %mz,0 Mzpo + O/OrnPoly MPoly (4.10)

In Eq. (4.10), %mau, %mzmo & Yompoly and Mau, Mzno & Mpoly are mass percentage
and molecular masses for Au, ZnO and methacrylate-based photopolymer
respectively (for calculation the molecular mass of methacrylate-based photopolymer
was taken same as of PMMA which the closest polymer to our methacrylate-based
photopolymer), Avogadro’s number was taken as 6.023 x 10%* /mol ! and density of
Au was taken as 19.3 gm/cm?. Using these values in Eq. (4.9) and Eq. (4.8), a is
calculated and then the value of o with a length of the waveguide (L) is substituted in
Eq. (4.7) to calculate T. through Au-NP embedded methacrylate-based photopolymer

waveguide at different temperatures and results are shown in Figure 4.21.

From Figure 4.21 it can be observed that the LSPR peak is at 545 nm where the
minimum transmittance is observed, it is the same wavelength where the peak in the
absorption was observed in Figure 4.20 which shows the continuity of the model.
From the inset in Figure 4.21, it can be observed that the resonance wavelength does
not change with the increase in the temperature but the height of the peak changes due
to a small change in the refractive index of methacrylate-based photopolymer which is

already explained earlier.
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Figure 4.21

Solution of Theoretical Model Showing Normalized Transmittance Through Au-NP

Embedded Methacrylate-based Photopolymer Waveguide at Different Temperatures
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The change in the peak height due to an increase in the temperature is depicted in
Figure 4.22 (a) where it can be seen that due to change in the temperature, the peak of
the curve shifts upward, and this shift is denoted by Ah. Peak height is calculated for
both theoretical model and experimental results at a different temperature, normalized
and then peak height is plotted against temperature for both theoretical and
experimental values as shown in Figure 4.22 (b). Figure 4.22 (b) shows the variations
of the LSPR peak height with respect to the ambient temperature obtained from the
theoretical model and experimental data. Both theoretical and experimental results
indicate a gradual decrease in the peak height with an increase in temperature. This
decrease in the peak height is due to the decrease in the refractive index of
methacrylate-based photopolymer with the increase in the temperature which
decreases the absorption intensity in the Au-NP embedded methacrylate-based
photopolymer waveguide. The trend shown by the decrease in peak height for both
theoretical and experimental values is linear, with the theoretical model having a
higher slope than the experimental values. This difference between the experimental
values and theoretical model is possible as the theoretical model considers a uniform

decrease in the refractive index I the entire waveguide due to an increase in the
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temperature while experimentally heating mostly affects the upper part of the
waveguide and the lower part does not affect as much which results in the lower
decrease in the experimental values in the peak height. Also, the experimental results
could be affected by external factors while in the theoretical model, we consider ideal

conditions.

Figure 4.22

(a) Depiction of Change in Peak Height (Ah) with Increase in Temperature for
Theoretical Model (b) Comparing Change in the Peak Height for Theoretical and

Experimental Results with Respect to Temperature
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In these experiments, the effect of ambient temperature on the optical properties ofthe
given methacrylate-based photopolymer is studied. It has been observed when the
ambient temperature of plain methacrylate-based photopolymer waveguide is
increased there is a decrease in the transmittance through it. Methacrylate-based
photopolymer has a natural tendency to swell by absorbing humidity from the
atmosphere. When heat is applied humidity is removed from the polymer matrix and
it gets dried, due to which the refractive index of the surface of the methacrylate-
based photopolymer waveguide increases which results in higher surface scattering

losses and a decrease in the transmittance. In the case of plain methacrylate-based
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photopolymer waveguide, humidity can penetrate deep in the polymer matrix as

shown in Figure 23 (a) and can reach up to the core of the polymer matrix.

Figure 4.23

Schematic Showing Absorption and Desorption of Water Molecules when Repeated
Heating and Cooling is Performed on (a) Plain Methacrylate-based Photopolymer
Waveguide (b) Au-NP Embedded Methacrylate-based Photopolymer Waveguide
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When the heat is applied water molecules would leave the core of the waveguide but
there is a possibility that some would remain there. When the ambient is cooled, these
water molecules can be reabsorbed within the waveguide, but it is not possible for
them to go deep inside the waveguide core exactly like in the initial state and hence

the transmittance level did not reach the initial level as shown in the Figure 4.13.
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When the process of heating and cooling is continuously repeated, the water
molecules which were not able to absorb by the waveguide leave the surroundings
and there would be a drop in the number of the water molecules. As the number of
water molecules in the surrounding drops, it stops the waveguide from further
absorption of water molecules because of that the plain methacrylate-based
photopolymer waveguide reaches the steady-state and the optical transmission output

from the waveguide remained constant at around 80% of the initial value.

When Au NPs in-situ deposited on ZnO nanorods were added to the methacrylate-
based photopolymer, they occupied the voids present in the photopolymer matrix and
acts as a barrier for water molecules to go deep inside the waveguide as shown in
Figure 4.23 (b). In this case, the humidity present in the ambient interacts with the
surface of the waveguide and swelling happens only at the surface of the waveguide.
When the temperature is applied these water molecules leave the surface and the
waveguide’s surface gets dried due to which the transmittance decreases. When the
ambient is cooled, the water molecules get absorbed on the surface of the waveguide
and transmittance reaches the initial level. Since in this case, the swelling is
happening only at the surface of the waveguide, the absorption and desorption of the
water molecular are regular and stable that is why the process shows a repeatable

trend till the 20™ cycle with a loss of 2.5 % of its initial transmittance value.

The presence of Au NPs in-situ deposited on ZnO inside the Au-NP embedded
waveguide is detected through the transmittance spectrum. A strong peak at 580 nm
of wavelength confirms the presence of Au NPs inside the methacrylate-based
photopolymer matrix because the plain photopolymer does not absorb light in the
visible region and ZnO nanorods absorbs light at 385 nm which is the UV region.
From the theoretical model, it is also observed when the Au NPs are embedded in the
methacrylate-based photopolymer a peak in the transmittance is observed due to the
LSPR effect. From this, it can be said that the waveguide which is fabricated by
embedding Au NPs in the methacrylate-based photopolymer shows the LSPR effect
and the Au NPs present in the waveguide control the swelling behavior of the
photopolymer waveguide. By adding Au NPs in the waveguide , the waveguide shows

a repeatable and stable optical response.
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CHAPTER 5
CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

Methacrylate-based photopolymer has been explored as a suitable waveguide material
that has potential for integrated optical device applications. A photopolymer
waveguide was fabricated using a stereolithography-based single-step 3D printing
technique. It was observed that due to the slicing mechanism adopted in the 3D
printing process, surface roughness was induced in the waveguide structure leading to
surface scattering loss of the propagating light in the waveguide. Surface scattering in
general results in forward scattering losses and waste of transmitted light through the
waveguide, but in this research this surface scattering is shown as a useful tool to
investigate the effect of polymeric swelling on the light transmission through the 3D

printed photopolymer waveguide.

Surface wetting behavior of the photopolymer waveguide was measured using three
different solvents, namely DI water, isopropanol, and glycerol, and for all cases a
solvophilic nature was found with contact angles varying between 31° to 48°,
indicating that the selected solvents have strong interaction with the solid
photopolymer waveguide surface. The extent of the solvent interaction and its
diffusion into the polymer matrix was then studied using a first-order theoretical
model and verified with experimental results. The theoretical model showed the
development of a swelling layer at the surface of the photopolymer waveguide due to
the diffusion of the solvent molecules into the polymer matrix. The thickness of the
swelling layer was found to depend highly on the coefficient of mutual diffusion

between the solvent and the photopolymer.

Among the selected solvents, isopropanol shows the highest coefficient of mutual
diffusion with the methacrylate-based photopolymer and exhibited the formation of a
thicker swelling layer at the waveguide surface. In the same model, the swelling layer
was further investigated for its capability of showing a cladding effect. Due to the
development of an effective swelling layer, most of the transmitted light inside the
core of the photopolymer waveguide interacted with the newly developed swelling

layer rather than the rough surface of the photopolymer waveguide. This way newly
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developed swelling layer acted as cladding which resulted in the reduction of surface
scattering losses and consequently a dynamic gain was observed in the photopolymer
waveguide. The solution to the theoretical model for optical power gain showed that
due to polymeric swelling, the optical power through the photopolymer waveguide

increases exponentially with time and saturates when solvent diffusion stops.

The results of the theoretical model were validated using experimental data. The 3D
printed waveguide was exposed to the three selected solvent environments and the
effects of their diffusion into the polymer matrix as well as their corresponding
refractive index on the response of the transmitted light through the waveguide was
investigated. Compared to the DI water and glycerol, isopropanol demonstrated a
higher dynamic gain in the transmitted light through the waveguide attributed to its
higher coefficient of mutual diffusion and produced an almost 60 % increase in the
transmitted optical power due to the formation of a thicker swelling layer acting as

cladding.

When solvents were diluted to adjust their refractive indices to similar values,
isopropanol with a higher mutual diffusion coefficient continuously produced higher
optical gains compared to the other solvents indicating that the solvent refractive
index is not the primary deciding factor of the optical transmission through the
photopolymer waveguide, but the solubility parameter of the polymer and solvent

given as the coefficient of mutual diffusion is the dominant factor in this case.

Next, the effect of temperature on the optical transmission through the photopolymer
waveguide was studied. It was observed that when the temperature of the ambient
increases, transmittance through the photopolymer waveguide decreases.
Photopolymers can naturally show swelling effect by absorbing humidity from the
surrounding atmosphere. When heated, the trapped water molecules near the surface
of the waveguide escape to the surrounding reducing the swelling. This leads to the
homogenization of the refractive index of the polymer at the surface and as a result
surface scattering losses increases reducing the transmitted optical power through the
waveguide. Once the surrounding cools down, water molecules can be reabsorbed by
the photopolymer waveguide reforming the swelling layer at the surface and thus
optical transmittance returns to the original values. However, the recovery of the

optical transmittance was not 100% and after a few heating and cooling cycles, the
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photopolymer waveguide continuously exhibited a steady optical transmission output.
This is possible when the trapped water molecules in the polymer matrix permanently
stay within the polymer making the waveguide immune to the changes in the

surrounding temperature.

To further investigate this, we embedded gold nanoparticles (Au NPs) into the
photopolymer waveguide, where the voids in the polymer matrix are captured by the
gold nanoparticles. With the Au NPs the photopolymer waveguide showed a sharp
drop in the optical transmittance near 580 nm waveguide, which was attributed to the
LSPR absorption of Au NPs which is sensitive to the ambient temperature and the
surrounding refractive index. When tested the Au-NP embedded photopolymer
waveguide with repeated heating and cooling cycles demonstrated a stable change in
the optical transmittance response of the waveguide. During heating, the optical
transmission was observed to drop gradually due to the drying of the polymer leading
to higher surface scattering losses. The optical transmission was recovered when the
ambient temperature was cooled down to normal room temperature. This behavior
was consistently observed until 20 repeated heating/cooling cycles with only about a
2.5% drop in the recovery of the optical transmittance, indicating that in the presence

of Au NPs the waveguide provides more stable changes.

The role of Au NPs can be explained as a barrier for the diffusion of the water
molecules from the surrounding atmosphere into the photopolymer matrix. Most of
the void spaces in the photopolymer matrix are occupied by these Au NPs and limit
the water molecule diffusion into the polymer at its surface only. Since the absorbed
water molecules in the photopolymer are mostly limited at the surface, they can easily
escape and be reabsorbed during the heating and cooling cycles respectively, making
the system more stable in terms of its optical response. Due to the presence of the
gold nanoparticles capturing most of the void spaces in the photopolymer matrix,
water molecules from the surrounding, therefore, cannot diffuse deep and
permanently stay in the polymer matrix and thus produce a stable optical response in

the Au-NP embedded photopolymer waveguide.

In summary, it can be concluded that methacrylate-based photopolymers, which are
emerging potential materials in the field of integrated optics, are sensitive to the

surrounding environment. The optical properties of the photopolymers are being
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affected by different surrounding conditions, like the presence of solvent molecules or
change in the ambient temperature which qualifies them to act as an optical material
for integrated optics applications. How the optical transmission through
photopolymers would be affected depends strongly on the mutual affinity of a
solvent-photopolymer pair, rather than their refractive indices. The addition of
nanoparticles in the photopolymer brings stability to the performance of the

photopolymer waveguide for long-run applications.

5.2 Recommendations
Based on this study, the following recommendations are made that can be useful for

further investigation.

1. Surface roughness that occurred due to slicing thickness during 3D printing
contributes to scattering losses. By varying the surface roughness using different
slicing thicknesses during 3D printing, it can be studied how the dynamic optical
gain in the photopolymer is related to the surface roughness of the photopolymer

waveguide.

2. A 3D printer with a higher resolution can be used to further reduce the dimension
of the waveguide. In the present study, the dimension of waveguides is in 100s of
microns which can be reduced to 10s of micron with a higher resolution 3D
printer. This would result in better light confinement inside the waveguide and

lower volumetric losses.

3. The absorption of solvent inside a polymer also depends on physical factors like
the temperature and pressure of the given solvent. In the future solvent at
different temperatures and pressures can be tested for their swelling effect which
can be helpful in developing a flow sensor for industrial application, where a

change in temperature or pressure in the flowing solvent can be detected.

4. In this research, only one size of gold nanoparticles (~50nm) was embedded in
the photopolymer waveguide. In the future different sizes of gold nanoparticles as
well as different types of nanoparticles and their shapes can be considered to

investigate how they affect the performance of the waveguide.
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5. The fundamental concept of this doctoral research work is to study changes in the
optical properties of photopolymer due to the changes in some of the physical
factors present in the ambient environment. Generally, optical properties of
materials, like glass and silica do not show any swelling capacity and are not
affected by factors like pressure, density, viscosity, current, or voltage. Hence in
the future one can consider investigating other factors that can affect the swelling
properties of photopolymer which could lead to the development of an integrated
optical sensor to detect the change in these physical factors. In addition,
photopolymers other than the methacrylate-based systems can also be a subject of

future studies.

6. In the theoretical model, swelling is considered only in one direction. In the
future, this model can be enhanced by considering swelling in all the relevant

directions.

7. For the 3D printing fabrication of the waveguide, it is possible to set up the 3D
printer in a humidifier that can control the humidity of the environment while
printing. This way a greater control on the humidity can be achieved while 3D

printing of the waveguide to have a better optical performance.
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APPENDIX A
EXPERIMENTAL OPTICAL POWER GAIN WHEN SOLVENT
VAPORS INTERACTS WITH THE PHOTOPOLYMER
WAVEGUIDE

Figure Al represents the experimental increase in the optical power when methanol
and ethanol vapors come in contact with the methacrylate-based photopolymer
waveguide. From the figure, it can be observed that both of them show an exponential
increase in the optical power where methanol reaches the saturation level faster (215
s) in comparison to ethanol (420 s). This is due to a higher mutual diffusion

coefficient of methanol for the photopolymer in comparison to ethanol.

Figure A1

Experimental Gain in the Optical Power when the Solvent Vapors Interact with the

Methacrylate-based Photopolymer Waveguides (a) Methanol (b) Ethanol
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APPENDIX B
OPTICAL TRANSMITTANCE IN THE Au-NP EMBEDDED
METHACRYLATE-BASES PHOTOPOLYMER WAVEGUIDE
WITH HEATING AND COOLING CYCLES

In Figure B1, variation in the transmittance to temperature for Au-NP embedded
methacrylate-based photopolymer waveguide is shown for heating and cooling cycles.
The Au-NP embedded methacrylate-based photopolymer waveguide was heated from
28°C to 45°C, and then cool down to 28°C which counts for one complete cycle. This
experiment was repeated continuously for 20 complete cycles and normalized
transmittance is presented below in graphs. To provide clarity in the presentation, 20
cycles are shown in four figures, a group of 5 cycles each. Here it can be observed
that when the temperature of the testing chamber was increased, transmittance
through the waveguide was decreased, when the testing chamber was cooled down,
transmittance was increased and raised to the initial levels. This trend was repeatable
for all 20 cycles and at the end of the 20" cycle, the net loss in the transmittance was

only 2.75 %.

Figure B1

Transmittance vs Temperature Graphs for the Au-NP Embedded Waveguide for
Individual Heating and Cooling Cycles (a) 1-5 Cycles (b) 6-10 Cycles (c)11-15
Cycles (b)16-20 Cycles
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