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ABSTRACT

Microfluidic device has been an emerging field in the past decades. The
mounting demand of biochips in the health care area has shifted the
manufacturing markets from silicon and glass to polymer. In order to fabricate a
plastic biochip, bonding is a critical issue to be addressed to provide a reliable
performance. Various bonding methods have been developed such as thermal
bonding using low pressure strategy, holed pressure equalizing plates, and
hybrid assembly; adhesive bonding using PDMS; solvent bonding using DMSO
and methanol; and microwave bonding using a gold thin film. Although there are
plenty of methods for plastic chip bonding, thermal bonding is still the
preferential method to be used because it can provide a contamination-free
homogenous assembly of the final products. Thermal bonding requires heating
up of two polymeric substrates to their glass transition state (Tg) and the
substrates are sealed under the ultimate contact by applied pressure. However, it
always results in an immense energy loss and a microstructural deformation on
the bonded biochip, due to the heating of bulky bonding machine and the

prolonged waiting time for heat sink during bonding respectively.

In this work, a new thermal bonding method assisted by microwave
irradiation with the advantages of material homogeneity, leakage-free and
negligible deformation has been developed. Given the promising microwave

absorption properties, gold nanoparticles (GNPs) and carbon nanotubes (CNTS)



have been used as the microwave absorbers to examine the feasibility on sealing
plastic biochips in this study. It was found that CNTs were capable to release
tremendous amount of heat energy to seal plastic biochip in an extremely short
exposure time of microwave irradiation. The key microstructures on the plastic
biochip were the microchannels with dimensions of 50 pm in depth and 100 pm
in width. Unlike the previously developed method that CNTs were casted at the
bonding interface, they were spray-coated on the non-bonding side of a planar
substrate. With this, the bonding interface was homogeneous. The parameters
including CNT thickness and exposure time of the proposed bonding method
were further optimized to seal the plastic biochips. The microstructures were
completely sealed and their integrity was found to be well-maintained through
the cross-sectional images observed under microscope. Leakage test was
conducted and an injected dye successfully passed through the sealed
microchannels without leakage. The bonded biochip was able to withstand a

pressure of 2 MPa as found in the tensile test.

The bonding method developed in this study possesses the criteria in
material homogeneity on bonded assembly, leakage-free on sealing and
negligible deformation on prime structures. This bonding method is able to be
conducted with short processing time and high bonding efficiency, and to be
potentially developed as a high throughput process. CNT-microwave-assisted
thermal bonding featuring with these criteria has been developed as a promising

alternative for bonding plastic biochips in industrial scale production.
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Chapter 1: Introduction

This chapter will first introduce the project background including the idea
behind biochips, advanced developments in biochips and the trend in biochip
industry. At the end of this chapter, rationale, scope of study and objectives of

this dissertation will be stated.

1.1 Background

Accompanying with the breakthroughs on the discovery of different
biomarkers to specific diseases, the invention of advanced detection methods on
various viruses or biomolecules, the evolution of sophisticated analysis
technologies and the new drugs development in the past years, attention has been
shifting to stronger tools to satisfy the imperative needs in the extensive science
developments and the blooming medical care fields. Biochips are regarded as the

promising solution towards these issues.

1.1.1 Idea behind biochips

Biochip is also called lab-on-a-chip (LOC) which is a device with at least
one laboratory process performed on the chip-based platform sized in millimeters
to centimeters. A significant concept of miniaturized total chemical analysis
systems (JUTAS) was first introduced to biochip by Manz in 1990 [1]. pTAS is a
miniaturized self-contained device that integrates the whole laboratory processes

of analysis including sampling, sample pre-treatment, chemical reactions,



analytical separations, analyte detection and data analysis [2]. The miniaturized
sizes of biochips offer the advantages of drastic decrease in sample and reagent
consumption, and waste generation; superior operation speed due to smaller
thermal mass and shorter diffusion distance; incredibly high sensitivity and
reliability because of high surface to volume ratios and automation; massive
parallelization of analysis; and also enhanced portability as a result of
miniaturization. The idea of UTAS was originated from the trend that smaller
inner diameter of channel enables better separation performance and shorter
channel length reduces transport time, which means higher sensitivity and higher
efficiency resulted upon miniaturization [1]. This novel concept dedicates
scientists from multi-disciplines to work together towards miniaturization and

integration.

1.1.2 Advanced developments in biochips

As mentioned previously, different types of laboratory functions are
performed on a miniaturized self-contained analysis device. Fluid manipulations,
such as reagent mixing and fluid pumping, are indispensable constituent to link
different units together in the PTAS. Fabrication of the microfeatures, hence, is
the fundamental step to the UTAS development. The microfeatures include, for
examples, microchannels for fluid flowing, micropumps for fluid pumping and

micromixers for reagent mixing.

Researchers have then started working on fabricating the microfeatures on
silicon wafers by the sophisticated fabrication technologies developed in
microelectronics industries, named MEMS (Microelectromechanical systems)

2



technology [3]. This technology focuses on the fabrication techniques of silicon
including bulk and surface machining with precision in micrometers [4]. Other
popular substrate materials for fabricating biochips are glass and quartz. They are
used because of their standard photolithography and wet etching techniques that

were capable for developing microfeatures in biochips.

In the JTAS development, biological species including metabolites, proteins,
nucleic acids and cells have been employed as analytes, recognition molecules or
signal transducers. Amongst them, nucleic acids have been extensively
investigated for the UTAS because of its thriving development in bioanalytical
technologies, and its specificity and uniqueness in providing the information of
the identities of the biological species. Herein, two key technologies which are
especially important for the miniaturized nucleic acid-based analysis systems
development are introduced. They are polymerase chain reaction (PCR) and

capillary electrophoresis (CE).

The development of these two advanced technologies has established the
foundation of miniaturized nucleic acid-based analysis systems [5-10] and other
electrophoresis-based studies, for examples single neuron [11] and cell [12, 13]
analysis, binding chemistry in aptamers [14], and carbohydrates analysis [15].
The principles and developments of these two advanced technologies are

introduced in the following subsections.



1.1.2.1 Polymerase chain reaction (PCR)

Polymerase chain reaction (PCR) is a sophisticated technique to amplify an
interested target segment of DNA from trace amount of DNA to thousands of
millions copies in a few hours. This groundbreaking invention was first
introduced by Mullis in 1986 [16] and immediately become the fundamental

technology in genomics. The principle of PCR is shown in Figure 1.1.

5 3
5.’

Double-stranded DNA 3’

y
S T 3
95 “C: Denaturation of
the DNA strands 3 e
\

55 °C: Primer annealing

of single-stranded 5’ 3’
DNA 3rw 5

72 °C: Synthesis of

DNA ’ N ’
strands 5 M I > 3

3’ 5

stranded DNA 3 5’

Figure 1.1 Principle of polymerase chain reaction.

PCR is a thermocycle process with three operation temperatures. The
reaction starts with denaturing the double-stranded DNA, which is the DNA
template, around 95 <C. Temperature then lessens to around 55 <TC allowing
primer annealing. Primers which are short segments of gene in 18-22 bases bind

4



to their target sites on the DNA template specifically. When the temperature is at
72 <C, a thermostable DNA polymerase called Tag polymerase extends the
primers from 5’ to 3’ direction by assembling the deoxynucleotide triphosphates
(dNTP, basic units of DNA) in specific orders. The synthesis cycle continues
when the reaction mixture is subjected to the temperature cycle again. The
number of copies of the target gene from one DNA template is 2", where n is the
number of thermal cycle. A schematic representation of the amplification cycle is
shown in Figure 1.2. A thermocycler is responsible for heating and cooling,
temperature and time control in PCR. Since the thermocycler is bulky and the
preparation process requires high level of skills, PCR is usually performed in
laboratory by highly trained personnel. The introduction of miniaturization,

however, has changed this perception.

S — DNA template
L/ \4
frsmmm———— s ——— 1t cyele: 2'=2 copies
T I . s wunnnng s 2nd cycle: 2°= 4 copies
rssnsssssansnsnresooon R ausn i ——— s g s —— -

31 cycle: 2°= 8 copies

Number of copies = 235 = 34 billion copies after 35 cycles.

Exponential amplification

Figure 1.2 Multiplication of DNA segment of interest versus number of thermal

cycles.

PCR has been advancing the development in molecular biology,
evolutionary biology, forensic analysis and medical diagnostics. Owing to its

importance in genomics development and the idea of UTAS, the first successful



miniaturized stationary PCR on a micromachined silicon wafer was reported by
Northrup et al in 1993 [17]. The miniaturized PCR benefited from the small
reaction volume (small thermal mass) of 20 nL which greatly reduced the
processing time of conventional PCR process from hours to less than 7 minutes
[18]. The other type of miniaturized PCR is called continuous-flow PCR
introduced by Kopp et al in 1998 [19]. In continuous PCR, reaction mixture
flows through three temperature zones continuously and repeatedly following the
microchannels instead of confining in a reaction chamber for heating and cooling.
On-chip continuous PCR reported by Kopp demonstrated an impressive
improvement in lessening the amplification time to 1.5 min [19], which leaps
forward to the realization of UTAS. In a fully automated nucleic acid analysis
system, genetic diagnostics are not limited to well-trained personnel anymore but

are open to the public.

1.1.2.2 Capillary electrophoresis (CE)

Electrophoresis is a ubiquitous technique in genomics studies. Its
fundamental principle is to separate the charged molecules, such as negatively
charged DNA fragments, from a mixture under an applied electric field based on
their differential mobilities which are proportional to their charge to mass ratios.
Gel electrophoresis is a typical example of the electrophoresis family. In gel
electrophoresis, DNA samples are loaded into the wells and an electric field is
applied, negatively charged DNA molecules drift along the electric field with
different velocities according to their sizes and charges. The working principle of

gel electrophoresis is shown in Figure 1.3.
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Figure 1.3. Working principle of gel electrophoresis.

Analogous to electrophoresis, capillary electrophoresis (CE) enables
separation taking place inside a fused-silica capillary containing a polymer
solution drawing the DNA samples by electrokinetic injection [20]. The first
miniaturizated CE chip was fabricated by Manz and Harrison using glass
applying the idea of electroosmotic flow, where the bulk solution is driven along
the capillary due to the electroosmotic motion of the solution and the driving
force exerting on the charged samples by the electric field [21, 22]. The

schematic diagram of electroosmotic flow is shown in Figure 1.4.
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Figure 1.4. Charge distribution during electroosmotic flow in CE.

During electroosmotic flow, interior capillary surface is ionized which is
usually negatively charged owing to reactive surface groups. Oppositely charged
(+ve) ions adsorb to the interior surface while like charged (-ve) ions are
repulsed from the interior surface. The positively charged ions hence form a
shielding layer for the negatively charged ions against the interior capillary
surface. The bulk solution, as a result, migrates towards the cathode (-ve). Since
the electroosmotic flow is benefited from the surface charges of the substrate, it
is important to ensure the substrate surface possesses high enough zeta potential

C during material selection because ( is proportional to the electroosmotic
mobility poy (Mgy = —%C where ¢ is the electrical permittivity of the medium

and n is the fluid viscosity) [23, 24].

Miniaturization not only decreases the material cost of CE, but also leads to
the emergence of an expeditious tool for molecular biology studies, i.e.
chip-based CE (miniaturized CE) performs 100 times faster separation process
than the conventional electrophoresis and 10 times faster than the capillary-based

CE [25, 26]. Miniaturized CE is a remarkable technology to provide a rapid,



sensitive and reliable analysis information on DNA sizing, DNA sequencing and

genotyping with high resolution to single base difference [27].

1.1.2.3 Biochips for bioanalytical applications

The applications of biochips are highly diversified including forensic
analysis [28-30], medical diagnostics [31-33], drug discovery [34], biological
warfare agent detection [35-37], and environmental monitoring [38, 39]. For
example, CE-based DNA analysis microchips enable speedy screening of
hereditary diseases [33] and rapid detection of contamination of yeast strains in
blood culture bottles by genotyping [29]; CE microsystem enables detection and
separation of explosives residues within 3 minutes [36, 37]; and microchip
performs drug detection by immunoassay using just 1 min [30]. Miniaturization
has largely reduced the processing time of the bioanalytical processes from more

than an hour to several minutes.

Miniaturization has brought a wide range of advantages not limited to
time-saving and reagent-saving, but also the enhancement in accuracy, sensitivity

and automation.

1.1.3 New trend in biochip industry

In spite of the satisfactory performance of silicon, glass and quartz-based
microfluidic devices provided, their costs are too expensive in terms of raw
material costs and fabrication costs. The fabrication processes are conducted in
clean rooms which require extremely expensive installment costs. The lengthy
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fabrication time further increases its costs and also curbs the widespread use of
the point-of-care (POC) diagnostic devices in the public. Due to its high
fabrication and raw material costs, the microfluidic devices have to be reused
which means to increase the chance of cross-contamination of biological

samples.

Owing to the extensively developed applications and the huge biochip
markets, the biochip industry is attempting to minimize the raw material and the
fabrication costs of the microfluidic devices, and the installment and operation
costs of the plant, so that the biochips can be in widespread use by the public.
Under this situation, polymers have been chosen as the suitable candidate in
biochip fabrication in recent years because of their prominence in low material
cost, ease of fabrication and wide varieties of physical and chemical properties.
Researchers have promptly studied the surface chemistry of polymers for their
suitability on biological related applications [40-43], and numerous methods
have been developed for passivating and modifying the polymer surfaces to be
compatible with different biological tests [44-46]. However, establishment of
polymer microfabrication and bonding technologies, corresponding to MEMS
technology and bonding technologies in silicon and glass, are in order to realize

the industrial scale production of plastic biochips.

1.2 Rationale, scope of study and objectives

In  microfluidic chips, a sealed chip is essential to provide a
contamination-free environment and to form functional parts for reliable
biological analysis. The conventional method for sealing polymers is thermal
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bonding which heats up the bulk polymers to its glass transition temperature (TQ)
under pressure. Active polymer chains hence intercalate with each other in the
bonding interface leading to bonding. This method, however, is easy to cause
deformation or collapse of the microstructures on the microfluidic chip because
of the elevated temperature and the increased pressure. Deformation becomes

significant and has great influence on the integrity of the microstructures.

A desirable bonding should be able to offer the following characteristics:
Material homogeneity
Negligible deformation on prime structures

Absence of leakage

YV VvV VYV V¥V

Sufficiently high bond strength

Material homogeneity is crucial for an accurate analysis when
electroosmotic pumping is applied in the downstream applications like capillary
electrophoresis [47], since different material surfaces may possess different zeta
potentials where its values are proportional to the electroosmotic flow velocities
[48]. Thus, in a hybrid microchannel, electroosmotic pumping would result in
peak broadening and the separation accuracy would be affected. Material
heterogeneity, as a result, should be avoided. Furthermore, intact prime
structures and complete sealing are important for accurate manipulation of
microfluidic flow, and sufficiently high bond strength should be guaranteed

depending on the downstream applications.

A novel bonding method using carbon nanotubes (CNTs) for microwave
bonding has been developed to fulfill the bonding requirements in this study. At
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the beginning of the study, potential auxiliary materials, acting as microwave
absorbers to generate heat for bonding, including gold nanoparticles (GNPs) and
carbon nanotubes (CNTs) were compared and investigated for their bonding
efficiency in sealing plastic biochips upon the microwave irradiation. CNTs were
later chosen as the suitable candidate for further development owing to its
vigorous response towards the microwave irradiation. Microwave bonding using
CNTs developed in this study enables microstructures bonded with homogeneity,
leakage-free and negligible deformation by short processing time and high fusion
efficiency which, as a result, potentially lower the operation cost and facilitate

the industrial scale production.

The objectives of this study are:

(1) to compare and investigate the responses of GNPs and CNTs towards
microwave irradiation in order to predict the bonding efficiency for
sealing plastic biochips;

(i) to design a bonding model for the suitable microwave absorber(s);

(i)  to study the relationship between bonding parameters such as the
thickness of microwave absorber(s) and the duration of microwave
exposure;

(iv) to evaluate the bonding performance through the examination of
microstructure integrity, leakage test and tensile test on the bonded

plastic biochip.
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Chapter 2: Literature Review

This chapter will first introduce some polymers that are frequently used for
producing plastic biochips, in terms of their physical and chemical properties,
and some basic criteria and concerns during material selection of biochips in
section 2.1. Next, an extensive overview on the bonding methods for sealing
polymer substrates and their recent development will be given in section 2.2.

This chapter will be finished with a summary in section 2.3.

2.1 Polymer materials

In the fabrication of plastic biochips, the polymer materials commonly used
are thermoplastics. Since thermoplastics can be softened and melted at an
elevated temperature, the plastic biochips can be replicated from the fabricated
moulds by heating. Thermoplastics offer various choices in fabrication methods
including hot embossing [49], injection moulding [50], thermoforming [51] and
laser ablation [52, 53]. They also offer wide varieties of physical and chemical
properties that can fulfill different requirements of the downstream applications.
The physical and chemical properties of some thermoplastics that are frequently

used as biochip substrates are summarized in Table 1.
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Table 1. Physical and chemical properties of thermoplastics that are frequently used as biochip substrates.

Name* Tg(°C) Heat distortion Water Thermal expansion  Young’s  Transparency Compatible chemicals Incompatible chemicals
T (°C) absorption  coefficient (10°%/K) modulus
(%) (MPa)

cocC 138 130 0.01 60 2400 Clear Acids, alkalis, alcohols, Chlorinated and aromatic
ketones, esters. solvents, gasoline, oils.

PMMA 110 100 2 80 3200 Clear Acids, alkalis, alcohols, Ketones, esters, chlorinated and
gasoline, oils. aromatic solvents.

PC 148 138 0.3 70 2400 Clear Acids, alcohols, Alkalis, ketones, esters,
gasoline, oils. chlorinated and aromatic solvents.

PP 163 85 <0.1 100—200 1450 Translucent Acids, alkalis, alcohols, Ketones, esters, hydrocarbons.

organic solvent.

PS 100 98 <0.1 80 3200 Clear Acids, alkalis, alcohols.  Ketones, esters, chlorinated and

aromatic solvent, gasoline, oils.

HDPE 135 86 <0.1 120-150 1350 Translucent Acids, alkalis, alcohols. Hydrocarbons.

*Abbreviations: COC (cyclic olefin copolymer); PMMA (poly(methyl methacrylate)); PC (polycarbonate); PP (polypropylene); PS (polystyrene); HDPE (high density
polyethylene).
Physical properties of all materials are from an online resource [54] except that of COC are from product information provided by company [55-57]. Chemical properties of

all materials are from the CHEMnetBASE database [58].
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Though the listed polymers are all commonly used for making biochips,
four basic criteria are setup for ensuring that the selected materials are suitable
for any sensitive downstream application and detection of biochips. The four
basic criteria are introduced in the following paragraphs as guidelines. Further
requirements on material selection focusing on particular downstream

applications, PCR and CE, are also addressed.

I Manufacturability

In order to attain mass production, injection moulding is one of the best
fabrication tools to provide high throughput and low fabrication cost (in terms of
large scale production). The fabrication materials, thereby, must be
thermoplastics so that it can be melted and injected into the mould through the

runner.

Il Biocompatibility

The polymer surface should be compatible with biological species and
shows no inhibition on the biological assays or no interaction with any reaction

species, or it can be passivated to show no harm on the biological testing.

Il Transparency

Optical detection is the most popular and direct method for detecting the
final products. Transparency is thus the prime requirement for the fabrication
materials. Nevertheless, owing to the advance development in the detection
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methods, for instance electrochemical detection, transparency is no longer a
necessary requirement for the biochip material; however, it is still preferential for

the ease of observation.

IV Low autofluorescence

Laser-induced fluorescence (LIF) is a common optical detection method for
DNA detection because of its high sensitivity. High background noise resulted
from the autofluorescence of polymers would limit the sensitivity of the
detection [27]. Polymers with low autofluorescence are thus preferential for

being the fabrication materials.
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Figure 2.1. Autofluorescence intensity of polymers relative to BoroFloat glass,
where the absolute intensity is shown in top right, after 60 s illumination of 1

mW laser [59].
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Apart from the basic criteria, downstream applications also contribute to the
predetermined requirements on the substrate materials. The material
compatibilities towards the two advanced technologies (PCR and CE), which
have been mentioned earlier in chapter 1, are common consideration factors
owing to their ubiquitousness in genomics analysis in microfluidic devices, and
their strict operation conditions and polymer surface requirements. PCR involves
a high denaturation temperature at 95 <C, which is not a sustainable temperature
for some polymeric materials with Tg close to this temperature. Polymers with
distortion temperature below 95 <C, like PP, PS and HDPE, are considered to be
unsuitable. PMMA is also not recommended to act as the substrate material for

the reason of preventing potential distortion caused by the heat source.

Additionally, in order to perform a successful electrophoresis, the polymer
substrates should have sufficient dielectric strength to prevent arcing across the
substrate materials, adequate thermal conductivity to dissipate Joule heat and
ample surface charges to aid electroosmotic flow [60]. Amongst the polymers
shown in Table 1, polymers like PMMA, PC and COC have been successfully

demonstrated in the applications of CE [61-63].

In order to fulfill the requirements of these two advanced technologies, PC
and COC are found to be the suitable materials. However, reviewing the four
basic criteria, PC demonstrated a lower autofluoresence than COC in the overall
performance. PC would therefore be suggested as the most suitable substrate

material for fabricating biochip.
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2.2 Types of bonding methods for sealing polymers

In microfluidic systems, cover plates are essential to seal the
microstructured substrates in order to enable reagent storage and to protect the
experimental platforms from any contamination and interference of the
environments. It is also important to form functional parts such as microchannels
(for fluid transportation) and microchambers (for chemical reaction or incubation)
for analyte processing. Accompanying with the advancement in fabrication
technology and biotechnology, the dimensions of the biochip microstructures are
continuously reducing which makes bonding in polymers more challenging.
Bonding in polymer and in silicon/glass has totally different concerns owing to
the ease of deformation of polymer microstructures under high temperature and
exerted pressure, which are the basic conditions for thermal bonding. The extent
of deformation is becoming dominant in miniaturized systems, which may
significantly affect the actual volume flow and the performance of the devices. A
vast number of bonding methods for sealing plastic biochips have been

developed with the aim to alleviate these issues.

There are mainly five types of bonding methods for sealing polymers which
include thermal bonding, microwave bonding, adhesive bonding, solvent
bonding and ultrasonic bonding. General principles of these bonding methods

and their merits and shortcomings will be reviewed in this section.
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2.2.1 Thermal bonding

In thermal bonding, two polymer substrates are brought to their Tg, where
polymers soften and become rubbery, under pressure. Polymer chains gain higher
mobility at Tg and intercalate with neighboring polymer chains on the other
substrate surface. The distinct interface, finally, disappears. After cooling to room
temperature, the bonded assembly can be relieved from pressure [64]. A healing

model of polymer surfaces is shown in Figure 2.2.

a) b) c)
Figure 2.2. Healing models of polymers [64, 65]: a) distribution of polymer
chains before contact; b) two polymer surfaces in ultimate contact; c) diffusion

and intercalation of polymer chains.

During the bonding process, heat is directly transferred from the hotplate to
polymer substrates from outside surface to the bonding interface through heat
conduction. Under the circumstance of high temperature and pressure,
deformation on the bonded microchannels is easy to happen. Attempts have been

made by various groups to eliminate this issue by lessening the pressure; for
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example, Sun et al. used a relatively low pressure but a temperature much higher
than Tg for bonding [66]; Kim et al. developed a holed pressure equalizing plate
to avoid the pressure acting on the microchambers directly [67]. Other groups
have also attempted to reduce the surface Tg in the bonding interface by plasma
treatment [68-72], corona discharge [73], UV irradiation [74], X-ray irradiation
[75] and use of low molecular weight PMMA [76, 77]. The results are
satisfactory especially for the plasma treatment using vacuum ultraviolet / ozone,
which was able to reduce the bonding temperature of PMMA from 95 <C to 50
< where PMMA still behaves as glass [70]. Other innovative thermal bonding
methods, like PC/PMMA hybrid assembly with improved heat tolerance [78],
boiling water for PMMA bonding [79], clamp-free bonding using vacuum oven

[80] and thermal bond under ultrasonic field [81] have also been demonstrated.

The most common equipment utilized in thermal bonding is hot embossing
machine, which consists of a large thermal mass (hotplate) that usually results in
prolonged waiting time during heat sinks and hence aggravates the
microstructure deformation. The involvement of heating and cooling of the
thermal mass lead to an inefficiency of energy transmission because of heat loss
and results in an enormous operating cost. Figure 2.3 shows the schematic
drawing of a hot embossing machine. Though the processing time in thermal
bonding is comparatively long (e.g. 30 — 45 min), it offers the advantages of

material homogeneity and the ease of operation.
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Figure 2.3. Schematic drawing of a hot embossing machine.

To summarize, homogeneity is one of the important features that thermal
bonding provides. The involvement of the bulky thermal mass, however, limits
its application in a high throughput production industry and the immense thermal
energy loss also increases its operation cost. Nevertheless, it is still the most
common and popular method for sealing plastic substrates because of its high

reliability, high simplicity and ease of operation.

2.2.2 Microwave bonding

In microwave bonding, an auxiliary material, which possesses strong
microwave absorption properties, is incorporated in the bonding interface of the
two polymer substrates to act as a microwave absorber. The absorbed microwave
energy instantly dissipates as heat to the adjacent polymer surfaces. Polymers in
the bonding interface are hence softened or melted and followed by wetting the
auxiliary material [82]. The molecules in both polymers and auxiliary material
maintain the state of intercalation after cooling. The polymer substrates are
eventually bonded through the auxiliary material. Polymer substrates used in

microwave bonding should be optically transparent to the microwave or having
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only small permanent dipole moment in the molecular structures [83] so that it
would not absorb the microwave energy nor raise in temperature upon the
microwave irradiation. The temperature of the global substrates is hence
relatively low that would not deform the polymer microstructures. Heating is
thus confined in the bonding interface induced by the auxiliary material which

also serves to produce localized heating.

The auxiliary materials can be metals, electrically conducting polymers,
ceramics, ferrites and carbons [83]. Its rate of heating under the electric field was

derived by Metaxas and Meredith [84]:
dT v
pCpE = 2nege f E
where rate of heating % is directly proportional to the permittivity of free space

&0, the loss factor €"of the material, the frequency f of the electric field and the
square of the electric field E; and is inversely proportional to the density p and
the specific heat C, of the material. Microwave heating of the auxiliary
materials can happen through polarization heating, electrical resistance heating,
Maxwell-Wanger effect, ion polarization and electron polarization (in decreasing

efficiency order) [83, 85].

Auxiliary materials such as gold and polyaniline have been successfully
demonstrated for their microwave absorption abilities in sealing microfluidic
devices in the previous works. Lei et al. employed two layers of 0.1 um gold thin
film to seal an embossed polymer substrate and a polymer cover plate for
potential applications in microfluidic devices [86]. The substrates were

successfully bonded with satisfactory bond strength while, however, the image of
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the bonded microchannel was vague as shown in Figure 2.4. The microchannel
integrity after bonding thereby was able to be estimated. Attempt has also been
made on patterning solvent-based polyaniline (a conductive polymer) alongside
the microchannel for microwave bonding [87]. The bonded assembly possessed
high bond strength; however the screen-printing technique raised a limitation on

sealing more complex microfeatures smaller than 100 pm.

Hot embossed
micro channel

Figure 2.4. Bonded PMMA using gold film.

Another microwave bonding method using carbon nanotubes (CNTs) has
also been reported by Wang et al. [82]. In this work, multi-walled carbon
nanotubes (MWNTs) with diameters ranged 30 — 40 nm were dispersed in
ethanol and sprayed on two bare polymer plates. The assembly was welded in a
multimode microwave oven with power of 200 W for 10 s and resulted in an
indivisible bonding as shown in Figure 2.5. Wang suggested that the welding
between CNTs and polymers involves solely physical intercalation (no chemical
reactions) judging from the results of Fourier transform infrared (FTIR). Owing
to the vigorous response of CNTs to microwave irradiation, the time for welding

is just within seconds.
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displacement

T

10 min

Figure 2.5. Peel test for a PC/CNTSs/PC junction. A) Setup of the test; B) cracking

of the joint during the test [82].

Microwave bonding offers an efficient bonding process, which largely
reduces the time of conventional thermal bonding from almost an hour down to
several seconds. It also enables the production in large scale and an efficient
energy transfer that can minimize the unnecessary energy loss during bonding
and hence the operation cost. The auxiliary material, however, may have adverse
effects on the downstream bioanalytical processes. Chemistry between the
auxiliary materials and the specific reagents involved should be studied in
advance in order to ensure the biocompatibility of the auxiliary materials. Issue
such as construction of the shielding layers in a production plant is important to

be considered beforehand.
2.2.3 Adhesive bonding

In adhesive bonding, an adhesive layer is incorporated between the polymer
substrate and the cover plate, or the adhesive layer itself acts as a cover plate.
Adhesive bonding occurs when the attractive forces formed between the adhesive
surfaces and the substrate surfaces are stronger than the cohesive forces on the
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materials alone during the intimate contact [88]. The polymer substrates thereby

are bonded through the adhesive layer.

Adhesives can be categorized into two groups; liquid adhesives (i.e. viscous
mixtures) and solid adhesives (i.e. lamination films). When liquid adhesives
apply, liquids with high viscosity are spin-coated or components with low
viscosity are injected to the bonding surfaces. Most of the liquid adhesives
contain photo initiators that undergo curing by UV exposure to crosslink resin
[89-92]. There are also examples using laser [93] and heat [94] to perform curing
of adhesives. In solid adhesives, lamination films are placed at the top of the
polymer substrates. The films wet the bonding surfaces and then seal the polymer
substrates under specific conditions, for instance, pressure exertion [95-97],

temperature activation [98-102] and ultraviolet light exposure [103, 104].

In both liquid and dry adhesives approaches, foreign substances are
incorporated. The involvement of foreign substances is not recommended
especially for bioanalytical devices because the foreign substances may not be
compatible or even toxic to the biological samples. Furthermore, squeezing and
clogging of liquid adhesives in microchannels are easily happened because of the
fluidity of the liquid adhesives, though it has been improved by researchers using
method like capillary force action [92]. It is, however, still challenging to
eliminate the adhesives invasion to guarantee the device reliability. Compared to
liquid adhesives, dry lamination films are more direct and less complicated in
terms of the procedures. It offers high simplicity in operation and efficient
sealing which are parts of the reasons for making it still popular for being used in
bonding microfluidic devices.
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2.2.4 Solvent bonding

Solvent bonding is regarded as the strongest bonding method that provides
the highest bond strength amongst various bonding methods of polymers.
Generally, in solvent bonding, solvent with solubility parameter similar, but not
the same, to that of the polymer substrates is added to the bonding surfaces of the
polymers with or without washing before bonding. Polymer surfaces undergo
swelling and softening because of the intertwining of solvent molecules into the
surface polymer chains [105]. The intertwined solvent molecules loosen the
bonding between surface polymer chains that result in a reduction of the polymer
surface Tg. The polymer substrates, thereby, can be bonded with a temperature

much lower than Tg under pressure.

Solvent bonding in PMMA is well-developed [99, 106-114] and some in
COC are also reported [115-117]. The extent of solvation can be controlled by
manipulating temperature [113], duration of solvation [108], amount of solvents
(controlled by stamping [118] and vapor deposition [115, 116]) and solvent
composition [107, 110]. Investigation on protecting the microchannels by
sacrificial materials [106, 112], enhancing the bond strength by UV exposure
[119] and shortening the bonding duration by microwave [120] have also been

conducted.

As mentioned at the beginning of this section, solvent bonding features in
offering the high bond strength of the bonded assembly, where the bonded device
is capable to operate under a high pressure environment. The solvent bonding,
however, has a limitation on the polymer materials. Since the degree of solvation
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depends mainly on the solubility parameters of both solvents and polymer
substrates, polymers have no suitable solvents with similar solubility parameters
are not able to be bonded through this method. Furthermore, solvent residues
trapped in the microfluidic channels would lead to contamination in the systems,
which are still the main concern for applying solvent bonding in the downstream

sensitive bioanalytical testing.

2.2.5 Ultrasonic bonding

Special equipment, an ultrasonic welding machine as shown in Figure 2.6, is
required for ultrasonic bonding. Frequency generated from the generator
transmits through the horn to the substrates on leveling anvil in form of
structure-borne sound, which means the sound propagates through structures as
vibration. Some quasi point- or line-shaped structures (also called asperities or
energy director) are usually fabricated on the bonding surface to assist localizing
the vibration energy. Localized energy on the energy director causes itself
heating and melting as a result of intermolecular and interfacial friction [121].
The melted energy director, with the same material as the polymer substrates,

acts as an adhesive to seal the bonding substrates.
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Figure 2.6. Schematic diagram of an ultrasonic welding device.

In microfluidic devices, dimensions of microstructures are usually within
microns and thereby the fabricated energy directors have to be miniaturized so as
not to flow into the microstructures during melting. Successful attempts have
been made on sealing single microchannel sized 500 pm in width and depth
[122], and single microchannel sized 70 pm in width and 40 pm in depth [121].
Another ultrasonic bonding method assisted by preheating the polymer substrates
to 20 — 30 <T lower than the Tg of the polymers without the use of energy
director has also been reported [123]. The reported method showed little

deformation in the sealed microstructures.

Ultrasonic bonding offers the features of localized heating and homogeneity
in the bonded devices, which raise the researchers’ interest in investigating the
use of ultrasonic bonding in microfluidic devices in recent years. Though
successful attempts have been made on sealing single microchannel, sealing
microstructures with more complex and dense patterns, which are the current
trend in microfluidic devices, is still challenging. In more complicated and dense

micropatterns, the requirements on size, distribution and alignment of the
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miniaturized energy director are extremely stern in terms of the accuracy. All
these issues cause the application of ultrasonic bonding in bonding microfluidic

devices challenging.

2.2.6 Others

Some other bonding methods not belonging to the above dominant
categories are included in this section. They include chemical modification by a
silane solution (3-aminopropyltriethoxysilane, APTES) on PMMA surface [124],
infrared laser welding [125] and laser welding using colorless dye to localize
heating [126]. These bonding methods provide additional alternatives to seal

polymers depending on the bonding requirements and production scale.

2.3 Summary

Various bonding methods for sealing polymers together with their merits
and shortcomings have been reviewed in this chapter. There is, however, still
room for improvement to integrate the features of homogeneity, free of
deformation, high throughput and low cost into a single bonding method which is
suitable for mass production. A potential bonding method possessing the features

mentioned above will be developed and proposed in the following chapter.
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Chapter 3: Microwave bonding

In this chapter, two bonding methods, microwave bonding using gold
nanoparticles (GNPs) and carbon nanotubes (CNTs), will be developed from the
literature review. The microwave absorption properties of these two auxiliary
materials will be overviewed and the microwave bonding model will be

proposed.

3.1 Development from literature review

In the previous chapter, numerous bonding methods have been overviewed.
There is, however, no suitable general bonding method for sealing all kinds of
polymers with homogeneity, negligible deformation, short processing time and
high bonding efficiency which can potentially be developed into industrial scale
production. In this section, different bonding methods will be commented on
their suitabilities based on the stated requirements and a bonding method

containing all these features will be developed.

There are five types of bonding methods reviewed in the last chapter
including thermal bonding, microwave bonding, adhesive bonding, solvent
bonding and ultrasonic bonding. Amongst these, thermal bonding and ultrasonic
bonding can satisfy the requirement on homogeneity; while the use of adhesives
in adhesive bonding, the use of auxiliary materials in microwave bonding and the
use of solvents in solvent bonding incorporate foreign substances may leave

residues inside the microchannels that may contaminate the downstream
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bioanalytical testing, and hence are not preferable. On the other hand, concerning
the requirement of short processing time, the involvement of hot embossing
machine in thermal bonding and ultrasonic machine in ultrasonic bonding
restricts a high throughput production because of their long processing time and
primary fixation design respectively. The use of microwave, in this case, has the
greatest potential to enable industrial scale production of bonding because of the

effective transfer of energy.

Conventional microwave bonding requires an auxiliary material to absorb
and generate heat energy. This auxiliary material is usually regarded as a foreign
substance that contaminates the microfluidic device or has negative impact on
the downstream application. In this study, two auxiliary materials which are
potentially beneficial to the downstream bioanalytical testing are proposed.

These auxiliary materials are developed from the literature review as follows.

In the previous work in microwave bonding, the use of gold thin film has
been demonstrated successfully in sealing polymer substrates [86]. The bonding
image, however, is vague and the use of a large area of conductive surface may
lead to electric breakdown in the applications involving the electric field. Gold
nanoparticles (GNPs), thereby, are proposed to be the auxiliary material for
microwave absorber. There are several reasons why GNPs are proposed and what
overwhelming features it has over the gold thin film. GNPs which are
nanometers in size can greatly reduce the potentially adverse effect regarding the
conductivity that gold thin film may cause. GNPs also have the advantage that
GNP itself is biocompatible even in the sensitive and sophisticated biochemical
reaction, PCR. GNPs have been proved as no harm and have positive effects
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towards the PCR efficiency and specificity [127, 128]. The involvement of GNPs
on microfluidic platform has great potential in developing more innovative
applications. Microwave bonding using GNPs is expected to provide rapid

bonding with localized heating of biochips.

In another reported work, carbon nanotubes (CNTs) have demonstrated a
strong ability in absorbing microwave energy and converting it into heat energy
through the indivisible bonding of polymer plates [82]. The heating process is
amazingly fast. The whole bonding process is expected to be very short because
of the nature properties of CNTs in rapid conversion of heat and the small
thermal mass involved in the heating system. In the reported work, however,
bonding has only been done on sealing bare polymer plates. Its result is
encouraging in applying CNTs in bonding biochips. CNTs have also been
demonstrated for its biocompatibility with PCR in a previous work [129]. The
result showed the addition of CNTs is able to enhance the specificity of long
PCR. The incorporation of CNTs in microfluidic devices may potentially benefit

the future investigation in PCR-based biochips.

The two options proposed above will be considered as the potential

investigation. Brief reviews on GNPs and CNTs will be carried out respectively,

followed by the bonding models.
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3.2 Proposed method I — gold nanoparticles (GNPS)

In this section, microwave bonding assisted by gold nanoparticles is
introduced. Microwave absorption properties in metal and GNPs are evaluated,

and followed by the design setup of microwave bonding of GNPs.

3.2.1 Microwave absorption properties of metals and significance of GNPs

Gold nanoparticles are colloid suspension of spherical-shaped gold in
nanometers. Metals generally respond to microwave irradiation in two ways.
Metals are conductive materials containing seas of free charges. Free charges in
metal will concentrate on the sharp edges when the metal is exposed to
microwave irradiation. The charged particles move rapidly in the edges because
of the changing electric field and when its electric field strength reaches certain
threshold, air near the edges will break down. A vast amount of released energy
causes arcing happened as shown in Figure 3.1. Since the energy involved is
huge and the heat generated is not easy to control, some researchers would use
controlled microwave to make it for practical uses. Another way for metal
reacting to microwave is the generation of eddy current. Eddy current is induced
inside or on the surface of a conductor, depending on its conductivity, under the
magnetic field. Owing to the resistive nature of the conductor, electric current is
lost in the form of heat which is called Joule heating. The generated heat can be

sufficiently large to melt the polymer surrounded and results in welding [83].
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Figure 3.1. Cracks observed on a gold thin film resulted from arcing after the

exposure to microwave irradiation.

The interested wavelength for investigating the electromagnetic wave
absorption properties of GNPs is usually around 300 — 1500 nm which is the
visible light region [130, 131]. Visible light on GNPs is of particular interest
because GNPs usually have distinct absorption peaks according to their sizes.
Though there is no direct investigation on microwave effect to GNPs, where the
wavelength of microwave is around 12 cm for 2.45 GHz microwave oven, it is
still worthwhile to examine the feasibility of using GNPs to weld polymers under
microwave irradiation, based on the facts that eddy current generated in metals is
able to weld polymers. Investigation on estimating these physical properties of

GNPs in a microscopic world is fascinating.

GNPs have been widely developed for medical diagnostic applications, for
examples, detection of cancer cells to forming GNP clusters followed by laser

pulse to cause cell damage [132], selective targeting and imaging Chronic
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Lymphocytic Leukemia cells by using Surface Enhanced Raman Scattering
(SERS) GNPs [133], and drug delivery of insulin using chitosan reduced GNPs
[134]. It has also been developed as nanoprobes in microfluidic devices, e.g.
detection of tumor markers by GNP-labelled antibodies [135], detection of
single-base polymorphism using oligonucleotide-modified GNP for single-base
mismatch [136], and DNA extraction by cell spearing [137]. Important findings
have also been reported in the enhancement of the PCR efficiency [127] and
specificity[128] upon the addition of GNPs. Most of these reported researches in

microfluidic devices have been using GNPs ranged from 10 — 15 nm

3.2.2 Microwave bonding model for GNPs

Below in Figure 3.2 shows the model for microwave bonding of plastic

biochips using GNPs. GNPs are distributed in the bonding interface between the

patterned substrate and the cover plate.

—— Cover plate with GNPs

[ ]
Glasses L
™~

Patterned substrate

Figure 3.2. Model setup for microwave bonding using GNPs.

In the patterned substrate, holes are drilled for fluid access as shown. Two
glasses are applied to equalize the exerted pressure and to provide leveled
surfaces for bonding. The whole assembly is later exposed to the microwave
irradiation.
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Since GNPs are very small and have no sharp edge, arcing is not supposed
to be happened in GNPs. Instead, upon the microwave irradiation, eddy current is
induced on the GNP surfaces under the influence of magnetic field. The induced
eddy current dissipates as heat on GNP surfaces owing to the resistive nature of
conductors. The heating effect generated by the eddy current raises the
temperature of GNPs and is transferred to the contacting polymers through heat

conduction. The heating effect is illustrated in Figure 3.3.

OrOrOrOrO

Figure 3.3. An illustration of the heating effect generated by eddy current on the

GNP surfaces.

The surface polymer chains are “activated” with increased mobilities and
intercalate with the polymer chains on the neighboring surface. GNPs in the
bonding interface are wetted by the melted polymers and are immersed into the
polymers. Since the heat sources are in nanometers and polymers are not good
thermal conductors, the heat-affected region is expected to be confined in
nanometer thickness. When the microwave irradiation terminates, GNPs cease
generating heat and the thermal energy in the bonding interface rapidly loses to
the bulk polymer substrates which are in a relatively low temperature and to the
surrounding through heat convection. The whole bonding process, hence, is in
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high efficiency with short processing time owing to the small thermal mass

involved.

Since the bonding process is conducted by localized heating, integrity of the
global microstructures of the bonded substrates is thus expected to be maintained
without alteration by the heat. Deposition density of GNPs and exposure time
would be the important parameters in the investigation. In the following section,

an alternative bonding method will be developed.
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3.3 Proposed method Il — carbon nanotubes (CNTSs)

The second proposed bonding method for sealing plastic biochips is the
microwave bonding assisted by CNTs. Brief introduction on the dielectric
properties of CNTs and the significance of CNTs in bioapplications will be
addressed. The model setup of microwave bonding using CNTs will come up at

the end of this section.

3.3.1 Dielectric properties and significance of CNTs

Carbon nanotubes are entirely composed of carbon atoms forming
hexagonal array by the sp? hybridization orbits. Its shape is like a hollow tube
which can be conceptualized as wrapping up of graphene sheet [138]. It can be
categorized into single-walled carbon nanotubes (SWNTs) and multi-walled
carbon nanotubes (MWNTs) depending on the number of the wrapped

graphene(s).

In recent years, the notable dielectric properties of CNTs have fascinated
researchers’ extensive investigation on it [139-142]. Dielectric properties are
generally described as the properties of materials undergoing polarization under
alternative electric field, and also defined as the abilities of materials to store and
release electrical energies. The ability of material to convert stored energy into

heat is generally represented by the loss tangent, tan & where
tan o = S—T,
€r

herein, ¢, is the relative loss factor indicating the ability of a material to absorb
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electrical energy, and , is the relative dielectric constant indicating the ability to
store electrical energy [143]. Hence, the values of tan § and ¢, should be higher
in materials possessing stronger dielectric properties. It has been found that in
CNTs, both tan & and &, are in a proportional relationship with temperature
[144], which means the ability for CNTs converting electrical energy into heat is
stronger in a higher temperature. Scientists have accounted the superior abilities
of microwave energy absorption in CNTSs for the dispersion of polarization of the
hybridization orbit sp?, and the high speed motion of 7 bond electrons causing

friction and heat in the changing electric field [142, 145].

In addition to strong dielectric properties, CNTs also possess superior
thermal conductivity. Previous investigation on the thermal conductivity in a
single multi-walled CNT was found to be above 3000 Wm™K™ at room

temperature [146], which is much greater than that in diamond.

CNTs have also been applied in biotechnological science, for examples,
forming nanofilters to remove virus from water [147]; assisting the plasmid
transfer into Escherichia coli cells [148, 149]; and acting as vesicles to deliver
therapeutic drugs to the target cells [150]. Owing to the mounting importance of
CNTs in bioapplications, more investigations on the biocompatibility of CNTs
were conducted. Until now, there is still no evidence showing CNTs is harmful or
toxic to biological species [151-153]. On the contrary, CNTs have been found to
possess significantly positive effect on PCR which is the enhancement on
specificity of long DNA amplification [129]. The incorporation of CNTs in the
microfluidic devices broadens the functionalities of the devices and opens it to
more undiscovered applications.
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3.3.2 Microwave bonding model for CNTs

The model for microwave bonding of plastic biochips using CNTs is setup
as below in Figure 3.4. CNTs are positioned in the bonding interface between the

patterned substrate and the cover plate.

. - Cover plate with CNTs
Glasses LA
\

Patterned substrate

Figure 3.4. Model setup for microwave bonding using CNTSs.

The entire model for CNTSs is the same as that for GNPs except the type of
auxiliary material used. The whole assembly is later exposed to microwave

irradiation for microwave bonding.

During microwave irradiation, CNTs generate heat owing to the dispersion
of polarization of the hybridization orbit sp? and the high speed motion of the ©
bond electrons. The heat generated by CNTs transfers to the surrounding
polymers mainly through heat conduction and thermal radiation. Polymers in the
bonding interface gain in energy and start softening or melting, followed by
wetting the CNTs. CNTSs then subside into the softened polymers where at the
same time, polymer chains with enhanced mobilities intercalate with polymer
chains on the neighboring surfaces. As the polymers are not good thermal
conductors, the heating region is expected to be confined in nanometer thickness

resulting in localized heating on the bonding interface. When the microwave
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irradiation terminates, CNTs cease generating heat. Thermal energy in the
bonding interface rapidly loses to the bulk polymer substrates which are in
relatively low temperature and to the surrounding through heat convection. The
bonding process is expected to be in a high efficiency with short processing time

because of the small thermal mass involved.

The integrity of the global microstructures of the bonded substrates, as
described in the case of GNPs, is expected to be maintained without alteration by
the heat as a result of localized heating. Coating thickness of CNTs and exposure

time would be the important parameters in the investigation.

3.4 Summary

These two proposed bonding methods, microwave bonding using GNPs and
CNTs, share the same features of using biocompatible materials for efficient
bonding under localized heating. Nevertheless, only one of the methods will be
chosen as the main focus in the downstream investigation due to the limitation of
resources. The selection criteria would be based on their response towards
microwave irradiation as evaluated in the preliminary experiments in chapter five.
In the next chapter, preparation works on the materials and equipments for the

experiments will be reported.
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Chapter 4: Experimental Preparations

This chapter will be divided into four main sections including experimental
preparations overview, mould fabrication, plastic biochip fabrication and material

and equipment preparations for microwave bonding.

4.1 Overview of experimental preparations

In order to obtain a plastic biochip, a metal mould is necessary to be
fabricated beforehand. Since the micropatterns on the plastic biochips are in
micrometers, apparently negligible deviation in millimeter-sized biochips would
cause a significant dimensional defect in the plastic micro biochips. Hence,
sophisticated fabrication techniques were adopted to fabricate a highly precise
metal mould for plastic biochip replication. The sophisticated fabrication
technologies included photolithography, deep reactive ion etching (DRIE) and
electroforming. The metal mould was later used to replicate plastic biochips
through both hot embossing and microinjection moulding technigues. Thus, the
fabrication part will be divided into two sections, mould fabrication and plastic

biochip fabrication.

Auxiliary materials used in the microwave bonding including gold
nanoparticles (GNPs) and carbon nanotubes (CNTs) were synthesized and
purchased respectively. The synthesis process of GNPs will be introduced with
details in the later section. The equipments used in the microwave bonding will

also be mentioned.
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4.2 Fabrication of moulds

There are mainly two common replication methods for fabricating plastic
biochips including hot embossing and microinjection moulding. A metal mould is
required to be fabricated beforehand to act as a replication template. In
microfluidic devices, microstructures are in miniaturized dimensions and hence
precision is especially important during mould fabrication. MEMS technology
offers superior and unique precision in silicon fabrication; however, the silicon
itself is very fragile and the thickness of silicon for MEMS processing is
restricted to 500 pm which is too thin for acting as a mould. Thus, a silicon
master mould was first fabricated using photolithography and DRIE, followed by
electroforming for transferring the micropatterns from the silicon master mould

to the nickel mould, which is much stronger in strength than silicon.

4.2.1 Photolithography and deep reactive ion etching (DRIE)

Silicon master mould fabrication was done in the Nanoelectronic
Fabrication Facility (NFF) in the Hong Kong University of Science and
Technology (HKUST). A glass mask patterned with the biochip design, which
consisted of microchannels and microchambers, using chromium was prepared
by Laser Direct Write System with line uniformity 0.1 pm. The

chromium-patterned glass masks are shown in Figure 4.1.
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Figure 4.1. Chromium-patterned glass masks for photolithography.

A silicon wafer was first cleaned in sulphuric acid (H,SO,) at 120 °C for 10
min and followed by hydrofluoric acid (HF) at room temperature for 1 min. The
wafer was dried by spinning under nitrogen gas before proceeding to
photolithography. The schematic diagram for photolithography is presented in
Figure 4.2. At the beginning, a protective oxide layer, silicon dioxide, with 1 pm
thickness was first grown on the wafer to shield the wafer from being etched in
DRIE as shown in (a). The oxide wafer was then coated with photoresist AZ
5214 E as in (b) and prebaked at 110 °C for 50 sec. The wafer was later exposed
to the ultraviolet radiation in low vacuum mode through the chromium-patterned
glass mask as shown in (c) and reversal baked at 120 °C for 2 min. After baking,
the wafer was exposed to the ultraviolet radiation in flood exposure mode
without the mask as in (d) and the exposed photoresist was later removed, as in
(e), by the developer. The oxide region without protective photoresist was etched,
as in (f), in an oxide etcher machine and finally a silicon wafer with defined
patterns of biochips was ready for silicon etching to define the permanent

patterns.



Ultraviolet irradiation

LLLLLLLY
Silicon dioxide Photoresist ——

(a) (b) (c)

Ultraviolet irradiation

VIS

(d) (e) (f)

Figure 4.2. Schematic diagrams of photolithography procedures. (a) Oxide
growth; (b) photoresist coating; (c) UV exposure through a mask; (d) UV

exposure without a mask; (e) photoresist development; (f) oxide etching.

After defining the patterns, the wafer was sent to the DRIE machine. DRIE
is a cycling process that alternatively undergoes deposition and etching to
produce an anisotropic etch of silicon with high aspect ratio [154]. The working
principle of DRIE was shown in Figure 4.3. The patterned substrate was first
etched isotropically by chemical etchant to a few microns depth as shown in (a).
A chemically inert passivation layer of octafluorocyclobutane (C4Fg) was then
deposited on the wafer as in (b). An anisotropic etching of the passivation layer
was followed by bombarding sulfur hexafluoride (SFg) plasma gas onto the
substrate surface. As a result, the walls of the microstructures remained
passivated while the bottom parts of them were exposed to the chemical etchant
and isotropically etched by a few microns depth as shown in (c). Step (d)
repeated the deposition process of the cycle. By repeating the deposition and

etching processes, microstructures with smooth walls in high aspect ratios were
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fabricated as shown in (e).

‘ \ (a) Isotropic etching of unprotected silicon

(b) Uniform deposition of a passivation layer by C,F,

[ rmm— (c) Anisotropic etching of passivation layer by the
bombardment of SF; plasma and followed by
isotropic etching of silicon substrate

v

(d) Uniform deposition of a passivation layer by
C,Fg (cycle repeats)

; ! (e) Excellent aspect ratios developed after

repeating the deposition and etching cycle

Figure 4.3. Working principle of deep reactive ion etching (DRIE).

After defining the permanent patterns on silicon wafer, the photoresist was
stripped away by oxygen plasma and the oxide layer was removed by buffer
oxide etch (BOE) solution. The silicon master mould was then dried again by
spinning with nitrogen gas and cut into desired shape by diamond saw as shown
in Figure 4.4. It presents the finished silicon master mould together with the

microscopic images of its microstructures.
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Figure 4.4. Silicon master mould fabricated using DRIE. Left top: silicon master

mould; left bottom, right top: microchannels on silicon master mould; right

bottom: microvalves on silicon master mould.

Depth of the microchannels was measured using OGP (Optical Gaging
Products). The fabricated microchannels gave high uniformity with derivation +1
am which is considered to be in high precision. The microchannels were 45 pm

in depth on average. The results are shown in Figure 4.5 and Figure 4.6.
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Figure 4.5. Cross-sectional image of a series of microchannels in silicon mould.
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Figure 4.6. Enlarged cross-sectional image of several microchannels in silicon

mould.

The fabricated silicon master mould gave an excellent depth and uniformity
of the biochip patterns. The finished silicon master mould was then replicated by

electroforming to produce a high strength nickel mould.
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4.2.2 Electroforming

Electroforming is an electrodeposition process [155] which enables the
fabrication of micro and nano scale features from a conductive master mould in
high precision. It involves the deposition of metal atoms on conductive master
mould through electron transfer in an electrolytic solution. Figure 4.7 shows a
simplified working diagram of electroforming and Figure 4.8 shows the

electroforming machine used in this experiment.

]

Nickel sulphamate electrolyte

Conductive master mould

Nickel

Figure 4.7. Simplified working diagram for electroforming.
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Figure 4.8. Electroforming machine.

In the experiment, the fabricated silicon master mould was sputtered with
1000 A of gold assisted by 500 A of tungsten—titanium (W/Ti) to form a seed
(conductive) layer. Sputtered silicon master mould was then placed at the cathode
in a nickel sulfamate electrolyte. Nickel ions were attracted to the cathode and
deposited on the silicon master mould in the form of nickel atom because of the
electron transfer process: Ni?* (aq) + 2e” > Ni (s). It required at least five days
for growing nickel of 2 mm in thickness. The back view of the electroformed
nickel mould is shown in Figure 4.9. The silicon master mould on the nickel
mould surface was later removed by sodium hydroxide (NaOH) etching at an
elevated temperature. The final product, an electroformed nickel mould, is shown

in Figure 4.10.
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Figure 4.9. Back side view of the nickel mould electroformed from a silicon

master mould.

Figure 4.10. Electroformed nickel mould.

The depth of the microchannels in nickel mould was measured by OGP and

the cross-sectional image of the microchannels is shown in Figure 4.11.
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Figure 4.11. Cross-sectional image of microchannels in nickel mould.

The measure depth of the nickel mould was around 50 pm which is different
from the previously reported silicon mould (45 pm in depth) because this nickel
mould was electroformed from another silicon master mould with 50 pm in
depth. The fabricated nickel moulds were later used in both hot embossing and

microinjection moulding for plastic biochip fabrication.

4.3 Fabrication of plastic biochips

In the fabrication of plastic biochips, hot embossing is the most common
method researchers used in laboratories for research purposes owing to its quick
availability, easy accessibility and low setup cost. In the industrial production,
however, hot embossing is seldom used because of its low throughput. Instead,
injection moulding machine is frequently used for high volume production. In
this study, both hot embossing and injection moulding techniques were used to
fabricate plastic biochips due to the delayed availability of the microinjection
moulding machine. The plastic biochips fabricated using these two methods
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showed no observable performance difference on the downstream experiments.
The polymer substrate chosen for this study is polycarbonate (PC) which has Tg
at 148 <C. Referring to the literature review on polymers in chapter two, PC
possesses a relatively high Tg which is suitable for the downstream process like
PCR rather than PMMA; and though COC also possesses sufficiently high Tg
and high transparency as PC, PC was chosen because of its lower
autofluorescence. Temperature, pressure and time of the hot embossing machine
and microinjection moulding machine were optimized for the PC biochip

fabrication.

4.3.1 Hot embossing

In hot embossing, PC substrate was cut into suitable size and placed
between the hotplates together with the nickel mould. The embossing assembly
was heated to 170 <C under 3 bars for 10 min. The hotplates and the embossing
assembly were allowed to cool down to 80 <C under pressure. The pressure was
then removed and then the embossed biochip was separated from the nickel
mould. The embossing machine used in this experiment is shown in Figure 4.12

and the embossed plastic biochip is shown in Figure 4.13.
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Figure 4.12. Hot embossing machine.

Figure 4.13. Fabricated PC biochip using hot embossing machine.

It can be observed that there is an overflowed edge of the embossed biochip.
This edge could be removed easily by cutting or grinding. The embossing quality
was examined through the measurement of the embossed microchannel depth by

OGP and the result is shown in Figure 4.14.
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Figure 4.14. Cross-sectional image of a series of microchannels of the embossed

PC biochip.

As observed in Figure 4.14, the result from hot embossing is satisfactory as
the microchannels on the embossed plastic biochip have fairly the same depth.

The average depth of micochannels was around 50 pm.

4.3.2 Microinjection moulding

In microinjection moulding, PC pellets were baked in an oven at 100 <C
overnight to remove the moisture inside. After baking, PC pellets were added
into a hopper to fill a heated barrel. PC in the barrel was molten and injected
through the nozzle to the mould cavity with a speed of 60 mm/s under a
clamping force of 2300 kgf. The temperature of the mold and nozzle were 100
<T and 320 T respectively. The mould cavity was cooled down for 5 s before
gjecting the solidified PC biochips. Figure 4.15 shows the microinjection

moulding machine used in this experiment. The microinjection moulded PC
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biochip is shown in Figure 4.16. Depth of the microchannels of the injection
moulded PC biochip was measured using OGP and the results are shown in

Figure 4.17.

Figure 4.15. Microinjection moulding machine in Microsystems Technology

Center in the Hong Kong Polytechnic University.

Figure 4.16. Fabricated PC biochip using microinjection moulding machine.
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Figure 4.17. Cross-sectional image of a series of microchannels of the

microinjection moulded PC biochip.

The average depth of the microchannels was around 50 pm. The
microinjection moulded biochip offered a high uniformity on the microchannels.
Biochips fabricated by both hot embossing and microinjection moulding were

ready to be utilized in the downstream bonding experiments.

4.4 Materials and equipments for microwave bonding
Prior to the bonding experiments, some materials and equipments for

microwave bonding are required to be prepared and they will be introduced in

this section.
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441 Materials

In microwave bonding, auxiliary materials are the important key to generate
heat for triggering bonding occurred in the substrate interface. The two auxiliary
materials, GNPs and CNTs, were synthesized and purchased respectively.

Synthesis process of GNPs will be first introduced followed by the CNTs.

4.4.1.1 Gold nanoparticles (GNPs)

As reviewed in section 3.2.1, various researches on microfluidic devices
using GNPs ranged 10 — 15 nm as detection probes were introduced. Using
GNPs within this size range as the auxiliary material thus has unique value where
the bonded devices might have future potential development in bioanalytical
applications. GNPs within this range should be used as the starting point of the

microwave bonding investigation.

GNPs with sizes ranged in 10 — 15 nm were synthesized by citrate reduction
[156]. Figure 4.18 and Figure 4.19 show the experimental setup of the process.
Equipments included were a condenser, a round-bottom flask, a magnetic stir bar
and a heating mantle. All glassware was cleaned with aqua regia (3 parts of
hydrocholoride (HCI) and 1 part of nitric acid (HNO3)) thoroughly and followed
by washing with deionized water. The cleaned glassware was dried in oven
overnight before use. In the synthesis process of GNPs, 20 mL of HAuCl, (1 mM)
was first boiled and vigorously stirred in the flask under reflux for 30 min. 2 mL
of sodium citrate (38.8 mM) was added afterwards and the mixture kept heating
and stirring for 10 min before removing the heat. The mixture was then stirred
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for further 15 min after heat removal.

Figure 4.18. Experimental setup for GNPs synthesis.

Figure 4.19. Vigorous stirring of solution in the flask.

GNPs synthesized using this standard reagent ratio should have sizes around

13 nm and it was confirmed by its burgundy color as shown in Figure 4.20

because GNPs appear different colors according to their sizes.
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Figure 4.20. Burgundy color given by GNPs with 13 nm in diameters.

GNPs were stabilized by the adsorbed negatively charged citrate ion to
prevent its natural tendency of self-aggregation. Synthesized GNPs were stored

in refrigerator before use.

4.4.1.2 Carbon nanotubes (CNTs)

Since the proposed method of CNTs is developed based on the previously
reported work [82], the same type of CNTs would be used in order to achieve the
same vigorous response of CNTs upon microwave irradiation in this
investigation. Multi-walled carbon nanotubes (MWNTs) with outer diameters
ranged 20 — 40 nm and length ranged 5 — 15 pm were purchased from Nanotech
Port (NTP). Figure 4.21 shows the SEM image of the purchased CNTs. The

thermal conductivity of the purchased CNTs is around 2000 Wm™ k™.
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Figure 4.21. SEM image of the purchased CNTs.

The purchased CNTs were in powder form. They were dispersed in

propanol with a concentration approximately of 2 mg/mL for use.

4.4.2 Equipments

The equipments for the microwave bonding experiment included a domestic
microwave oven, a stack of glasses, a mortar and pestle and a spray gun. Figure
4.22 shows the microwave oven and the stack of glasses while Figure 4.23 shows

the mortar and pestle and the spray gun.

Figure 4.22. Equipments for microwave bonding. Left: a domestic microwave
oven; right: a stack of glasses.
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Figure 4.23. Equipments for sample preparation. Left: a mortar and pestle; right:

a spray gun.

The domestic microwave oven was used to generate microwave irradiation
for microwave bonding. The glasses were used to exert and equalize pressure on
the bonding substrates during microwave irradiation. The mortar and pestle and
the spray gun were used for grinding CNTs and spraying CNTs on the PC

substrates respectively.

The domestic microwave oven has three power level options including high,
medium and low. Experiments have been carried out to estimate the power
outputs of the three power levels. In the experiment, a glass with 40 mL water
was sent to microwave oven and exposed to microwave irradiation under
different power levels for some seconds. The temperature of water was measured
before (T,) and after (T4, T,, T3) microwave irradiation using thermometer. Each
testing condition was repeated by three times. An average temperature (T,ve) Was
then calculated from T,, T, and Tz under each testing condition. The

experimental results are presented in Table 2.
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Table 2. Measurement of water temperature before and after microwave

irradiation under different power levels.

Power level High Medium Low

Time (sec) 30 30 60 60
T, () 23 23 23 23
T1 (C) 78 52 80 36
T, (T) 76 54 81 38
T3 (C) 80 50 85 37
Tave (T) 78 52 82 37

The power outputs of the three power levels were estimated from the
amount of energy that water absorbed. Herein, assumption is made that the
microwave power output is all absorbed by water and the gain in latent heat is

negligible.

The energy absorbed by water can be calculated through the equation:

Energy absorbed by the water = E = mC, AT
where m is the mass of water, C,, is the specific heat capacity of water and AT is

the change of temperature.

Assume energy absorbed by water = energy output by microwave oven,
Power output of microwave oven = P = %

where t is the time of exposure.
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Below are the data used to calculate energy gained by water where the data of
thermal properties of water are acquired from the online resources [157]:

Volume of water = V = 40 mL = 40 cm®

Density of water = p = 1,000 kg/m® = 1 g/cm®

Mass of water=m=pV =40 g

Specific heat capacity of water = C, = 4.187 ki/kg K = 4.187 J/g K

Change of temperature = AT = (Tave - To) T

Table 3. Estimated power outputs of the three power level options.

Power level High Medium Low
Time (sec) 30 30 60 60
To (C) 23 23 23 23
Tave (T) 78 52 82 37
AT (T) 55 29 59 14
Energy (J) 9211 4857 9881 2345
Power (W) 307 162 165 39

The calculated power outputs of the three power levels were shown in
Table 3. Shorter exposure duration, 30 sec, was used for high power level so as to
avoid splashing of water resulted from overheating. Longer exposure duration,
60 sec, was used for low power level so as to ensure the heating reaching a
measurable level that could increase the accuracy of measurement. Both 30 sec
and 60 sec were used in medium power level, the results gained from these two
conditions perfectly matched each other with only 3 W in difference. It implies

the microwave irradiation is roughly steady within one power level regardless of

64




the duration of exposure. From the experiment, it was found that the microwave
oven is able to operate at three power levels which are 307 W, 163 W and 39 W

corresponding to high, medium and low respectively.

The experiment aimed to provide a rough estimation on the power output of
the microwave oven. More stringent method on microwave power estimation
should be referred to ISO/TR 10305-2:2003 or on temperature estimation inside
microwave oven could be referred to the publication titled “Fabrication and
characteristics of porous NiTi shape memory alloy synthesized by microwave

sintering” by Tang et al. [158].

4.5 Summary

PC biochips were successfully fabricated from the nickel mould using hot
embossing and microinjection moulding. Auxiliary materials for microwave
bonding such as GNPs and CNTs were synthesized and purchased respectively.
The microwave bonding equipments were prepared and the performance of the
domestic microwave oven was reviewed. The microwave oven is able to offer
steady power output under three power level options including 307 W, 163 W
and 39 W. In the next chapter, coating process of the two auxiliary materials and

preliminary tests on the microwave bonding will be reported.
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Chapter 5: Responses of Gold Nanoparticles and
Carbon Nanotubes towards Microwave

Irradiation

In this chapter, coating methods of the auxiliary materials onto PC
substrates will be investigated. Preliminary experiments on estimating the
bonding efficiency of microwave bonding assisted by GNPs and CNTs will also

be demonstrated and discussed.

5.1 Gold nanoparticles (GNPSs)

GNPs will first be studied for its coating method on PC substrates, followed
by a preliminary experiment on estimating its bonding efficiency under

microwave irradiation.

5.1.1 Deposition of GNPs

Two coating methods, droplet-based coating and dip-coating, of GNPs will
be demonstrated in this section. The aim of this part is to develop a coating
method which could achieve a uniform coating of GNPs on PC substrates. The
coating method with better performance would be employed in the downstream

experiment.
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5.1.1.1 Droplet-based coating of GNPs

A simple droplet-based coating method has been conducted. The idea
behind this method is to form a uniform GNPs coating on the PC substrate
surface by rapid evaporation of the volatile solution. If the evaporation speed is
fast enough that GNPs lose the medium to form aggregation, GNPs would be

able to be dispersedly coated on the PC substrate.

GNPs used here were previously synthesized and stored in aqueous solution.
In order to transfer GNPs into a volatile medium, propanol, Na* solution was
added to the GNPs solution for deionization and the solution was spinning down
3 times with a speed of 5.8 rpm for 60 min to remove the supernatant. Propanol
was later added to resuspend the GNPs. After transferring the medium, several
droplets of GNPs solution were added onto the PC substrate surfaces. The
substrate was left inside the fume hood for drying. An image of the GNP-coated

substrate was captured and the picture is shown in Figure 5.1.

Figure 5.1. Aggregated GNPs upon evaporation of propanol.
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In the image, it can be observed that GNPs were aggregated on the substrate
surface. Apart from the aggregation nature of GNPs, the main reason accounting
for it is the incomplete medium transfer. Though the major portion of solution
medium of GNPs has been changed into propanol, there was still small portion of
aqueous solution left in GNPs/propanol solution. This small portion of aqueous
solution formed tiny droplets, where the GNPs aggregated, upon the evaporation
of propanol. As a uniform GNP coating is unable to be achieved by the rapid

evaporation of propanol, an alternative approach, dip-coating, would be tested.

5.1.1.2 Dip-coating of GNPs

Another method, dip-coating, was used for depositing GNPs on PC
substrates. Before coating, PC substrate was cleaned with ethanol under
sonication for 5 min and allowed to dry in fume hood. The substrate was then
dipped into GNPs solution (13 nm, 17 nM) and incubated for 10 min. After the
incubation, residue solution left on the sample was removed by compressed air.
The dip-coated sample appeared pale pink which was expected to be the color of
the adsorbed GNPs. The dip-coated sample was delivered to the SEM for further
verification and investigation in the coating density. SEM result is shown in

Figure 5.2.
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SEI 50kV  X50,000 100nm WD 8.6mm

Figure 5.2. SEM image of GNP-coated PC substrate using dip-coating method.

It can be observed that enormous numbers of GNPs were adsorbed on the
samples. GNPs were obviously not monodispersed and appeared slight
aggregation; however, this result was encouraging as it provided the evidence
that the natural interaction between GNPs and PC surface is sufficient to achieve
coating of GNPs. Further investigation is required to substantiate if this amount

of dispersion density is adequate to generate heat for bonding.

5.1.2 Response towards microwave irradiation

Since there are so far no literature reports on the microwave absorption
properties of GNPs, an experiment has been set up to verify if GNPs possess the
ability of absorbing microwave energy and converting it into heat; and to
estimate if the coating density of the proposed dip-coating method is sufficient
for triggering bonding in polymers. This experiment is important to assess the

feasibility for using GNPs as the auxiliary material to bond plastic biochips.
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In this experiment, three PC substrates with 1.5 mm in thickness were
subject to three different conditions. The first substrate was a positive control,
which was dip-coated in GNPs solution for 10 min. The second substrate was a
negative control, which was dip-coated with GNPs for 10 min and washed with
ethanol under sonication for 3 min. The third substrate was the sample, which
was dip-coated in GNPs solution for 10 min and subjected to microwave
exposure for 5 min under 307 W. The substrate was then washed in ethanol for 3
min under sonication. All PC substrates were cleaned with ethanol before the
experiment and dried by compressed air after the experiment. A beaker with 40
mL water was loaded into the microwave oven to prevent magnetron damage
during microwave exposure. The coating densities of GNPs on the three
substrates were then investigated through SEM. Figure 5.3 to Figure 5.5 show

the results obtained from SEM.

100nm WD 8.6mm

Figure 5.3. Positive control: dip-coating.
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SEI 50kY X30,000 100nm WD 8.7mm

Figure 5.4. Negative control: dip-coating and washing.

SEI 50KV X30,000 100nm WD 8.7mm

Figure 5.5. Sample: dip-coating, microwave irradiation and washing.

Enormous amount of GNPs was observed in the positive control as
previously reported. In negative control, Figure 5.4, there was almost no GNPs

existed which suggests that the washing step using ethanol and sonication could
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effectively remove the adsorbed GNPs from the substrate surface. In Figure 5.5,
GNPs were still observed even after the washing step. This result implies that
GNPs were not simply adsorbed on the substrate surface and therefore not be
able to be removed by washing with ethanol under sonication. These information
is sufficient to support the fact that microwave irradiation has exerted certain
effect on the GNPs to alter the interaction between the GNPs and the substrate
surface. This effect was probably resulted in the form of an energy transfer from
the microwave irradiation into GNPs. The existence of that kind of energy in
GNPs, which was at least partially in the form of heat, has raised the temperature
surrounding GNPs and strengthened the interaction between GNPs and polymer
chains on the substrate surface. This explained why GNPs on substrate surface
were not able to be removed after microwave irradiation. In other words, GNPs
possess the ability to convert microwave energy into heat energy that is sufficient
to soften the polymer surface or to increase the polymer chain interactions

towards the GNPs.

Another experiment has been carried out to estimate the effectiveness of
GNP-assisted microwave bonding. In the experiment, two dip-coated PC plates
were put inside a homemade plastic holder made of PC as shown in Figure 5.6.
The clamping pressure of the holder was not determined since a consistent

pressure in this stage is not required.
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Figure 5.6. Homemade plastic holder made of PC.

The bonding assembly was exposed to microwave irradiation for 5 min
under 307 W; however, there was neither sign of heating nor bonding of the
assembly. It may be accounted by the fact that GNPs are not able to generate
enough heat energy for bonding polymers or the coating density using

dip-coating method is not high enough to generate enough heat energy.

To conclude, though GNPs possess the ability of absorbing microwave
energy to soften the polymer surface and to increase the polymer chain
interactions towards GNPs, it is not able to produce sufficient heat energy to melt
the polymer surface or to increase the mobilities of the surface polymer chains to
intercalate with the polymer chains in neighboring surface. The possible reasons
for the failure in bonding may be due to the limited microwave absorption
abilities of GNPs or the insufficient GNP-coating density. Alternative heat source
such as IR may also be used to improve the heating effect of GNPs since GNPs

can absorb IR energy effectively in a specific IR region.
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5.2 Carbon nanotubes (CNTSs)

In this section, coating methods of CNTs towards PC substrates will be
studied, followed by a preliminary experiment on estimating its bonding

efficiency under microwave irradiation.

5.2.1 Deposition of CNTs

Two coating methods, droplet-based coating and spray-coating, will be
studied for their coating qualities on PC substrates. The aim of this part is to
develop a suitable coating method for CNTs to provide a uniform coating on PC

substrates.

5.2.1.1 Droplet-based coating of CNTs

A simple droplet-based coating method was conducted in CNTs as in GNPs.
The same idea of this method also applies to CNTs which is to form a uniform
CNT coating on the PC substrate through the rapid evaporation of the volatile
medium, propanol. If the evaporation of the solution medium is fast enough that
CNTs has not yet diffused and aggregated, a uniform layer of CNTs would be

retained on the substrate surface.

In this experiment, CNTs were prepared and stored in propanol medium
with a concentration of 2 mg/mL. Several droplets of CNTs solution were added
onto the PC substrate surface. After a few minutes, the image of the CNT—coated
substrate was captured and the picture is shown in Figure 5.7.
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Figure 5.7. Coating of CNTs upon evaporation of propanol.

During the experiment, CNTs started forming tiny clusters before the
evaporation of propanol completed. It is obvious that the diffusion rate of CNTs
was much faster than the evaporation rate of the solution medium and hence
CNT aggregation was observed on the substrate surfaces. From this result,
uniform coating of CNTs is unable to be achieved by the rapid evaporation of
propanol in droplet form. Alternative approach, spray-coating, would be

investigated in the next section in order to achieve a uniform coating of CNTSs.

5.2.1.2 Spray-coating of CNTs

From the previous result of droplet-based coating, CNTs diffused and
aggregated before evaporation of propanol completed. One of the possible
improvements to this issue is to minimize the size of the droplets, so that the
evaporation rate of the solution medium could be increased. Spraying was

proposed to be a desired method to achieve this aim.
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CNTs/propanol solution with a concentration of 2 mg/mL was sprayed on
the PC substrate using a spray gun. It was found that, however, the result was not
satisfactory as the spraying process was not smooth. The spray nozzle was

blocked by the CNT clusters frequently.

In order to eliminate the CNT blockage, CNTs were ground in the propanol
solution using mortar and pestle before spraying. The grinding process was
around 25 min. The large CNT clusters were broken into smaller pieces during
this process. Grinding herein is a critical step that can eliminate the blockage of

CNTs in the spray nozzle so as to achieve spraying in a higher uniformity. Figure

5.8 shows mortar and pestle used in this experiment.

The completeness of grinding could be indicated by the segregated CNTs of
the ground solution. CNTs without grinding remained suspended in the solution
for a long time while CNTs with grinding segregated to the bottom after a few

minutes. The difference is showed in Figure 5.9.
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Figure 5.9. CNTs in propanol: (A) before grinding; (B) after grinding.

Ground CNTs solution was loaded to the container on spray gun. The
pressure and volume of spraying were optimized. During spraying, there should
be a recovery time of 1 min between each spray so as to ensure the previous
spray was dried that no unwanted flow of CNTs on the substrate surface; and the
angle of spraying should be perpendicular to the sprayed surface. Figure 5.10 is
showing the microscopic images of a well-sprayed sample, which followed the
proposed directions, and a poor-sprayed sample. The well-sprayed sample

offered appealingly uniform coating of CNTSs.

Figure 5.10. Microscopic images of well-sprayed (left) and poor-sprayed (right)

of CNTs.
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The thicknesses of spray-coated samples were examined using OGP. Figure
5.11 shows the setup of the thickness measurement of CNTs on the spray-coated

samples under OGP and Figure 5.12 shows a spray-coated sample.

Figure 5.11. Setup of the thickness measurement of CNTs on the spray-coated PC

plates.

Figure 5.12. CNT-coated PC plate using spray coating.

It was found that the spray-coating result was satisfactory that CNT

thickness was controlled within 25 pm (n = 29). The thickness table of CNTs of
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the spray-coated samples can be found in Appendix A.

5.2.2 Response towards microwave irradiation

After coating the CNTs, a preliminary experiment was conducted to
estimate its responsive extent towards microwave irradiation so as to predict its

feasibility on bonding polymers.

In the experiment, a PC plate with 0.3 mm in thickness was spray-coated
with CNTs and overlapped with another bare PC plate. The assembly was then
placed inside the homemade plastic holder made of PC, which was the same one
used in GNP experiment. The whole assembly was exposed to microwave
irradiation for 30 sec under 307 W. A beaker with 40 mL water was loaded into
the microwave oven to prevent magnetron damage. The assembly then removed

from the microwave oven for cooling after irradiation.

It was surprising to find that the two PC plates and the plastic holder were
all bonded together. The bonded assembly was then pried using a screwdriver.
The CNT-coated PC plate was successfully separated from the bare PC plate;
however, the back side of the CNT-coated PC plate was still strongly bonded to
the PC holder as shown in Figure 5.13 (a). Vigorous force applied on separating

the bonded parts led to tear of the CNT-coated PC plate as shown in Figure 5.13

(b).
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Figure 5.13. Bonded assembly after microwave irradiation for 30 sec under 307

W. (a) Bonded CNT-coated PC and plastic holder; (b) tore part of the assembly.

The tore part implied the fact that bond strength, resulting from microwave
irradiation, formed in the bare interface was much stronger than that formed in
the CNT interface. This difference could be accounted by the bonding
mechanism of polymers. Bonding between polymers requires the intercalation
formed between polymer chains from two surfaces. In the bare interface,
polymer chains from two surfaces could intercalate with each other easily at an
elevated temperature as they were in intimate contact. On the other hand, in the
CNT interface, heat energy emitted from CNTs caused surrounding polymer
melted and flew; however, CNTs itself acted as obstacles that hindered polymer
chains on two surfaces from contacting. Even though there were portions of
polymers successfully flew through CNTs and fused with the polymers in
another surface, there was still large portion of polymers hedged behind the CNT
layer. This resulted in weaker bond strength in the CNT interface compared to

the bare interface.

To conclude, owing to the strong bond strength on the interfaces, it is no
doubt that CNTs possess strong microwave absorption abilities and are capable
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of generating substantial amount of heat energy to trigger bonding occurred.
Although the experimental outcome was different from the expectation, it
provided an important insight on modifying and improving the current bonding

design.

5.3 Summary

GNPs and CNTs have both demonstrated for their microwave absorption
abilities towards microwave irradiation. The performance of GNPs in bonding
plastic plates, however, was disappointing though it may be due to the
insufficient coating density of GNPs or the inappropriate heat source. In any case,
GNPs has no doubt to be a potentially applicable auxiliary material in bonding
plastic biochips; however, owing to the notable difference in bonding
performance between GNPs and CNTs, microwave bonding assisted by GNPs
would be temporarily aborted, while microwave bonding assisted by CNTs

would become the main focus of investigation starting from the next chapter.
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Chapter 6: Carbon Nanotube—Microwave-Assisted

Thermal Bonding

This chapter will focus on the investigation of microwave-assisted thermal
bonding technology for sealing plastic biochips using CNTs. The chapter will
start with a redevelopment of the bonding model for CNTs and an illustration of
the  heating  mechanism of the newly developed method,
CNT-microwave-assisted thermal bonding. It will then proceed to the
experimental sections including the experimental setup, the investigation on the
effective thickness of CNTs and the performance of different CNT thicknesses
under microwave irradiation. Evaluation tests such as leakage test,
cross-sectional image investigation and tensile test of the bonded biochips will be
conducted and examined. This chapter will be ended with a discussion and
analysis on the performance of CNT-microwave-assisted thermal bonding with

reference to conventional thermal bonding.

6.1 Redevelopment of microwave bonding model for carbon
nanotubes (CNTs) — CNT-microwave-assisted thermal

bonding

In the previous chapter, it was surprising to find that the microwave bonding
assisted by CNTs offered strong bonding on the bare interface rather than the
CNT interface. This finding triggered a new idea on the bonding model using
CNTs called CNT—microwave-assisted thermal bonding. Figure 6.1 shows the

new proposed model.
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—— Cover plate with CNTs

—
Glasses ===
\

Patterned substrate

Figure 6.1. Redeveloped bonding model for CNT—microwave-assisted thermal

bonding.

In this new model, CNTs are distributed on the exterior surface of the cover
plate and the interior surface, which is free of CNTSs, is overlapped with the
patterned substrate. The assembly is placed between glasses for microwave
irradiation. The functions of glasses are to provide a compressive force and a flat
platform for CNT-microwave-assisted thermal bonding to occur. According to
the result from previous experiment, strong bonding will be formed in the bare
interface, which is the interface between the cover plate and the patterned
substrate herein, rather than in the CNT interface. This bonding design improves
the efficiency of energy utilization that the polymer substrates can be bonded to
higher extent upon the same exposure time; or the polymer substrate can be
bonded to the same extent with shorter exposure time, compared to the previous

design.

Another important improvement of this new design is the material
homogeneity that the bonded assembly provided. The CNT heat source is located
on the exterior surface to provide thermal energy to the bonding interface while
the bonding interface is free of CNTs. The irradiated CNTs can either be removed
or left on the exterior surface depending on the requirements of downstream

applications. This new design possesses improvements on bonding efficiency and
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material homogeneity which are the prerequisite features of industrial scale
bonding of plastic biochips. In the following paragraphs, heating mechanism of

this new model design will be illustrated.

In the CNT—microwave-assisted thermal bonding model, heat is generated
by the CNT layer upon the exposure of microwave irradiation. Heat energy then
transfers through the cover plate to reach the bonding interface mainly through
thermal conduction. Heat energy increases the mobilities of polymer chains in
the bonding interface and further facilitates the intercalation of polymer chains
with the neighboring polymer surfaces. Once the microwave irradiation
terminates, CNTs cease generating heat and the substrates cool down through
transferring heat to the neighboring glasses and patterned substrate which should
be in a lower temperature by heat conduction, and losing heat to the surroundings
by heat convection. Since the thermal mass involved is relatively small, the

cooling process is expected to be completed within minutes.

Before discussing the heat transfer equation, assumption has to be made on
the heat source. From the literature and experimental information, it is known
that the microwave—conversion process by CNTs is vigorous and the CNTs
possess an extremely high thermal conductivity (2000 Wm™k™). Heat generation
and transfer in the CNT layer are thus expected to be extraordinarily quick that
the temperature of CNT layer reaches an equilibrium temperature almost
simultaneously with the microwave exposure. Under this situation, an
equilibrium temperature is reached that the CNT layer is treated as a constant
temperature heat source in the system. The heat transfer equation is therefore
simplified into one dimensional heat flow as follows.

84



In the case of one dimensional heat flow in steady state (temperature is not
changing with time), heat transfer rate inside the cover plate follows Fourier’s

law,

B kAaT

qX - aX
where Qy is the heat transfer rate inside the cover plate, k is the thermal
conductivity of the polymer (k is assumed to be constant as thermal conductivity

in polymer is fairly dependent on temperature [159]), A is the cross-sectional
area of the cover plate and 3—1 is the temperature gradient across the cover plate

[160].

Since the system involves CNTs as the heat source, the governing equation
becomes more complicated. By considering infinitely small thickness dx, CNTs
as an external heat source is considered to be embedded in the defined region

[160] as shown in Figure 6.2.

Figure 6.2. Elemental diagram for heat conduction analysis inside the cover

plate.
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In the defined system with thickness dx, the energy balance is,
Energy in (dx) + energy generated (0gen)

= change in internal energy of polymer + energy out (Qx+dx)

The energies are given by,

oT

ox

Energy in= qyx = —kA
Energy generated within the defined system = q4., = gAdx

Change in internal energy of polymer = pcA g—: dx

<A () o

aT

Energy out = qyi4x = _kAE])HdX

where g = energy generated per unit volume of the cover plate, ¢ = specific heat

of polymer and p = density of polymer.

The governing equation of the thermal conduction across the cover plate is

a2l y oadx = pca’la AkaT+a<kaT)d]
ox qaax = pe ot x ox odx\ 0x X

or can be simplified to

There are two estimations on the CNT—microwave-assisted thermal bonding.
Referring to the literature review in chapter 3, microwave absorption abilities of
CNTs increase with increasing temperature [144] which means when the
temperature increases, the rate of heat energy released or the heat transfer across
the cover plate will be increased. The heating process can thus achieve a higher
heating rate in a higher temperature. On the other hand, a thicker CNT layer in

the bonding system results in a larger amount of energy released, the temperature
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in the CNT layer rises with a very high rate at the initial exposure. The heat
transfer rate can, as a result, increase to a very great extent at the beginning of the
microwave exposure for a thicker CNT layer. Under the mutually double
influence by these two factors (i.e. change of heat transfer rate in high
temperature and rapid increase in temperature of thicker CNT layer), the required
bonding time is expected to be shortened drastically as the CNT thickness
increases. It further implies that, during CNT-microwave-assisted thermal
bonding model, the bonding time required would not be in a linear relationship

with the CNT thickness.

Furthermore, since the thermal conductivity of CNTs is much higher than
that in polymers, temperature on the CNTs layer is expected to be relatively
uniform as the heat transfer to polymers is relatively slow. Upon controlling the
bonding time, it is expected that bonding can be achieved without causing global
deformation on the substrate microstructures which is benefited from the single
directional heat flow of the designed model and from the short processing time
due to the rapid cooling of the small thermal mass in the system. The points
listed above are the expected observations during CNT—microwave-assisted
thermal bonding based on the physical properties of CNTs and the feature of this

new model design.

In the following experiments, the thickness of CNT layer and the exposure
time would be the important parameters to study so as to control the
expeditiously released heat energy by CNTs. The relationship between CNT
thickness and exposure time would be investigated where pressure is kept
constant to provide minimum effect on bonding.
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6.2 Experimental setup

The embossed plastic biochips used in this experiment had dimensions of 30
mm X 35 mm containing microstructures of microchannels, microchambers and
microvalves with depth in 50 pm. The microchambers had dimensions ranged
from 8 mm x 15 mm to 13 mm X 16 mm while the widths of microchannels

and microvalves were 100 pm and 50 pm respectively.

The cover plates had thickness in 0.3 mm. It was spray-coated with CNTSs as
described in Chapter 5. The dimensions of the cover plate were 34 mm x 42
mm with 3 mm X 34 mm area left uncoated on the right edge for thickness
measurement as illustrated in Figure 6.3. The CNT thickness would be averaged
from the CNT thickness measurement of the upper part, the middle part and the
lower part of the sprayed plate. The actual size of the embossed biochip was 30
mm X 35 mm only, there was however extra distance of 2 mm from each edge
of the cover plate. These extra edges were designed to eliminate potential edging

effect during CNT—microwave-assisted thermal bonding.

34mm . Dimensions of

biochip

Figure 6.3. Dimensions of cover plate.
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Figure 6.4 shows the samples of embossed biochip and CNT-coated cover
plate. According to the newly proposed model, embossed biochip was placed at
the bottom with microstructures facing up while the cover plate was placed at the
top with CNT-coated surface also facing up. In real practice, an additional
structured chip was added on top of the CNT-coated surface with structured side
facing down. The function of the top structured chip was to eliminate the bubbles
formed by the trapped air in the CNT interface. The structured chip in direct
contact with CNTs would not bond or just loosely bond to the CNT-coated cover
plate, because the CNT layer hindered the intercalation of polymer chains from

both surfaces.

Figure 6.4. (a) Embossed biochip and (b) CNT-coated cover plate.

The bonding assembly was sandwiched between glasses under total applied

force of 4.4 N (4.19 kPa). CNT-microwave-assisted thermal bonding was

conducted using the equipments and experimental setup shown in Figure 6.5.
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Figure 6.5. Bonding equipments. Left: microwave oven; right: bonding setup

inside microwave oven with water loading.

As observed from the vigorously released heat generated by CNTs under
high power level, 307 W, in the preliminary test, the high power level was
considered to be too high for use in this investigation because of the difficulty in
controlling the heating rate. Attempt has been made on the low power level, 39 W,
to perform CNT-microwave-assisted thermal bonding, however, more than 8
min was required for bonding to occur which was considered to be a long process
time. Thus, medium power level, 163 W, was chosen in this investigation owing
to its moderate heating rate. In the following section, cover plates coated with
different CNTs thickness were studied for the effective thickness in

CNT-microwave-assisted thermal bonding.

6.3 Effective thickness of CNT layers

Owing to the non-uniformity of the electric field inside multi-mode
microwave oven (which is a common concern in microwave heating system), the
variations in CNT thickness measurement, and the limitations on the size of the

testing time intervals, an optimal exposure time must not be exclusive to one
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average CNT thickness, or an average CNT thickness must not be exclusive to an
optimal exposure time. The range of average CNT thicknesses that was capable
to achieve over 90% bonded under the same exposure time is defined as the

effective thickness.

A set of samples with average CNT thickness ranged between 60 pm and 70
pm were exposed to microwave irradiation under different duration. The
successfully bonded biochips, which were examined to exceed 90% bonded
through visual check, were plotted with their corresponding microwave exposure
time. The effective thickness of CNT layer was estimated through the results

shown in Figure 6.6. Experimental data can be found in Appendix B.
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Figure 6.6. Bonding time for over 90% sealed varies with thickness of CNTSs.

In the range of 60 pm to 70 pm, the optimal bonding time for each unit

thickness was shown. It can be observed that between 61.5 pm to 65.5 um, most
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of the data points lay on 1.50 min. It means that the biochip assemblies required
at least 1.50 min (equivalent to 1 min 30 sec) for microwave exposure in order to

achieve CNT—microwave-assisted thermal bonding over 90% bonding.

The data point of 64 pm showing a reduced bonding time of 1.42 min
(equivalent to 1 min 25 sec) is an experimental design error as 1.42 min was not
a testing condition for the time parameter. CNT thickness of 64 pm was able to
bond above 1.42 min (i.e. 1.50 min which is equivalent to 1 min 30 sec) while
not below 1.42 min (i.e. 1.25 min which is equivalent to 1 min 15 sec). In this
case, the data point of 64 pm should be reset to the level of 1.5 min. Hence, the
effective thickness of CNTSs, according to the previously given definition, was
found to be 2 pm (i.e. 65.5 pm minus 61.5 pm is 4 pm). The leveling sign
starting from data point 67.4 pm may be the beginning of another effective

thickness cycle.

6.4 Performance of different CNT thicknesses under optimal

exposure time

According to the finding of effective thickness of CNTs in the previous
section, cover plates with average CNT thickness within 22 pm deviations were
classified into a group that are presumed to have the same optimal bonding time.
In this section, 9 samples were classified into 3 groups according to the effective

thickness of CNTs found in the previous experiment.
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6.4.1 Time optimization

Three groups of cover plates coated with different CNT thicknesses were
investigated for their optimal bonding time. The three groups of CNT thicknesses
included . Each group of cover plates consisted of three samples that the
samples were subjected to microwave irradiation on different exposure time. The
optimal bonding time would be found from the one being observed to achieve
over 90% bonded. The detailed experimental data can be found in Appendix C.
Biochips with CNT-coated cover plates from each groups were successfully
bonded and their group CNT thicknesses were plotted with their corresponding

optimal bonding time in Figure 6.7.
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Figure 6.7. Optimal bonding time corresponding to three CNT thicknesses.

The optimal bonding time of the three CNT thickness groups were found to
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be 20 sec, 1 min 30 sec and 2 min 50 sec, corresponding to 73.5 pm, 61.2 pm
and 38.6 pm respectively. A trend line was established to estimate the
relationship of optimal bonding time with different CNT thicknesses ranged

between 30 jum and 80 pm.

The polynomial equation in the graph shows a quadratic relationship
between the CNT thickness and the optimal bonding time. This quadratic
relationship means that slight increase in CNT thickness would cause drastic
decrease in bonding time needed. The negative sign of the x* coefficient in the
equation also indicates an inversely proportional relationship between the CNT
thickness and the optimal bonding time. This observation could be accounted by
the higher degree of increment in heat transfer rate for a thicker CNT layer, and
hence causing the rapid decrease in optimal bonding time. This result met the

initial estimation in section 6.1.

6.4.2 Comparison on appearance

During CNT-microwave-assisted thermal bonding, CNTs generated
enormous amount of energy that led bonding occurred. The immense energy, in
the meantime, also softened or melted the surrounding polymers and as a result
CNTs were wet by the polymers. Some CNTs were immersed into the polymer
surface and these immersed CNTs were unable to be removed simply by rubbing
or washing and hence leaving the appearance of darkening as shown in Figure
6.8; while for the CNTs not immersed, they could be removed easily by rubbing
and washing as they just loosely adhered on the polymer surface. The immersed
CNTs, however, could be removed by surface polishing because CNTs immersed
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only on the surface layer.

Figure 6.8. Bonded plastic biochip (a) before and (b) after removal of the loosely

adhered CNTs.

Figure 6.9 presents the three bonded biochips with their backside views, the
CNT-coated surfaces. The bonded biochips using different CNT thicknesses
showed different extents of darkening. The extra edges of the bonded biochips

were removed.

Figure 6.9. Backside views of the bonded biochips with decreasing CNT

thickness from left to right: (a) 74.6 m, (b) 61.7 pm, and (c) 37.5 pm.

As observed in Figure 6.9, biochip with thickest CNTs suffered from the
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highest degree of darkening while biochip with thinnest CNTSs suffered the least.
The occasion of the darkening is obviously determined by the amount of energy

released from the CNT layers.

Providing the bonding temperature in the bonding interfaces were the same,
thicker CNT layer achieved bonding in a shorter time which meant thicker CNT
layer offering a faster heat transfer rate. Upon the same thermal conduction

distance, a faster heat transfer rate implied a larger temperature difference across
the conduction plate according to the Fourier’s law, qy = —kAZ—I. It could be

further interpreted that the surface temperature of the adjacent polymer of the
thick CNT layer was higher than that of the thin CNT layer. The higher surface
temperature, acquired from the larger quantities of heat generated from a thicker
CNTs heat source, increased the mobilities of the surface polymer chains and the
fluidity of the polymer surface, and hence larger quantities of CNTs were wet
and submerged into the polymer surface. As a result, cover plate with thicker

CNTs coating appeared a higher degree of darkening as shown.

Judging from the appearance of bonded chips, cover plate with thinner
CNTs is more appealing while cover plate with thicker CNTs shows less
attractive for a system using optical detection method. Nevertheless, thicker
CNTs are still preferential for systems with less emphasis on device transparency

because of its extremely rapid bonding process within several seconds.
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6.4.3  Evaluation test on leakage

Leakage test has been conducted on evaluating the bonding quality of the
CNT-microwave-assisted thermal bonded biochip. Blue dye was injected into
the bonded biochips through the drilled inlets under an injection pressure of 100
kPa. Dye smoothly passed through the microchannels of the three
CNT-microwave-assisted thermal bonded biochips which indicated there was no
blockage occurred inside the microchannels. Concerning the ease for observation,
microscopic images of the thinnest CNT-coated biochips filled with blue dye are

shown below in Figure 6.10.

Figure 6.10. Microscopic images of microchannels (left top, right top and right

bottom) and microchamber (left bottom) filled with blue dye.
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Width of microchannels was 100 pm as observed from the above images.
Microvalve with 45 pm in width has also successfully bonded using
CNT-microwave-assisted thermal bonding. The microscopic image of the

microvalve filled with blue dye is shown in Figure 6.11.

Figure 6.11. Microscopic image of microvalve (the left horizontal blue line)

filled with blue dye.
Bonding performance of these three microwave thermal bonded biochips

was examined using leakage test. The CNT—-microwave-assisted thermal bonded

biochips have successfully demonstrated the leakage-free bonding.
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6.5 Comparison between CNT-microwave-assisted thermal

bonding and conventional thermal bonding

Conventional thermal bonding is a typical method for bonding plastic
devices. Successful attempts have been demonstrated in sealing plastic biochips.
Thus, in this section, conventional thermal bonding will be used as a comparison

with the CNT—microwave-assisted thermal bonding.

6.5.1. Conventional thermal bonding of plastic biochips

From the literature review, the bonding pressure in conventional thermal
bonding of PC can be ranged from 0.4 MPa to 20.3 MPa [161-164]. A pressure of
2.5 MPa was chosen from this range and the bonding temperature was studied
per 10 <C interval in the range of 90 — 150 <C. A patterned PC substrate with a
PC cover plate were first placed in between the hotplates of the hot embossing
machine, then the temperature of hotplates would be increased to the bonding
temperature and would be maintained for 5 min. The entire system was subjected
to heat sink until reaching 40 <C before removing from the pressure load. The

whole bonding process required about 45 min.
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Table 4. Bonding results of PC biochips using different bonding temperature

under 2.5 MPa.

Bonding temperature (<C) Observations

90 No bonding occurs.

100 No bonding occurs.

110 No bonding occurs.

120 Bonding occurs.

130 Bonding occurs.

140 Bonding occurs.

150 Bonding occurs; bubbles generate.

It was found that bonding would not happen at bonding temperature of 90 —
110 <C; while bonding occurred at a bonding temperature of 120 — 150 <C;
however, at 150 <C, bubbles were generated within the bonding pieces which
indicated the degradation of polymers in such high temperature. Hence, 120 <C
was chosen for bonding the PC substrates to minimize the degree of deformation

potentially caused by higher temperature.

A patterned PC substrate was hence thermally bonded to a PC cover plate at
120 <C under 2.5 MPa for 5 min using a hot embossing machine. The
conventional thermally bonded biochip, afterwards, was evaluated by the leakage
test. The injected fluid was successfully passing through all the microchannels as
the CNT-microwave-assisted thermal bonded biochips demonstrated in the

previous section.
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6.5.2. Cross-sectional images observed under microscope

CNT-microwave-assisted thermal bonded biochip and conventional thermal
bonded biochip were sent for cross-sectional cutting to examine the
microstructure integrity under microscope. The cross-sectional images of

microstructures before bonding are shown in Figure 6.12 as reference.

Figure 6.12. Cross-sectional images of the microstructures before bonding.

As mentioned at the beginning of this chapter, the embossed microchannels
were 50 pm in depth and 100 pm in width. The cross-sectional images in Figure
6.12 show satisfactory uniformity on the embossed microchannels. The shapes

and dimensions of the microchannels are distinct.

The cross-sectional images of CNT—microwave-assisted thermal bonded

biochip and conventional thermal bonded biochip are shown in Figure 6.13 and

Figure 6.14 respectively.
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Figure 6.13. Cross-sectional images of the bonded biochip using

CNT-microwave-assisted thermal bonding.

10087 ym-~ .

T e o

= 4964 ym- . .

thermal bonding.

In the CNT-microwave-assisted thermal bonded microchannels shown in
Figure 6.13, the integrity of the bonded microchannels was well-maintained;
while the conventional thermal bonded microchannels in Figure 6.14, however,

show severe deformation.

In the conventional thermal bonded biochip, a portion of polymer diffused
and squeezed into the microchannels as observed in the enlarged image of the
microchannels. The contributing factors might be the heat burden caused by the

large thermal mass (thermal bonding machine) on the substrates, the prolonged

102



waiting time and/or the overloading pressure. Nevertheless, it still retained
diminished microchannels with cross-sectional areas of around 25 pm x 30 pm
and it explained why the injected fluid could pass through the microchannels

smoothly in the leakage test.

On the contrary, the CNT-microwave-assisted thermal bonded
microchannels maintained its integrity. The heat influence for polymer fusion
was seemed to be confined in the bonding interface and the entire
microstructures were away from the heat influence as observed in the enlarged
image of the microchannels. This observation in the CNT-microwave-assisted
thermal bonded biochip is encouraging. Besides, it is also noticed that the
bonding line in the microchannel region was vague, which was not expected to
be seen in the bonded interface, especially inside the microchannel region. The
vague bonding line could be caused by plastic residues formed during cutting. It
could also be melted surface with morphology change caused by rapid heat
dissipation in the bonding interface during bonding. These, however, are only
some estimation from the observed images. The underlying reason for the vague

bonding line requires further investigation to confirm.

6.5.3.  Tensile test of the bonded biochips

The bond strength of both CNT-microwave-assisted thermal bonded
biochip and conventional thermal bonded biochip were evaluated through tensile
test. The bonded biochips were glued to PC blocks (35 mm x<15 mm <6 mm) on
the top and bottom surfaces. The PC blocks were clamped by the grips and pulled
apart in the tensile testing machine (Instron® 3340 Series Single Column Testing
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Systems). Figure 6.15 shows the tensile test setup.

Figure 6.15. Setup of the pulling system for the tensile test.

The CNT—microwave-assisted thermal bonded biochip was with CNT
thickness of 73.5 £1.8 um exposed for a 20-second microwave irradiation, while
the conventional thermal bonded biochip was bonded as described in previous

section. The tensile test results are shown in Figure 6.16 and Figure 6.17.

200
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Figure 6.16. Load—Extension graph of the CNT—microwave-assisted thermal

bonded biochip.
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Figure 6.17. Load—Extension graph of the conventional thermal bonded biochip.

Since the actual pulling area was (15 x6) mm?, the tensile pressure of the
CNT-microwave-assisted thermal bonded biochip was found to be as high as 2
MPa. In conventional thermal bonded biochip, the tensile pressure was only 0.08
MPa. The extremely weak tensile strength of the conventional thermal bonded
biochip may be due to the cracked patterns of the deformed microstructures. As
observed from Figure 6.14, crack patterns are observed inside the diminished
microchannels. The crack patterns may result in some weak points that facilitated
the separation of the two bonded pieces. The bonded pieces thus experienced a
less strong bonding than the bonded pieces with well-maintained integrity. The
results from the tensile test are obvious that CNT—microwave-assisted thermal
bonded biochip demonstrated a much higher tensile pressure than the

conventional thermal bonded biochip.

In some downstream applications such as PCR, since the water vapor
generated during the process at 95 <T is 12 psi (0.08 MPa) [165], a higher tensile
pressure is essential for the bonded biochips in order to increase the reliability of
the devices. CNT-microwave-assisted thermal bonding herein is more suitable to
offer a reliable sealing of plastic biochips for such downstream application.
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6.5.4. Analysis of CNT-microwave-assisted thermal bonding performance

There are three factors to be considered for polymer deformation. The three
factors include temperature, time and pressure. These three factors all have
proportional relationships with the deformation of polymers, which means when
the bonding is conducted at a high temperature or a high pressure for a long time,
the deformation becomes more severe. Thus, these factors that may affect the
CNT-microwave-assisted thermal bonding performance would be analyzed and
discussed with reference to conventional thermal bonding. The analysis and
discussion would be divided into three parts: i) temperature distribution, (ii) time

duration and (iii) pressure loading.

1) Temperature distribution

In the design of the CNT—microwave-assisted thermal bonding model, heat
was generated and transferred from the CNT layer to the bonding interface
through the cover plate. The heat thus flew in single directional to the patterned
substrate which was in a comparatively low temperature. Upon the optimization
of exposure time, the substrate microstructures could be sealed without causing
much thermal burden onto the microstructures. Schematic diagram of the heating
model for CNT-microwave-assisted thermal bonding is illustrated in Figure

6.18.
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Heat

Cool
Figure 6.18. Schematic diagram of the heating model of

CNT-microwave-assisted thermal bonding.

In conventional thermal bonding, by contrast, the bonding assembly was
heated up from both sides as illustrated in Figure 6.19. Thermal energy was thus
transferred from hotplates to the bonding interface through both cover plate and
patterned substrate. This type of heating system exerted additional thermal
burdens on the patterned substrate and thus resulted in a higher chance of

deformation in the microstructures.

Heat

Heat

Figure 6.19. Schematic diagram of the heating model of conventional thermal

bonding.
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i) Time duration

Concerning the heat transfer, as the cover plate was just 0.3 mm, heat
transferred from CNT layer through heat conduction to the bonding interface was
expected to be very quick. Another type of heat transfer involved is thermal
radiation. Since the heat source, carbon nanotubes, was a black body, it released
part of the stored energy in the form of radiation and thereby led to an efficient
energy transmission to the relatively rough surface of the embossed
microchannel crests resulting in heating. CNT-microwave-assisted thermal
bonding could thus be conducted with short processing time, less than three
minutes, without imposing a huge thermal burden on the microstructures that
may lead to deformation. The integrity of the microchannels, as a result, was

maintained.

The appealingly short processing time in CNT—microwave-assisted thermal
bonding not only benefited from the efficient heat transfer in heating but also in
cooling because of the small thermal mass. In conventional thermal bonding, a
prolonged waiting time, which is typically at least 30 min, was necessary to
allow the large thermal mass including the hot embossing machine and the
bonded biochip to cool down to room temperature, before releasing the solidified
assembly. Polymer chains possessing increased mobilities were thus maintained
at high energy level during the prolonged cooling time. The cooling process
offered sufficient time for these “active” polymer chains diffusing into the

microchannels and finally resulted in a severe deformation of the microchannels.
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(iii) Pressure loading

As mentioned in section 6.5.2, overloading pressure might be one of the
contributing factors of the deformed microchannels in conventional thermal
bonded biochip. In conventional thermal bonding, the total applied pressure for
bonding PC biochips was 2.5 MPa; while in CNT—microwave-assisted thermal
bonding, a total applied pressure for bonding PC biochips was only 4.19 kPa. It
is obvious that the high pressure owned part of the reasons for resulting in the

severe deformed microchannels.

Nevertheless, it was found that the minimum applied pressure in the
conventional thermal bonding machine is 25 kg, which is equivalent to 238.10
kPa. This minimum applied pressure is still almost 57 times of the pressure used
in the CNT-microwave-assisted thermal bonding. CNT-microwave-assisted
thermal bonding thus offers a new bonding method with the advantage of slight
loading in bonding PC biochips that could further minimize the chance of

deforming microstructures

6.6 Summary

CNT-microwave-assisted thermal bonding was successfully demonstrated
in bonding plastic biochips in this chapter. Various CNT thicknesses were studied
for their optimized bonding time. The bonding performance of the
CNT-microwave-assisted thermal bonded biochips under the optimized bonding
time was evaluated by the leakage test and the results were satisfactory. The
studies in  microstructure integrity and tensile test showed that
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CNT-microwave-assisted thermal bonding offered the bonded assembly with
intact microstructures and with high bond strength of 2 MPa as compared to the
conventional thermal bonded biochip. CNT—microwave-assisted thermal bonding,
which is able to offer homogeneous and leakage-free bonding with negligible
deformation, was developed as a promising technique for sealing plastic biochips
with short processing time and high bonding efficiency that may further develop

into a high throughput process for industrial scale production.
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Chapter 7: Conclusions

Conclusions are made in three aspects in this chapter including knowledge
contributed to the field of research, limitations of the study and suggestions for

future investigation.

7.1 Contribution to knowledge

In the study, the responses of GNPs and CNTs towards microwave
irradiation have been evaluated. It was found that both GNPs and CNTs
demonstrated abilities in converting microwave energy into heat energy. The
microwave absorption abilities of CNTs were, however, found to be much more
vigorous than that of GNPs. CNTs was therefore chosen as the efficient

microwave absorber for further development of the bonding model.

Regarding the unexpected bonding result of CNTs in the preliminary test,
the microwave bonding was redeveloped into CNT—microwave-assisted thermal
bonding. The redeveloped model possessed the improvements on bonding
efficiency and material homogeneity which are the prerequisite features of

industrial scale bonding of plastic biochips.

In the investigation of CNT—microwave-assisted thermal bonding,
relationship between the CNT thickness and the duration of microwave exposure
of the plastic biochips has been studied and established. Evaluation tests have

also been conducted through the leakage test, the examination of microstructure
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integrity and the tensile test for the bonded plastic biochips with reference to

conventional thermal bonded biochips.

CNT-microwave-assisted thermal bonding was developed to be a novel
bonding method for sealing plastic biochips which offers features of material
homogeneity, leakage-free and negligible deformation that can be operated with
short processing time and high bonding efficiency. The developed method is
considered as a promising alternative for bonding plastic biochips in industrial

scale production.

7.2 Limitations

The developed method offers the desirable features of bonding plastic
biochips. There are, however, still some limitations found during the
development. A limitation is found on the size of the plastic biochips. Since the
spray gun has a confined spraying diameter, only plastic biochips within the
spraying areas are able to have their cover plates coated with CNTs in high
uniformity. In this experiment, the variation of CNT coating was controlled
within 35 pm. In the case of spraying a larger cover plate, more manual
movements are involved which means more than one sweep is needed in order to
cover the whole plate surface. It would result in a higher variation in coating
uniformity. This limitation, however, could be eliminated if the bonding process
is industrialized that automatic spraying machine replaces the manual control

spraying. The sizes of bonding biochips could thus be more flexible.

Another limitation on CNT-microwave-assisted thermal bonding is the
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darkening of the outer surface of the bonded biochips. Though the CNT layer
could be removed by polishing after the bonding process, it would increase the
manufacturing expense. Hence, for devices involving optical detection,
CNT-microwave-assisted thermal bonding may not be the desirable bonding
method; while for devices, for example, using electrochemical detection,

CNT-microwave-assisted thermal bonding is still a promising alternative choice.

7.3 Suggestions for future investigation

Future investigation in the CNT-microwave-assisted thermal bonding is
suggested as follows. It is recommended that future investigation can be
conducted on demonstrating the biocompatibility of the
CNT-microwave-assisted thermal bonded devices. Though polycarbonate is a
well-known biocompatible material, tests on performing PCR or other
bioanalytical process such as capillary electrophoresis are recommended. This
follow-up work enables a complete investigation on a bonding method

development for fulfilling the purpose of sealing biochips for bioapplications.

Further investigation is suggested to explore new applications of the CNTs
in the bonded biochips. Since CNTs have broad applications in biological
detection, synthesis of new material composites and electronics development,
new applications of the incorporated CNTs can be brainstormed so that the

adhered or immersed CNTSs can be utilized for ultimate use.

Another future investigation is suggested to develop another bonding
method using GNPs. As from the preliminary result, GNPs demonstrated an
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obvious response to microwave irradiation though it was not strong enough to
achieve bonding of polymers in the test. Upon process optimization including the
size of GNPs, the deposition method and the exposure condition, the
GNP-assisted microwave bonding is possible to be achieved and developed into
another promising alternative. An alternative heat source, IR, can also be
considered to develop another bonding method that is suitable for bonding plastic

biochips through the improvement on the heating effect of GNPs.
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APPENDICES

Appendix A. Thickness table of CNTs using spray-coating.

Chip No.| Top (pm) | Middle (Jum) | Bottom (pm) | Average (jum) | Deviation (jum)
1 65.0 62.8 65.3 64.4 1.6
2 65.8 62.9 63.7 64.1 1.7
3 64.5 63.6 64.3 64.1 0.5
4 62.1 61.2 59.1 60.8 1.7
5 66.9 62.1 59.4 62.8 4.1
6 67.0 66.4 62.9 65.4 2.5
7 62.9 63.9 61.6 62.8 1.2
8 62.7 62.8 62.4 62.6 0.2
9 66.7 64.5 65.5 65.6 1.1
10 61.8 60.9 61.9 61.5 0.6
11 61.6 64.8 65.9 64.1 2.5
12 66.9 64.6 65.4 65.6 1.3
13 62.1 61.0 67.0 63.4 3.6
14 60.2 62.2 63.1 61.8 1.6
15 64.3 67.2 65.0 65.5 1.7
16 67.5 64.4 58.8 63.6 4.8
17 65.7 61.3 61.5 62.8 2.9
18 68.5 61.6 65.3 65.1 3.5
19 67.1 65.2 62.0 64.8 2.8
20 67.5 66.4 66.4 66.8 0.7
21 67.9 66.5 66.4 66.9 1.0
22 62.0 66.1 62.4 63.5 2.6
23 63.8 61.8 59.1 61.6 2.5
24 63.6 66.3 66.4 65.4 1.8
25 64.7 67.2 65.9 65.9 1.3
26 64.7 61.7 63.9 63.4 1.7
27 63.5 63.5 64.2 63.7 0.5
28 68.0 66.3 67.3 67.2 0.9
29 62.0 60.8 61.9 61.6 0.8
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Appendix B. Experimental data for estimating the effective thickness of CNT layers.

Chip No.| Top (pm) | Middle (um) | Bottom (jum) | Average (um) | Deviation (pm) [ Time (min.sec) | Time (min) [Bonding Status*
1 62.1 61.2 59.1 60.8 1.7 1.30 1.50 N
2 61.8 60.9 61.9 61.5 0.6 1.40 1.67 Y
3 63.8 61.8 59.1 61.6 2.5 1.30 1.50 Y
4 62.0 60.8 61.9 61.6 0.8 1.20 1.33 N
S 62.7 62.8 62.4 62.6 0.2 1.30 1.50 Y
6 66.9 62.1 59.4 62.8 4.1 1.20 1.33 N
7 62.1 61.0 67.0 63.4 3.6 1.20 1.33 N
8 62.0 66.1 62.4 63.5 2.6 1.30 1.50 Y
9 67.5 64.4 58.8 63.6 4.8 1.30 1.50 Y
10 61.6 64.8 65.9 64.1 2.5 1.25 1.42 Y
11 65.8 62.9 63.7 64.1 1.7 1.25 1.42 Y
12 64.5 63.6 64.3 64.1 0.5 1.15 1.25 N
13 65.0 62.8 65.3 64.4 1.6 1.30 1.50 Y
14 63.6 66.3 66.4 65.4 1.8 1.40 1.67 Y
15 64.3 67.2 65.0 65.5 1.7 1.30 1.50 Y
16 66.7 64.5 65.5 65.6 1.1 1.20 1.33 N
17 66.9 64.6 65.4 65.6 1.3 1.20 1.33 N
18 67.5 66.4 66.4 66.8 0.7 1.20 1.33 Y
19 67.9 66.5 66.4 66.9 1.0 1.10 1.17 N
20 68.0 66.3 67.3 67.2 0.9 1.00 1.00 N
21 66.2 67.8 68.1 67.4 1.2 1.15 1.25 Y
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22 66.3 68.8 70.0 68.4 2.1 1.05 1.08 N

23 65.8 69.25 70.6 68.6 2.8 1.15 1.25 Y

24 70.0 69.6 69.9 69.8 0.2 1.17 1.28 Y

*Bonding Status: Y — bonded; N — not bonded.
Appendix C. Experimental data for time optimization of three CNT thicknesses.
Group |Group thickness
No. (pm) Chip No. | Top (pm) | Middle (pm) | Bottom (pm) | Average (um) | Deviation (um) [Time (min.sec)| Time (min) (Bonding %**

1 73.7 73.9 78.0 75.2 2.8 0.10 0.17 20
I 73.5+18 2 76.0 73.3 74.5 74.6 1.4 0.20 0.33 100
3 72.9 70.5 71.7 71.7 1.2 0.30 0.50 X
4 60.4 63.6 65.4 63.1 2.7 1.40 1.67 X
I 61.2+1.9 5 58.4 59.8 59.9 59.3 1.0 1.20 1.33 40
6 59.7 61.6 63.7 61.7 2.0 1.30 1.50 100
7 39.4 38.4 43.6 40.4 3.2 2.40 2.67 30
" 38.6+19 8 35.6 37.4 37.3 36.7 1.2 3.00 3.00 X
9 39.2 36.6 36.6 37.5 1.7 2.50 2.83 100

** Bonding %: X — overheated.
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