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ABSTRACT

Design and fabrication of analytical systems for bio-chemical detection have
been an attractive topic in micro- and nanoscale research in the past few years.
These devices have improved with the introduction of lab on a chip technology
and the utilization of sensitive and non-destructive optical methods. It has been
shown previously that using the laser induced fluorescence (LIF) detection
methods along with the integration of the fluidic and optical devices into an all-in-
one biochip, the light delivery to the microchannel can be accomplished.
Although many research laboratories have introduced optics-integrated biochips,
most of these devices were solely used as alpha-prototypes and were not
commercializable since they were fabricated in fragile and expensive material

such as glass and silicon.

In this work, the design and fabrication of four generations of optofluidic
biochips are presented. The goal of this research was to improve the earlier
glass/silicon designs. Starting from microreplication of the microfeatures from
silicon v-grooves, it was shown that the hollow v-groove waveguides could be
fabricated in a layer of heat or UV-curable polymethylmethacrylate and
polyepoxyacrylate. =~ The  microfluidic  layer @ was  fabricated into
polydimethylsoloxane and polysiliconeacrylate. The two layers were bonded
together to create an all-polymeric biochip with in-plane and out-of-plane optical

waveguides for detection. The innovative methods of integration of fluidic and



optical features into polymeric biochips, as well as the materials selected for this
project, resulted in the creation of novel devices. A series of LIF experiments

presented in this thesis have shown that an in-expensive single-layer biochip,
resulted from this research, was capable of LIF detection of two different species

of fluorophores.
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CHAPTER 1

INTRODUCTION

1.1. Background to BioChips

Miniaturized fluidic systems developed for diagnostics, usually referred to as
lab-on-a-chip (LOAC) or micro-total-analysis systems (WTAS), are expected to be
the main tools \for tomorrow’s biological analysis industry' [1, 2]. A wide
spectrum of applications such as genomics and proteomics [3-5], blood cell
analysis [6], cell sorting and biochemistry sensing [7, 8] benefit from many of
these newly invented diagnosis methods. The first efforts towards miniaturized
analysis systems were reported in the 1970s [9]. However, the creation of
microfluidic detection biochips is nominally attributed to H. M. Widmer in 1983
[10] who suggested improvements in analytical tools and instrumentation. Many
research groups commenced their efforts to bring this concept to reality. Based on
Widmer’s ideas, Manz et al. initially proposed the idea of pTAS in 1990 [11].
This report advocated the efficiency and optimum performance that can be
achieved by scaling down the dimensions of the systems. Small scale fluidic
elements, such as the channels and input/output ports, bring many advantages

such as decreasing the sample and reagents volumes as well as high speed

! According to the Worldwide Biochips & Equipments Market, 2005, the total biochip market size
in 2004 was approximately $2.0 billion and was projected to grow to about $5.1 billion in 2009.
(1]

CMC Microsystems Annual report, 2006, predicts a 33% increase in LOAC sales growth from
2002 to 2008 in Canadian market. [2]



analysis and the feasibility of integration of such devices into portable handheld
equipment. Hence, handheld diagnostic devices, also known as point-of-care
(POC) systems in medical applications, were the objective of many research

projects in recent years [10-14].

Employing knowledge based on the physics of microfluidics, and by
integration of detection and analysis tools into biochips, recent developments in
LOAC have lead our research group and many others around the globe towards
integrating more features into their products [12, 14]. Applications such as
pathogen detection[15], environmental testing [16], cell counting and sorting [17]
and fuel cells [18, 19] have motivated more efforts towards creation of systems
largely used for detection and sensing. Many of these detection systems are using
integrated mechanical parts for flow control systems, e.g. valves and pumps [20-
26}, as well as the inclusion of optical devices for detection [13, 20-23]. Optical
detection along with methods such as electrochemical [24], mass spectrometry
[25] and temperature change measurement [26] can be used for discovery and

analytical applications % [27] as well as detection in microfluidic biochips.

Since optical techniques are sensitive and non-destructive, They are usually
favoured among all detection methods. While there have been many methods
invented for optical detection in biochips, e.g. fluorescence detection [28],
infrared detection [29], Raman scattering detection [30] and chemiluminiscence
detection [31], laser induced fluorescence (LIF) detection remains the most
popular. This technique has been used for fluorescence-activated cell-sorting
(FACS) in flow cytometry for the past decade [10, 11]. A description of the

mechanism of fluorescence detection from fluorophores is reviewed in [28, 32].

Many of the commercially available solutions for microarray and biochip

diagnostics, marketed by companies such as Agilent, Caliper, Micralyne, Cepheid

2 According to Investext Company and Industry Research, 2006, 57% of the biochip products and
services related are demanded for drug discovery.
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and Dolomite, utilize LIF or the other optical detections methods mentioned
above. However, bulky instrumentation especially large optical devices, are still
used in these systems. By integrating optics into LOAC microsystems, more cost
efficient and portable devices can be manufactured [13, 33]. The recent literature
on research and development reports an increasing number of innovations all with
the incentive of integration of novel optical techniques [13, 21, 34, 35]. An
important enabler of system integration was the knowledge and technology of
micro-scale and nano-scale fabrication inherited from the microelectromechanical
systems (MEMS) industry [36]. By micro-fabricating waveguides within the

biochip for light distribution and collection, the LIF method can be miniaturized.

1.2. Problems with Existing BioChips

Primarily fabricated using chemical vapour deposition of dielectrics onto glass
substrates, early integration of optical waveguides into biochips was complicated,
time consuming and costly [37, 38]. Other fabrication methods for systems with
integrated optics, such as laser-written UV-curable epoxy waveguides [39], silver
ion-exchange waveguides in glass, [23, 40], SU-8 (a negative photoresist) devices
[22, 41, 42] and liquid core waveguides [43, 44], are described in the literature.

All of these waveguides require many steps in the fabrication process.

A majority of commercial LOAC devices are made using glass [45, 46] and
silicon [47] which implies an inevitable high cost of production. These devices,
due to contamination issues, should be single-use (disposable) tools with low-cost
and high-volume production procedures. Plastic devices, contrary to the
traditional biochips, can be fabricated with mass replication methods and are

much less expensive.

A popular option in micro-replication processes for fabrication of biochips is
polydimethylsiloxane (PDMS) replication or soft lithography [28, 48, 49].

Moreover, another process utilizing micro-replication into plastics and mainly



using polymethylmethacrylate (PMMA) has been developed recently and is
known as “step and flash” [50]. Also, in the past few years, many replication
methods in ultraviolet (UV) curable polymers have been introduced [51]. Some
papers report fabrication processes using large molecular diacrylates [52] and
others used more flexible material such as siliconized urethane acrylate [53].
Quake et al. pioneered the fabrication of microfluidic devices in
polyurethaneacrylate (PUA) for solvent resistant applications [54] and a few other
research groups furthered the development of such devices [55]. A more detailed
work on a variety of UV-curable materials, such as polyepoxyacrylate(PEA) and
PUA for micro-replication processes was reported by Zhou et al. [56] Shortly
after, some new methods and material such as hard PDMS [57]

perfluoroepolyether (PFPE) [58-60] and acrylated PFPE (APFPE) [61] were used

for micro and nano-scale replication and device fabrication.

Further information on biochips fabrication can be found at [62]. For further
reading on blood sampling, cellomics and a general description of biological
applications of microfluidic biochips, the reader is encouraged to refer to [12, 63-

66].

1.3. Thesis Objectives

The goal of the present work is the fabrication of high throughput microfluidic
systems with integrated optical detection systems. As an important motivation for
the development of commercializable biochips, the fabricated devices are all
designed to decrease the cost of manufacture and increase the system reliability.
Here, we propose a different approach compared to traditional microfluidics and
microoptical devices fabrication methods, in that the devices are created using

polymeric material.

Another advance in biochip technology that can result from this thesis is the

design of multi-layer biochips. Having the optical system in one layer bonded to a



separate layer with the microfluidic system, the material and processes can be
selected and optimized for each layer separately. This multi-level approach can
result in more efficient performance of the final product as well as fewer issues
with the layout and spacing. Combining the optics and fluidics in one layer can
limit the options of device arrangement in the biochip design when a number of

waveguide and microchannels are needed.

The biochips presented in this work were designed to form multilayer
structures. Inspired by incentives such as increasing the number of biochip
applications, incorporating parallel sensing processes and selecting the optimal
materials for each layers individually, multilayer biochips were fabricated for this
project. Multilayer systems such as multiple task chips [67, 68] and absorption
measurements between two glass fluidic layers with an optical cuvette [7] have
been previously introduced. In a different work, the system reported by Han ef al
[69] contained a complex multilayer system with integrated fluid control,
electrical and optical devices, but yet called for an external optical system for
characterization. To the writer’s knowledge, the biochip introduced by Spicer [70]
of our lab, was the first multilayer biochip with integrated optics. His work

inspired a major part of the chapters presented in this thesis.

1.4. Prototypical Optofluidic Biochips

The biochips fabricated in this thesis have integrated functionality of optical
and microfluidics components with the intended application in bio-detection. The
prototypical task of the chip is to identify specific fluorescently tagged particles in
a liquid sample. The reasons for particle identification are left undefined, but a
typical application would be to sort particles based on their characteristics.

The optical systems highlighted in the following chapters are based on two

basic designs of biochips; hollow V-groove waveguides {70, 71] and liquid core
waveguides (LCW) [50, 51, 79, 80]. The multi-layer optofluidic biochips



discussed here are novel in both fabrication methods and design and are expected
to be inexpensive and easy to fabricate, unlike many reported previously [7, 8].
Improvements in design and fabrication of the biochips, as well as the selection of

novel materials selection make these new generations of biochips unique.

1.4.1.Biochips Generations

The motivation for the present work was to create an improved design of
biochips. This thesis describes many improvements achieved over four
generations of biochips. Every generation challenges the issues that were in the
zeroth generation, the biochips presented by Spicer [71], and any problems that
occurred in the previous generation. The first generation of biochips was
produced by re-fabrication of the zeroth generation biochips using the same
fabrication processes and materials with minor changes. The second generation of
biochips were designed and fabricated by introducing a polymeric layer to replace
the Pyrex glass material. In addition, the fluidics layer was inverted and a thin
capping layer was placed between the fluidic and optical layers in the second
generation. This change resulted in the fluidic microchannels and the optics
waveguides being located closer together and improves the biochip detection
performance. The third and fourth generations adopted the layered structure of the
second generation and more effort was put into material selection and rapid
prototyping of all-polymeric optofluidic biochips. In the fourth generation, the in-
plane LCWs and SCWs were added to the fluidics layer, fabricated in PDMS or
PSiA, enabling the option of using this layer as a single-layer biochip. Third and
fourth generations use PMMA and PEA in the optical layer respectively. Table

1.1 presents a summary of the biochip generations, their key characteristics, issues

and improvements over previous generations.
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1.4.2.Multi-layer Biochips

In Chapter 2 a brief analysis of the first generation of biochips fabricated in
glass and silicon is presented. The glass/silicon first generation biochips were a
re-fabrication of the zeroth generation biochip, introduced by Spicer [71] (Figure
1.1.a), with some improvements for the present project. The original design,

shown schematically in Figure 1.2, was capable of detection and analysis of

fluorescence (Figure 1.1.b).

Detection of Fluorescent Beads Excited with Hollow V~groove Waveguide
v T v v g 1 y— v x
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Figure 1.1 Biochip fabricated by Spicer and the experimental results produced [71],
a. Biochip fabricated by D.Spicer, b. Electrical pulses from fluorescent particles passing
trough laser beam

The main idea in this 3D structure design is to have a fluidic layer sitting on
top of an optical layer. The schematic drawing in Figures 1.2 illustrates the
delivery of light reflected by the end facet (Figure 1.3) at 54° angle, after
travelling through metallized hollow v-groove waveguides, and reaching the
fluidics in the glass layer. The glass fluidics is capped with a layer of PDMS. The
illumination of the fluidic channel causes fluorescence from the particles in the
microchannel which is collected by an optical fiber sitting on top of the PDMS
capping layer. The signal is then directed to a photomultiplier tube (PMT) which

sends a voltage signal to a computer for signal processing (Figure 1.1.b).
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Figure 1.2 Schematic drawing of the zeroth generation biochip [71]

V-groove
End facet

Figure 1.3 100 pm wide v-groove end facet

The v-grooves are formed when the silicon wafer with an etch mask layer, e.g.
silicon nitride, has rectangular openings in the masking layer and is exposed to an

etchant such as potassium hydroxide (KOH). The crystal planes in silicon etch at

10



different rates depending on their angle (Figure 1.4.a) [72]. Hence {100} or the Si
wafer flat (horizontal) plane is etched faster than the {111} plane and once the
etching volume is bounded by {111} planes the etching process is practically
stopped. The v-groove is formed when the etchant creates two {111} planes that
meet in the bottom of the v-shape. These two surfaces along with a third {111}
plane meet in the end of the etched feature and create a v-groove end facet, at 54°
(Figure 1.3). Frithauf in [73] describes the silicon crystal, the orientation of silicon
planes and shape of the etched features in more detail. Figure 1.4 sections b and
c. show the dimensions chosen in [71] by Spicer and were used for the present
work as well (W/D=\2 ). The v-grooves were designed with different widths
(depths) for different amounts of optical delivery and pickup. Hollow v-groove
waveguides in the silicon and applications of the v-groove end facet are discussed

more in {74-77].

Fin
va\,,m o : W
- - e — v-groove v-groove
width (um) | depth (um)
50 35
d . 75 53
200 141
o 300 212
7 ’ o 400 282
X
a. {111} plane in silicon crystal b. v-groove side section ¢. v-groove dimensions

Figure 1.4 Silicon crystal plane and v-groove dimension

Design flaws were discovered in the device made by Spicer. [71]. Due to the
refraction occurring when the light leaves the v-groove layer and enters the glass

fluidic layer, the angle of the laser beam in the fluidic layer, was different from
what was calculated for his biochip. This resulted in the reflected beam not
reaching the fluidics which necessitated the re-fabrication of this design.

Moreover, since the depth of the channels was designed to be 100 microns and the

11



size of microparticles or fluorescent beads used in the experiments are
approximately 15um in diameter, the depth of the channels in the first generation,
re-fabricated in this project, were changed to 50 microns for more accurate optical
pickup.

Second and third generations of this design with some improvements in the
structure and material are discussed after the first generation. Second generation
multilayer biochips employ plastics for fluidics layer and have a new structural
orientation of layers. The third part of Chapter 2 discusses the third generation of
the biochips that are created completely in plastics. The last part of Chapter 2 is a

brief introduction to multilayer biochips fabricated in UV-curable plastics.

Appendix A describes the basic knowledge that can be used for better
understanding of the polymers and their fabrication procedures presented in
Chapter 2. In addition, the clamps and polymer punches used for the processes are
elaborately described in Appendix B. Further information on the background and
techniques used in Si crystal plane identification and deep reactive ion etching can

be found in Appendix C.

1.4.3. Single-layer BioChips with Liquid-core and Solid-core
waveguides

In Chapter 3 the design and fabrication of LCW and SCW integrated
microfluidic biochips are discussed. These biochips can be used as a fluidics layer
placed on top of the v-groove structure and present a fourth generation biochip or
they can be used as standalone devices. In order to have a better understanding of
the fabrication processes described in Chapter 3, basic information about the

nitrogen purging system for fabrication and the soft polymer punches are
necessary. More information on these topics can be found in the Appendices A

and B.
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The original approach to integration of optical waveguides was to have both
optical and fluidics components in the same layer. This structure has been used in
many designs and has more history than the multilayer biochips. Recently, these
structures have been created using SUS8 fluidics and waveguides [22, 42, 78, 79]
or liquid core waveguides [80, 81]. The work presented in Chapter 4 was inspired
after my colleague, C. Bliss, conducted his research on rapid prototyping of
PDMS fluidic biochips with LCW network using SU8 masters. The biochips for
this research were fabricated with LCWs in PDMS and polysiliconeacrylate
(PSiA) biochip structures. The biochips were made in PDMS and PSiA were
fabricated using microreplication from Deep Reactive lon Etching (DRIE)
machined Si masters. The characterization of these devices with regards to DRIE
micromachining methods (Bosch and Cryo) in different polymers demonstrated
the novelty and efficiency of the procedures used. Also, by injecting a novel
polyepoxyacrylate (PEA) in the LCWs, solid core waveguides (SCW) were
fabricated and tested on the same design. Moreover, the fabrication processes and
DRIE methods employed for this type of biochips were a gradual effort to
improve the techniques for better etched surfaces and especially sidewalls. The
DRIE processes developed resulted in a series of novel etch mask fabrication and

characterization techniques.

1.5. Thesis Structure

The following chapters review the motivation for this work, as well as the
fabrication and experimental processes employed. Devoted to the fabrication of
multilayer biochips and material selection for these products, Chapter 2 describes
the author’s efforts and the results. Chapter 3 is a more detailed discussion of the
design and fabrication of the standalone single-layer opto-biochips with the
capability of merging it into multilayer structures similar to the biochips explained
in Chapter 2. Chapter 4 presents the experimental methods used to examine the

fabricated biochips, the test setup utilized for this work and provides experimental

13



results. The biochips were tested using pressure-driven flow (PDF) and

electroosmotic flow (EOF). More information on flows in microfluidics can be

obtained from [66, 82].

Chapter 5 summarizes the conclusions to this work and highlights the

opportunities for future work.
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CHAPTER 2

MULTILAYER OPTOFLUIDIC
BIOCHIPS

This chapter presents the evolution of four generations of multilayer
optofluidic biochips. The biochips described here were designed and fabricated to
optimize the final product costs and the optical detection quality in the system.
The following section focuses on the first generation biochip through an overview
of its basic design, and provides details on the fabrication of the optics layer, the
fluidics layer and the capping layer, and concludes with a discussion of problems
and issues relative to its performance and cost. The subsequent sections provide

similar information on the second, third and fourth generations of biochips.

2.1. Si-Glass Optofluidic Biochips: First Generation

The biochips discussed in this section, similar to any other LOAC, may
provide advantages, specific to their applications. One, for example, is low fluid
volumes consumption that lowers the costs of expensive reagents. Also, the
biochip has high analysis speed of the particle detection in the microchannels.
This design, originally designed by Spicer [70, 71] and shown in Figure 2.1, was
remade for the purpose of understanding the advantages and disatvantages of this
multilayer structure. Some of the minor problems in the initial design were

corrected, but the major parts and materials are the same. Figure 2.2 illustrates the

L-Edit software sketch containing the first generation biochips features.
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Figure 2.1 Schematic drawing of the zeroth generation biochip

2.1.1.Optics Layer

The silicon optical layer was fabricated from commercially-available silicon
wafers 500 um thick and coated each side with silicon nitride. Low-stress 1000
A° thick silicon nitride was deposited on the Si wafers using low-pressure

chemical vapor deposition (LPCVD) supplied by Norcada Inc.[83]

The first step is to determine the silicon wafer crystal plane orientation so that
the etched v-grooves are smooth and the optical loss is small. This determination
was accomplished by using reactive ion etching (RIE) on the nitride layer to
expose a fan-shaped pattern of small lines on the silicon. The silicon was the
anisotropically etched for 30 minute in a 30% KOH aqueous bath at 80°C and the
Si crystal planes were identified. More information on the crystal plane

identification method can be found in Appendix C.1.

The waveguide mask was then aligned to the wafer and RIE and KOH etching
were again used to etch the v-grooves. After evaluation of the formed v-grooves
to ensure the etching process of v-grooves was completely finished, the remaining

nitride was etched away in hydrofluoric acid (HF) bath.

Coating the hollow v-grooves waveguides with a thin layer of reflective metal
enables the guiding of light through the feature as well as reflecting the light to
the top layer from the end facets. While being concerned about the reflectance of

the thin metal film, the stability of deposited thin film over time and oxidation
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resistance was also considered in the choice of metal. Although silver is less
expensive than gold and can reflect a wider spectrum of light, gold doesn’t

oxidize with time so it was decided to use gold as reflecting layer.

Using a Lesker two-target sputter system, 30 nm of chromium (for better
adhesion to Si) and then 75 nm of gold were sputtered on the surface of the Si
wafer followed by optical lithography and wet etch processes to remove the
Cr/Au thin film from any part away from the v-grooves. The optical layer with
metallized v-grooves was then diced into single chips each with several sizes of
parallel v-grooves of different width and depth ranging from 50 m by 35 pum to
400 pum by 278 um. These dimentions were originally designed and described in
[71].

CHIP - T

“>-~ Fluidic reservoir

2

Metallized v-groove
waveguides with
capping .

2

Alignment marks T —————

- Fluidic Channel

Figure 2.2 First generation biochips: A T-channel fluidics design with v-grooves in the
bottom
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2.1.2.Fluidics Layer

Commercially-available Pyrex glass with a low-stress sputtered Cr/Au film
was used to make the fluidic layer. Lithography and wet etching of gold and
chromium, sequentially, were used to create openings in the Cr/Au film
corresponding to the microchannel patterns. The channels were wet-etched using
a HF isotropic etch bath up to the depths of 50 and 100um and then the remaining
Cr/Au was etched away. The reason for trying two different depths was to find
the optical resolution and efficiency between the original 100u-deep design and
50u depth. The fluidic layer was topped with fresh PDMS layer to seal the
channels. (Figure 2.3)

a b

Figure 2.3 Glass microfluidic features, a. Isotropically etched 50p deep fluidic
channel/reservoir in Pyrex glass, b. The edge effects in the isotropic etching

2.1.3.PDMS Capping Layer

The fluidic layer was topped with a fresh PDMS layer to seal the channels. The
thickness of this layer is not a critical parameter. For the re-fabrication of the
biochips, first generation, the thickness of 0.5mm was chosen. The PDMS was
made from a 10:1 ratio prepolymer/hardener mixture and was cured on top of a

polished Si wafer in vacuum oven at 80°C.
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2.1.4.First Generation Issues

In the first generation, since the fluidic channel was etched on the top face of
the glass layer and the optical layer was shining the laser beam from the bottom,
the beam was traveling through the 400 glass layer before entering the fluidic
medium, which resulted in laser beam missing the fluidic channel. Subsequently
good experimental results were obtained after a temporary solution, changing the

alignment of the layers.

Two problems were encountered in bonding the layers in the original design
reported in [71]. Bonding between the Si and glass layers was done using UV-
curable Norland Optical Adhesive (NOA) [84] and caused misalignment and
occasionally filling of the v-grooves with the adhesive resulting in blocking the
waveguide. Moreover, the PDMS capping layer was put on the glass layer without

using any adhesive or treatment for bonding resulting in a weak seal.

Using Pyrex glass and HF wet etching is a time-consuming and expensive
method to fabricate microfluidic channels. While many other ways are presently
used to reduce the cost of fabrication and material, it was decided that replacing

this layer in the second generation can benefit the biochip project in many aspects.

2.2. Polymeric Biochips: Second and Third Generations

Using {100} silicon and fabrication of v-grooves on its surface was noted to be
the simplest way to make a reflective surface at the end of the waveguide at an
angle close to 54° and making such a design work. A different more cost efficient
approach, is to replicate the v-groove structure into some cheaper material. The

latter was the initiative for the third generation.

This phase of the project was carried out to improve the multilayer Si-Glass

biochips design and materials in two approaches:
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The first improvement in the design towards the fabrication of improved
second generation of biochips is that the fluidic layer has been inverted so that the
channels are much closer to the waveguides as shown schematically in Figure
2.4.b. This required the addition of a thin (50 um) layer of
polymethylmethacrylate (PMMA) layer between the optical and fluidic layers that

serves to cap both the waveguides and microchannels.

POMS
Pyrex

Laser beam a. First generation:

Silicon Si-Glass biochips

re b. Second generation:
Pyrex PDMS g :
I\mg\* Si-PDMS biochips
Siticon I PMMA  Third generation:
PMMA-PDMS biochips

Laser beam

Figure 2.4 Conceptual design of three generation of optics integrated biochips,
a, initial design b. all plastic/low loss

PMMA thin films were chosen as the separating (intermediate) layer because,
amongst all commercially available thin transparent films the 50-pm,
Goodfellow® [85] PMMA films were proven to have enough strength under
fluidic pressures, could pass most of the light and were easy to metallize. Both
titanium/silver and chromium/gold thin films were sputtered on the thin PMMA
films and the products were smooth, low stress and good-reflecting surfaces. The
average roughness of the chromium/gold (30/75 nm) was measured to be less than

the 10 nm along 100 microns. This measurement was performed using Zygo

optical profilometer [86] and Alpha step profilometer.

The sputtered gold/chrome film on PMMA was compared to the same

thickness of the film on glass, the original design of the first generation capping
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(fluidic) layer, and the results were depicted in Figure 2.5. This diagram shows
that though the loss in the thin PMMA reflecting layer is 10% more than the glass

sample, it can still serve as a good capping layer for the hollow v-grooves

waveguides.

Laser source

Power meter
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~ W PMMA thin layer (50um) w/ 90 nm Cr/Au
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S ] = = = Linear (Glass w/ 90 nm Cr/Au)
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Figure 2.5 Optical loss calculated at different angles of illumination
(@ 532 nm) for thin metal layers on different material
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Figure 2.6 Metallized PMMA intermediate layer. Used for the second, third and fourth
generation biochips

Using common lithography processes with HPR504 photresist, the sputtered
metal film was removed using lift-off process and the capping stripes for the v-
grooves were fabricated. PMMA thin film was then tested for different bonding
methods, from which, UV-adhesives such as NOA and O, plasma bonding [87]
with PDMS were successful. A film containing PMMA intermediate layer with

metallic strips before dicing is illustrated in Figure 2.6.

Secondly, to address the cost issue in the future generations of biochips,
inexpensive polymers can be used to make all of the layers. While polymeric
microfluidic biochips have been subject of recent research [55, 88, 89], to the
author’s knowledge none have reported a multilayer polymeric biochip with
integrated optics. The expensive microfabrication steps are still used to make
silicon and glass replication masters from which the multiple chip layers may be
copied. We have chosen polymethylmethacrylate (PMMA) for the optical layer
in the third generation of biochips, since it is rigid and allows metallization, and
polydimethylsiloxane (PDMS) was chosen for the fluidic layer since it may be

used with both pressure-driven and electro-kinetic flows.
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2.2.1.PMMA Intermediate Layer

Essential to both second and third generation biochips is the PMMA
intermediate layer that caps both the v-groove waveguides and the microchannels
in the PDMS layer. The bonding method used for the PDMS/PMMA interface is
RIE in an O, plasma treatment [97]. Before bonding the thin PMMA layer to the
Si and PDMS, a 95-nm film of Cr/Au was deposited on one side of the PMMA
using the Lesker sputter system. Lithography and wet etching were used to define
the metal stripes that cap the waveguides and the thin metallized PMMA layer
was bonded to the optical layer using droplets of UV-curable NOA60 [84] and the
AB-M UV-aligner lithography system.

The 50p thick PMMA intermediate was proven to solve the accurate delivery
of laser beam to the fluidics layer. By reducing the distance between the
launching point, reflecting end facet, and the target point in the fluidics the
problems due to diffraction and loss in the laser beam were corrected. Also, since
the PMMA thin films can be easily treated in RIE chamber with O, plasma for 30
seconds and bonded to the PDMS fluidics layer, the bonding issues resulted in the

first generation were partly solved.

2.3. Second generation biochips: Silicon-PDMS

The second generation optical masters were fabricated with the same procedure
mentioned above; fabrication of Si optical layer for the first generation. After
KOH etch process the Si wafers were metallized to be used with the second

generation PDMS fluid layer chips.® (Figure 2.7)

With the same procedure used to make the glass fluidics, masters for the new
PDMS fluidic layers were fabricated using HF wet etch bath with 50n deep

channels. These glass masters were used to make copies in PDMS by a double

3 Some of the Si wafers with developed hollow v-grooves were put aside to be used as replication
masters for the third generation biochips with polymer optical layers.
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replication process. Before making the first negative PDMS replica, a two-hour
silanization of the Glass surface was performed to neutralize surface charges and
assist in the removal of the cured PDMS. The negative replica was similarly
silanized and used as a master for the final PDMS fluidic layer. Each silanization
involves placing the master and a small amount of 1,1,2,2-tetrahydrooctyl-1-
trichloro-silane in a desiccator under vacuum for two hours. After silanization, the
master is removed, PDMS is cast on it and cured for two hours at 80° C under
vacuum in an oven. To make the reservoir inlet/outlets a metallic punch is used

before bonding the fluidic layer to the other layers. (Appendix B.2)

Figure 2.8.a shows an intermediate layer and Figure 2.8.b shows the completed
second generation biochip with the intermediate layer. Since the optical layer
fabricated for the second generation of biochips was KOH etched silicon wafers,
bonding defects occurred when using the NOA and consequently motivated the
fabrication of the third generation of optofluidic biochips. Figure 2.9 illustrates
the PMMA intermediate layer used for the second generation biochips and the

final product.

- i b,.

Figure 2.7 Si wafers with v-grooves, a. Si optical layer for first and second generation before
dicing: metallized, thick resist spun, b. The Si layer with v-grooves sitting in the clamp for
negative replica casting
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Si V-grooves bonded to PMMA thin layer

a b

Figure 2.8 Bonding of Second generation biochips, a. Si layer bonded to PMMA layer,
b. bonding the PDMS layer on top of PMMA/Si layer

a. b.

Figure 2.9 Second generation biochip and the PMMA intermediate layer, a. Intermediate
layer (50 pm PMMA film) with metal stripes that cap v-groove waveguides, b. Second
generation biochip with Si optical layer and PDMS fluidics layer

2.4. Third generation biochips: PMMA-PDMS

The third generation of biochips was fabricated with the motivation of having
an all-plastic biochip as the end product. It was determined as a double replication
in PMMA from the original v-groove etched Si masters. Although many double
replication methods were introduced in nanofabrication industry, most of the

common double replication processes are based on the usage of heat/UV-curable
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PMMA or PDMS replicas using polyvinyl alcohol (PVA) or PDMS as negative
replica material. [90-93]

In order to avoid cumbersome chemical compound preparation and fabrication
methods for replication, h-PDMS [94] and hot embossing (nanoimprinting) [95]
methods were not chosen over PDMS double replication. Moreover, after
referring to the literature on PVA casting and microreplication characteristics
[100, 101, 103], the double replication using either PDMS or PVA as negative

intermediate process replica was chosen for the third generation of biochips.

The final product designed for the optical (bottom) layer is the positive replica
fabricated in a way to carry the same topology of v-grooves replicated from Si
master into negative replicas. Two materials were chosen for this layer; PMMA

and PDMS.

Many advantages made PDMS a good option. Such attractive characteristics of
PDMS for our project were flexible PDMS fabrication processes and excellent
replication of micro and nanoscale features [49, 57, 62] as well as ease of bonding
to the top PDMS layer (oxygen plasma treatment) [87] and cheap manufacturing
costs. Also, since PDMS is transparent to a wide spectrum of light, it was
obviously a good choice to bring the ability to have access to the biochip for video
and signal capturing applications from underneath. PMMA, being inexpensive,
transparent and rigid (when cured) alternatively was determined as another option

for the double replicated layer containing v-grooves.

Previously, research on step and flash lithography fabrication methods [50] and
the project conducted by Pérennes et al. [90] have both shown promising results
regarding microreplication and fabrication in PMMA. This fabrication process
can be simply described as compounding a mixture of monomer, polymerization

initiator and some additives, to fill in the gaps and enhance the plasticity and
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shrinkage characteristics, and curing it on a semi-rigid negative replica of the

desired micro-components.

2.4.1.Negative Replica

The double replication of silicon v-grooves was considered to be achieved
using two different polymers. In order to have an easy master/replica separation,
the negative replica should contain a flexible polymer or preferably be an
elastomer. Among options such as PDMS, PVA and RTV silicone, due to cheap
procedure and material and availability PDMS was chosen as the first choice. The
fabrication of the negative replicas and double replication on them were carried

out using an aluminum clamp. (Appendix B.1.1)

a. k v b.

Figure 2.10 v-grooves negative replicas (a) PDMS (b) PVA

The first replication results with PDMS showed very good replicating
capabilities. PDMS is elastomeric and transparent and that helps with casting and
curing of another material. Figures 2.10.a and 2.11 show the results of fabrication
of v-groove negative replicas in PDMS. The PDMS specimens were compared to
the original Si samples and the shrinkage of features was not significant. Since the
PDMS compound was degassed before casting and cured gradually over 2 hours,

all the features were completely replicated into the PDMS structure.
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Figure 2.11 V-grooves’ negative in PDMS replica

PDMS negative replicas are not the most durable, but based on the literature
were expected to be used for more than one replication into positive replicas [96].
Using the same fabrication process used to make the negative replicas, as well as
what we used for the fluidics layer in the second generation biochips, the double
replicas in PDMS were fabricated. The positive replicas showed very promising
compatibility with the original Si layer when the topologies of surface features
were compared, but unfortunately, when these PDMS negative replicas were used
for PMMA casting, they didn’t last due to chemical incompatibility of
methylmethacrylate (MMA) and PDMS. (Figure 2.12)

PVA, as the second choice, was then tested for negative replica fabrication
(Figure 2.10.b). The PV A negative replicas were fabricated using a commercially
available PVA solution PARTALL® coverall (Rexco Co.,USA) [97]. The
solution was outgassed and boiled for reducing the water content. The PVA
solutions with water contents reduced to 10,15, 25 and 30 percent4 were tested

and among all the compound with 25% less water content than the original

* The water content can be calculated using the densities of PVA and water and by knowing the
initial PARTALL PVA concentration. The container is weighed before and after evaporation of
the water from solution to determine the final concentration.
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product returned the best results; no shrinkage, easy to pour and not very viscous,

easy to cast and degas, good covering and no edge effects.

Figure 2.12 PDMS negative replica after curing PMMA on top

PVA has good chemical compatibility with PMMA and PDMS and is easier to
remove from the double casts since it is water soluble (40°C water bath for 2
hours). Also the features replicated in PVA show no shrinkage or defect in the
structure. The PVA compound entered all of the v-grooves and cured over a

period of 12 hour at 55°C. (Figure 2.13)

Figure 2.13 V-grooves’ negative in PVA replica
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Rexco PARTALL® PVA, which was chosen as the negative replica material, is
transparent when cured enabling the cured features to be seen when the specimen
is taken out of the oven. In addition, this product can be purchased in purple
which distinctively assists separation of the negative replica from the positive

replica, PMMA or PDMS, when PVA is dissolved in water.

2.4.2.Positive Replica

In this part the effort was to produce positive replicas that are fabricated to
perform as fit as the original Si optical layers. The hollow waveguides fabricated
in the Si layer are double replicated resulting in PDMS or PMMA replicas. The
first and most important feature being sought is the replication quality. Both
PMMA and PDMS specimens were tested for shrinkage after cure, covering and
replication of features and defects in the surface as a cause of a bubble or

discontinuity in the texture.

The v-grooves in the double replicated optical layers, as designed and
fabricated in the first and second generations, were metallized by sputtering. Since
the biochips in the first generation were designed to be used with a red laser, gold
covered side walls were the most appropriate option. Due to the change in the
optical layer material and in order to have better and maybe cheaper v-groove
metal coatings, in addition to having the ability to guide green laser through the
plastic v-grooves, both silver and gold were selected to be sputtered on PDMS
and PMMA replicas. Chromium and titanium thin layers were sputtered to serve
as gold and silver adhesion layers respectively. Other metals such as platinum,
copper and aluminum, theoretically should be reflective to red light (Figure 2.14),
they were found to be not suitable since the samples of these films on Si didn’t
demonstrate reflection and smoothness. Also, because silver tarnishes over time,

silver coated samples were only stable when kept under vacuum conditions.
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Figure 2.14 Reflectivity of 100nm thick films of metals [98]

When sputtered with metal, PDMS is subject to stress when the thin film is
deposited on its surface [109]. Hence positive replicas in PDMS wrinkled and
deformed after sputtering and the surface was nor reflecting any light (Figure
2.15.a). Conversely, the PMMA v-grooves, sputtered with metal showed good
reflectivity (Figure 2.15.b).

Figure 2.15 Metallized PDMS vs. metallized PMMA: a. Cr/Au metallized PDMS v-groove,
b. Cr/Au sputtered PMMA v-groove

Different thicknesses of metal films were sputtered on commercial PMMA
sheets to decide the balanced thickness for the reflective thin film. The metal

coating should be both cost/time efficient in fabrication process and sufficiently
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reflective. Table 2.1 shows the different thicknesses of thin films sputtered from
which 30/75 nm Cr/Au and 30/60 nm Ti/Ag films were selected.

I I 1 v
Silver 30 nm 40 nm 60 nm 90 nm
Titanium 10 nm 20 nm 30 nm 30 nm
Total thickness 40 nm 60 nm 90 nm 120 nm
Reflection Poor Fair Good Good
Surface quality Smooth Smooth Smooth Not Smooth
Durability (tape test) Weak Good Good

1 11 111 v
Gold 30 nm 40 nm 60 nm 75 nm
Chrome 10 nm 20 nm 30 nm 30 nm
Total thickness 40 nm 60 nm 90 nm 105 nm
Reflection Poor Fair Fair Good
Surface quality Smooth Smooth Smooth Smooth
Durability (tape test) Weak Weak Good Good

Table 2.1 results of sputtering various thicknesses of metal thin films on PMMA

2.4.3. The PMMA compounds

PMMA was decided to be the most suitable material for the fabrication of third
generation optical layer. PMMA is widely used for bone replacements and bone
adhesive applications from which much advancement in formulation of
compounds based on MMA molecular backbone has arisen [99]. In this project,
PMMA compounds used in different applications were synthesized and analyzed.
Also, based on a few research papers, recently published on micro feature
replication into PMMA casted compounds such as step and flash method [50] and
the work done by Pérennés [90], a number of heat-initiator curable and UV-

initiator curable compounds were used for replication.

PMMA beads are usually added to MMA and dissolved before curing MMA.
Having PMMA molecules in the compound can accelerate the polymerization and
reduces the shrinkage due to network formation. Since the optical layer has to
have smooth surfaces and good optical clarity, PMMA beads that are

commercially available for optical parts manufacturing were used in the
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polymerization compounds. Different amounts of PMMA were dissolved in
MMA. Among these, a 6:4 ratio was found the most efficient. More shrinkage
was observed when the ratio was less than this amount. Dissolving more PMMA
than this amount, although it will theoretically reduce shrinkage, results in lengthy

(inefficient) polymerization and time consuming dissolution process.

Since the MMA is stored in containers with inhibitors and the process of
washing the inhibitor, due to University of Alberta Nanofab regulations, was not
possible, instead of removing the inhibitor hydroquinone, stronger initiator and

accelerator concentrations were used to compensate and overcome the inhibitor.

The room temperature curing of PMMA compounds was carried out using
dibenzoylperoxide (BPO) which was purchased with 1% water content and
refrigerated, and only before mixing the compound, was finely ground and
dehumidified. BPO concentrations of 1, 1.5, 2, 2.5, 3, 5 and 7 were added to
different samples. Then, plasticizer dibutyl-phthalate was added to the MMA-
PMMA-BPO mixture by 5% of total weight. In order to initiate the
polymerization at room temperature, 1% w N, N- dimethylaniline (DMA) was
added to the mixture and left to cure for 2 to 12 hours. BPO of 1.5 % was

determined to be the best fit in the compound.

Figure 2.16 end facet of a BPO cured PMMA v-groove: bubbling issues
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Figure 2.17 PMMA v-grooves: BPO cured

The first attempts at curing PMMA solution on PVA replicas using BPO and
DMA resulted in rough surfaces and bubble production. (Figure 2.16) In order to
solve this issue, the solutions were degassed in a 3 step degassing process in a
desiccator chamber and while curing, the PVA replica covered by MMA-PMMA
mixture was kept under vacuum. Low-shrink smooth PMMA features resulted
from this procedure (Figure 2.17). For more information about PMMA, MMA
and polymerization of MMA as well as inhibitors please refer to Appendix A.6.

2.4.4.Third generation fabrication processes

As mentioned above, in order to reduce the cost of the multiplayer biochips,
methods were developed for replicating the optical layer in PMMA. PMMA was
chosen due to its clarity after polymerization, its hardness and scratch resistance
and the quality of the reflective surface after metallization. As with the fluidic
layer, a double replication technique was used but in this case, polyvinyl-alcohol
(PVA) was used for the first negative replica. PVA was chosen because it is
water-soluble and thus is easily removed from the rigid, polymerized PMMA
monomer in a 40°C water bath [100]. Both PVA and PMMA have good
capabilities for replicating features and with the fabrication methods employed,

the shrinkage is negligible in both polymers.
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In the first replication step, the silicon wafers with v-grooves were cleaned in a
piranha solution and placed in a custom clamp system where a water mixture of
PARTALL® coverall polyvinyl-alcohol (PVA) (Rexco Co.,USA) [29], was
poured on top and cured in an oven at 55° C for 12 hours. The water content of
the PVA solution was reduced by 25 % prior to casting. When the PVA replica
was peeled away from the Si masters, it was placed in another vessel custom-

designed for casting methylmethacrylate (MMA) mixtures. (Figure 2.18)

Both peroxide-activated and ultraviolet-initiated polymerizations were used to
fabricate PMMA replicas. The base polymer mixture was DEGACRYL® PMMA
(Degussa Corp., USA [30]) granules dissolved in MMA by 6:4 weight ratio. The
reason PMMA was dissolved in the mixture in this ratio was to reduce the
shrinkage of the polymer replica while speeding the polymerization due to
presence of polymerized DEGACRYL powder. The mixture was degassed using a
desiccator. An addition of 1.5% wt of a peroxide such as dibenzoylperoxide
(BPO) along with 1% wt N, N- dimethylaniline and 3% wt dibutyl-phthalate as
the plasticizer will initiate the polymerization of the mixture cast on the PVA
negative replica at room temperature. After 4 hours of polymerization, the PMMA
replica was placed in the water bath to wash the PVA away. After initial
evaluations, the shrinkage of PMMA replica was found to be less than 3%. Figure
2.19.a shows a piece of peroxide polymerized PMMA with a Cr/Au reflective
film. (Figure 2.20)
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Figure 2.18 Double replication of v-grooves using PVA and PMMA

For the UV-initiated polymerization, the same 6:4 weight ratio was used for
dissolving PMMA into MMA. Taking into account the mixture properties and the
UV source used for curing, 1.5% wt of two different UV-initiators, IRGACURE
819, (bis(2.,4,6-trimethylbenzoyl)phenylphosphine oxide) and IRGACURE 184
(1-Hydroxy-cyclohexyl-phenyl-ketone), Ciba Specialty Chemicals [101], were
added to the mixture and then out-gassed under a slight vacuum. Pouring the UV-
curable PMMA mixture onto the PVA sitting in a clamp, the PMMA replica was
cured under a 360-nm UV light for 5 minutes. As before, the PVA was dissolved
from the PMMA and initial evaluations show the shrinkage in the UV-cured
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PMMA was less than 2%. Figure 2.19.b shows a piece of UV-cured PMMA with

replicated features from a silicon master while the magnified view in Figure 2.21

shows the quality of the replicated v-grooves.

Figure 2.19 PMMA v-groove replica layer, a. Cr/Au reflective film deposited on peroxide
polymerized PMMA, b. UV-cured PMMA optical layer before metallization

Figure 2.20 End facets of 200 microns wide V-grooves replicated in PMMA (BPO cured)
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The PMMA replicas of V-groove optical layer made using these two different
fabrication methods are optically transparent and rigid. These polymeric
substrates were sputtered with titanium and silver as well as chromium and gold
followed by lithography and wet etch processes to remove the excess metal from
flat surfaces, leaving the v-grooves as the only metallized surfaces on PMMA. As
with the second generation biochips, the optical layers were bonded to the thin-
PMMA/PDMS fluidic layer using NOA UV-curable epoxy. The fluidic layer

reservoirs were punched for inlet/outlet ports using punches. (Appendix B.2)

Figure 2.21 UV-cured PMMA v-grooves

2.4.5.Third generation issues

Third generation biochip’s fabrication processes, compared to other fabrication
processes reported in the literature [62, 98], are easy to use and the results were
satisfactory, but some issues with dicing and bonding occurred. Dicing PMMA
samples is costly since the dicing saws have very high maintenances costs after a

few dicing passes of PMMA or other epoxy material.

PMMA shows good bonding results with PDMS when both are treated with O,
plasma, but the same procedure cannot be used for PMMA-PMMA bonding. The

only satisfactory solution was optical adhesives. Bonding the PMMA optical layer

to the thin PMMA film with metallic stripes on its surface was carried out using
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NOA UV-curing, however the use of NOA caused misalignment of the different

layers bonded as well as extra gaps between the layers.

In addition, it was concluded that UV-cured PMMA mixture, though being fast
and efficient curing and showing low shrinkage, it can be replaced by monomers
and oligomers used in UV curing processes such as polyepoxyacrylate, and obtain

the same results without lengthy preparation processes.

PMMA-MMA mixtures are hard to cast on any other material than PVA. Also,
PVA, though it’s cheap and water soluble, needs time for preparation, water
reduction and curing stages. Furthermore, PVA negative replicas are used as

single-time negative masters resulting in more time and cost inefficiency.

2.5. Fourth generation biochips

A fourth generation of biochips were designed and fabricated to solve the
issues that occurred during the fabrication of third generation of biochips. The
goal was to solve problems with time-consuming processes and master fabrication
for replication. The biochip consists of three polymeric layers and contains a
network of two different kinds of waveguides that can distribute light to the
fluidic system and collect fluorescence from particles in the microchannels.
Keeping the v-grooves optical layer design, the design of the fluidics layer was
changed. Instead of simple PCR, T-channel or cross-channel fluidics that was
replicated from glass masters in the first generation, the fourth generation fluidic
layer was designed such that it carries one input and three outputs. This alignment
marks on this layer were designed using the measurements and alignment marks
of the original design of v-grooves mask. This allows the two layers to be bonded

to each other.

Moreover, the fluidics in this generation were designed to carry a group of
three liquid core waveguides converging at a point of the fluidic microchannel.

This allows the user to illuminate this specific location of the fluidics using the v-
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groove aligned underneath and pick up the fluorescence response of the samples
using the LCWs. Another application can be illumination of the microchannel
with two or three different wavelengths using the LCWs and picking up of the
response through the v-groove beneath. Figure 2.22 summarizes the ideas and

designed features for the fourth generation biochips.

UV-curable polysiliconeacrylate (PSiA) was synthesized to be used for the
fluidics layer. PSiA monomeric solution is a mixture of siliconized acrylate
monomers and UV sensitive ketone peroxide solution that serves as UV initiator.
This novel polymeric material is more flexible and more durable than PDMS and,
unlike oven-cured PDMS, cures within seconds under a UV lamp. One other
advantage of PSiA, compared to PDMS, is that it can be silanized and used for
double replication because it will not stick to the cured films of the positive

replica.
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Figure 2.22 Fourth generation biochips, schematic design
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The fluidics layer is fabricated using a double replication in PSiA from a Si
master with micrchannels fabricated using deep reactive ion etching. The silicon
master for the microchannel and LCW features was etched down to 50 um. More

details on fabrication of LCW biochips using silicon masters can be found in
Chapter 3. (Figure 2.23)

Similar to the past generations, the optical (lower) level consists of a network
of parallel chromium/gold sputtered hollow v-grooves with angled end facets
which would serve as reflecting surfaces to illuminate the fluidic channel on the
upper level. This layer was designed to be double replicated using PSiA as the
negative replica and polyepoxyacrylate (PEA) as the final product material. The
silicon master containing v-grooves was silanized and a negative master of PSiA
was casted on the surface and then a PEA mixture was cured on top of the
negative replica. The PEA monomeric solution contains a UV curing agent with a

methyloxy chain and can be cured in a few seconds.

—

Figure 2,23 The Fourth generation fluidics layer in PSiA on a glass slide

The lower level is made of a hard epoxyacrylic material to assure the firmness
of the structure. Following the etching of v-grooves in the Si, the wafer was
silanized using a drop of trichloro(1,1,2,2-perflucocytl)silane vaporized and
spread into a single monolayer on top of the Si wafer under vacuum in a
desiccator. A 95-2.5-2.5% mixture of a difunctional silicone acrylate (CN9800,
Sartomer, USA [102]), 1-Hydroxy-cyclohexyl-phenyl-ketone and
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Benzophenoneon (Irgacure 500, Ciba Special Chem., USA) was poured on the Si
wafer with v-grooves. After exposing the mixture on top of the wafer to UV for
120 seconds and peeling off the silicone-acrylate with negative features (Figure
2.24.a), the replica is placed in the desiccator for a 2 hour silanization process. In
order to prepare the photocurable epoxyacrylic mixture for the positive replica a
50-45-5% compound of Ethoxylated (3) Bisphenol A Diacrylate (SR349,
Sartomer, USA), Ethoxylated (4) Bisphenol A Diacrylate (SR601, Sartomer,
USA) and 2,2-Dimethoxy-1,2-diphenylethan-1-one (Irgacure 651, Ciba Special
Chem., USA) was stirred mechanically and degassed under -28 inHg and stored at
15° C. The blend is then poured on the hydrophobized surface of the negative
replica and was supported using a 500pum thick borosilicate glass substrate
followed by a 10 second UV exposion. Stripping the PSiA negative replica, the
PEA sample was sputtered with 30 nm of chromium and 75 nm of gold and then
using traditional micro-optical lithography the metal was etched off anywhere
outside of the v-grooves. Figure 2.24.b illustrates a v-groove replication into the

surface of PEA.

b
Figure 2.24 . a. Negative replicas of v-grooves in PSiA b.and Positive replicas in PEA

The advantage of using the PEA for the bottom part is that this hard polymer
would make the composite biochip more rigid and the replication process would

be a simple pour and cure process. A major part of UV-curable epoxy-acrylate
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mixtures is Ethoxylated (3) Bisphenol A Diacrylate (Figure 2.25) which is a
difunctional monomer for which, due to the large volume of the molecule, the
shrinkage of the cured product is negligible. This molecule was compared to other
multi-functional molecules such as Ebecryl 150 [103] (bis-phenol A ethoxy
diacrylate) in experiments and showed less yellowing, more rigidity and faster

polymerization results.
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Figure 2.25 Ethoxylated (3) Bisphenol A Diacrylate (SR349, Sartomer, USA)

To complete the fabrication process, O, plasma treatment of the silicone-
acrylate and thin PMMA capping layer for 35 seconds is utilized to seal-bond the
two layers while the bottom side of the thin PMMA layer with the metallic stripes
was bonded to the PEA optical layer using fast spun( 5000 RPM for 4 minutes)
NOA. This approach to NOA bonding reduced the issues due to misalignment.

The NOA film thickness was estimated to be less than 10 microns.

The next chapter describes the procedure for the design and fabrication of the

LCW biochips.
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CHAPTER 3

SINGLE-LAYER BIOCHIPS

The single-layer biochips discussed here are the LCW embedded fluidics
layers that were initially designed and fabricated for the fourth generation of
multilayer biochips. The purpose of this part of the project was not only to make a
new design of biochips with integrated of LCWs, but to compare the results with
another research project. While C. Bliss [80, 89] was fabricating the LCWs using
SU-8 masters in PDMS, it was decided to find another fabrication processes to
make smoother sidewalls and higher quality waveguides. Moreover, by selecting
a group of different plastics, mostly UV-curable, such as PSiA, PUA, PDMS and
APFPE to fabricate this design of optofluidic biochips, a variety of fluids can be
analyzed. PSiA and PUA are more corrosion resistant and APFPE can be used for

high pressure flows or corrosive solutions [63, 67].

Over time, it was proven that these devices can be easily used as standalone
single-layer biochips and still have the capability to be aligned on top of the v-
grooves for more elaborate experiments. The fabrication method chosen for these
biochips was to make Si masters using highly anisotropic etching methods such as
deep reactive-ion etching (DRIE). One Si master can be fabricated, silanized and
used for replication of micro-features into any of the above mentioned material
and the end product would be a disposable specimen for lab-on-a-chip
applications. In addition, the walls fabricated with DRIE have none of the

problems associated with SU-8 fabrication such as t-toping [104], residual
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photoresist, cracks and negatively sloped walls instead of vertical features [105].

For more information on DRIE process please refer to Appendix C.2.

3.1. The Evolution of biochips

In the process of fabricating optofluidic biochips with liquid waveguides, the
focus was to make fluidic channels with at least 3 LCWs, hollow channels to be
filled with a liquid e.g. glycerol, pointing at the microchannel detection spot.
Since the main goal of this project was to improve the fabrication processes and
material selection, four iterations of biochips were designed and fabricated in
order to achieve the final design for LCW biochip. These biochips were
progressively improved by making changes to the placement or shape of the

component or fabrication processes involved.

Cross-channel] fluidics

Alignment -1 i
marks

“““““ Fluidic Reservoir

LCW filling port 2

Figure 3.1 Initial Design of LCW biochips
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3.1.1.Initial Design

The initial design, as depicted in Figure 3.1, has one input and three output 50pu
wide and 50p deep fluidic channels. Also, in this design, the tear drop shape of
the reservoirs helps the particles in the fluid exit easily. The LCWs are all three
connected to each other and to two side fluidic channels that serve as filling ports.
The end or the adjacent wall of the LCW structure to the fluidics is placed 25u
from the fluidics wall. In addition, for better particle movements and in order to
avoid clogs of particles in the microchannel entrance, the circle-shaped reservoirs,

used in the other biochips, were substituted with tear-shaped reservoirs.

After designing the photolithography mask, both PDMS and PSiA were chosen
to fabricate the LCW-integrated biochip. The Bosch DRIE process was utilized to
fabricate the master in Si and using double replication the plastic replicas were
fabricated. The piranha cleaned {100} silicon wafer was first sputtered with
150nm of chromium and using a chrome/glass mask and optical lithography
followed by chrome wet etch the openings were made in the chromium mask.
After removing silicon oxide (pre-cleaning step) with a 2 minute buffered oxide
etch, a mixture of NH4F and HF (B.O.E.) dip, Oxford ICP Deep Reactive Ion
Etching (DRIE) was employed to etch the silicon wafer on the openings as deep
as 50 microns. Bosch process DRIE would etch the silicon leaving low roughness,

close to vertical walls.

After DRIE and removal of the rest of the chromium from the surface using a
wet etch, the silicon wafer was silanized using the same procedure mentioned
before for 2 hours. PDMS or PSiA mixtures were poured on top of the Si master
in a stainless steel clamp (Appendix B.1.2) and cured. PSiA blend is a mixture of
Sartomer CN9800 oligomer [102] with 5% wt IRGACURE 500 photoinitiator
(Ciba specialty chemicals [101]) and degassed in a desiccator for 8 hours. The
cure process is generally more efficient in the absence of oxygen, so a greater

amount of photoinitiator is generally required in the presence of oxygen. The
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negative replicas were then silanized and put in the clamped and covered with
more of the curable polymer compounds. The PSiA UV-curable blend was cured
under UV irradiation for 60 seconds and PDMS was cured for 2 hours in the oven
(80°C).

LCW filling
fluidic
reservoir
Alignment
marks that fit
the v-groove
layer
Biochip
fluidic
reservoir
LCW
negative
feature
The wide
input port
(coupling)
for the LCW

The broken part of LCW negative replica

Figure 3.3 PSiA negative replica
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The results with the PDMS biochips were satisfactory to some extent; the
surface topology was replicated well and there were no sign of shrinkage.
However, the 25um thick wall between the microfluidic channel and the LCWS
was not replicated completely and one of the waveguides was not formed
completely to the desired depth. After more investigation, it was discovered that
due to double replication and the use of Bosch etched features, some of the
features were not replicated into the negative replica. Moreover, it was shown that
having features such as narrow lines of fluidics caused problems while testing the

PDMS-capped PDMS specimens. (Figures 3.2 & 3.5.a)

While suffering from the same problems just described for PDMS biochips, the
PSiA biochips also showed some adhesion to the masters that resulted in the

damage of some of the replicated negative features. (Figure 3.3)

3.1.2.Intermediate Design with Single Replication Process

It was observed that the Bosch DRIE process did not fabricate smooth walls.
Moreover, double replication from a positive replica, can only one extra
replication process that can be avoided by using a negative replica. In an attempt
to overcome this problem, it was decided that the fabrication of the master with a
negative mask and using the Cryo process might be a better approach. Also, since
using chromium thin film as etch mask resulted in the growth of the silicon grass
[106], silicon nitride and aluminum thin films were chosen to fabricate the
biochips. Silicon nitride mask was low-stress LPCVD nitride with 1000 A°
thickness on silicon wafer (purchased from Norcada Inc [83]) and the Aluminum
mask was a 100nm low stress sputtered film. It was observed that it is very crucial
in the fabrication process to use low stress mask films as the film can delaminate

in low temperatures Cryo process.
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The DRIE results with nitride mask weren’t very satisfactory, since the etch
depths were 50, 75 and 100 micrometers and the nitride mask was etched away

before thes DRIE process was finalized.

Deposition pressure - Film stress

Deposition pressure | Film stress 15
2mTorr -10 MPa E 10
3mTorr -3 MPa 2
4mTorr +5 MPa TE :
TmTorr +15 MPa : 0
9mTorr +17 MPa & -5

Deposition pressure (mTorr)

Figure 3.4 Film stress, DC sputtering deposition of aluminum on silicon

In order to produce low stress, and preferably zero stress, films of aluminum on
the silicon wafer, some of the key factors in sputtering of metals were examined.
Deposition pressure, deposition power, pre-deposition burning time and sample
rotation speed were controlled in a series of experiment. Among all, choosing
rotation speed of 2.5 rpm, it was decided that by keeping all but one factor,
deposition pressure, and using the regular DC sputtering procedure, low stress
films could be obtained. A number of experiments with deposition power of 300
watts and burning time of 3 minutes before deposition resulted in the data

depicted in Figure 3.4.

Based on the diagram in Figure 3.4, deposition pressure of 3.4 mTorr was
chosen for achieving the lowest stress in Al film. The base pressure was 1.5 x 10
Torr and the deposition rate was calculated as 30nm/min and Argon flow rate was

30 scem.
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a -

Legend:
1-Microfluidics channel 5-LCW filling channel
2,3,4- LCWs 6-separating wall between LCWs and the Microfluidic channel

Figure 3.5 LCW biochip first and second design iterations, a. The detection point on the
biochip, Si master for first design, b. The detection point on the biochip in PDMS replica of
the second design

Since the motivation for having LCWs was to have the ability of changing the
medium in the LCW channels in order to obtain various filtering or different
pickup capabilities. While designing the masks for the second prototype of the
biochips, the futures placement were arranged so that two of the LCWs share one
filling port while the third has a separate reservoir which leaves the option of
filling the waveguides with different material. After simulating the focus point of
the LCWs in the mask designing program, it was also decided that the
arrangement of ends of the LCWs should be such that none is shadowing other
LCWs (Figure 3.6). The depth and the width of the fluidic channels was decided
to be 50pm and the LCW filling channels were 25 pm wide.
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2
3
6
Legend:
1,2,3-LCW 8- detection point, focus of all LCWs
4- microfluidic channel 9-the capping for the v-groove
5,6,7— LCW filling channels 10- the v-groove

Figure 3.6 The mask design: improvement through simulating the focus point of the LCWs.

Cryo DRIE etched silicon was pre-cleaned and developed less silicon grass in
the bottom of the features. After removing the aluminum mask from the surface,
the silicon wafer was silanized for 2 hours. Both PDMS (Figure 3.5.b) and PSiA
compounds were cured on top of the features and the cured specimens were

bonded to the same material (PDMS or PSiA) using the oxygen plasma treatment.

3.1.3. Final Design

Although the second design of LCW biochips demonstrated good bonding
results in particle sorting and waveguiding, it was decided that the design should
be improved for better efficiency. Experiments showed that the biochips should
be made using much more reliable process and with smoother walls. It was also
determined that the design can be improved by having separate LCW filling
channels with the same width as LCWs. This change will give more versatility to

the LCW features when it comes to filling liquids and by having the width of

70um, better illumination and pickup by LCWs can be achieved.

Moreover, the T-channel fluidics in the original design was replaced by Y-

channel. The Y-channel microfluidics allows the option of having 3 input/output
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reservoirs while it reduces the sharp corner effects that result in particle settling in

the middle of the microchannel.

Legend:

123 -LCW 8- detection point, focus of all LCWs
4- microfluidic channel 9-the capping for the v-groove

5,6,7 — LCW filling channels 10- the v-groove

Figure 3.7 LCW biochips final design, mask layers and their features

In order to fit the final design to previously designed masks for v-grooves, a
simulation of the geometrical orientation of the features in all of the three layers
was performed in L-Edit software. As illustrated in Figure 3.7, the detection spot
on the fluidic feature, called the LCWs focal point (8), can be simulated as the
overlapping area of all three “laser beams” (blue) directed from the end point of
LCWs. The result, fabricated features on silicon surface using Cryo DRIE, is

depicted in Figure 3.8.

In order to have a better coupling of the tip of the fibers guiding the laser light
to the LCWs and the waveguides on the biochips, a stopper edge inside the LCWs
was fabricated. By sliding the optical fiber in the LCW, the tip would reach the
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stopper edge and couple with the LCW. Figure 3.9 illustrates the fabricated

stopper edge in silicon master.

Figure 3.8 Fabricated LCW masters in Si (right) the features designed in L-Edit (left)

Mask lines for
the LCW input

8 gnaﬁ&«;m,hl port

Stopper
edge

Bottom of #
the Cryo
DIRE etched

Fiber feed .
direction

Right: DRIE fabricated feature Left: mask designed feture

Figure 3.9 Fiber feeding port and fiber stopper
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In addition, it was observed that even with a low-stress aluminum mask, some
silicon grass will develop on the surface. Si grass, even in the scale of nanometer,
will cause surface roughness, premature delamination of material being cured on
the surface and “not fully cured areas” in the polymer replicas. In order to
eliminate the silicon grass and fabricate even smoother surfaces and etch walls,
aluminum oxide (Al;O3;) was chosen as etch mask for this design. Aluminum
oxide can be deposited on the surface of Si wafers using reactive sputtering or
evaporation. These two processes and the perfection of the deposition methods are

discussed below.

3.1.3.1. Aluminum oxide etch mask fabrication

In order to find an easy and reliable process, aluminum oxide etch mask was

fabricated using both reactive sputtering and evaporation.

Pulsed dc magnetron reactive sputtering is a deposition process that opposed to
dc power will prevent the formation of arcs [107]. This process, if carried out
using carefully controlled parameters, can produce smooth and highly adhesive
metal oxide thin films. Sputter deposition of dielectrics, such as oxides and
nitrides, on the inside surfaces of a sputtering chamber causes the accumulation of
electric charges from the plasma which can create arcs. The deposition process is
usually carried out with pulsing frequencies in the range 10-350 kHz and duty

cycles in the range 50-90%. [107-110]

The electrical cycle of a pulsed DC reactive sputtering with a single magnetron
is illustrated in Figure 3.10. The power is applied to the aluminum target for the
period of time titled as T,, which is a negative voltage pulse of 300 to 400 volts.
At the end of T,p, the power is either switched off for a period of time, or more
commonly, switched to a small positive voltage (20 V); reverse time, Trey, 1/10 of
Ton. Also, the duration of the T,, and Ty, verifies the lowest pulsing (critical)

frequency, fo = 1/Teycle-
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Figure 3.10 electrical cycle of a pulsed DC reactive sputtering

Reactive sputtering can grow a compound layer using a metallic target, a
reactive gas (e.g. oxygen or nitrogen) in plasma. The reaction between the
reactive gas and sputtered metal atoms on the substrate results in the formation of
the compound oxide or nitride layer. Ideally, the reactive gas would react only
with the growing film on the substrate to make a thin film of the required
compound, but unfortunately the reactions occur with the sputter target surface as
well. This phenomenon is usually known as target poisoning and is a source of
poor thin film quality. Figure 3.11 illustrates a schematic of reactive sputtering

process and apparatus.

A good thin film of aluminum oxide for etch mask should have low stress, low
porosity and good adhesion to silicon. In this research, through a number of
experiments using a pulsed magnetron source, reactive sputtering of aluminum

oxide was examined. Care was taken when choosing the gas flow parameters as
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the sputtering rates drop when a layer of compound film is grown on the surface
and there is less demand for reactive gas molecule in the chamber. The results, as
most of the parameters except gas flows were set constant, determined the best
film quality results using the parameters listed below. The flow rates of 1.3, 1.5,
1.8, 2.1, 2.8 and 2.9 sccm for oxygen along with 50 sccm for argon were
experienced and the most promising results were obtained using 1.5 sccm of

oxygen which resulted in the deposition rate of 16nm/min. Table 3.1

Aluminum oxide pulsed reactive sputtering

Voltage on target =334 V

Burn-in time= 1 min

Argon pressure =7 mTorr without O,
Argon flow=50 sccm

Oxygen flow =1.5 sccm ramped from zero

=150 Khz

pulse, T,,=0.5 usec

Power=300 W, 10 second ramp for power
Rotation speed=3.5rpm

Deposition pressure= 7.4 mTorr

Table 3.1 Aluminum oxide pulsed reactive sputtering parameters

An aluminum oxide layer was also deposited on the Si wafers using
evaporation. Evaporation process involved positioning 99% pure aluminum oxide
bits in a super-heated surface in a vacuum chamber and deposition of the Al,O;
thin film on the Si wafer surface. In order to achieve low stress and a well-
adhered thin film, a number of parameters were controlled as variables to
optimize the process. Although the evaporation control system reported the
deposition of 6.7 A%sec, the rate for the optimized process was determined to be
0.8 A%sec. Table 3.2 shows the results for three best results in different deposition

pressures. The conditions for the optimum process can be found in column three

of this table.
Pump down time 60 min 75 min 64 min
Base Pressure 1.8x10° 12x10° 1.8x10°
Z factor 1 1 1
Density 2.73 2.73 2.73
Current 60 mA 40 mA 40 mA
Deposition Pressure 6x107 2x10° 3x10°
Thickness 15 nm 200 nm 300 nm

Table 3.2 Aluminum oxide evaporation parameters in three different conditions
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Figure 3.11 picture and schematic of reactive sputtering process and apparatus

Using standard Cryo DRIE process, the Si wafers with 100 nm of sputtered or
evaporated aluminum oxide films were etched to the depth of S0um. In order to
compare the results of the aluminum oxide etch masks with aluminum etch masks,
a silicon wafer with 100nm of aluminum film on the surface was etched using the
same process. Although both evaporated and pulsed reactive sputtered films
showed promising results, the aluminum mask, once again resulted in the growth

of black silicon grass. (Figure 3.12)

Figure 3.13 illustrates the satisfactory results of a DRIE etched Si master using
pulsed reactive sputtered etch mask. The process of fabrication, similar to the
other designs, involved deposition of the etch mask, photolithography using
HPR504 photoresist for fabrication of the openings defining negative of the
features. The next step was the etching of the aluminum oxide mask in the

aluminum etchant for 15 minutes and DRIE etch. Following the DRIE, the rest of
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the etch mask was removed using the aluminum oxide. Then the Si wafer with

negative features, for four biochips projecting outward from the surfaces, was

silanized for replication (Figure 3.13)

Silicon/Silcon Grass

Figure 3.12 Si master for 3-LCW biochips fabricated evaporated ALO; etch mask

Alignment marks
matching v-groove -
layer

Figure 3.13 Si master for 3-LCW biochips fabricated using sputtered Al,;O; etch mask
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Figure 3.14 Si master in nitrogen purge apparatus before polymer molding

3.2. LCW biochips

PDMS and PSiA biochips were replicated using the silanized Si master
depicted in Figures 3.13. PDMS was cured in a vacuum oven for 2 hours at 80 °C
and PSiA was cured in a nitrogen purge. Nitrogen purge, Figure 3.14, was used
due to the deteriorating effect of oxygen presence around the curing PSiA under
UV light. A complete section on the design and fabrication of the nitrogen purge

curing chamber can be found in Appendix B.4.

The PSiA compound was prepared using the same procedure described in the
previous chapter. Then a 0.5% wt of fluorinated compound, Rad 2200N (TEGO
Chemie Service), was added to the compound for easier substrate separation and
degassed. The delaminated PSiA biochips, Figure 3.15, were then bonded to a

0.5mm layer of cured PSiA using oxygen plasma.

The PDMS replica, depicted in Figure 3.16, was capped using a commercially
available 254pum PDMS layer. Oxygen plasma was utilized for bonding.
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Figure 3.15 PSIA replicas of the final design of LCW biochips

Legend: E-Red laser LCW

A-Alignment mark F-Green laser fiber

B-detection point, three LCWs focus point G-Pickup fiber

C-Green laser [.CW H-Red laser tiber

D-Pickup LCW I-Fluidics reservoir connector, PET

Figure 3.16 PDMS LCW biochip connected to laser sources and detection system
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3.3. SCW biochips

Although the fabricated LCW biochips were successful specimens in
experiment (refer to next chapter), it was determined that filling the waveguide
channels with UV-curable polymers with index of refraction higher than the
biochip material can ease the utilization of the biochip. According to total internal
reflection theory, the waveguides should be filled using material with index of
refraction higher than the biochip material refractive index[111]. LCWs, though
efficient in fluorescence detection, can be modified by filling the channels using
UV-curable PEA. The compound used for the solid core waveguides was a 50-45-
4% compound of Ethoxylated (3) Bisphenol A Diacrylate (SR349, Sartomer,
USA), Ethoxylated (4) Bisphenol A Diacrylate (SR601, Sartomer, USA) and 2,2-
Dimethoxy-1,2-diphenylethan-1-one (Irgacure 651, Ciba Special Chem) with
Rad 2200N (TEGO Chemie Service) at a loading level of 1 wt %. This compound
can flow easily through the LCWs and fill the features due to the presence of
fluorine-additive Rad 2200N. Moreover, using high-degree ethoxylated
diacrylates both higher degree of cross-link and very low shrinkage are

guaranteed [112].

In order to fill and cure the waveguides without having any cured polymer in
the fiber feeding (coupling) port and create a vertical surface at the entrance of the
waveguide, a novel curing process was utilized: The cured PDMS biochips were
first capped with PDMS layers as mentioned above. Then 4x7 mm parts of a
cutting knife blade, which is a low carbon stainless steel, were inserted into the
biochip body vertically. These metallic blades are placed in approximately 100
microns away from the fiber stopper edge along the waveguide and vertical to the
waveguide axis (Figure 3.17). When filling the waveguide channels, the PEA will
reach the point where these metallic blades are inserted in and stop. After curing
the PEA under UV illumination for 60 seconds, the blades were removed and the

rest of the waveguide and the coupling port were filled with glycerol. The indices
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of refraction for the main components of the filling PEA are 1.534 for SR601 and
1.543 for SR349 in visible light. The cured compound theoretically has an index
of refraction close to 1.54 which is comfortably higher than the oven-cured
Sylgard 184 PDMS, 1.41 or 1.469 for CN9800 which is the base for PSiA. A
biochip with cured PEA waveguides and coupled to a red laser at one of the
coupling ports is illustrated in Figure 3.18. Figure 3.19 depicts a biochip with both
LCW and SCW.

Figure 3.17 fabrication of SCW waveguides, curing the PEA using metallic blades

In order to determine the optical efficiency in the SCW and LCWs, biochips
containing these waveguides were tested for loss in the waveguides. The method
used was collecting the escaping light from the top surface of the waveguide by a
fiber attached to a PMT and moving along the axis of the waveguide. When
moving away from the coupling port towards the middle part of the biochip, the

loss causes less light scattered to the top surface and less light being sensed by the
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PMT that will cause lower levels of voltage. The values recorded for the poswer

of light in milivolts are only for relative comparison. (Figure 3.20)

Figure 3.18 3-SCW biochip

Figure 3.19 Biochip with one SCW and one LCW coupled to green and red lasers
respectively
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Solid Core Waveguide Loss Data

Figure 3.3.20 SCW loss calculation, a. Loss calculation
experiment setup b. PMT relative signal in mV vs.
distance along the SCW

The formula P4p=10 x log(PMT,yv) is used to convert the PMT voltage to
decibels (dB). The results of converting the PMT voltage for both LCWs and
SCWs, are shown in Figure 3.21. The glycerol-filled LCWs showed an
approximate loss of 1.3 dB along a centimeter distance of the waveguide while
the loss for cured PEA SCWs was estimated to be 6.3 dB cm™'. Both of the

waveguides were tested using a 632nm red laser.

When comparing these results to the LCW biochips fabricated using SU-8
masters with losses of 2.2 dB c¢m™ in red laser and 2.9 dB cm™ in green laser (
532nm wavelength), it was shown that Cryo DRIE fabricated masters can reduce

the loss by 40% comparatively. {80, 89]

Moreover, although SCWs are not as efficient as LCWs, the SCWs in the
biochips show enough efficiency for fluorescence detection. The experimental
results will appear in the next chapter. The author will again emphasize that using

SCWs, the experimental phase can be achieved in shorter time and less untidiness

comparing to LCWs.
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Figure 3.21 LCW and SCW relative loss along the waveguide

According to C. Bliss, the biochips reported in [80], were produced using Su-8
masters which were not durable enough to be used for more than ten replication
cycles. The Si master fabricated for this work was inspected after more than 30
replications. The surface topography and microfeatures were in similar conditions
as recorded before the replication cycles. More over, the fabrication processes
involved in SU-8 procedure are time consuming comparing (6 hours) to the four-
hour process employed for this project. Having more durability for higher number
of replication cycles and shorter processing time, the biochip Si master fabrication
process introduced here, can lower production costs especially in mass

production.
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CHAPTER 4

EXPERIMENTAL TESTING OF
BIOCHIPS

Most of the biochips fabricated for this project were contained a single
microfluidic channel and an optical layer for detection. Detection, means the
process of shining a laser beam into the waveguides on the biochip, illuminating a
specific location in the fluidic system, capturing the emission from fluorescent
particles (cells) in the channel with another waveguide and delivering the light to
the photomultiplier tube (PMT). The light collected is carried via a multimode
optical fiber to the PMT. The PMT, interfaced to a data acquisition card (DAQ) in

a computer, produces a signal measured in electrical potential (milivolts).

In this chapter, a brief introduction to fluorescence detection method is first
described followed by the experimental setup, the components and the analyzing
method. The third section is dedicated to the experiments and the results. The

biochips tested in this chapter are the final design of the fourth generation fluidics
layer with three LCWs or SCWs.

4.1. Experimental setup

The experimental setup consists of a red laser (632 nm), a green laser (532
nm), an experimental stand (Appendix B.3), a photomultiplier tube (PMT) and a
computer with data acquisition card controlled with a LabVIEW program. The

LabVIEW program was created prior to this project. The experimental setup is
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similar to the work reported in [30, 48, 78, 124]. Figure 4.1 depicts the

experimental setup.

Using two rotary choppers, the laser beams were chopped at two different
frequencies and carried to the biochip via 50 um core fibers. The fibers, carrying
light from two semiconductor lasers, were inserted into the chip waveguide
couplers 2 and 4 in Figure 4.2. Red and green laser beams can be modulated at the
frequency range of 100 Hz to 130 Hz and 230 Hz to 260 Hz respectively. The
optical power of the red laser was of the order of ImW and the green laser had the

output of 5 mW.

Legend: 5-- Fiber from red laser to the biochip

1-Red laser 6- Microscope for visual inspection

2- Green laser and chopper 7- Experimental stand with biochip on top

3-Red laser chopper 8&9- Three axis micrometer locators for fiber/aser
4- Fiber from green laser to the biochip coupling

Figure 4.1 Experimental setup

A third multimode fiber was inserted into waveguide 3 to collect the

fluorescence and scattered light and deliver it to a Hamamatsu R2949 PMT
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mounted on a Hamamatsu C6271 socket. In order to control the gain of the PMT,
the output voltage is within the range of 0-10 V input coming from the computer
DAQ analog output. The National Instruments PCI-MIO-16E-4 data acquisition
card will also record the PMT output, sample signal, at 10 kHz. The light picked
up from the biochip, passes a ball lends and a filter assembly before reaching
PMT.

Rotary Chopper Uy

N

— .
. 2
I | s
4
i g %

4
X

Fot

Raotary Chopper

Legend:

PLOWSCW filliag port 4Civern luscr coupled waveguide
2-Red Taser voupléd wavegnide 5~ Fluldic outpud

IPlckep waveguide & Fluidic input

Figure 4.2 Biochip experimental setup

The filter assembly built into the PMT box has one high-pass filter to cut off
any scattered 532 nm (green) laser light while passing both fluorescence bands.
This filter is a Schott glass long pass filter with a cutoff at 540 nm. Another filter,
a 10-nm bandwidth Rugate notch filter, is present that blocks 10 nm of the
spectrum around the 632 nm to reduce background noise from the red laser. The

filter assembly filtered and passed wavelengths are illustrated in Figure 4.3.

With a 10K samples per second rate, the DAQ records the PMT output. The
LabVIEW® program that controls the PMT via DAQ records the signal with 100

consecutive samples averaged into one data point. The process of averaging the
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data reduces the noise. The LabVIEW® program, compiles a text file in ASCII
format containing the recorded samples. Figure 4.4 illustrates and example of raw

sample, recorded into a text file, collected from a microparticle moving in the

microchannel.
(=] o o o (@] (=] (o] o (@] o (o] N~ M~ o o (=] o o o
nm o o [{e) [0)] o 193 [e) -— A M~ Q o o i) [vs] -~ <t M~ o
[ap] [sp] (4] [32] <t < <t i D 1 [Te] w [{e) [{e) w ~ M~ ~ [~e]
Pass o *-- -
G R
Filtered

R: Red laser wavelength G: Green laser wavelength

Figure 4.3 Schematic drawing of the filtered and passed wavelengths in filter assembly (=)

By importing the text file into a Matlab® program that uses discrete Fourier
transform (DFT) in a sliding time window, the samples were analyzed. This
program was developed by Dr. J.N McMullin and is described in [89]. When the
laser beam modulated with a specific frequency excites a fluorescent bead, an
emission with same modulation frequency will shine back into the pickup
waveguide. By having two lasers modulated at two different frequencies, the
orange and scarlet beads can be identified using only one PMT. The Matlab®
program analyzes the sample by using parameter N, input in the beginning of the
code. When performing N-point FFT on the first N samples to find the first two
non-zero frequencies, the program will plot the two signal frequencies, red and

green. The sliding window analysis of the rest of the sample will result in the

69



diagrams plotting the red and green laser responses. Every peak in these two
diagrams shows one or few of the species sensitive to red or green passed the
detection point on a timeline. Figure 4.5 depicts fluorescence detection parts and

Processes.

In the experiments reported here, the Matlab program reported the red and
green lasers modulation frequency at 109 Hz and 250 Hz respectively. The

parameter N, number of FFT points, was set at 64.

A mixture of 15 um orange and scarlet FluospheresTM [113] in a 10™* molar
NaCl solution was injected into the input reservoir. The orange and scarlet
particles have maximum absorption/emission peaks in water at 540/560 nm and
645/680 nm respectively. NaCl solution was used to allow the option of

electroosmotic (EO) flow in addition to pressure driven flow (PDF).

Figure 4.6 illustrates the PDMS LCW biochip on the experimental stand. Two
platinum electrodes, where used to initiate and conduct the electroosmotic flow
experiments. The punched reservoir openings in PDMS biochips were fitted with
small conical plastic syringe tips to inject fluids and microparticles into the

microchannel.

Figure 4.7 depicts the biochip from top view with two of the waveguides
guiding red and green laser light to the detection point. Glycerol with refractive
index of 1.47 is used to fill the LCWs. Figures 4.8 and 4.9 illustrate the fabricated
LCW and SCW integrated biochips.
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Figure 4.6 PDMS LCW biochip on the experimental stand

Legend: 3- Light collection (pickup) waveguide
1-Green laser waveguide 5-Red Laser waveguide
2 & 4- waveguide filling channels 6-Microchannel

Figure 4.7 Red and green lasers directed to the detection point
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Figure 4.8 Red and green laser in Glycerol-filled LCWs

Figure 4.9 PEA filled SCW biochip coupled with w carrying red and green lasers
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The signal collected from the experiments, including the results discussed
above, had variable signal to noise ratios. The lowest signal to noise ratio
measured in the experiments was 5 which resulted in a clear processed signal and

detection of all fluorescent beads moving along the fluidic channel.

4.2. Experimental results: LCW biochips

Figure 4.10 illustrates a 12 second sample result of pressure driven flow
passing the detection point on a LCW system. Figure 10.a depicts dominant
frequencies of the signal which are the laser beam modulation frequencies. In part
b, the original modulated signal, picked up by PMT is plotted. Figure 4.10 parts ¢
and d illustrate the processed signals showing that in the collected signal, between
time 1 sec and 5 sec a scarlet microparticle and in the period of 5 sec and 9 sec an
orange bead passed the detection point. This result shows the accuracy of Matlab
program in converting raw data (4.10.a) to interpreted red and green laser

responses (4.10.c and 4.10.d).

Comparing the original signal, Figure 4.10 part b, with the two diagrams drawn
for the red and green laser responses, it clearly concludes that the magnitude
(peak max) of the red laser response is less than the green response. This occurred
since different light wavelengths being filtered differently before reaching the
PMT. The filter assembly is designed such that it passes lower wavelengths more

than higher wavelengths. Moreover, the green laser beam has 5 times more power.

Figure 4.11 depicts another result of PDF in LCW biochip which is captured
over 15 seconds. In the first two seconds of the original sample (4.11.b), two
peaks are noticeable. The Matlab DFT program plotted the processed signal for
the red (4.11.c) and green (4.11.d) sensitive spectrums. The results in the figure
show that the first peak in the original signal is due to a group of beads of both
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species passing the detection point simultaneously. The video captured while
sampling shows that three orange and two scarlet beads pass and cause the

superimposed signal.

By capturing a video file while storing the signal samples in the computer, the
speed of the particles in fluidic channel was calculated. Using the video file and
by calculating the number of frames of the video while the particle travels
between the edges of the first and the third LCW tip (two horizontal lines in
Figure 4.12.b) the time of the event was measured. This region was selected due
to easy visual measurement of the particle location in the video with the reference
to the features on the biochip, e.g. the edges of LCW tips. For the sample
illustrated in Figure 12, the particle travels along the fluidic channel and passes
the detection region in 0.775 sec (Figure 4.12.a). The distance between the two
horizontal lines illustrated in part b, the detection length, is 350 p. Therefore, the

average speed of the particle is calculated 0.45 mm/sec.
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b.The detection point:

Signal is picked up when the bead is between the

two horizontal lines.

T (pa—

10800 10900 11000

-2000

11100

T

11200

1"

a. 5 frames of the sampling video

Figure 4.12 The pictures/picked up signal of an orange bead passing the detection point

c. The original signal picked up when the bead passes the

detection point. (The bright emission form the fluorescent
particle resulted in saturation)
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The original signal picked up by the middle LCW is illustrated in Figure
4.12.c. The length of the signal peak is approximately 0.3 seconds which is
shorter than the length of the time measured on the video file. The time on the
diagram is the duration of time that the bead emitted and the middle LCW
collected the light. The fluorescent bead only shines in the region that is adsorbing
laser light which is smaller than the distance measured on the video. Considering
the differences in times measured in the collected signal and the video, a relation
between the measured times is obtained and the velocity measurement system

based on the processed signals is created.
4.3. Experimental results: SCW biochips

Experimental results of electroosmotic flow in SCW biochip were also
analyzed in the Matlab program. The same setup and parameters used for LCW
biochips were employed to capture the video and sample data of EOF driven
scarlet and orange bead motion in the biochip. The results are illustrated in Figure
4.13. The original sample file (Figure 4.13.a) shows three peaks in the diagram. In
the 19 seconds long sample, two scarlet beads passed the detection point at 4 and
8.5 seconds and an orange bead passed the detection point at 17.5 seconds. The
speed of the particle movements changed as the EO voltage changed from 350V
to 400V at 12 seconds. This resulted in a narrow distribution of sample points

along x axis, time. The speed of the first peak was calculated 0.2 mm/sec.
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CHAPTER 5

CONCLUSIONS

5.1. Summary of Work

This thesis presents a series of projects that resulted in the improvement of
multilayer biochips and optics integration into the optofluidic structure. Design
and fabrication of four generations of the biochips progressively advanced the
prototypes structure by enhancing the material selection, reducing the fabrication

costs and process times and improving the functionality of the optical system.

In Chapter 2, multilayer biochips with hollow v-groove waveguides for light
delivery and pick up are detailed. First generation of multilayer biochips made in
silicon-glass is a re-fabrication of the work by D. Spicer [71] in order to identify
the issues with the original design and improve the biochip with minor changes.
Second, third and fourth generations of biochips were all resulted from the efforts
to replace the expensive material, e.g. silicon, and time-consuming fabrication

procedures, e.g. glass HF etch, with better alternatives.

Second generation biochips presented in chapter 2 was semi-polymeric multi-
layer biochip with PDMS microfluidic layer. It was also in the second generation
that the structural layers’ orientation was changed to bring the fluidics and the
optics closer together by adding a 50pm-thick PMMA intermediate layer, the
fluidic layer was flipped to place the micorchannel on top of thin PMMA.
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Third and fourth generation biochips are all-polymeric biochips. Third
generation biochips are consisted of a PDMS fluidics layer and a heat or UV
cured PMMA optical layer which are bonded with a thin PMMA intermediate
layer in between. Fourth generation optofluidic biochips were fabricated using

UV-curable PEA optical layer and fluidics in PDMS or UV-curable PSiA.

Chapter 3 presented the gradual improvements in the design fabrication of the
fluidic layer used for the fourth generation biochips. The final prototype was
designed such that it can be used as a standalone single-layer optofluidic biochip

with liquid filled or UV-polymer cured waveguides integrated into this layer.

The details of the experimental testing of the single-layer biochips were
described in chapter 4. The results showed excellent optical detection of the
fluorescent microparticles in the LCW and SCW integrated biochips. Based on
these limited test results, the objectives of the thesis, to make high quality

inexpensive biochips, were met.

Fabrication of a polymeric multilayer optofluidic biochip with in-plane and
out-of-plane optics is a novel work and was never reported before. In the
following page Figure 5.1 illustrates a summary of the fabrication processes,
materials and the steps in the production of the optofluidic biochips discussed in

this thesis.
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5.2. Future Work

Resulting from the present work many topics for future work can are possible.
Two main subjects can be described as enhancement of microfabrication in
polymeric material and more advanced biochip designs. Moreover, improvements
to the bonding methods for the the fourth generation biochip layers can assist the

production of a commercializable biochip.

5.2.1.Polymeric Material

In order to find alternative material for fabrication of biochips mentioned a
project was conducted parallel to the present work. A few PUA mixtures were
developed and tested for fabrication of the microfluidics parts. Moreover, one of
the mixtures was used to replicate v-groove features from Si master which
illustrated good results. In addition, a mixture of acrylated perfluoropolyether,
APFPE, was tested for micro-replication. Although many promising results were
recorded, it was decided that the feasibility study of fabrication of biochips using
such material should be a separate project for future. Figure 5.2.a depicts negative
replica of a v-groove in the sample fabricated using PUA and figure 5.2.b

ullistrates the reservoir wall in PUA.

a. PUA negative replica of a 100pm wide v- b. PUA replica of a reservoir edge etched in
groove end facet glass
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Figure 5.2 PUA devices fabricated using replication of biochip optofluidic features

5.2.2.Biochip Design and Structure

A future product that can be resulted from this thesis is a multichannel biochip
with the capability of parallel optical detection in several microchannels. An idea
was recently developed at the microoptical system laboratory by Prof. J.N.
McMullin and the author for using a single v-groove waveguide with serial taps to
deliver light to six parallel fluidic microchannels. The idea, depicted in the
schematic in figure 5.3, was briefly reported in [114]. The multi-tasking micro-
features on this design are a set of six parallel microchannels with neighboring
LCWs and a matching bottom layer which contains v-grooves and side taps. The
biochip has a novel design so that all six fluidic channels are illuminated at a
specific point via a single v-groove with serial side taps. Each microchannel is

neighboring a LCW that performs the optical pickup.

1. First tapifividic channel LI Liguid Core Waveguides
2. Sseond tapifiuidic channel
3. Third tap {end facetiffividic channel

Figure 5.3 Laser beam distribution using side taps in a v-groove
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In order to test the feasibility and fabricate an alpha prototype, as a side
project, fluidics layers were fabricated in elastomeric materials PDMS and PSiA

using a DRIE fabricated negative master. (Figure 5.4)

The process of design, fabrication and experimental testing of the beta
prototype of this multilayer and multichannel polymeric biochip is another area of

work for the future.

Figure 5.4 Multi-channel biochips a. Elastomeric Multichannel PSiA biochip b. PDMS-
capped Multichannel PDMS biochip
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Appendix A. Polymer Background

This section describes polymers, the classification of polymers and the
polymerization processes. Also, the role of polymer mixtures additives
and the physical characteristics of the products are discussed here in
this part. Addition of this section to the thesis is to provide a summary
of polymer science and technology theory and fundamentals. [1-4]

were used as main references for this section.

A.1. Polymers

A polymer is a material composed of large and long-chained molecules,
usually monomers, repeatedly structured through the medium and joined by
covalent chemical bonds. Historically, monomers are molecules with carbon (C)
atoms dominating the structure. Consequently, all biological systems are
constructed of polymers. Some natural polymeric materials perform mechanical
functions (such as wood or bone) and some regulate chemical reactions i.e. veins
and cells. Only in the late half of the previous century did humans learn how to
make polymers of their own. In the early years, the synthesis of these new
polymers did not replace our all time favorite materials, such as natural polymers
like rubber and nonpolymeric material such as as metals, but by implementing
nature’s examples, for instance developing composites, human made plastics have
come to dominate the market and have proved to be good replacements for
traditional material from metals to glass and from silicon to rubber. These new
polymers are able to crystallize, cross-link and orient the chains of molecules to

create structures that are comparable to durable metal alloys.

Polymers can be designed or synthesized for new applications or when a new
set of characteristics are needed, but sometimes, it is easier to make a new

compound by simply adding different volumes of monomer solutions and
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engineer a new product. In this project this latter methodology was used to create
the desired polymeric compounds from non-standard mixtures containing
commercial thin film and plastic coating products or sealing products. This

section provides background to the field of polymers and polymerization with an

emphasis on the materials and processes used in this thesis.

A.1.1. Polymer Classification and Types

There are different methods for grouping or classifying “engineering”
polymers. Classification of polymers, especially the material used by engineers in
manufacturing, has always been a confusing process. Identification of the
monomers that a polymer contains is the first important step in classification.
Following this step comes naming or grouping the polymer with the regards to
monomer classification. Polymers comprising only a single species of monomer
are called homopolymers and polymers containing a mixture of monomers are
called copolymers. In this way we divide the polymers as single-monomers
constructed (A-A-A-A) and co-polymers consisting two or more kinds of
molecules (A-B-A-B). Co-polymers can be a structure of different combinations
of a few kinds of molecules which, depending on how the species are repeated in

the bulk body macromolecules, can be:

1. Statistical (random) Copolymers: Random or uneven distribution of molecules
2. Alternating Copolymers: units distributed in a regular alternating fashion

3. Block Copolymers: Blocks of monomers joined together

4. Graft Copolymers: Side blocks or chains are added to the main blocks.

A.1.2. Plastics vs. Polymers

The word polymer can address any of the macromolecules with organic
backbone; plastics, DNA or proteins. It is common to refer to a group of bulk,

usually in solid form and commonly used commercial polymers as “plastics”. In
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this work, the words plastic and polymer are used interchangeably and address

solid plastics.

A.1.3. Classification of Plastics by Temperature

When creating polymer mixtures to produce new materials, a generic list of
plastics are usually in mind. By defining behaviour of plastics in different
temperatures, reaction to thermal situations, we can sort the plastics in a different
classification method. Basically, this taxonomy is built on the molecule-molecule
interactions and the various bonds monomers and molecular chains have in a

structured plastic.

Sometimes, glass transition temperature can be a good measure for
characterizing a polymer. Glass transition temperature (7,) is the temperature
below which the physical properties of materials resemble those of a solid phase,
and above which materials behave like liquids. Looking closely at the medium,
glass transition temperature, is the temperature below which molecules have little
relative mobility. Not all plastics show this phase change soley as a function of

temperature.

Considering molecular bonds and macroscale behaviour of the polymer when
reacting to changes in mechanics or temperature, general engineering plastics can
be categorized as thermoplastics, thermosets or resins, elastomers or rubbers, and

natural polymers.

A.1.3.1. Thermoplastics

Thermoplastic are known for softening upon heating and often described as
linear polymers. Linearity, when the polymer molecule is a single straight chain,

describes the characteristics of the polymer as the monomer chains are not cross-
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linked'. (This structure is different from branching when either the main chain or

one or more side chains branches.

Thermoplastics are the largest class of engineering polymer. Thermoplastic
monomers are linear chains that have two active bonds; bifunctional®. In such
structure, a molecule with only one active bond can act as a chain terminator, but

it cannot form a link in a chain.

Being linear, following heat exposure, the thermoplastics soften if the polymer
is heated. This change to a softer form is due to the split of the secondary bonds
binding the molecules to each other and eventually forming a viscous liquid. The
molecules in linear polymers can be of a range of molecular weights.
Configuration of molecules in the structure usually referred to as crystallinity or
the degree of structural order in a solid part is another chrematistic that differs
among thermoplastics. In a crystal, principally, the atoms or molecules are
arranged in a regular, periodic manner. Amorphous materials, such as liquids,
some plastics and glasses, might only have order in molecule orientation and
placement within a specific small region and time. Some thermoplastics, like
polystyrene, are amorphous; others, like polyethylene, are partly crystalline.
Having a range of molecular weights and packing geometries results in
thermoplastic material with no precise melting point. Polyethylene (PE),
Polypropylene (PP), Polytetrafluoroethylene (PTFE,Teflon) Polystyrene (PS),
Polyvinylchloride (PVC), Polymethylmethacrylate (PMMA, Perspex, plexiglass)

are some of the most popular engineering thermoplastics.

The simplest linear-chain polymer is polyethylene. In the ethylene molecule,

C,H4 by replacing one H atom of the monomer by a side-group or radical, R, the

' Cross-linking happens when covalent bonds link one polymer chain to another and is a
characteristic property of thermosetting polymer materials.

2 . . . .
Monomers with three or more active sites, polyfunctional monomers, form networks and can

make cross-links. Polyfunctional monomers are the basis of thermosetting polymers, or resins.
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vinyl group of polymers is prepared. The vinyl group can be used to produce

polyvinyl chloride, polypropylene and polystyrene.

If two of the hydrogens of ethylene are replaced by radicals, the second
simplest group of linear polymers is produced, the vinylidene group.
Polymethylmethacrylate (PMMA) is from this family: the two radicals in
Methylmethacrylate, CsHgO,, are —CH3 and —COOCHS3.

A.1.3.2. Thermosets or Resins

A good example of a thermoset or resin is epoxy, the popular adhesive, which
hardens when two of the components, resin and a hardener, are heated together or
even at room temperature. The result is usually a heavily cross-linked plastic.
That is why thermosets are sometimes described as network polymers. The cross-
links are formed in the first stages of the polymerisation of the liquid resin and
hardener, so the structure is almost always amorphous. When being heated again,
the additional secondary bonds melt, and the cross-links prevent true melting or
viscous flow so the polymer may only turn into a rubber-like material and further
heating just causes a decomposition of the material. The network of cross-linked
monomers in thermoset material, is like a woven fabric and due to the presence of
many cross-links, thermosets are usually harder compared to amorphous
thermoplastics. Moreover, they cannot easily be crystallised or oriented, so it is

not easily possible to change their properties by processing.

Usually, to produce thermosets, the polymer scientists start with large
polyfunctional monomers. These polyfunctional molecules can react with each
other or with small, linking molecules in a condensation reaction. Condensation is
a process in which one molecule gives an —OH and another provides a —H to
produce H20 as a by-product and the two molecules can bond. Since at least one
of the two molecules is polyfunctional, a random three-dimensional network is

very likely to form. Cross-linked thermosets do not dissolve in solvents, which
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particularly, this makes them good candidates for adhesives, coating material, the

matrix medium for composites.

A.1.3.3. Elastomers or Rubbers

Elastomers or rubbers are nearly linear polymers with few random and
intermittent cross-links in which, at room temperature, the secondary bonds have
already melted. The cross-links make the material a shape-memory polymer, so
when deformed, it returns to its original shape upon load release. Some of the
better known elastomers are polyisoprene or natural rubber and polybutadiene,
also known as synthetic rubber that is mainly used for car tires. Elastomers are
polymers with glass transition temperatures that are far below room temperature

meaning the secondary bonds have melted.

A.1.3.4. Natural polymers

Cellulose, lignin and protein are common species of this group. Always
present in most plant and animal life, usually, these polymers are comprised of
long molecules with a covalent bond on their backbone consisting carbon atoms.
The long monomers are bonded together by weak Van der Waals and hydrogen

bonds, and occasionally with extra covalent cross-links.

A.1.4. Polymer chain

As mentioned above, the simplest form of polymer molecule is a straight chain,
or polymer composed of a single main chain. The monomer chain structure is the
most important characteristic that decides the type of the polymer resulting from
monomers interaction. When there is a branch point, by cross-linking, four or
more distinctive chains emanate. In the case of very high crosslink concentration,
the formation of an infinite network of molecules is very likely and is called

polymer gel. Simply, gel is a network of chains with unlimited extent.
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Polymer chain size is another decisive factor in polymer bulk characteristics. In
polymer science, molecular weight is usually used to emphasize the molecule
size. The number of monomer units which comprise the polymer, also known as

degree of polymerization, is another factor in polymer classification.

Sometimes, a finite group of monomers makes a block called an oligomer that
can react with the other monomers and oligomers in the environment and
polymerize as well. Oligomers can be seen as a group or chain-like block that has
molecules with functional groups that can react and bond to monomers and other

oligomers and shape a polymer.

A.2. Polymerization

Polymerization is a process in which macro molecules or monomers bond to
each other and the product is called polymer or polymerized matter.
Polymerization can occur in different manners. Identification of polymerization
mechanisms, similar to polymer classification, is yet subject to debate.
Historically polymer scientist grouped the polymerization mechanisms into two
classical types: addition polymerization, some times classified as Chain-Growth
and condensation, also confusingly known as Step-Growth, polymerization.
Considering that the classification based on polymer structure, differentiates
polymers into condensation and addition polymers, whereas the other approach,
focusing on polymerization mechanism, divides polymerizations into step and
chain growth polymerizations, one can correctly choose the classification method.
Much confusion arises when the two classifications are used casually and
interchangeably. Given the vast number of polymers available, some cannot be
classified with the above mentioned grouping method, here, a more
comprehensive method is used. The polymer polymerization mechanisms can be

classified as chain-reaction polymerization. ionic and coordination
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polymerization, step-growth polymerization, ring-opening polymerization, and

supramolecular polymerization.

A.2.1. Chain-reaction Polymerization

In a process when unsaturated molecules are rapidly being added to the ends of
a chain, chain-reaction polymerization is taking place. This process is an

important industrial method of polymer preparation.

Although radical polymerization theory was established in thel950s, this
mechanism is still one of the most studied chemical processes. Approximately
half of all manufacturing of synthetic polymers worldwide are carried out using

free radical polymerization

Initiation:
[>T
[+M 2>1-M
Propagation:
[-M'+uM 2> [-M,-M’
Termination:

2 I-My-M' =2 [-M,,-M-M- M,,-1
2 I-Mp-M 2 I-M-M’ + [-M,-M”
Figure A.1 Free-radical polymerization mechanism

The most common unsaturated compounds that undergo chain-reaction
polymerization are olefins. Alkene or olefin is an unsaturated chemical compound
containing at least one carbon-to-carbon double bond. The growing polymer in
this mechanism is known as free radical. Chain-reaction polymerization starts
with the introduction of reagents that can produce free-radicals to the mixture or

by adding ionic initiators. There are three usual and major steps known for this
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mechanism: initiation, propagation, and termination. Depending on the mixture
structure, a fourth step called chain transfer can occur in some polymerizations.
Figure A.1 depicts the steps in taking place in a free-radical polymerization. I, the

initiator breaks to form the free radical which makes bonds with the monomer, M.

A.2.1.1. Initiation

Initiation starts with a monomer being attracted to free radicals, molecules with
atoms containing unpaired electrons. Exposed to heat, light such as ultraviolet
(UV), or high-energy irradiation, the active site acquisition would spontaneously
start. In practice, for more frequent initiation, and in order to have a more efficient
free-radical polymerization small quantities of compounds called initiators are
added to monomer or oligomer solutions. Initiators, weak organic molecules,
decompose thermally or by irradiation to produce free radicals. Since the
initiation of the chain and acceleration of polymerization rate comes after addition
of initiators but the molecules are changed chemically in the course of
polymerization, initiators are not grouped with catalysts. Usually initiators can be
peroxides, azo compounds, and organometallic reagents. Benzoyl peroxide
(Figure A.2), azobisisobutyronitrile (AIBN), and di-butylperoxide are the most

commonly used free-radical initiators. .

[ O L]
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Figure A.2 Benzoyl peroxide molecule breaking into two free-radicals {5]

Similar to other controlled chemical reactions carried out for industry
production, there are important parameters to be considered that will determine
the results of free-radical polymerization. For example, the temperature range to

be used for the polymerization and the reactivity of the radicals formed will
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decide the selection of initiators. There are certain promoters and accelerators,
such as amine group derivatives like N,N-dimethyl-p-toluidine, whose presence
along with the nature of the monomer affects the rate of decomposition of

initiators.

Being robust to the presence of moisture, free radical is very sensitive to the
presence of oxygen since free radicals are retarded due to the reaction with
oxygen to form peroxides or hydroperoxides. For monomers such as
methylmethacrylate that are subject to such inhibition, an oxygen-free

environment such as nitrogen purge system” is used.
Initiation:
27 a
['+M 2>I-M" b.
Figure A.3 Initiation step, free-radical polymerization

The initiation of polymerization takes place in two consecutive steps. The first
step is the formation of radicals according to the processes which is illustrated in
Figure A.3.a. The second step is the addition of the initiator radical to the

monomer molecule mixture (Figure A.3.b)
As mentioned above, initiation can have different sources:

Thermal initiation: Thermal decomposition of azo- and peroxy-type

molecules causes initiation

Photoinitiation: The molecules are subject to decay upon irradiation with

UV or visible light that originates polymerization

* Appendix B.4
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A.2.1.2. Propagation

Propagation is a stage in radical polymerization in which other monomers are
added to the initiated monomer described above in a rapid sequence. The process
is a succession of the addition of a free radical to the double bond of a monomer
along with the regeneration of another radical. Thus, constantly, the active site is
relocated at the end of the growing polymer chain and once in the sequence the
propagation of the growing chain radical is stopped by chain termination or

transfer. (Figure A.4)
Propagation:
M+ nM 2> I-M,-M"
Figure A.4 Propagation step, free-radical polymerization
A.2.1.3. Termination

Once the growth activity of a polymer chain radical is ended due to reaction of
the molecule with another free radical in the system, the termination of the chain
will result. Sometimes, the reaction of the polymer radical with initiator radicals
would cause termination as well which is unproductive and can be easily avoided
by designing the system to preserve a low rate for initiation. There are two types
of termination reactions that are mostly emphasized in polymer production
resources: Combination or coupling and disproportionation. In the first process,
combination of two growing polymer chains in a reaction will result in the
production of a single molecule and termination of the polymerization (Figure
A.5.a). In disproportionation, a hydrogen atom is transferred from one polymer
radical to another resulting in two polymers from the two reacting polymer chain
radicals (Figure A.5.b). Depending on the nature of the reacting monomer and the
temperature, either of the mentioned termination mechanisms would dominate.
Having high reaction temperatures, since chemical bonds are harder to break in

disproportionation, this kind would be more expected whereas combination of
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growing polymer radicals would be the main cause of termination at low

temperatures.
Termination:
2 I-Mp-M' 2 1-M,-M-M- M,;-1 a.
2 I-Mp-M" =2 [-M,-M’ + I-M,-M” b.
Figure A.5 Termination step, free-radical polymerization

A.2.1.4. Chain Transfer

Chain transfer involves the process of a growing polymer chain being
deactivated or terminated by transferring its growth activity to a previously
inactive species which could be a monomer, polymer, solvent molecule, or other
molecules intentionally or accidentally brought into the reaction blend. The new
radical might initiate the growth of another polymer chain if the reactivity this
newborn is comparable to that of the propagating chain radical and if not, the
overall reaction rate is retarded. Occasionally, the new molecule is unreactive
toward the monomer and the reaction could totally be repressed. It is important to
express that transfer reactions will not originate any creation or destruction of
radicals meaning that at any moment, the number of growing radicals is constant
throughout the mixture. Nevertheless, transfer reactions result in the decrease of

the average polymer chain length or branching of polymer chain.

A.2.2. lonic and Coordination Polymerization

The second type of polymerization is ionic polymerization which can be
categorized as cationic, anionic, or coordination polymerization depending on the
nature of the reactive center. Counterions in ionic polymerization or coordination
complex (ion mixture) in coordination polymerization originate the polymer
molecule growth. Chain carriers or reactive centers, usually organic ions or

charged organic groups, assist the ionic polymerizations. Cationic polymerization
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involves a growing chain end with a positive charge or carbonium ion whereas
anionic polymerization is based on a growing chain with an end that carries a
negative charge or carbanions. In coordination polymerization, it is theorized that
the formation of a coordination compound between the catalyst, monomer, and
growing chain is carrying out the process. Transfer of an ion or an electron to or
from the monomer usually initiates the ionic polymerization and the polarity

would determine the expansion of polymerization process.
A.2.3. Cationic Polymerization

Cationic catalysts are usually monomers with electron-donating group which
form stable positive charges and initiate the polymerization. Boron trifluoride
(BF3) or AICI;, respectively a Lewis acid and a Friedel-Crafts catalyst, in the
presence of a cocatalyst, source of proton like water, can initiate cationic
polymerization. Addition of a proton to the monomer and formation of a
carbonium ion and its association with the counterion would cause the initiation.
Propagation is successive addition of monomer molecules to the carbonium ion at
the growing chain end and termination, in this type of polymerization, is a
relocation process resulting in the production of a polymer with an unsaturated
terminal unit and changing the original complex to a monomer, polymer or
solvent molecule. Polymerization rates, with this mechanism, are usually fast at
low temperatures. If the intimate association between the cation and the
counterion is too strong, propagation by means of monomer insertion will not

occur. This would definitely make the solvent selection a delicate task.

A.2.4. Anionic Polymerization

Mixtures of monomers containing electron-withdrawing groups such as
styrene, methacrylates and acrylates, can typically favour anionic polymerization.

Anionic polymerization initiator can be a compound providing strong nucleophile,
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compounds. A nucleophile is a reagent that forms a chemical bond to its reaction
partner, electrophile, by donating both bonding electrons. In this type of
polymerization, initiation starts with the addition of the initiator to the double
bond of the monomer. Propagation occurs when monomer molecules are
consecutively filled in by antonic attack of the carbanion. Having a low
temperature environment would generally guarantee that no chain transfer or
branching result. Introduction of oxygen, carbon dioxide, methanol, water, or any
other molecule that is capable of reacting with the active chain ends can cause
termination. In anionic polymerization as well as free-radical polymerization, the
resulting polymer molecule contains the initiator or parts of it as an attachment to
the nongrowing chain end. On the other hand, in cationic polymerization the
catalyst causes both initiation and propagation, but is regenerated at the

termination step.

Again to emphasize, starting with pure reagents and the polymerization reactor
purged of all oxygen and traces of water, it is always possible to avoid the
termination step. The result is the production of polymer molecules that might be
even active, living polymers, after all the monomer molecules are consumed and

by adding fresh monomer, polymerization can resume.
A.2.5. Coordination Polymerization

In some mixtures, coordination polymerization occurs as monomers with side
groups, unevenly likely to be attracted to form double bonds, produce polymers in
which the side groups have a special spatial arrangement in molecule structure.
That means that the alliance of initiating ion and counterion causes a favoured

placement of asymmetric substituted monomers.
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A.2.6. Step-Growth Polymerization

Step-growth polymerization is a sequence of reactions in which any two
species, monomers or oligomers, can react at any time, leading to a larger
molecule and the monomer or oligomer chains always maintain their reactivity
and continue to react together to form longer chains during the polymerization.
The stepwise reaction occurs between pairs of chemically reactive or functional
groups on the reacting molecules. Sometimes, if the molecules in the environment
have a functionality number more that two, the molecules can cross-link as well.
This mechanism usually involves multifunctional monomer molecules that may
cause intermolecular reaction between growing chains, no mater what size, and

result in very long chains.

Two main categories of step-growth polymerizations have been proposed:
polycondensation and polyaddition. The polymerization mechanism in which a
small molecule is eliminated at each step is polycondensation and polyaddition
happens is when monomers react without the elimination of a small molecule. The
structural unit in step-growth polymers, In contrast to addition polymers, is not

equal to the chemical structure of the starting monomer or oligomer.

Step-growth polymerizations generally involve one or more types of monomers
with at least two reactive (functional) groups. When only one type of monomer is
involved, also known as A-B step-growth polymerization, the functional groups
on the monomer is not the same and intramolecular reactions occur between these

sites.

A.2.7. Ring-Opening Polymerization

Ring-opening polymerization involves essentially an initial ring-opening of the
cyclic monomer followed by polyaddition. Ring-opening polymerization is, to
some extent, similar to both condensation and addition polymerization

mechanism, but in contrast to condensation polymerization, no small molecule is
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split off in ring-opening polymerization and unlike olefin addition polymerization,

the ring-opening polymerization is not initiated from the loss of unsaturation.

Many polymers have been manufactured using the ring-opening of cyclic
organic compounds, including epoxides such as ethylene and propylene oxides,
cycloolefins, and siloxane. The resulting polymers are normally linear and their
structural units usually have the same composition as the monomer. These
polymers are, generally, used in coatings, fibers, elastomers, adhesives, and

thermoplastics- and thermoset-based composite systems.

A.2.8. Supramolecular Polymerization

This relatively new class of polymers, supramolecular polymers, are
structurally shaped of monomeric repeating units and, unlike conventional

macromolecular species, are held together with directional and reversible,

noncovalent, secondary interactions. (Fig.6)

i it}

Fig.6

Figure A.6 Schematic representation of (a) a covalent polymer and (b) a supramolecular
polymer [6]
Two main factors decide the polymer properties in supramolecular bonding:

the directionality and strength of the bonding. The bonding can be hydrogen
bonding, metal coordination, and p—p interactions. To form a linear
supramolecular polymer structure, the molecules in the environment should have
strong and highly directional interactions as a reversible alternative for the
covalent bond. Since hydrogen bonds between neutral organic molecules are not

strong enough, comparing to noncovalent interactions, the supramolecular bond is
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either multiple hydrogen bonds or hydrogen bonds supported by additional forces

like excluded volume interactions.

A.3. Photopolymerization

Photopolymerization or light-induced polymerization, producing long chain
polymers as a result of exposure to light, can be used for efficient and fast curing
of polymers. Generally, a free-radical or cationic polymerization mechanism is
started after introduction of the photoinitiator (PI) along with mixture exposure to
irradiation. Nowadays, there is a complete source of photoinitiators for every
polymer which by trimming and optimizing the mixture contents, one can
polymerize the monomeric solutions in seconds. Usually, Electron Beam (EB)
and Ultraviolet (UV) wavelengths are used as photopolymerization light sources
but it is often easier and less expensive to produce photoinitiators and equipment

for UV-curing compared to EB technology. (Table.A.1)

Radiation Wavelength, ym Frequency, Hz
Infrared 1~10? 10"°~10"
Ultraviolet 10°~1 10"7~10"
Microwave 10°~10° 10'2-10%
Electron beam 107~107 10*'~10"

Table A.1 Frequency and Wavelength of Various Types of Electromagnetic Radiation [7]

UV/EB photopolymerization can bring other advantages to processing
technology for polymers: Low energy consumption, no emission of solvent,
ambient temperature operations, and flexibility in production and having tailor-
made properties for polymers produced. Although UV and EB radiation have a
great deal in common, UV-curing process is the lower-cost option because the
equipment is simpler, smaller and considerably less expensive to purchase and

operate.
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Commercial UV-curable material, usually coating and varnish products, are
commonly designed with the processes that result in increase in chain length and
presence of more multifunctional monomers. This will guarantee that the material
hardens faster and the reaction chain develops in seconds. This characteristic is
due to the chemical bonding between component building that generates a highly
crosslinked polymer network and is originated from high intensity UV
illumination and free-radical photoinitiators. Since free-radical photoinitiators can
produce most of the acrylic and epoxy based materials, almost 80% of the market
is dominated by these products. In such products, exposure to UV light casues the
photoinitiator to split into two free radicals. This process is called photolysis. The
free radicals will attack the monomers and oligomers and join those molecules

and initiate free-radical polymerization.

On the other hand, cationic materials can also be used as photoinitiators and in
some cases, would attain better some characteristics such as flexibility and
adhesion to substrates in the final products. It is obvious that due to a different
mechanism in cationic polymerization the curing process and types of cationic
photoinitiators are dramatically different from the ones that cause free-radical

polymerizations.

Regardless of polymerization mechanism, UV-curing technology allows the
engineers to have a precise control of the duration and rate at which the initiating
species are produced. The essential ingredients UV-polymerization system can be

described as:

1. Reactive base oligomer: Usually this part decides the properties of the

final product.

2. Monofunctional monomer(s): A critical part that dilutes the mixture and

contributes to the mixture’s specific viscosity.

3. Multifunctional monomer(s): Both dilutant and corss-link provider.

118



Commercial UV-curable material, usually coatings, are mostly to be used on
substrates ranging from paper and wood to plastics and glass and majority of them
are based on acrylate, having acrylic base: (CH,=CHCOO") the ion of acrylic
acid, chemistry. The range of oligo-acrylates available in the market is usually
close to fifty products in each group of mechanical properties i.e. hardness,

clarity, elasticity etc.

As mentioned above, electromagnetic radiation, light, can be used for curing of
a variety of processes involving functional monomers, oligomers and polymers.
For such applications, the ultraviolet spectral range, extending from 200 to 400
nm (Figure A.7), is regularly used and Xenon lamps that provide significant
emissions in the 450 to 550 nm range are the most common of all industrial
equipments employed. The irradiation energy increases in higher frequencies, low
wavelengths, and the design of any UV-curing systems is such that the irradiation
is capable of originating certain chemical reactions in a system and the absorbed
energy can generate species that are capable of initiating polymerization or cross-
linking reactions; i.e. initiating radicals. Occasionally the system only involves a
polymerization process, but for most of the efficient UV-curable materials, both
polymerization and cross-linking will occur simultaneously. Moreover, as
mentioned earlier, monomers and oligomers with the functionality of two form
linear polymers, while multifunctional polymers shape cross-linked networks that
expand into three dimensions which in most cases, cross-linked material

guarantees solvent and heat resistance as well as increased hardness.

A.3.1. Photopolymerization: Basic Theory

A photochemical reaction can occur when a photon of light is absorbed. This
rule, known as the Grotthus-Draper Law, can explain both photopolymerization
and photodegradation of plastics due to absorption of light by impurities near UV

spectrum.
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Chemical class/Group | Formula Structural Example
R H HOQ, OOH
H d R H & ;’".
ydroperoxy 00 \O-—~O' )\/
Methyl ethy! ketone peroxide
T 9 9
I &
Carbonyl =0 X C“B RVC\RZ HyC” CHy
Carbonyl /Ketone Acetone
HETSCH HEZ e
HC._ 2CH MCx CH
Aromatic (Aryl) RCeHs RO c c
Benzene

Table A.2 Photosensitive chemical groups

Chemicals containing C = O, ROOH and aromatic groups, containing ring of

unsaturated bonds, are known as light (UV) adsorbing material. When a molecule

absorbs light, a specific wavelength is transmitted or reflected in another certain

wavelength. A chromophore is a part of a molecule where the energy difference

between two different molecular orbitals falls within the range of the spectrum.

The energy state diagram shown in Figure A.8 is for a ketone, a common

chromophore in polymers, exposed to light source. When the molecule is hit by

photon, many processes can occur at the molecular scale. Photochemical reactions

such as reemission of a photon as fluorescence or phosphorescence, radiationless

decay to the ground state and crossing from one excited state to another are some

of the expected behaviours of every light-exposed molecular system.
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Figure A.7 Courtesy of Louis E. Keiner, Coastal Carolina University
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Figure A.8 Process of activation of a UV radical initiator [8]
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At the zero state, before light exposure, almost all organic compounds have
electron spins in pairs. Following photon absorption, the energy state will change
i.e. SO to a higher energy S1, S2 ... Sn. This will result in production of triplet
species (T1, T2 ... Tn) with two unpaired spins. A triplet state is always lower in
energy than the corresponding singlet state. The summary of this process is

depicted in the diagram below:

- Polymerization
Return into the lower or
energy state: Fluorescence: Cross-linking
81— 8o+ hv! reaction
Absorption of Exoited Biradicals /
a photon by a sinelot preaklng
chromophore: mng mto. two
state radicals
SO +hv— S]

Cross over to
the excited

triplet state
Return into the lower
energy state:
Phosphorescence:
Ty — Se+ hv”
Fig.3

Figure A.9 Photoinitiators’ chemical reaction upon light exposure (h: Planck’s constant)

Depending on the chemical nature of the material involved the mixture
exposed to light source and the wavelength of the light, ultraviolet, visible and
laser, polymerization of functional monomers, cross-linking or degradation of the
polymers could be the result. Degradation is more likely when oxygen is available

in the environment.
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A.3.2. Photoinitiators vs. Photosensitizers

Photoinitiators and photosensitizers are both used in the UV curing of
polymers. Both of these compounds can absorb light and generate reactive
molecules. The difference between these two compounds is that, when exposed to
a light source, a photoinitiator will generate initiator species, free radicals or ions
that will start polymerization or cross-linking whereas a photosensitizer will
energize some molecules that will activate other molecules that produce reactive
species such as photoinitiators. Photosensitizers are usually used to extend the
range of spectral sensitivity of photopolymerization compounds as these
molecules can adsorb light at longer wavelengths and transfers energy to a
photoinitiator. It is important to pick specific photoinitiators and photosensitizers
for every compound since the molecules’ reactions to light is different among
monomers and oligomers and the chromophore of every molecule are sensitive to
a specific bandwidth. Moreover, in commercial scale, photoinitiators may be

added to the polymer or grafted onto the polymer chains.

A.3.3. Free-radical Photoinitiators

Free-radical photopolymerization is the most common among all types of light-
induced polymerization. For instance, monomers and oligomers such as acrylate,
methacrylate and vinyl ether systems are all polymerized using free radical
initiation. As mentioned above, the photoinitiator is excited and forms into the
singlet state once it adsorbs a photon and then a radical forms when the molecular
system has triplet state. Radicals can form by either Type I or Type Il Norrish[9]

reactions.

The type I photoinitiator reaction can be described in the following steps:
First, triplet state decomposes into a couple of radicals by homolytic
decomposition. Homolysis or homolytic fission is chemical bond dissociation of a

neutral molecule generating two free radicals. Next, the direct formation of
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radicals that can initiate polmerization, meaning that the absorbed radiation causes

bond fissure between a carbonyl group and an neighbouring carbon.

Figure A.10 Free-radical photoinitiator, diphenyldisulfide, undergoing light exposure and

breaks into two radicals {10]

Type II reactions on the other hand, start with triplet states of ketones that have
a hydogen that reacts with suitable hydrogen-donating compounds by hydrogen
abstraction. Then by a homolytic breakage of the R-H bond or via a transitional
charge transfer complex followed by proton transfer, the radical couple is

produced.

The excited initiator species are usually active for up to 10 seconds. Depending
on the amount of energy absorbed and being sensitive enough to the irradiation
wavelength, the excited molecules can decompose to the original state again and
give away energy by emission of light and heat or produce a reactive
intermediary, free radical or 1on, and react with another free radicals or monomers

to start the polymerization.

A.3.3.1. Type I Photoinitiators

This type of photosensitive material experiences a homolytic cleavage reaction
following irradiation and supplies two radicals. Genrally, an aromatic carbonyl is
sitting in place of the chromophore in type I photoinitiators. Majority of the Type
I products are carrying benzoyl radical as initiating element. Specifically, benzoin

ether derivatives, benzil ketals, hydroxylalkylphenones, a-aminoketones and
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acylphosphine oxides are the light adsorbent aromatic carbonyl in such

substances. (Figures A.10 and A.11)

A.3.3.2. Type II Photoinitiators

Type II initiators, aromatic ketones such as benzophenone, substituted
benzophenones, benzils, fluorenone, xanthone and thioxantones, are usually
combined with amine synergists. Amines are organic compounds as well as a type
of functional group that nitrogen is the key atom in their structure. Life processes
depend on amino acids that all contain an amine group. There are essentially two

classes of amine synergists; aliphatic and aromatic. (Table A.3)

Aliphatic amines that can be subgrouped into three types of primary, secondary
and tertiary amine are transparent to light down to the wavelength of 260 nm so
UV light with wavelength above that number would start a much more efficient
polymerization process when it is used for benzophenone that contains aliphatic
amine. On the other, aromatic amines that have a nitrogen atom connected to an
aromatic ring, also known as anilines, adsorb a large amount of the UV light
energy around 300 nm so when using thioxanthones, due the strong absorption at

wavelengths greater than 340 nm, aromatic amines are the best choice. (Fig A.12)

Primary amine Secondary amine Tertiary amine

one of three hydrogen atoms in

ammonia(NH3) is replaced by | two organic substituents bound to N three hydrogen atoms are
an organic substituent together with one H replaced by organic substituents
N New.o . | _Nu
AN SN H F R3
R\ R\ R\
H R? R?

Table A.3 Aliphatic amines
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Figure A.12 Type Il free-radical photoinitiators

A.3.4. Cationic and Anionic Photoinitiators

When exposed to UV or visible radiation, cationic photoinitiators release an
acidic catalyst that influences the environment and originates the polymerization

process. (Figures A.13 and A.14)

Anionic photoinitiators, once containing tertiary amine salts of ketocarboxylic,

are now based on peptide chemistry and are usually used in nano and micro

lithography.
IN_® O , Va\
N e A J)y=F + N+
% o % S
RO St

PE 4 B0 e 3 e PR

Figure A.13 Cationic Photoinitiator, aryldiazonium, decomposing under light exposure [8]
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A.3.5. Oxygen Inhibition

As mentioned in free-radical polymerization section, the presence of oxygen
reduces the efficiency of polymerization by extinguishing the triplet states of
photoinitiators in addition to scavenging the initiator generated radicals as well as
growing macroradicals. Generally using an inert gaseous environment is the
solution to avoid such dysfunction in photopolymerization. Commercially a
nitrogen blanket purge or a film cover, polyester, is employed as protection.
Addition of a tertiary amine into the system is another solution, but in many cases

it results in discolouration or photo-yellowing of the cured polymer in long term.

A.3.6. Nitrogen purge

As motioned above, curing of free radical polymer mixtures is prone to
inhibition by oxygen and curing under a nitrogen blanket can prevent that effect.
Since the running costs of nitrogen, depending on the level of purity and the
amount of residual oxygen in the mixture, can be high, it is necessary to first find
out if the nitrogen purge is the best solution for the process. As discussed earlier,
though the amines might not inhibit the oxygen activity completely, sometimes
adding amine group polymers can solve the problem. Second parameter is the
scale and the design of the nitrogen purging system. Commercial approaches to
this problem suggest nitrogen blanketing is better than nitrogen purging.
Normally, it is not necessary to use nitrogen inerting, which adds to operating
expenses. The custom designed nitrogen purge used for this project is discussed in

the chapter on nanofabrication and in the appendix.
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Figure A.14 Cationic photoinitiators |8]
A.3.7. UV Hybrid Polymerization

In some applications there is a need for photoinitiators for originating
polymerization by two different mechanisms. One example of such situation, also

known as UV hybrid curing, is the photodecomposition of arylsulphonium salts
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resulting in both radicals and Bronsted acids®. The radicals can initiate the
polymerization of acrylates and the acid, cationic initiator, can initiate the
polymerization of vinyl ethers. The product has an interpenetrating polymer
network containing both the acrylate and vinyl ether components. Hybrid curing
systems increase the rate of cure and improve the polymer solvent resistance. In
comparison to free radical polymerization, better adhesion to substrates and lower

oxygen sensitivity are the advantages of hybrid polymerization methods.

A.3.8. Photocross-linking of Polymers

Ultraviolet or visible light induced cross-linking, also known as photocross-
linking, is widely used in printed circuits for electronic equipment, printing inks
and coatings for optical fiber. Moreover, most of the photoresists used in micro-
and nanolithography technology, such as SU-8, are only useful due to the
photocross-linkability of the polymers involved. In industry, photocross-linking is
used for any size of molecules; monomers, oligomers and highmolecular-weight

polymers.

Depending on chemical structure and molecular weight as well as the ordering
of the polymer segments, photocross-linkability can differ from one mixture to
another. Photocross-linkable polymers can be synthesized using the following two

methods:

1. Addition of photosensitizers that absorb photons and induce formation of free
radicals. For example, addition of benzophenone to polymers followed by
absorption of ultraviolet radiation results in production of radical capable of

cross-linking by combination reactions.

2. Insertion of organic material into the polymer structure and enabling light-
initiated cross-linking polymerization. Copolymers of vinyl esters and

fluorinated monomers that can be cross-linked by ultraviolet radiation.

* Hydrogen ion releasing molecule
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Association of vinyl ester UV-cross-linkable copolymers parallel to
benzophenone, photosensitizer, can produce a well structured cross-linked

polymer network.

A.4. Plasticizers

“Plasticizers are the materials which, when added to a polymer, cause an
increase in the flexibility and workability, brought about by a decrease in the
glass-transition temperature, 7g, of the polymer” [11]. The plasticizing effect can
be achieved by either chemical modification of the polymer or monomers, internal
plasticizing, by the addition of a plasticizing agent, external plasticizing. Due to
the latitude in formulation and lower overall cost, external plasticizers are more
common in industry. A more practical approach to the application of plasticizers

is described in the PMMA mixtures section.

A.5. Shrinkage of Polymer Material

Shrinkage is a normal result of any polymerization process especially when
polymer internetworking and cross-linking are more likely. Simply, shrinkage is
due to double bond polymerization which depends on the functionality, density
and molecular weight of the monomers involved in the compound. Obviously,
shrinkage is a disadvantage and not only because of decreasing the precision in
polymer replication, but because of reducing the adhesion of the polymer to the

substrate.

The main reason for shrinkage is the substitution of weak long distance
intermolecular Van der Waals bonds by strong and short covalent bonds between

the carbon atoms of different monomer units.

Shrinkage can be measured using density. A comprehensive method to

describe shrinkage is to use the following formula:
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Shrinkage (%) = 100 x (dM — dp)/dp - [1]

where, dp is density of the cured polymer and dM is the density of the

monomer.

A.6. Polymethylmethacrylate (PMMA)

Polymethylmethacrylate (PMMA) or poly (methyl 2-methylpropanoate) is the
polymerized form of methyl methacrylate (CsO,Hg),. Commonly known as a
transparent thermoplastic, it is sold under the trademarks such as Plexiglas,
Limacryl, R-Cast, Perspex, Plazcryl, Acrylex, Acrylite, Acrylplast, Altuglas,
Polycast and Lucite. Developed in 1928 in different laboratories, PMMA was
only commercialized in 1932 by Rohm and Haas Company. PMMA has a
moderate T, of 105°C that makes this polymer a good choice for extrusion and
other thermal-shaping manufacturing methods. Moreover, because PMMA is a
clear, colourless, hard but brittle and fairly rigid material, it can be drilled, carved,

machined or sawn. [12]

Due to outstanding optical clarity and resistance to degradation by UV light, it |
has been marketed and used as a replacement for glass. Also, its total internal
reflection characteristics provide room for a wide light beam to be transmitted

through PMMA long fibers even When‘bent. (Index of refraction for commercial

PMMA is 1.49 @ 589 nm)

This material has applications in consumer goods packaging, dental
cements/resins, hard contact lenses and bone reconstruction. In addition it can be
used as a prototyping material instead of metal for experimental mechanical

setups. In microfabrication, it is widely used as a photoresist with sensitivity to

both UV and electron beam.

There are many ways for preparing the polymerization mixture for acrylic

products. Many used a combination of PMMA and other monomers and
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oligomers and some might be more interested in making pure PMMA structure.
Usually, the polymerization is of the free-radical initiated type and peroxides or
UV initiators are added to MMA monomer to cure or polymerize the solution.
Shrinkage and brittleness are common results of such MMA polymerization

procedure.[12, 13]

A.6.1. Polymerization of Methylmethacrylate

PMMA can be polymerized through different polymerization mechanisms.
Usually in the industrial applications free radical polymerization of MMA is the
first choice which is a chain polymerization across the double bond of the

monomer.

Since oxygen terminates free radical polymerizations by reacting with the
radicals, the free radical polymerization of MMA can only work well when most
of the oxygen in the environment is removed. Radicals can be generated with

radiation, heat, or chemical agents usually in conjunction with radiation or heat.

A.6.1.1. Heat Initiated Polymerization of MMA

The heat initiated polymerization of MMA can be achieved by adding
peroxides such as benzoyl peroxide or thermally libel molecules of 2,2’-
azobisisobutyronitrile (AIBN) (Figure A.15).Free radicals are the result of thermal
initiators subjected to heat exposure.  Free radicals initiate the chain

polymerization and produce high molecular weight PMMA. [3, 12]
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Figure A.15 Benzoyl peroxide and AIBN molecules breaking into free radicals [14]

A.6.1.2. Radiation Initiated Polymerization of MMA

Visible light, UV or d-radiation can initiate the polymerization of MMA. While
photoinitiation of MMA, using UV or visible light, can be achieved without
sensitizers and free radical mechanism would make the PMMA structure to come
together. Upon exposure to light, a radical is formed or a hydrogen atom is
removed from the monomer or solvent and delivers the initiative components to
the solution. MMA photoinitiation is usually a good method for bulk
polymerization and generally for rapidly producing polymeric materials with well
defined characteristics and particularly for cross-linked polymer networks. Since
the reactivity of the acrylate double bond plays an important role in
polymerization and polymer network structure, acrylic and methacrylic

molecules, such as PMMA are mostly used in photo-curable mixtures.
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A.6.2. Inhibitors

Inhibitors are usually added to the monomeric compounds or monomer
solutions to avoid polymerization in the container. It is mostly uses as a safety and
inventory technique for shelf storage of chemicals. A critical step in designing a
polymeric solution is to find the inhibition system used in the monomer sources
and plan for reducing or eliminating this effect before attempting to initiate the
polymerization. Inhibitors can stop every radical, and the polymerization
completely stops until the inhibitor is consumed. There are other polymerization
restraining techniques such as the use of retarders, which are less effective, and

only stop a portion of the radicals. [3, 12, 13]

Oxygen is powerful inhibitor that reacts with radicals to from relatively
unreactive peroxy radicals, which reacts with itself or other propagating radicals
and forms inactive products. Hence, usually, the polymerization of acrylates and
methacrylates happens nitrogen gas purge (repeated several times. Other
inhibitors can be removed prior to polymerization by careful distillation over a

nitrogen atmosphere. Figure A.16 illustrates the different inhibitors and their

mechanisms.
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Appendix B. Mechanical parts

The appendix B.1 describes the micro-replication clamps used for the
replication of microfluidic and microoptical features. The next
section, B.2, introduces the design and characteristics of the polymer
punches for fabrication of the fluidic reservoir opening. The design,
material selection and parts for experimental setup stand and the
nitrogen purge system are introduced in sections B.3 and B.4

respectively.

B.1. Polymer replication clamps

Replication clamps are mechanical parts that can hold a master, i.e., Si wafer
with micro and nano scale features, inside an area called a replication reservoir. In
a three step process, pouring polymer compound into the replication reservoir,
covering the surface of the master wafer and curing the polymer in a vacuum oven
(PDMS) or UV light (PSiA), features are negatively replicated on the surface of

the cured polymer.

Figure B.1 Nanofab PDMS curingclamp
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Although University of Alberta Nanofab has a clamp for PDMS curing, Figure
B.1, due to its simple design, it cannot be used for replication of features
fabricated on the edged of the wafer. Moreover, the sealing system only works for
very viscous fluids like PDMS pre-polymer. In order to solve the problems with
this clamp and add more useful features, two clamps were designed and
manufactured for this project. The first prototype was constructed from
aluminum and then later the system was refined and constructed from stainless

steel.

B.1.1. Aluminum Clamp

This clamp was designed to be used for PVA and PDMS replication processes.
Due to chemical compatibility with most of the polymer compounds, aluminum
was chosen as the body material. The clamp’s major parts are two machined
aluminum parts that are connected via 8 screws (size 4) with a silicone rubber O-

ring, dash number 250, sandwiched in between.

The bottom part contains a circular stage for holding the master wafer and a
groove around this stage that is filled with polymer. When the polymer is cured,
the part that is replicated from the groove around the wafer stage acts as walls
around the negative replicas of the features. This walled, bowl-like, replica can be
easily filled with another polymer compound and manufacture the positive
replica, clone, of the wafer features. Figures B.2 and B.3 show the schematic
design and dimensions of the aluminum clamp parts and Figures B.4 and B.5

illustrate the clamp with Si wafer on the wafer stage.
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Legend: 1-Top (clamping) part, 2-Si wafer with V-grooves etched on the surface
3-Bottom layer with groove, 4-O-ring sealed edge

Figure B.4 Aluminum clamp with Si wafer on the wafer stage

Figure B.5 Post-silanization blue tape covering of the aluminum clamp with Si
wafer on the wafer stage
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B.1.2. Stainless Steel Clamp:

Stainless steel clamp was designed and manufactured, with a few improvement
compared the aluminum clamp, to serve as replication apparatus for PSiA, PDMS,
PUA and PVA replicas. Since the aluminum clamp was not chemically
compatible to the UV-curing agents used to cure some of the PUAs, stainless steel
was chosen for the major body parts of this instrument. In addition, the replication
are, reservoir, consists of a stage to hold the master wafer 5 mm above the flat
bottom of the clamp and is sealed using perfluoroelastomer O-rind, dash # 437.
Making the reservoir area wider results in thicker wall for the replicated
polymeric bowl and eases the peel-off of this repluca from the clamp. Figure B.6
depicts a schematic design of the clamp and Figures B.7 and B.8 show the

assembly of the parts drawn in Autocad® software.

Replfvation veservair

&

1Odug 481 water

-Chaphng serew S-Battom fayer

-toprelamping luyer G-waler siage
Figure B.6

Six Unbrako Stainless steel screws, UNF 28 - 1/4 x 7/8, connect and clamp the
two parts of this clamp.
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Figure B.7 3D view: Stainless steel clamp

© O

Figure B.8 Top and side view of the stainless steel clamp parts in Autocad®
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Legend:

1-Bottom part: replication reservoir, wafer stage
2-Top (clamping) layer

3-Wafer stage

4-Clamp adjustable leg

5- Threaded hole for the clamp leg

Figure B.11 Assembled stainless steel clamp
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B.2. Polymer Punches

Biochips made of PDMS, PSiA, soft PUA and APFPE can be trimmed and
punched easily using a metallic tool. The punches were used to make holes in the
polymer layers in order to open the fluidic reservoir opening or tube couplings.

Two of the punches were designed for other projects at the Micro-Optical

Systems Laboratory. (Figure B.12, C and D)

In the design of all of the four punches, some parameters are similar. All of the
punches are made of stainless steel with a punching tip at the end of a hollow
small shaft. The hollow shaft will collect and gradually disposes the punched
pieces of polymer from the top. The punching tip in the first two designs was of a
conical shape and caused insufficient penetration of metal into polymer and left

the sample with non-straight cuts.

The cutting/punching edge of the two punches designed for this project, Figure
1, A and B, are straight cylinders with this walls and sharp bottom attached to the
conical main part of the punch. The straight part is at lease 4mm which guarantees

a punch of such depth in elastomers.

Since the punch tips are very thin-walled, an aluminum punch holder was

machined to hold the collection of the punches to prevent damage. (Figure B.13)

Figure B.12 Polymer punches Figure B.13 Punches in the holder
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B.3. Experimental Stand

During the experimental phase, all of the biochips were tested by mounting
them on a platform that used suction from under the chip to secure their position.
In order to hold a variety of sizes of biochips while either shining lasers toward
the waveguides or loading the biochip with fluidic samples the biochips required a
custom experimental stand that would not interfering with any of these
connections. The basic construction of this experimental stand is shown in
Figure B.14. The upper layer, where the chips were placed, was made of a
1.5 mm thick sheet of standard grade stainless steel (Figure B.14, A). Small holes
were drilled in this stainless steel sheet to provide the suction. The holes in the
metallic sheet were connected to various plenums beneath the stainless steel sheet
(Figure B.14, B). The plenums were constructed from a 25 mm thick piece of
acrylic but only milled to a depth of 18 mm. These two parts were sealed with
silicone sheet of 2mm thickness acting as gaskets and six bolts were used to

compress this composite assembly together.

The experimental stand was designed to fit different sizes of the rigid biochips;
1.5%x2 cm: small Figure B.14, 2), 2x3 cm: medium (Figure B.14, 3), and 2x5 cm:
large (Figure B.14, 1), as well as a place to hold flexible polymeric biochips such
as PDMS (Figure B.14, 4). Holes of 2mm and 0.75 mm diameter were drilled to

into the metal sheet for the rigid and flexible chips, respectively.

These four plenums were connected to the side of the acrylic layer through
holes that were drilled and threaded to allow standard tube fitting to be attached.
The tube connectors were of barbed fitting design and made of polyethylene or
polycarbonate. When fitted into the acrylic threads and the tubes have no leak.
Depending on the chip being tested a vacuum pump was connected to the
appropriate plenum. Figures Figure B.15 and Figure B.15 are photographs of the

experimental stand.
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Legend:
i, 1i, iii, iv: Vacuum line ports: threaded for tube fitting 4: Stage for long polymeric (flexible) biochips
1: Stage for long glass biochips A Stainles steel sheet: top part
2: Stage for small biochips B: 1” Acrylic bulk with machined vacuum reservoirs
3: Stage for medium biochips C: 1” Acrylic Stage
Figure B.14 Experimental stand schematic
Legend:
A: Stainles steel sheet: top part D: Sealing washer sheet
B: 1” Acrylic bulk with machined vacuum reservoirs E: Aluminum Stand
C: 1”7 Acrylic Stage F: Barbed Tube Fitting

Figure B.15 Experimental Stand: top
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Legend:

A: Stainles steel sheet: top part E: Aluminum Stand
B: 1” Acrylic bulk with machined vacuum reservoirs F: Barbed Tube Fitting
D: Sealing washer sheet G: Vacuum line from pump

Figure B.16 Experimental Stand: side
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B.4. Nitrogen Purge Chamber for Polymer UV-replication

For many UV-curing processes, oxygen prohibition is a must. Usually, a closed
environment with nitrogen or argon dominating the gaseous media around the
photo-curable solutions is used. A nitrogen purge system is a chamber that can
vacuum out all of the air or oxygen carrying gas mixtures and pumps in nitrogen
around the samples. In this project, for the purpose of curing PSiA and APFPE

samples, a nitrogen purge was designed and manufactured.

The bottom part of this apparatus is stainless steel and the top part is a 3/16”
thick quartz discus that is 99% transparent in UV wavelengths. An o-ring is used
to seal the top and bottom part and a set of eight stainless steel screws hold these

parts together.

Figure B.17 is a schematic view of the purge and tubing to and from the
nitrogen purge system. This system is designed to keep a 4 inch round Si wafer on
the bottom of the purge chamber. Using a vacuum line, the Si wafer is held down
from the bottom and then the UV-curable polymeric solution is poured on top of
the wafer. The O-ring and then the quartz disk are adjusted on top of the stainless
steel bulk part and all of these parts are bound together using screws. The stainless
steel bottom part contains eight threaded holes for the binding screws, one central
hole for vacuum wafer holder (connected to the line from 8to 5 in Figure B.17) in
the bottom and three radial holes that are attached to pneumatic tubing from the
bottom. The set of three radial holes are respectively attached to a vacuum line for
purging (line from 4 to 7), a gauge line for chamber pressure control (point 1) and
a composite line that can carry either condensed/filtered air or nitrogen (lines:
95253 / 10-6-3). By opening the valve to vacuum the chamber (point 7) and
consequently adding nitrogen (point 9) to the environment, the user can make sure

that the chamber is free of oxygen and expose the polymer compound to UV.
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A helpful feature designed in the nitrogen purge system, is the adaptor platform
for the University of Alberta Nanofab UV mask aligners. The nitrogen purge,
which is a stainless steel disk, can be easily put into an aluminum platform that
matches the bindings on the mask aligners stage. The adaptor enables the nitrogen
purge system sitting in the aluminum platform to be exposed to UV at the same
distance that any other mask lithography process is performed. (Figures B.24-27
and B.32)

~ Quartz Discus

e oy

Fine Grade Stainless Steel
Purge Chamber Cnas )
" Nitrogen Purge

-
-

Chamber Pressure C;Jntrol

Lo
a2

7

5 Vacuum for Purge
G

) '
M___‘.@Vacuum: Substrate Holder

Nitrogen for Purge [5&

Condenced Air

Pressure guage: 1, 2, 3,4, 5.8

QX} Valve: 7, 8, 8, 10
@} Three way valve

Figure B.17 Nitrogen purge and tubing schematic

Please see Figure B.19 for more information on the system connections
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Nitrogen Purge Parts and Materials List list: Part # Quantity

Swagelok Valve for Vaccum 1/4" B-4P4T 4
Pressure Gauge Panel (3 Dials) PGP-25B-30V/30 1
Pressure Guage Single Dial PGP-20B-30V/30 1
Quartz Disc 3/16" Ground and Plished Finish, 7" Dia PQ-2188D-03 1
Male Tube connector, Acetal, 1/4", 1/4" NTP AdMC4-MG 5
Male Tube connector, Brass, 1/4", 1/4" NTP W68ML-4-4 4
Polypropylene ball valve Female Elbow, 1/4", 1/4" NTP PP4VFE4-MG 2
Male Elbow Swivel 90 degrees, 1/4", 10-32 Thrd W369ML-4-0 4

Table B.1 Nitrogen purge system parts list

In order to achieve good results, it is very important to have a fast an easy to
setup system with mimimum leakage in the tubes and connections. Parker
369ML-4-0, push to connect tube fittings Figure B.18), can take a %4 tube from
one end of the elbow and are threaded to 10-32 standard to be attached to the
bottom of the purge. Due to the elaborate internal design and the o-ring sitting at
the threaded end, these parts can nearly guarantee a good seal in the system and
setting up a system with four of these parts barely takes 5 minutes. (Figures B.20,
B.28-32)

LRt

Figure B.18 Schematic: Parker 369ML-4-0
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Figure B.32 Nitrogen Purge on the UV-aligner machine before exposure
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Figure B.33 DRIE fabricated Si master sealed in the nitrogen purge on the UV-aligner
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Appendix C. Fabrication Processes

Appendix C.1 is a brief description of silicon crystal identification
process as a background to the processes discussed in the main body
of the thesis. A summary of DRIE process basics and the advantages

two popular procedures are described in C.2

C.1. Silicon crystal planes identification

In order to determine the crystal planes in silicon wafers with an etch barrier
mask such as silicon oxide or silicon nitride, by designing a wagon wheel pattern
(Figure C.1) on the sides of the lithography mask and opening the shape of this
design in the etch barrier. The silicon wafer is then anisotropically etched for 30
minute in a 30% KOH aqueous bath at 80°C and the Si crystal planes can be
identified by finding the groove from the pattern which resulted in the smoothest

edges indicating the best alignment with the crystal planes.

Figure C.1 Wagon wheel pattern for Si crystal identification [15]

The alignment of the mask, straight lines, to the silicon crystal plane is very
important to in order to produce features, v-grooves, with no dislocations along
the sidewalls. Since dislocations are the source of extra loss in the hollow
waveguides. The flat, polished, faces of {100} silicon wafers are machined

aligned to {110} plane with +/-0.5 degrees tolerance which in any micron scale
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distance can cause roughness of the etched walls. By employing a 10-15 minute
pre-etch step using a partial wagon wheel pattern (Figure C.1), written on the
sides of the wafer using lithography, and with short spokes every 0.2 degrees and
longer spokes every 1 degree the crystal plane orientation can be determined.
Having looked at the pre-etch results, one can see one or two (neighbouring)

spokes along the crystal plane with no jagged etched walls (Figure C.2).

b.

Figure C.2 Crystal plane identification stripes, a. Jagged walls, off the crystal plane, b. On
the Crystal plane
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C.2. DRIE Fabrication Processes Fundamentals

DRIE is a form of plasma etching which is the generation of chemically
reactive ions and radicals. Following the collision of molecules in a reacting gas
such as SF6 with electrons excited by an RF field, the ions and radicals are born
and form a cloud of electrons, ions and radicals also known as plasma. This cloud
of chemically reacting parts is directed to a substrate using an electric field and
causes the etching action. Whether it is plasma etching, chemical reaction, or
reactive ion etching (RIE); ion bombardment, it has a directional cut which is also
referred to as anisotropic etch. If the plasma is produced in higher density,
employing inductively coupled coils (ICP-RIE), the etch rate would be
significantly higher.[16] (Figure C.3)
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Figure C.3 Schematic of System 100 ICP Etching Tool [16]
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A process called passivation, Figure C.4, is used along the sidewalls which
perform etching only in the bottom of the deep feature and deposition of
protecting material on the walls. There are currently two different DRIE
techniques that are capable of the high aspect silicon micromachining: Bosch

process, named after its inventor, Robert Bosch and cryogenic temperature DRIE.

C.2.1. Bosch Process

Bosch process usually uses chemicals with flourine backbone to etch the
silicon, and a flourocarbon polymer to carry out the passivation. The etch and the
passivation cycles are produced using a time scheduling mechanism separately, in
which, SF6 for etching and C4F8 for passivation are commonly used. Etch step
consists of a reaction in which SF6 molecule breaks up in the plasma and releases
flourine radicals that etch the silicon. The ‘isotropically’ etched silicon, in the
unstable form of SiF4, is pumped away from the reaction site. This step is usually
12 seconds. In the consequent step, slightly shorter that etch step, passivation
occurs: C4F8 molecules split in the plasma to form CF2 and longer chain radicals
and forms a uniform film on the sample. Next etch step involves the ion
bombardment which selectively removes the polymer at the bottom of the feature
and the anisotropy is accomplished. The flourine radicals will preferentially only
etch in the bottom of the trench with etch rates of 1-5um/min [17]. On the down
side though, the alternating etching and passivation steps lead to ripples
appearance on the sidewalls. As well, the uniformity of the etched features,

depending on many conditions, can be of the order of 2-10%.

C.2.2. Cryo Process

Alternate to Bosch is the cryogenic technique, which is based on cooling the
substrate to cryogenic temperatures (—110 °C) using liquid nitrogen. Cryo
process, similar to the Bosch technique, uses SF6 to supply fluorine radicals for

etching silicon but it differs in sidewall passivation technique with Bosch.. In
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Bosch, the fluorocarbon polymer is deposited in a separate passivation step
whereas in the cryo process a blocking layer of oxide/fluoride (SiO4Fy) on the
sidewalls combined with cryogenic temperatures is employed to reduce the
probability of the fluorine radicals etching the walls. The protective material is
attained by adding O2 to the SF6 gas in the plasma chamber. Following the
deposition of the protecting layer, cryogenic temperature will guarantee the
stability of the blocking layer. The etch rate of Cryo process is usually reported as

1-5um/min with one plasma. [17]

In addition, the cryo process is more preferred for wafer through-hole
applications. Also, using the cryo process, there are less problems with silicon
grass production. Black silicon, micro grass or silicon grass is a layer of material
that is observed at the bottom of high aspect ratio (deep etched) features. With a
close look under microscope, it appears as spikes growing as a result of dirty
substrate surfaces or oxide contamination form Al mask or the chamber walls.
While pre-cleaning step before the process can easily solve the issue, sometimes
the grass formation is due to temperature variations caused by poor contact
between the wafer and the cathode that should be seriously inspected before the

process.[18]

The etching of the features in DRIE process is always performed by deposition
of a masking layer and removal of some parts of this film using photolithography
and etching processes. The mask layer can be a photoresist, nitride, oxide or a
metal. Usually due to instability, lower temperatures can cause some problems
with photoresists such as stress cracks, silicon nitride or metal and metal oxide are

preferred to be used as mask.
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