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Abstract

Microfluidic devices, or lab-on-a-chip technologies, are designed to simulate certain labo-
ratory processes where functionality such as transporting, merging, splitting and mixing
of fluids are necessary. The devices are also designed for functional autonomy and ease
of use to allow an operator with no laboratory experience to perform experiments under
the supervision of a professional who is familiar with the device. The size, weight and
potential autonomy of these devices, combined with their ability to be programmed to
perform a particular task of analysis, could bring medical diagnostics to rural areas, where
the infrastructure development of a laboratory is not possible.

Microfluidic devices are already used in various industries. However, the light actuated
digital microfluidic (LADM) model has yet to be developed for commercial use. The device
differs from the industry standard in terms of how the fluid droplets are actuated. The
new design model holds potential advantages, such as reducing manufacturing costs and
significantly increasing processing speed, as well as expanding the array of possible device
functions.

This project investigates the possibility of using polymers as functional layers of the LADM
device. During the project, the material properties of two polymers are tested for their
suitability as a photoconductive layer and a hydrophobic layer in LADM devices. The
project also identifies the mathematical correlation between the varying process parameters
in the deposition process of a hydrophobic fluoropolymer to the contact angle and the
deposition rate of the polymer. These results directly contribute to the growing body of
research on polymer based microfluidics.

A literature study contextualises the history of microfluidics and the various microfluidic
platforms. A more detailed view of LADM devices and the increasing role of polymers in
microfluidics lays the platform for the experimental chapters. A series of experiments are
conducted to identify critical material properties and performance characteristics of the
polymer materials. The observations and conclusions are discussed and recommendations
for future work are proposed.

The experimental research on the polymer materials was conducted at the state-of-the-art
Fraunhofer ENAS institute under supervision of the divisional head, Dr. Jorg Nestler.
The instrumentation and optical setup used for the photoresistance measurements were
calibrated by the laboratory technicians. The hardware and software used for the mea-
surement of the droplet contact angle is manufactured by the industry leading supplier.
The methods and results of the studies were verified by the Fraunhofer ENAS technicians.

1il
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Abstract iv

The polymer P(VdF- HFP) is found to be a suitable dual layer (dielectric and hydrophobic)
of a LADM device. Contact angles of water droplets ranged between 98°and 104°indicating
its hydrophobicity, complementing its dielectric properties shown in the literature.

The polymer P3HT:PCBM is exposed to light (580nm and white light) for short periods
of time. The resistance measured through the layer at the illuminated area responded
within 0.5s of light exposure, as well as to the removal of the light source. The minimum
resistance measured was 64M(2. Continuous and prolonged light exposure resulted in a
reduced resistance long after the light source was removed.

19 Si-wafers coated with a fluoropolymer, in a process varying input parameters, were
measured for their thickness and contact angle. Two equations are obtained from a
regression analysis which yields the contact angle and deposition rate of the fluoropolymer

based on the variable input parameters of the deposition process.
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Chapter 1

Introduction

1.1. Background

At the time of writing it is reported that there are over 17 000 publications on microfluidics
- also known as "lab-on-a-chip” technology [1]. In these publications there are solutions for
a myriad of different problems that might occur. However, the successful development of
a working microfluidic device remains a risky venture. Quite often the various existing
functional layers or devices are not compatible to, or combinable with each other. In
addition, many of the methods used to fabricate these materials and devices are too
expensive, especially for rural locations [2]. The use of organic polymers to design a
microfluidic device in a bottom-up design approach might provide the answer to some of
the aforementioned problems. A device is necessary that accommodates a wide range
of unit operations, that can be manufactured at low cost and high volume, that can

perform assays that serve a functional purpose and which is designed for commercial success.

Microfluidic devices, or lab-on-a-chip technologies, are designed to simulate cer-
tain laboratory processes where functionality such as transporting, merging, splitting
and mixing of fluids are necessary. These devices range in size between 2 cm? and
30 cm? and manipulate droplets of nano- and microlitre volumes. Economies of scale
advantages have made this platform fortuitous for industries where specific fluids
and chemical reagents are scarce and expensive. The devices are also designed for
functional autonomy and ease of use to allow an operator with no laboratory experience to

perform experiments under the supervision of a professional who is familiar with the device.

As the word ”chip” indicates, the devices are designed to digitally communicate
the experimental results directly to a computer, further decreasing the potential error of
human involvement and data documentation. The size, weight and potential autonomy
of these devices, combined with their ability to be programmed to perform a particular
task of analysis, could bring medical diagnostics to rural areas, where the infrastructure
development of a laboratory is not possible. Microfluidic devices are already used in

various industries, but a light actuated digital microfluidic (LADM) model has yet to be
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developed for commercial use. The device differs from the industry standard in terms of
how the fluid droplets are actuated. The new design model holds potential advantages,
such as reducing manufacturing costs and significantly increasing processing speed, as well

as expanding the array of possible device functions.

The advancement of microfluidic research is especially important to a country
such as South Africa, where the integrated use of lab-on-a-chip technology can bring
significant relief to rural communities where there is a lack of medical assistance and

point-of-care diagnostic facilities.

1.2. Problem statement

Ideally, a cost effective and fully functional LADM device should be able to be constructed
from polymers. From the wide range of polymer materials available, a selection has to
be made where the material properties can fulfil the necessary function of the various
layers of this device. If this can be achieved, these devices could be manufactured at lower
costs, both for small scale and large scale production, enabling both the academic and

commercial industries.

If this cannot be achieved, the conventional methods of constructing such devices
from glass and metallic materials will delay their development and limit their applications
and distribution. The fabrication equipment for making polymer devices are cheaper [3]
than those required for making semiconductor infrastructures, such as wet benches
or reactive-ion etching facilities [4]. This inherent reduction in overhead costs will

enable a much wider research effort towards the optimisation of polymer based microfluidics.

This project investigates the possibility of using polymers as functional layers of
the LADM device. During the project, two previously unused materials were tested and

yielded promising results in their use as part of a LADM device.

The use polymers as the functional layers of the LADM device provides unique
research to the field of microfluidics. Apart from considerations over cost and availability,
the stack-layer nature of the device necessitates careful selection of materials based on
their physical characteristics, ease of manufacturing and toxicity. Most importantly the
compatibility with the other layers, both in the assembly and functioning of the device,
must be considered, because each layer of the device performs an individual task as
well as a unified task in conjunction with its bordering layers. To address the problem
of synthesizing a polymer based LADM device, various experiments are performed to

establish the use of polymers as functional layers in a LADM device.
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1.3. Methodology

This study involves the analysis of material samples received from Fraunhofer AP and
Fraunhofer ENAS. The sample set of 5 (M15, M17, M18, M19, M20) from Fraunhofer
TAP each consisted of a layer stack of ITO covered glass, PSBHT:PCBM and P(VdF-HFP).
Two of these samples (M18 & M20), were used to conduct tests on the photoconductive
polymer layer of PSHT:PCBM, to establish various material properties necessary for the
successful functioning of such a layer in a LADM device. In total, four experiments are

performed to investigate these material properties.

Samples M15, M17 & M19 are used to test the hydrophobic behaviour of the polymer
P(VAF-HFP). To test this, the surface contact angle of 1ul droplets were measured. By
using a Kriiss Drop Shape Analyzer (DSA100) and its accompanying software, it was
possible to accurately dose, photograph and measure the contact angle of ul volume

droplets.

Fraunhofer ENAS supplied 19 silicon wafers that were subjected to a fluoropolymer
deposition process where the process parameters were varied during the fabrication process.
These samples were tested for their material thickness by Fraunhofer ENAS personnel
through an ellipsometry test. Additionally, 740 measurements of the contact angle of ul
de-ionised droplets on the 19 Si-wafers were measured. The results of the ellipsometry
tests and contact angle tests were then related to the process parameters of the deposition
process of the fluoropolymer through a regression analysis. Two formulas are obtained

from this analysis that predicts the deposition rate and the observed contact angle.

1.4. Chapter summary

In Chapter 2, the history of microfluidics is first addressed to lay a foundation of
understanding in the functioning and application of these devices. Next, the different
microfluidic platforms are defined and discussed with more specific focus on the pressure
driven- and electrokinetic platforms. In the discussion of electrokinetic platforms, the
concept of Electrowetting on Dielectric (EWOD) is first discussed, which is the principle
on which the LADM device is based upon.

Next the chapter turns its focus to illustrate how the modelling of EWOD de-
vices can be done using theoretical mathematical models. The review then moves to
the LADM device in more detail, with specific focus on the different layers and their
function in the device. Lastly the use of polymers in microfluidics is explored, with a focus

both on the fabrication methods of some polymer microfluidic devices. There is also an
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introduction of fluoropolymers, as well as the polymers (P3HT:PCBM) and P(VdF-HFP),

which are all discussed further in the experimental chapters to follow.

In Chapter 3, the polymer (P3HT:PCBM) is tested for its suitability as a photocon-
ductive layer in a LADM device. Four experiments aim to establish different physical
characteristics of the material. The observations and conclusions of the experiments are

discussed along with recommendations for future tests on P3HT:PCBM or similar materials.

In Chapter 4, tests are done on the polymer Poly(vinylidene fluoride-co-
hexafluoropropene) P(VAF-HFP). The initial purpose of the polymer layer was
to be the dielectric layer of the LADM device. However, this chapter investigates its
suitability as a dual layer. As a dual layer, in addition to having a high dielectric
constant, the material should also display hydrophobic properties. An experimental
section documents the results of a contact angle measurement test. The observations and
conclusions of the experiments are discussed along with recommendations for future tests
on P(VAF-HFP) or similar materials.

In Chapter 5, 19 Silicon wafers are deposited with a fluoropolymer in a process that
has 5 variable process parameters. After cutting the wafers in to two identical halves, the
one half is subjected to a ellipsometry test, to determine the material thickness, which
by factoring in the deposition time, yields the deposition rate (nm/s). The other half of

the wafers are used to conduct contact angle measurements of 1ul de-ionised water droplets.

The aim of this chapter is then to establish a mathematical correlation between
the varying process parameters in the deposition process, to the contact angle and the

deposition rate. Two equations are obtained through the means of a regression analysis.
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Chapter 2

Literature Review

2.1. Microfluidics History

Microfluidics is a technology field which has developed due to the advances made
primarily in four different fields: molecular analysis, biodefence, molecular biology and
microelectronics [5]. The advances made in gas-phase chromatography (GPC), high-
pressure liquid chromatography (HPLC) and capillary electrophoresis (CE) revolutionised
chemical analysis. These techniques were focused on the analysis of chemicals and
molecules in a capillary format. The advancement of the laser in optical detection, in
addition to the aforementioned advances in molecular analysis technologies, made it
possible to simultaneously achieve results, using small volumetric samples, that had both
high resolution and high sensitivity. These advancements in micro-analytical methods
encouraged development of new, more compact and -versatile formats for them, and to

investigate other applications of micro-scale methods in chemistry and biochemistry [5].

The rapid rise of genomics in the 1980s presented another platform where microfluidic
research and application could provide answers to new problems of the industry. Once
DNA sequencing was gaining momentum, the microanalysis of molecular biology required
analytical methods that again needed results with high throughput, and higher sensitivity
and resolution than had previously been contemplated in biology. The field of Microfluidics

offered to overcome these new problems with new approaches. [5]

Biodefence, defensive measures taken to protect against an attack using biologi-
cal weapons, presented a very different motivation for the advancement of microfluidics [5].
In the 1990s the end of the cold war brought support from the US Department of
Defence for programmes aimed at developing field-deployable microfluidic systems that
were designed to serve as detectors for chemical and biological threats. The financial
stimulus brought about from these programmes resulted in the rapid growth of academic

microfluidic technology.

The fourth, and most important contribution to the development of microfluidics
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was microelectronics. Initially, the hope was that the success of silicon microelectronics
and that of microelectromechanical systems (MEMS), would be directly applicable to
microfluidics. Although initial designs did use silicon and glass, the disadvantages soon
became apparent. In biological analyses, where the use of light is necessary, opaque
and expensive silicon proved to be a hindrance [5]. The focus soon shifted to find a
working material that was optically transparent and a soft elastomer. The properties
of poly(dimethylsiloxane), or PDMS, were entirely distinct from silicon and much more
suited for microfluidic use. However, the mechanical, thermal and chemical stability
of silicon, steel and glass have meant that microelectronic technologies have remained
indispensable for the development of microfluidics and have served as materials with

which to build specialized systems.

The last two decades of research has tried to emulate the functionality of micro-
electronic devices. Integrated circuits contain many individual units that each perform a
different and verifiable task. The whole device can only achieve its specified task when all

the units operate together in a predictable and consistent manner.

In microfluidics these units perform the operations necessary for fluid handling.
The typical unit operations in a microfluidic device are fluid transport, -mixing,
-valving, -metering, separation, incubation, reagent storage and release, as well as
incubation [6]. The physical units that perform these operations are microvalves,
micropumps, micromixers and other micro liquid handling parts. The greatest challenge
for the future of microfluidics, and especially the successful commercialization thereof, will
be to integrate the various parts into a microfluidic platform that is designed for a specific

task, which could combine various unit operations.

2.2. Microfluidic Platforms

Daniel Mark defines a microfluidic platform as follows: ”A microfluidic platform provides
a set of fluidic unit operations, which are designed for easy combination within a
well-defined fabrication technology. A microfluidic platform paves a generic and consistent
way for miniaturization, integration, automation, and parallelization of (bio-)chemical

processes” [6].

Microfluidic platforms are subdivided into 5 groups, according to their dominat-
ing main liquid propulsion principle. These 5 groups are capillary, pressure driven,
centrifugal, electrokinetic and acoustic [6]. Within these groups all current microfluidic

platforms can be categorised, as can be seen in Figure 2.1.
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I Major microfluidic platforms |

| capitary | | Pressure driven | | centrifugal | | Electrokinetic | [ Acoustic |
- Lateral flow tests - Linear actuated devices - Centrifugal microfluidics - Electrokinetics - Surface acoustic waves
- Pressure driven laminar flow - Electrowetting

- Microfluidic large scale integration
- Segmented flow microfluidics

- Dedicated systems for massively

parallel analysis

Figure 2.1: Microfluidic platforms (according to [6])

In this review, the focus will be only on pressure driven and electrokinetic platforms.
Most microfluidic devices currently in use fall under the pressure driven category, so it will
serve as the industry standard to compare the new Electrokinetic platforms to. Within
the pressure driven category, the linear actuated devices and pressure driven laminar flow
devices will be reviewed. The electrowetting platform will be reviewed in more detail in

the electrokinetic category, with a specific focus on the light-actuated digital microfluidic

device or LADM.

The rest of Section 2.2 will follow a similar structure when introducing a new microfluidic
platform. Firstly, the platform is characterized and the main principle is presented
first. Following that, the platform’s unit operations or functions, as well as their typical
applications are briefly discussed. Lastly, an overview of the strengths and limitations of

each platform is given.

2.2.1. Pressure driven microfluidic platforms

Lateral flow tests

In terms of droplet actuation methods, lateral flow test devices are the most basic type
of microfluidic platforms. Through capillary forces alone,the liquids are controlled or
manoeuvred by the hydrophobicity and feature size of the microstructures that the
substrate is made of. All of the required chemical reagents, needed to perform the test,
are pre-stored. The test results are typically identified optically. With different molecules

presenting as a colour change [6,7].

The standard device layout and functionality can be seen in Figure 2.2. The main
parts of the device consists of an inlet port and a result detection window (Figure 2.2(a)).
The core of the device is made up of different wettable materials, as well as all the

necessary biochemicals to perform the test. The capillary capacity is strong enough to
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wick the sample through the whole length of the device [7].

Practically the fluid sample, a droplet of ul capacity, is dropped onto the inlet
into a sample pad (Figure 2.2(b)). This closed design greatly contributes to sterility
by holding back contaminates and dust. Once inside the device, the micro structures
allows for the capillary forces to transport the fluid into the conjugate pad. There,
the first type (of three) antibodies conjugate onto a signal-generating particle and are
rehydrated before binding to the antigens in the sample (Figure 2.2(c)). The binding

of antigens and antibodies continue as the sample moves through to the detection pad [6,7].

The tests typically have a control line and a test line. Here, different antibodies
help to reveal relevant information. On the test line (Figure 2.2(d)), a second type of
antibody couples with the particles in the fluid that are coated with antigens and thus
show the presence or absence of a specific analyte. On the control line, a third type of
antibody couples with particles which did not bind to an analyte. The presence of these
particles indicate a successfully processed test. Results are typically obtained after 2 to 15

minutes [6, 7].

(a) Detection Control line  Housing
window

Test line

Sample inlet

Absorbent pad

Incubation and
detection pad

Conjugate
Sample pad pad

(b)
Sample Analyte Nanoparticle Antibody

¥

(d) iﬁ Ii

Figure 2.2: Functionality of lateral flow tests [7]

There is an odd relationship between the commercial success of lateral flow devices and

the scarcity of publicised material on the devices. These devices outperform most other
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microfluidic devices in terms of simplicity, cost, robustness, handling, and the number of
implemented lab-on-a-chip applications, yet there are only a handful of noteworthy papers
on their materials and construction. One may wonder if there are many company secrets
that are kept unpublished [7].

Linear actuated devices

Compared to lateral flow devices, linear actuated devices perform better in quantification
of results and could have more applications. These devices are also more complex
as a processing device and disposable test carrier [6]. The actuation of the fluids in
linear actuated devices (LADs) is mostly in a linear one dimensional flow path with no
branching. The actuation force is created by means of mechanical displacement of flexible
pouches or plungers [6]. Each device can perform multiple tests by virtue of having
disposable test carriers and portable result analysers. Typically results are obtained in

this sample-to-result process within a couple of minutes and in some cases, up to an hour [6].

LADs make use mainly of two unit operations: liquid transport, by means of
mechanical displacement and reagent pre-storage in the disposable test carrier [6]. Both
liquid and dry reagents, as well as fluids, are pre-stored in disposable cartridges. The fluids
are moved in linear channels with no inter-branching, although a third unit operation,
mixing, can be implemented by displacing fluids between adjacent reservoirs [8]. Mixing
can also be achieved through atomic forces by making use of weak bonds between a

channel and an adjacent reservoir.

The first device of this kind the i-Stat used different disposable cartridges for
analysing a myriad of blood parameters using the same hand held analyser for both sample
processing and result readout [9]. By making use of pre-stored calibration solutions,
point-of-care results, that have good agreement when compared to laboratory tests, can
be obtained within 2-6 minutes [10, 11].

The flexible inputs and operating conditions of LADs makes them ideal for point-of-care
applications. These include the handling of fluid samples ranging from 10 — 100ul,
processing times of less than an hour, the ability to pre-store reagents and a high degree
of assays, provided by the various disposable cartridges [6]. However, there is a small
price to pay for this flexibility, which is an unchangeable imprinted protocol specific to
a singular test. The devices are also limited to few unit operations, which hinders the
implementation of more complex assays, such as integrated genotyping with a plurality of

genetic markers or multi-parameter assay.
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Pressure driven laminar flow devices

The liquid transport mechanism pressure driven laminar flow platforms is based on
pressure gradients within the channels in which the fluid is actuated. Over a wide range
of flow rates, hydrodynamically stable laminar flow profiles are achieved inside the
microchannels. These laminar flows are also achieved over a wide range of flow rates. A
range of actuation methods are used such as external or internal pressure sources that make
use of syringes, pumps or micropumps. Other methods include gas expansion principles
and pneumatic displacement of membranes. To process the samples and reagents, they

are injected into the chip inlets. This is done either batch-wise, or in a continuous mode [6].

The unit operation of mixing is the most important of the pressure driven laminar
flow devices. In this process, the laminar flow streams of at least two liquids are mixed
through controlled diffusion at a microfluidic channel junction [12]. Laminar flow can
also be applied to achieve flow focusing. In this instance a central and two symmetric
side channels are connected at a junction forming a common outlet channel. Variation in
the flow rates of these channels result in the accurate adjustment of the lateral width of
the central streamline within the common outlet channel. By focussing the flow in this
manner, micro-objects are suspended in the liquid flowing through the central channel.
This well aligned and defined streamline position is advantageous in isolating the micro

objects suspended in the solution [12,13], as is shown in Figure 2.3.

Cells "focused" liquid stream

Figure 2.3: Focussed flow of micro-objects (according to [12])

These micro objects are typically living cells or micro-droplets of a liquid stream.
These micro objects can then be separated or sorted from the main liquid stream [6]. This
is achieved through some force acting selectively on the suspended micro-objects, while the
liquid stream stays more or less unaffected. Geometrical barriers, magnetic forces, acoustic

principles or hydrodynamic principles are responsible for these actions of separation.

The use of microvalves can play an important part in the functioning of pressure driven
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laminar flow platforms by controlling flow rates. However, no standard methods or designs
have emerged that have easily achieved these microvalves. Thus the implementation of

valves remain difficult on this platform [14,15].

A novel application of these devices is through a technology called PTM or phase
transfer magnetophoresis. Magnetic microparticles are attracted with the use of off-chip
rotating permanent magnets. This attraction enables the microparticles to be transferred
between adjacent streams. This method has applications in DNA purification, DNA-
extraction and free-flow magnetophoresis [6,16,17]. Nucleic acid diagnostics have been
a constant source of research and many publications have documented microfluidically
automated components based on pressure driven laminar flow chips [15,18]. One such
device can bee seen in Figure 2.4. However, integrating the complete system remains a
challenge because of how challenging the inclusion of sample preparation is [18]. The time
required for these type of tests such as DNA purification [6], polymerase chain reaction
(PCR) tests, electrophoretic separation- and detection of pathogens, is now less than 30
minutes [19]. An example of such a device is shown in Figure 2.4, where only the sample

analysis step was not integrated in the microfluidic chip.

i Waste 1
Eluate Propulsion Buffe PR ok
PCR Mix V /Mixer 1 Exhaust
O

/

Mixer 2 ~ __———GuSCN

-\—Sample in

| |L—>Sample Reservoir

Reservoir 2

PCR Channe

Air In
[—————Reservoir 1

[ —————Muixer 1

o = — — _J.-\""_Detmion Well
Mixer 2 Exhaust \
Waste 2
Elution Buffer 70% EtOH
Figure 2.4: Pressure driven laminar flow device for batch-wise nucleic acid diagnostics
(according to [6])

\

The biggest strength of the platform lies in its potential for continuous processing
of samples [6] in what is referred to as batch-wise tests. Future applications will make
increased use of online monitoring, for which continuous processing and monitoring are of
the utmost importance. Due its functionality, these platforms could be constructed with

polymer mass-production technologies, such as injection moulding, enabling inexpensive
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disposable microfluidic chips. This is discussed in more detail in Section 2.5.

The design of this devices necessitates having the pressure source separate from the
disposable chip. This adds further manual steps of operation and decreases its portability.
The phenomenon of Taylor dispersion of streamwise dispersed samples hinders the accurate
tracking of analyte concentrations on the platform [20]. The platform is designed and

optimised for mixing and separation unit operations, but limited in other operations.

2.2.2. Electrokinetic microfluidic platforms

Electrowetting devices

Electrowetting platforms are specifically designed to actuate droplets rather than flow
streams [21]. The droplets are often immersed within another fluid (either liquid or gas)
to protect the droplet from factors such as evaporation and contamination. Droplets
are created through various means. Making use of a water-in-oil emulsion or air-liquid
combinations, droplets are formed and can then be actuated through the device [22]. The
droplets are moved across a hydrophobic surface to maximize manoeuvrability and control.
This can also be achieved by making use of a surface that is coated with a fluorinated
oil [23]. A two-dimensional array of individually addressable electrodes are structured
in another layer adjacent to the hydrophobic layer [24]. The voltage difference between
the electrode and the droplet governs the droplet’s behaviour. Thus the unit operations

of the device is programmable and crucially, reprogrammable to perform different tasks [25].

Although the principle of electrowetting was demonstrated by Lippmann as early as
1875 [26], it was not until the 1990’s that it became a feasible principle to use in practice.
The introduction of the dielectric layer between the electrode and the hydrophobic layer,
made it possible to increase the applied voltage by several orders of magnitude whilst
avoiding electrolysis of the fluid [26]. As seen in Figure 2.5, the applied voltage creates a
build up of charge in the dielectric layer. The ions in the fluid rearrange to congregate
near the opposite polarity. The larger the applied voltage, the larger the charge build
up in the dielectric layer, and thus the contact surface of the droplet enlarges to try and

equalize the charge on the surface [26].
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Figure 2.5: Electrowetting on dielectric principle

This effect, called Electrowetting on Dielectric (EWOD) [27], is used as a method
to actuate the droplet over the hydrophobic surface. The principle succeeds due to the
surface tension of the fluid, holding the droplet together in a spherical shape. As a new
adjacent electrode is activated, the corresponding area of the dielectric layer becomes
electrically charged. If the newly charged area makes partial, overlapping contact with the
droplet, then the wetting behaviour causes the edge of the droplet to spread out over the

newly charged area [28].

Through this process, the droplet is manoeuvred by the electrode array on one side
and by a large planar ground electrode on the opposite side (see Figure 2.6). The surface
tension of the droplet drags the whole droplet together, thus completing the movement of
the entire droplet from the area over one electrode to another [29]. If the aim is to move
the droplet in a line, adjacent electrodes that form the path the droplet must take are
activated and deactivated moving the droplet along. This flexibility in the movement is

programmable and thus enables the implementation of different assays on the same device.

ground electrode

el

insulator droplet ) >hydr0phobic

electrodes

Figure 2.6: Electrowetting on dielectric with ground electrode

Droplet formation, is the fundamental unit operation of EWOD devices. Droplets are
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extruded from an on-chip reservoir by activating a series of electrodes near the edge of
the reservoir [30]. Droplets as small as 20nl can be metered with a standard deviation of
2% [30]. The same principle can be applied to a single drop, in order to split it in two [25].
The actuation of the droplets is achieved using the EWOD effect, which can also be used
to merge two droplets together. By moving merged droplets back and forth between at

least two electrodes, the droplet content can be mixed [31].

Living organisms and cells can be housed inside the droplets of an EWOD device.
Multiple biological assays can be programmed and performed as well as diagnostic tests
on biological fluids. These processes are most commonly limited by either biofouling, loss
of biomolecules or surface pollution. The use of silicon oil has been demonstrated to

reduce biofouling. [23]

Droplet actuation provides a much better platform for biological experiments over
single phase continuous flow systems, mostly due to its flexibility of application and

reusability on the same hardware.

Various fluids have been demonstrated to work on EWOD devices [32], [30]. These

include:

Aqueous solutions

Organic solvents

Ionic liquids

Aqueous surfactant solutions

Biological fluids
— Blood, plasma, saliva, serum, urine, sweat & tears

In the field, various different applications of EWOD based devices have been docu-
mented. The successful demonstration of colorimetric, enzymatic assays on various bio
fluids as well as glucose concentration measurements on biofluids including, serum, plasma,
urine and saliva are documented [30]. These demonstrations indicate the broad spectrum
of health indicators that can be tested by such devices. The automation of sample
preparations of peptides and proteins for matrix assisted laser deportation/ionization
mass spectrometry (MALDI-MS) is also possible on EWOD platforms [33]. Also, a PCR
assay has been conducted on a EWOD platform by putting a droplet (at rest) through a

temperature cycling process [34].
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Sample manipulation with EWOD has many advantages compared with other mi-
crofluidic mechanisms, such as precise droplet actuation, less contamination risk, minimal
dead volume, efficient reagent mixing, short reaction time, simple chip fabrication, and
flexibility for integration.

Furthermore, EWOD brings significant advantages to the system development, such
as low-cost chip fabrication, simple system construction, low energy consumption, and
system portability [6,30,34].

Disadvantages of EWOD devices include the evaporation of working fluid, although the
use of oil reduces this risk. In cases where the dielectric material is too thin, or porous
in structure, electrolysis can occur if the applied voltage is too high. The stability of

hydrophobic layers can decrease over time, decreasing the reusability of a device [6].

2.3. Theoretical Modelling of EWOD devices

This sections aims to create a realistic model of a polymer-based LADM based on an
electromechanical framework. Earlier models have aimed to estimate the forces acting on
a droplet in a DMF device, based on the EWOD principle.

Forces that affect droplet movement can be divided into driving and resistive
forces. Early attempts of estimating the driving forces were based on a thermodynamic

approach using the Young-Lippman equation [35], [36]

€06, V2
2vd

where 6 and 6, are the static contact angles with and without applied voltage, respectively,

cos(6) = cos(fy) +

(2.1)

€, is the relative permittivity of the dielectric, €y is the permittivity of free space, V' is
the applied voltage, v is the liquid/filler media surface tension, and d is the dielectric
thickness. The Young-Lippman model predicts droplet motion based on the capillary
pressure that results from asymmetric contact across the droplet. However, this model

fails to account for liquid-dielectrophoretic forces and thus another model will be used [35].

In order to relate the intrinsic properties of the individual layers to the forces
acting on the droplet, and thus the functionality of the completed LADM device more
accurately, a mathematical model of the device will be set up. This model will aim to
represent the driving and resistive forces acting on the droplet through an equivalent
circuit of the system. The capacitive and resistive properties of each layer are influenced
by the material properties, their geometry and also by both the working- and filler fluid
used in the device [35].
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Earlier circuit-models of digital EWOD devices (using physical electrodes) are
based on an electromechanical framework. These models estimate the amount of energy,
E, capacitively stored in the system as a function of frequency and droplet position along
the axis of droplet propagation (from the inactive to the active electrode) [24]. The model
assumes that the cross-sectional area of the drop can be approximated as a square with
sides of length L (see Figure 2.7).

o]

— | —

Figure 2.7: Top view of adjacent electrodes (black and red) with overlapping droplet
(blue) with sides of length L [24]

The energy is expressed as

L " €0€ri tiquidViviquia (T2 f) " €0€ri, fitler Vitinier (727 )
E(f,z) == <xz : C»;'q d + (L —x) cf L (2.2)
i=0 i i=0 i

With €4 1iquid, Vi tiquid and €y fitier, Vi finer are the relative permittivity and voltage drop for
the liquid and filler fluid portions of the electrode, respectively, and d; is the thickness of
layer i. The subscript i refers to each of the layers (dielectric, top-and-bottom hydrophobic,
and liquid /filler).

The change in energy as = goes from 0 to L is equivalent to the work done on the
system, therefore, differentiating (2.2) with respect to z yields the driving force as a

function of frequency (f):

E(f) — 5E(f7 [E) _ £ zn: EOETi,liquid‘/;?liquid(j27rf) . zn: EOETi,filler‘/z"zfiller (]27Tf) (23)
ox 2 i—0 dz i—0 dz

For each combination of layer-stack materials, their geometries and the liquid
combinations, there is a critical frequency, f.. In this model, the force acting on the droplet
arises from charges accumulated near the three-phase contact line being electrostatically
pulled toward the actuated electrode [24]. The magnitude of this force is highly dependant

on the capacitive energy stored in the dielectric layer. If the frequency goes beyond that
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of the critical frequency, a significant electric field gradient is established within the
droplet. This will induce a liquid-dilectrophoretic force, which pulls the droplet toward
the activated electrode. The force is weighted by the difference in permittivity between
the liquid and filler medium [24].

There are other forces also acting on the droplet. A shear force acts between
the drop and the contacting layer and a viscous drag force is acted on the droplet caused
by the displacement of the filler fluid. These forces should be minimised to allow for

droplet to move optimally.

2.4. Light Actuated Digital Microfluidic Device

The synthesis of a Light Actuated Digital Microfluidic (LADM) device is the focus of
this research. The LADM device, as the name suggests, uses light as a tool to actuate
droplets. The device is based on the EWOD principle (see Section 2.2.2) and retains all of

the aforementioned unit operations and most of the functionality.

2.4.1. Optoelectrowetting

Optoelectrowetting devices differ from normal EWOD devices in the functionality of
the electrodes. The physical electronic circuit layout that makes up the 2D electrode
layer of the standard EWOD devices is replaced by a photoconductive layer containing
virtual electrodes. Surface areas that are exposed to electromagnetic radiation (visible,

UV, infrared light) become electrically conductive, and this is called photoconductivity [37].

The energy absorbed from photons raises electrons across the band gap, or ex-
cites impurities within the band gap, thus creating more free electrons and holes. This
creates a flow of electrical current through the material perpendicular to the surface
which is exposed to the photons. The presence of light acts as a switch to turn the virtual
electrode on and off [38].

Optoelectrofluidic technologies require much less power and offer a much larger
manipulation area [39]. In addition, compared to conventional electrical methods, in
which fixed electrode patterns are applied, reconfigurable virtual electrodes formed by an
optical manner allow parallel manipulation of a massive amount of particles at a specific

region of interest over a wide area.
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2.4.2. Functions of the layers

As seen in Figure 2.8, the device is constructed by stacking different material layers, with a
gap wherein the fluid is actuated. The functionality depends exclusively on the individual

material properties of each layer and the degree to which the adjacent layers correctly

interact.
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Figure 2.8: Light actuated digital microfluidic device [37]

Base electrode layer

The electrode layer is usually the first layer of the stack that is manufactured. The layer

is transparent, to allow light to pass through it and contains a conductive material which

is connected to the power supply.

The industry standard is an indium tin oxide (ITO) covered glass substrate. Important
characteristics that have to be considered in the selection of this layer is that the material

has to be able to withstand the physical and chemical effects of the manufacturing processes

of the layers that are stacked on top of it.
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Photoconductive layer

As mentioned in Section 2.4.1, the fundamental concept behind optoelectrowetting is that
the conductivity of the photoconductive layer can be changed by generating excess carriers
with exposure to electromagnetic radiation in the form of photons. This change reduces
the voltage drop across the photoconductor and, as a result, the contact angle of the liquid
droplet overlapping the illuminated region decreases. Table 2.1. summarizes the most

important material characteristics necessary in a photoconductive layer in a LADM device.

Table 2.1: Summary of important photoconductive material properties

Important for photoconductive material for LADM

This ensures the voltage
will mainly drop across

the photoconductor in

the absence of light.

Low dark conductivity:

Visible light response:
Low cost visible light.
Commercial data pro-
jectors or standard

lasers can be used.

Short carrier recombination
This enables fast

switching of contact angles and

lifetime:

high speed actuation of liquids.

Dielectric layer

The dielectric layer enables the device to be operated at a higher applied voltage while
preventing electrolysis of the working fluid. A higher applied voltage translates to a
larger actuation force applied to the droplet. The mathematical approximation for the the

net-force on the droplet is given by

€di 2
Fnet = — Vi

i (2.4)

where Fj.., €4i,dq;, Vi are the net-force per unit length, electrical permittivity of the
dielectric layer material (dielectric constant), dielectric layer thickness, and voltage across
the dielectric layer, respectively. From (2.4) it can be seen that a high dielectric constant
and a thin layer thickness enables a higher charge to build up that can actuate the droplet
more efficiently at lower power. The two main restrictions for choosing this layer, are
choosing a material that can be deposited without interfering with the photoconductive
or base electrode layers, and being able to withstand the voltages applied to the device.
The dielectric breakdown voltage should thus be known for the thickness at which it is
deposited.
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Hydrophobic layer

The hydrophobic layer is the final layer of the layer stack to be manufactured. The
main purpose of the layer is to allow for the droplet to move freely over the surface.
A hydrophobic surface (see Figure 2.9) is characterized by contact angles > 90°, but
preferably super hydrophobic surfaces (contact angles > 150°) are needed. As with the
preceding layers, the properties of the other layers have to remain unaffected by the

manufacturing process of the hydrophobic layer.

Hydrophilic Hydrophobic
Liquid

< 9

Figure 2.9: Contact angle of a hydrophilic and hydrophobic layer

2.5. Polymers in microfluidics

2.5.1. Background

Since their emergence in the 1970’s, the use of microfluidic devices has increased
tremendously due to the great potential in biomedical, point-of-care testing, and
healthcare applications. The early development of microfluidic devices commonly involved

silicon and glass materials as basic substrates [40].

From humble beginnings, the field of microfluidics has surged forward both in terms
of research, but also in commercial application. This market-pull is mostly attributed
to the success of microfluidic devices in the fields of point-of-care testing, biomedical
and healthcare applications. In the early days, these devices were almost exclusively
manufactured from silicon and glass materials, which was used as the basic substrates.
However, since the late 1990s, the use of polymers in microfluidic devices has gained

momentum due to their simple and cost effective manufacturing methods [40].

Especially when compared to devices made from silicon and glass, polymer-based
devices are made from materials that are often inexpensive and that feature a wide variety
of material properties. The most promising of applications thus far for polymer based
microfluidic devices are disposable, biomedical microfluidics devices. However, many more

fields are currently shifting their view towards polymers [4].
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One of the largest advantages to the fabrication of polymer microfluidic devices are
that there are no potentially hazardous etching reagents required [4]. These reagents and
the equipment needed to even create prototypes are are often too expensive for researchers
in low-resource settings [2]. However, polymer microfabrication has its own drawbacks,
most of which are due to complexity of having multiple materials each with their own
material properties that might be affected by temperature related processes. As yet, there
is no one-fits-all fabrication technique for creating polymer microfluidic devices. It is
therefore critical to determine polymer microfabrication strategies to ensure the successful

functionality of polymer-based microfluidic devices [4].

2.5.2. Fabrication strategies and considerations

In recent years, analytical MEMS (microelectromechanical systems) have been fabricated
in glass by means of wet chemical etching [24]. An alternative to glass-based MEMS
devices are those fabricated from polymers [41]. One particular advantage to using
polymers is the wide choice in microfabrication methods that can be selected to construct
the device. Four of the most common microfabrication methods using polymeric materials,
include spin-coating, injection moulding, hot embossing/imprinting and laser ablation.
These methods are relatively inexpensive and can facilitate production in large numbers,

making their use in commercial applications particularly attractive [41].

Functional material properties, such as surface charge, machinability, optical properties,
molecular adsorption and others are of great importance to microfluidic applications.
Material characteristics, especially those related to temperature are equally important
when selecting a polymer-based substrate for both the fabrication process and the
successful functioning of the device [42]. This is due to the fact that each fabrication

protocol has its own unique requirements and constraints.

As an example, the thermal expansion coefficient, melt temperature and glass
transition temperatures are critical in the process of injection moulding methods, as well
as that of hot embossing. [42]

The thermal expansion coefficient relates to the material’s dimensional change (volume
or size) resulting from a specified temperature change. This parameter is important in
several fabrication processes to ensure functional dimensions are maintained. It is also
important when thermally bonding two or more different materials [42]. When the polymer
substrate changes from a rigid, glass-like, material to a soft, but not melted, material it

has reached the glass transition temperature. This is measured in terms of the stiffness
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of the material (its modulus) and is dependent on its crystalline structure. The melt
temperature refers to the temperature at which the polymer transitions from a solid state
and starts to flow [42].

2.5.3. Fluoropolymers

Currently, the large majority of polymer-based microfluidic activities use the soft
silicone-based elastomer polydimethylsiloxane (PDMS). These devices previously made
use of glass. However, glass requires expensive fabrication facilities that uses hazardous
chemicals and long processing time for fabrication. Furthermore, glass is not well suited

for small detail manufacturing, like creating micro-valves [3].

PDMS has several advantages, like a high gas permittivity and high optical transmis-
sivity. Being an elastomer, the material is easily deformed by the application of pressure.
This makes it feasible for prototyping. However some drawbacks or limitations of the

material are channel deformation, evaporation, sample absorption, low solvent resistivity.

Instead of trying to improve the performance of PDMS or replacing it with other
materials, PDMS can be modified to compensate for its drawbacks. The surface can be
modified with a hydrophobic and non-leaching material, which is also stable and has
high chemical compatibility. This possibility drew the attention of research to a group of

materials called fluoropolymers [3].

As early as the 1930s crystallised perfluoropolymers, such as polytetrafluoroethylene
(PTFE) was discovered. This material displayed very promising properties. It is highly
chemical-resistant and thermally stable. However, the material is not transparent and
very hard to microfabricate. Other discoveries of semi-crystallized perfluoropolymers,
such as fluorinated ethylene propylene (FEP) and perfluoroalkoxy (PFA) were made.
These materials are similarly inert and stable as PTFE, but has the advantage of being
transparent and melt-processable. These materials which were later to be known as
Teflons were broadly used as coatings, films and additives. However, the incapability in
their microfabrication, meant they could not be used for devices on micro scale for more

than half a century [3].
Wood et al developed a novel method of creating a safe and cost effective way to produce
a material whose properties are comparable to those of the commercial product (Teflon® AF

1601) [23]. This new method reduces the risk of contamination from solvents or surfactants.

The basic properties of fluoropolymers arise from the atomic structure of the base atoms
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(carbon and fluorine) that make up the C-F bond found in all fluoropolymers, including
polytetrafluoroethylene (PTFE) homopolymers [43]. The C-F bond is the main reason
that fluoropolymers have many special properties that are superior to most other polymers.
These special properties span across electrical, mechanical and thermal characteristics of
the fluoropolymers. Additionally, these materials also have strong chemical resistance [43].

The useful material properties of fluoropolymers are [43]:

o Stability » Biological inertness

o High continuous use temperature e Low friction

o Excellent weatherability » Cryogenic properties

o Excellent chemical resistance o Retains flexibility

o Excellent fire properties o Electrical properties

o Low surface energy o Low dielectric constant
o Good release properties o Low dissipation factor

By adding nanoparticles to fluoropolymers the mechanical stability, wear resistance
as well as its performance after prolonged liquid exposure was improved [23]. These
nanoparticles also impacted the surface roughness of the material contributing to a super
hydrophobic surface [23]. Begolo et al. also used this hydrophobic fluoropolymer for
temperature imaging in DMF systems due to the materials good stability and temperature

sensitivity [23].

The fluoropolymer poly(tetraflouroethylene) (PTFE) was used to demonstrate very
successful electrowetting results in 1996 by Vallet et al [44]. Their results showed that the
low surface energies of this polymer contributed to the reduction in water droplet contact
angle of 30°or more.

Fluoropolymers have also found application in other microfluidic platforms that make
use of pressure driven laminar flow devices. Traditional polymers used in microfluidic
platforms such as PDMS, PMMA polycarbonate (PC) and cyclic olefin copolymer (COC)
cannot be used with fluorocarbon oils. Fluoropolymer microchips were made that enables
the use of fluorinated oils, which is an excellent carrier oil for droplet slugs, as seen in
Figure 2.10 [23].
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Figure 2.10: Micrograph of a 100nl water droplet in a 300um channel [23]

2.5.4. P(VDF-HFP)

As shown in Section 2.4.2, (2.4) can approximate the force acting on the droplet. According
to this equation, the EWOD performance can be improved by using high-capacitance
dielectric materials. To meet such requirements, extensive studies have been conducted on
dielectric materials that can offer a high capacitance to lower operating voltage. Several
high-x materials such as SizNy, Al,O3, and TasO5 are typically proposed to provide a
high-capacitance benefit. However, these materials need expensive and complex vacuum
facilities like chemical vapour deposition (CVD), plasma enhanced chemical vapour

deposition (PECVD), and sputtering for layer deposition [45].

Narasimhan et al. went further to develop and test a novel polymer based ion
gel alternative. The ion gel films, which consist of a copolymer poly(vinylidene
uoride-co-hexauoropropylene) [P(VDFHFP)], later discussed in Section 4, and an ionic
liquid [EMIM][TFSI], 1l-ethyl-3- methylimidazolium bis(triuoromethylsulfonyl)imide,
was successfully fabricated through a simple spin-coating process without expensive
high-vacuum facilities that are typically required for conventional IC fabrication

processes [45].

Its performance as an EWOD dielectric layer is comparable to that of Al,O3 and
PDMS as shown in Figure 2.11
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Figure 2.11: Comparative study of the EWOD performance of the ion gel versus AlsO3
and PDMS [45].

The ion gel is capable of lowering the operational voltage and providing an improved
high-capacitance dielectric without bubble generation by electrolysis. With its relatively
large capacitance and easy fabrication, the ion gel is seen as a material with great potential
for 3D flexible EWOD applications.

2.5.5. P3HT:PCBM

Properties and practical uses

In a conjugated polymer blend, both components can exhibit a high optical absorption
coefficient and cover complementary parts of the solar spectrum [46]. In recent
years the conjugated polymer regioregular poly(3-hexylthiophene) (P3HT) and [6,6]-
phenyl-C61-butyric acid methyl ester (PCBM) has been used predominantly as the
functional layer in organic solar cells [47], [48], [46], [49]. Organic photovoltaic (OPV)
solar cells have attracted significant attention due to their great potential for large-area,

light-weight, flexible, and low-cost devices [50].

The polymer has proved to be very useful as a bulk heterojunction (BHJ) [49]
with the electron donor material (P3HT) and the electron acceptor material (PCBM)
blended together in order to optimize both exciton separation and charge transport [51].

To date, PSHT:PCBM has shown to produce the highest device performance efficien-
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cies for an organic solar cell, with efficiencies of 3-5% reported in the literature [49], [46], [47].

In addition, PSHT:PCBM has shown to display very low short-circuit dark current
densities [52], which makes it a good choice for high-sensitivity detection. This
particular property makes it useful as an analyte detector based on the phenomenon of
chemiluminescence (CL). Xuhua Wang et al. defines CL as "the formation of a metastable
reaction inter- mediate or product in an electronically excited state, which subsequently

relaxes to the ground-state with the emission of a photon.” [52].

In both its role as a BHJ or as a sensitive photon detection device, the performance of
the P3BHT:PCBM polymer is greatly influenced by its intrinsic morphology [50], which is
in turn determined by the fabrication process [52], [48], [53].

Fabrication

By far the most common method of fabrication of a layer of PSHT:PCBM is to mix the
two constituents P3HT & PCBM in a ratio of 1:(0.7 - 1) in a solution [49], [53], [52]. The
solutions used in these sudies were Xylene [48], chloroform [49] and dichlorobenzene [51].

The solution is then spin-coated on to the substrate at 1000 rpm [54], before being annealed.

Throughout the available literature, it is clear that the annealing process plays the
biggest part in the morphology of the crystalline structure of the polymer, which in turn
influences its properties [54], [51]. There are studies that have experimented with various
methods of annealing and have determined that an annealing temperature of 150°C is
optimal for the efficiency of the creation of excitons and charges [47] [51]. The ideal
annealing time is still uncertain, but it has been demonstrated that the majority of the
effects brought on by the annealing process takes place in the first 5 seconds [53], but 30

minutes is the status quo in most studies.

The annealing process was also demonstrated by Chen et al. to red-shift the absorption
spectra of the PSHT:PCBM layer, thus increasing its overlap with the solar spectrum of
visible light [53]. Figure 2.12 displays this shift. In Figure 2.12(a), the three samples that
were annealed (shown as red, green and blue) have moved towards the red-light spectrum
compared to the black line which was only spun and not annealed. Figure 2.12(b) shows

how the annealing process increases the efficiency of carrier energies within the material.
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Figure 2.12: Ultraviolet - visible absorption and EQE of PSHT:PCBM [53]

Cugola et al. demonstrates by means of differential scanning calorimetry (DSC)
the glass transition- and melting temperature for P3BHT:PCBM to be 180°C and 220°C
respectively [55]. Thus devices using PSHT:PCBM as a layer to which further materials

must be deposited should keep annealing temperatures below 180°C.
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2.6. Summary

The purpose of this chapter was to view the trends in microfluidics within the past forty
years and see how the discovery of new materials and their properties have time and
again resulted in new applications in the field of microfluidics. The process of researching
new materials has thus played a crucial part in the advancement of microfluidics. Two
deductions can be drawn from the research reviewed. Firstly, it is clear that over time a
new microfluidic device has emerged to solve a new problem in the fields of molecular
analysis, biodefence, molecular biology and microelectronics. Secondly, that polymers
are playing an increasingly important role in replacing expensive materials that have
complicated fabrication processes requiring tools that are not accessible in low-resource

environments.

The material properties of polymers are also often found to be comparable or better to
the traditionally used metals, ceramics and glasses. The ideal fabrication techniques for
many of the polymer materials are still being hypothesised, though, and continues to

be an area of research that is highlighting new and improved applications of these materials.

From the research, it is also clear that the field of light actuated digital microfluidics is
still in its infancy. These platforms are unique in microfluidics as they require multiple
materials with a varied range of material properties, all interacting towards a unit
operation. The use of polymer materials for these devices have not widely been studied

and many materials are yet to be documented at all.

The research provided in the following chapters aims to add to this new body of
knowledge towards the use of polymers as functional layers of a light actuated digital

microfluidic device.
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Chapter 3

P3HT:PCBM as a Photoconductive
layer of a LADM device

In this chapter the polymer P3HT:PCBM (poly(3-hexylthiophene): phenyl-C61-butyric
acid methyl ester) is tested for its suitability as a photoconductive layer in a LADM device.
Four experiments aim to establish different physical characteristics of the material. The
observations and conclusions of the experiments are discussed along with recommendations
for future tests on PSBHT:PCBM or similar materials.

3.1. Function in the layer stack

As mentioned in Section 2.4.1, the fundamental concept behind optoelectrowetting is
that electromagnetic radiation in the form of photons generates excess carriers inside the
photoconductive layer, which then changes the conductivity of the exposed area. This
change in conductivity reduces the voltage drop across the photoconductor and, as a result,
there is a localised charge build up in the adjacent dielectric layer. If there is a deionised
droplet overlapping the illuminated region, the contact angle of the liquid droplet decreases

and effectively draws the droplet towards the illuminated region.

3.2. Material characteristics that influence performance

In Section 2.4.2, Table 2.1. summarizes the most important material characteristics
necessary in a photoconductive layer in a LADM device.
In Section 2.5.5 the literature demonstrated that PSHT:PCBM displays the necessary

properties:
1. Low dark conductivity [50], [52], [47]
2. Visible light response [54], [53], [46]

3. Short carrier recombination lifetime [47], [51], [53], [49]

29
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3.3. Experiments

Five prefabricated samples were received from Fraunhofer [AP. Three of the 5 samples were
a 3-layer stack comprised of a glass/ITO layer, a photoconductive layer of the material
P3HT:PCBM and a dielectric layer of the material P(VDF-HFP). The other 2 samples
had only the glass/ITO layer and the photoconductive layer, P3HT:PCBM. For purposes
of investigating the photoconductive properties of the material, only sample M18 and M20
will be used, since the experimental procedure relies on measuring the resistance on the
actual photoconductive layer. The extra layer of P(VDF-HFP) on the other 3 samples
means that it is not possible to determine the photoconductive properties directly from

measurement. Table 3.1 shows a summary of the sample properties.

Table 3.1: Potsdam sample summary

Sample | Substrate Layer 1 Layer 1 Layer 2 Layer 2
thickness {nm}) thickness {nm)

M15 Glass/ITO P3HT:PCBM 1100-1200 P(VDF-HFP) 300-350

M17 Glass/ITO P3HT:PCBM 800-900 P(VDF-HFP) 40-121

M18 Glass/ITO P3HT:PCBM 800-900

M19 Glass/ITO P3HT:PCBM 920-960 P(VDF-HFP) 100-150

M20 Glass/ITO P3HT:PCBM 920-960

These experiments aimed to investigate the properties of a photoconductive polymer,
P3HT:PCBM, to establish whether it could serve as a possible candidate for LADM devices.
A total of 4 different experiments were performed, each designed to investigate different
material properties. A summary of these experiments and the material characteristics

they investigated can be seen in Table 3.2.

Table 3.2: Experiments on photoconductive layer

Experiment Material Property Investigated

Photoresistance test Visible light response

AC Voltage tests with LCR meter | Visible light response ; Dark conductivity

Spectrometer test Optimal light frequency response

Laser experiments Dark conductivity ; Carrier recombination lifetime
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3.3.1. Experiment 1 - Photoresistance measurement

Experimental setup and method

The initial experiment aimed to establish whether the samples (M18 & M20) displayed
photoconductive properties when exposed to light. The samples were placed above the
light source of the microscope so that a focused beam with a diameter of around 2mm

was projected onto the glass side of the samples.

Figure 3.1: Optical setup. Samples M18 & M20 were placed above projected light and
measured with two probes

As can be seen in Figure 3.1, two probes were used to measure the resistance of the
specific area where the light was projected on. The one probe, a tungsten needle, was
used to measure the ground level by scratching through the photoconductive layer and
making contact with the more robust I'TO layer. To test whether the needle was making
contact with the ITO layer, a small corner of the sample was scratched to expose the I'TO
layer. A digital multimeter (Agilent 34410A) was used to test the connection between the
tungsten probe and the exposed ITO layer.

The second probe was a thin and flexible copper wire, which was bent into a
loop in order to not damage the surface of the photoconductive layer. The tungsten
needle was placed away from the light source projection and the copper probe was placed
directly in the middle of the light source projection. Five measurements were made for

each sample, see Figure 3.2(a) and Figure 3.2(b).
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Figure 3.2: Measured resistance and measuring positions for the experiments on M18
and M20

Results

The experiments were performed in a dark room to minimize the effect of ambient light.
Table 3.3 provides a summary of the average and minimum measured resistance values,
as well as the factor change from maximum to minimum measured resistance. A digital
multimeter (Agilent 34410A) was used to measure the resistance. The multimeter delivers

a test current of 5nA for its measurements.

Table 3.3: Experiment 1 - results summary

Sample Resistance Measured Resistance Light source details
change when
exposed to light

Minimum | Average Factor change

M15 No o  White light (halogen)
M17 No o Maximum intensity

M18 Yes &7 MQ 119 MO x17 measured @ 0.0378
M19 No Watt/cm? at 555 nm)

M20 Yes 64 MQ 154 MQ X23
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3.3.2. Experiment 2 - AC Voltage tests with LCR meter

Experimental setup and method

Using the halogen light source and the exact experimental setup as in Experiment 1, a test
was set up to determine the change in resistance compared to the size of the illuminated
area. The two measuring probes were connected to a LCR meter and the device was
calibrated for the circuit using a closed and open calibration. The parameters were set to

1kHz and 1.5V and the impedance was measured.

Sample M20 was tested by adjusting the focus of the light beam so that a large
unfocussed beam was illuminated on the sample. Then, the focus was steadily adjusted
until the smallest focused beam was illuminating the sample. The copper measuring probe
was positioned in the centre of the beam throughout the test. Positions 1, 2, 3 and 5 were

tested and a similar result was obtained on each position.

The hypothesis is that the illuminated area can be viewed as a rod or wire with
a length, [ and cross sectional area, A. The length will correlate to the thickness of the
photoconductive layer and the cross sectional area to the illuminated area. The resistance

should then decrease as the illuminated area increases.

Results

The maximum resistance was measured when the light beam was stretched out and had the
lowest flux (W/m?) and the minimum resistance was measured when the beam was fully
focused and the flux was at maximum. The results were all consistent in this observation.
This can be explained as while measureing at one small area of the beam, higher flux
means a higher concentration of photon energy per area, which increases the current and
thus reduces the resistance. A strange phenomenon was observed in each measurement:
just before the beam was adjusted to its fully focused position, the resistance level greatly
increased for a fraction of a second before dropping back down to the minimum resistance
point when the beam reached its smallest size on the sample. A schematic representation

is given in Figure 3.3.
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Figure 3.3: Measured resistance over time with linear focussing of illuminated beam

The results also identified a capacitive reactance, with the measured phase angle always
negative. The values of the phase angle were not consistent and varied between -8°and
-35°. From the results obtained with the LCR meter the hypothesis of the illuminated
portion of the photoconductive material being seen as an equivalent rod or wire is proved

false.

However, the cause of this observation lies in the measuring equipment. The contact
area of the copper wire is smaller than the illuminated area, and thus the enlargement of
the illuminated area only decreases the brightness of the light at the point of measurement.
To properly test this hypothesis, a measuring probe has to be used that has a larger

contact area than the illuminated area on the sample.

3.3.3. Experiment 3 - Spectrometer test

In addition to the resistance measurements, an experiment was also performed to determine
at which wavelengths the samples are absorbing most light. Using a spectrometer, two tests
were done, yielding two similar results that can be seen in Figure 3.4). The spectrometer
measured the reflectance as a function of the wavenumber measured in em™. The results
indicate very good absorption between 420nm and 590nm with the maximum absorption

happening at 555nm.
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Figure 3.4: Spectrometer results of absorption of samples M18 (Red line) and M20 (Blue
line) at various wavelengths

3.3.4. Experiment 4 - Laser Experiments

To further determine the photoconductive properties of the PSHT:PCBM layer in samples
M18 & M20, a laser (bmW @580nm) was used to determine the drop in resistance measured
at the illuminated area. The exact same setup was used as with Experiment 1. The only
difference is that the light source was changed. The positional areas of Figure 3.2(a) are

also referred to in this section. Three different tests were performed with the laser:
1. 48 second exposure at 50% decrements of laser power
2. Voltage sweeps at various percentages of laser power

3. Laser pulses (turning the laser on and off during measurement)

Resistance measured over time

Sample M18 was exposed to the laser on location number 3 for 48 seconds. The current
through the sample was measured with an applied voltage of 5V. The Resistance values

over time were then calculated using Ohm’s Law at 100%, 50% and 0% laser power on
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the same area. Ohm’s law: R = V/I, where R is resistance, V' is voltage and [ is current.

Figure 3.5 shows the results.

Calculated resistance over time of M18
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Figure 3.5: Calculated resistance of Sample M18 measured at location 3 over time

From Figure 3.5 it can be seen that the resistance is generally lower at maximum
power than at 50% power. It can also be seen that the resistance tends to drop gradually
with time. The values of the resistance measured at 0% laser power is due to the residual

effects of the laser heating the sample.

Next, the measurements were made on position 2. The applied voltage was first
set at 5V and two measurements were taken, indicated in brackets, to further determine
the effects of prolonged light exposure. The applied voltage was then set to 10V and three
measurements were made. The first measurement (10V(1)) was only measured for 31

seconds. All the measurements from Figure 3.6 were taken at 100% laser power.
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Figure 3.6: Resistance measured for sample M18 at 5V and 10V

From Figure 3.6 it can be seen that for the 5V measurements the variation of resistance
is much more than for the 10V measurements. The measurements of 10V (2) and 10V(3)
display some strange characteristics. This can be due to the measuring probes not making
proper contact. In general, the trend that the longer exposure time decreases the resistance

can still be found in the results. Next, Sample M20 was measured at Position 2.
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Figure 3.7: Resistance measured for sample M20 at 5V and 10V at 100% laser power

Similar trends were seen in the measurements of sample M20 at position 2. The lowest

measured resistance (74 M) was found when an applied voltage of 10V was used.
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Voltage sweeps at various laser powers

Sample M20 was exposed to various laser power percentages on location 3. The current
through the sample was measured with an applied voltage sweep from 0 to 10V. The
resistance values were calculated, again using Ohm’s law, and are shown in Figure 3.8 for

each 20% decrement. The measurement started at 100% power and decreased to 20%.

Resistance of Sample M20 at various laser
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Figure 3.8: Resistance of sample M20 measured at position 3 through a voltage sweep
from 0V to 10V at 20% incremental decreases of laser power

The general trend of the resistance declining with a higher applied voltage can clearly
be seen in Figure 3.8. There is, however, a discrepancy in the data when compared to the
first experiment. As the laser power was lowered the resistance dropped. This can be due
to the continuous exposure of the same area being measured. The spot was illuminated
for close to 14 minutes from the first measurement to the last, with the laser only briefly
turned off to adjust the power. These results indicate that the carrier recombination
lifetime is of sufficient time duration to still enable carrier mobilisation with a resultant
current that is less determined by the light intensity and more with repeated and prolonged

light exposure.
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Laser pulses

To observe the response of the material, the resistance was calculated by measuring the
current through the sample at an applied voltage. The laser was then switched on and off
as indicated in the figures below. First (Blue line) the laser was set to 80% power and the
laser was switched off after 10 seconds and remained off until the end of the test. The next
test (Red line), the laser was initially off, then turned on after 9 seconds, and then turned
off again after 40 seconds. It can be seen in Figure 3.9, that when the laser is turned on
there is a significant drop in resistance when compared to when the laser was kept on for
the entirety of the test.
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Figure 3.9: Resistance of Sample M20 measured at position 2 over time at 80% power
with various laser pulses

For the next set of tests the laser was again set to 100% power and three similar tests
were performed on the sample. Again the laser was initially off, then turned on, and then

turned off again for the remainder of the test.
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Figure 3.10: Resistance measured at position 2 over time at 100% laser power with
off-on-off laser pulse
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Figure 3.10 displays expected results. When the laser was turned on there was a drop
in resistance and the resistance values were lower for each subsequent test. When the laser
was turned off, the resistance increased again instantly. However, the resistance values
are always lower than it was before the laser was turned on. For the final set of tests two
different applied voltage values were used when measuring the resistance. The laser was

initially off, then turned on, and then turned off again for the remainder of the test.
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Figure 3.11: Resistance measured at position 3 at 100% laser power at 5V and 15V with
off-on-off laser pulse

In Figure 3.11, it can be seen that there is a big difference in the resistance values,
measured at 5V and 15V, when the laser is initially off. The difference is much smaller
when the laser is turned on. It was seen that at an applied voltage of 50V, the area where

the probes were measuring was destroyed, but the areas around the spot remained in
working condition.
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3.4. Observations and conclusions

3.4.1. Experiment 1 - Photoresistance measurement

The photoresistance test was set up to determine whether there is a response, measured
as a reduced resistance through the photoconductive layer, due to the application of light
in the visible spectrum. A halogen light with a full white-light spectrum and maximum
intensity of 37.8mW /cm? at a wavelength of 555nm was used for the test. The tests were
performed in a dark room and measurements were taken with a digital multimeter that
delivers a test current of 5nA when measuring.

There were a few observations that were made during the analysis of the results:

o The resistance-drop is strongest in the centre of the illuminated area and decreases

to zero (drop in measured resistance) outside of the illuminated area.

« The maximum measured resistance (1.5G§2) was a device limit of the digital multi-
meter (Agilent 34410A).

e Once the light source is removed, residual resistance remains for an amount of time

that is related to the intensity, as well as the duration of the previous exposure.
o The photoconductance varied over the area of the samples.

The two measured samples, M18 and M20 showed a minimum resistance of 87M¢2 and 64M¢2
respectively. With these observations it can be argued that the material PSHT:PCBM
does display a electric response to visible light. The observation of a prolonged effect of
the photon energy from the light source, after it has been removed is indicative of the
carrier recombination lifetime. The variance of the measurements over the five positions of
the sample (Figure 3.2(a)) is likely related to the variance in material thickness or crystal
morphology, which in turn could be related to the annealing time and temperature of the

sample.

3.4.2. Experiment 2 - AC Voltage tests with LCR meter

The same experimental setup was used as in Experiment 1, but this time the measuring
probes were connected to a inductance (L), capacitance (C), and resistance (R) (LCR)
meter set to deliver voltage at 1.5V and 1kHz. The aim of the experiment was to test the
hypothesis that the illuminated area can be viewed as a rod or wire with length, [ and
cross sectional area, A. The length will correlate to the thickness of the photoconductive
layer and the cross sectional area to the illuminated area. The resistance should then
decrease as the illuminated area increases.

The following observations were made:
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e The maximum resistance was measured when the light beam was unfocussed or at

lowest flux.

e The minimum resistance was measured when the beam was fully focused or at highest

flux.

o The measured resistance increased significantly just before the light beam was fully

focused, upon which time it then recorded the minimum measured resistance
o With AC voltage, the measured resistance also drops over time.

o The photoconductive material displays a varying capacitance in different positions

on the samples, with a negative phase angle ranging between -8°and -35°.

From these observations it can be argued that the hypothesis is proven false, but this
might be due to the measuring equipment. The contact area of the copper wire is smaller
than the illuminated area, and thus the enlargement of the illuminated area only decreases
the brightness of the light at the point of measurement. To properly test this hypothesis,
a measuring probe has to used that has a larger contact area than the illuminated area on

the sample.

3.4.3. Experiment 3 - Spectrometer test

To establish the optimal wavelength of the light source used for these samples coated
with PSHT:PCBM, the samples M18 and M20 were tested for light absorption with a

spectrometer. The following observations were made:

o the samples display very good absorption throughout the visible spectrum except in
the red spectrum with optimal absorption in wavelengths ranging from 416nm to
590nm.

From this test it can be concluded that white light or green/blue diodes or lasers are good

light sources to use as they will defer the maximum amount of energy to the sample.

3.4.4. Experiment 4 - Laser experiments

To further investigate both the effect of a stronger light source in the form a of a 5mW
580nm laser, and the effect of time duration on the measured resistance, a series of three

experiments were conducted. The following observations were made:

e The use of the 580nm laser did not yield a lower resistance than what was obtained

with the white halogen light from the microscope.

o A continuously light-exposed are on the sample retains the effects of the light exposure

(decreased resistance) for periods long after the light sourced has been removed.
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 The laser pulsing indicates that the material responds rapidly (within 0.5s), both to

the exposure of light and also to the removal of the light source.

o The applied voltage has a significant effect on the measured resistance - even more so
than the laser power percentage, which is intrinsically linked to the current flowing

through the illuminated area.

Through these observations it can be concluded that the observed minimum measured
resistance is a material property, and not due to the intensity of the light source. Practically
this could be of use in a LADM device, as the light source used could be a cheaper source
of light like LEDs rather than high energy lasers, which has cost benefits for system
costs. Furthermore, the carrier recombination lifetime and its affect of a residual drop in
resistance after the light source has diminished or been removed will practically implicate

longer reset times for the device between unit operations of droplet actuation.

3.5. Recommendations for further testing

3.5.1. Sample preparation

Samples should be prepared to ensure optimal performance of the PSHT:PCBM polymer
layer. This procedure is discussed in section 2.5.5, but in essence the goal is to obtain a more
homogeneous crystal morphology and thickness over the area of the sample. Furthermore
it is recommended that a corner of the sample should be masked during the spin coating

of the photoconductive layer in order to have an area of the ITO layer exposed.

3.5.2. Experimental recommendations

A few of the observations in the experiments discussed in Section 3.4, lays a platform for
future studies and tests on the PSHT:PCBM polymer layer. Some of the recommendations

are summarised here:

o A measuring probe that has a larger contact area than the illuminated area of the
light on the sample should be used in order to test the hypothesis of the illuminated
area functioning as a rod, with a decrease in resistance resulting from an increase in

illuminated area.

o The theoretical hypothesis that photoresistance is a function of light exposure of the

surrounding area, should be investigated.

o The influence of light intensity and duration of previous exposure on photoresistance

measurements should be studied further and tested.
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Tests should be performed using a device that can measure resistance larger than
1.5G2 in order to determine accurately the factor change in the resistance drop due

to light exposure.

The crystal morphology and thickness should be tested and correlated to the results

obtained from the photoconductive experiments.
The effect of heat on photoresistance measurements should be tested.

A device which measures shorter time increments should be used to test the response

time of the photoconductive material.

Device fatigue (the increase of photoresistance of a material with increased use)

should be investigated as a function of applied light power.
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Chapter 4

P(VdF- HFP) as a Hydrophobic layer in
a LADM device

In this chapter, the polymer, Poly(vinylidene fluoride-co-hexafluoropropene) P(VdF-
HFP), which is the second layer of the samples M15, M17, M19 obtained from Fraunhofer
IAP is analysed for its suitability as a hydrophobic layer. To analyse this, the surface

contact angle of 1ul droplets were measured.

In Section 2.4.2, it was shown that P(VdF- HFP) has the appropriate properties
to make it suitable as a dielectric layer in a LADM device. Due to the proximity of the
dielectric layer and the hydrophobic layer, the charge that the droplet experiences is a
result of the combined dielectric properties of the hydrophobic layer and the dielectric
layer. Furthermore in Section 2.3 the Young-Lippman equation shows that the thickness
of the dielectric material as a linear role in the force acting on the droplet. Thus, it is
very beneficial to utilise a material that can potentially fulfil both the dielectric and
hydrophobic roles in the LADM device.

4.1. Function in the layer stack

4.1.1. Dielectric layer

The dielectric layer enables the device to be operated at a higher applied voltage while
preventing electrolysis of the working fluid. A higher applied voltage translates to a larger
actuation force applied to the droplet. A high dielectric constant and a thin layer thickness
enables a higher charge to build up that can actuate the droplet more efficiently at lower

power.

4.1.2. Hydrophobic layer

The primary purpose of the layer is to allow the droplet to move freely over the surface.
Furthermore, the hydrophobic surface enables the inherent surface tension in the water

to pull the droplet in to a sphere. This is the natural state that the droplet assumes.

45
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When the droplet experiences electrowetting from a light source illuminating the area
near the droplet, the droplet is pulled down to the surface, due to the charge build-up.
At that moment the droplet moves incrementally towards the focal point of the light
source. As soon as the light source is removed, the hydrophobic surface again causes the
droplet to assume its spherical shape. The resultant displacement is towards the previously

illuminated area.

4.2. Measurement of droplet contact angle

In Section 3.3, the material samples from Fraunhofer IAP were described. In this section
the experiment is aimed to establish the hydrophobicity of P(VdF- HEP), layer 2 of the
sample layer stack. Each sample underwent the same process of measurement and the
values of the measured contact angle for the left side and right side of the droplet was
averaged to obtain a measurement per droplet. Sample M19 seemed to have had an
anomaly in the fabrication of the P(VdF- HFP) layer, as there is an irregular distribution
of hydrophobic and hydrophilic areas on the sample as can be seen in figures 4.1 and 4.2.

4.2.1. Experimental setup and results

Using the Kriiss Drop Shape Analyzer (DSA100), it was possible to accurately dose pl

volume droplets. The Experimental setup is shown in Figure 4.1.

Figure 4.1: Experimental setup for measuring the contact angles. The image on the right
shows sample M19 displaying hydrophilic and hydrophobic behaviour on various areas of
the sample
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Figure 4.2: Imaging of the 1ul droplet on a hydrophilic area on sample M19

Droplets of 1ul de-ionized water were discharged onto the surface of the samples. The
DSA100 has a macro camera that is focused onto the droplet position and the contact
angle is measure using the built in Drop shape analysis (DSA) software. In Figure 4.3 an
example of one of the droplets is shown with the angle 6 larger than 90°, indicating the

hydrophobic contact angle.

Figure 4.3: Imaging of the 1ul droplet showing the hydrophobic contact angle
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The results shown in Figure 4.4 indicate that the samples with the P(VdF- HFP) layer,
except for sample M19, displayed hydrophobic effects. The average of measured contact
angles for M15 and M17 were 97.7°and 103.7°respectively.

Measured contact angles of samples M15 and M17
110
108
106

104 s —

102
B Mm15
100

. o
98
96

94

Contact angle (Degrees)

92
20

Figure 4.4: The measured contact angles for samples M15 and M17 showing the average
of the measurements as the X and the maximum and minimum as the top and lower end
of the box and whisker plot, respectively.

4.3. Observations and Conclusions

With the objective of testing whether the polymer layer of P(VdF- HFP) could function
both as a dielectric and hydrophobic layer, the following observations were made during

the experiments:

o Apart from sample M19, which displayed dramatic hydrophilic properties, all other
samples coated with P(VAF- HFP) displayed hydrophobic properties with contact
angles between 98°and 104°.

o Sample M19 had extreme variance over the surface of the sample in terms of the
observed contact angle. It can be concluded that M19 must have experienced either
a different process during fabrication or was subjected to different temperatures
during annealing or transportation which caused the surface to be non-homogenous,

and as a result, displayed inconsistent results when tested.

The results of obtained form testing M15 and M17, being the samples coated with P(VdF-
HFP), indicate that this material could potentially fulfil the role of a dual layer, serving
both as the dielectric layer and the hydrophobic layer.
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4.4. Recommendations for further testing

Further confirmation towards the suitability of P(VdF- HFP) as a hydrophobic layer could
be obtained from investigating the material structure. It is recommended to investigate

the the following aspects:

o The correlation between micro-structuring / surface roughness and observed contact

angles.
« The nano/micro pores within material structure.

o The measured dielectric properties of P(VdF- HFP)
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Chapter 5

Manufacturing parameter variation

The final chapter investigates whether formulas can be obtained that predict the deposition
rate, and the contact angle (of a deionised water droplet on a hydrophobic polymer) by
making use of the variable process parameters in the fluoropolymer deposition process.
For this investigation, 19 silicon wafers were coated with a fluoropolymer while varying

the following process parameters:

o C,Fy flow (sccm)  Pressure (mTorr) « Frequency (Hz)

o CHF; flow (scem) » Power bias (W)

The samples were then tested to determine their deposition rate (material thick-
ness/deposition time), using an ellipsometry test to determine material thickness, and the
contact angle of a de-ionised water droplet on the layer surface using video-based optical
contact angle meter (VOCAM). A statistical regression analysis is used to determine which
process parameters played a role in these material characteristics. Finally, a formula is
obtained that predicts the deposition rate of the material and the contact angle of the

water droplet on the fluoropolymer.

5.1. Process parameter variation of fluoropolymer
deposition

The characteristics of the 19 Si-wafers can be seen in Table 5.1 and the polymerisation
process parameters for each wafer can be seen in Table 5.2 and Figure 5.1. Note that

wafers 6, 10 and 11 have the same process parameters.

Table 5.1: Wafer Characteristics

Specification Siegert 111129-6492-1

Wafer thickness 525 um
TTV <5um
Orientation p(100)
Resistivity < 0,01 Qcm

30
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Table 5.2: Process parameter variation of fluoropolymer deposition of the 19 Si-wafers

Frequency (Hz) | Pressure (mTorr) | Power Bias (W) | C4Fs(scem) CHF; (scem)
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Figure 5.1: Graphic representation of the process parameter variation of fluoropolymer
deposition of the 19 Si-wafers
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5.2. Measurement of polymer deposition rate and droplet

contact angle

5.2.1. Ellipsometry test results

In order to determine the radial variation of the polymerisation process, three test areas
were selected, as can be seen in Figure 5.2. The ellipsometry test was conducted on the
one half of the Si-wafers and the contact angle on the other, with the positions being

mirrored in terms of radius from the cut-edge.

(Ellipsometry) (Contact Angle)

rki

Figure 5.2: Testing positional markings

To determine the thickness of the polymer layer, an ellipsometry test was conducted by
a laboratory assistant at Fraunhofer ENAS. The results are shown in Table 5.3. Also shown

in Table 5.3 is the deposition time of the polymer layer and the calculated deposition rate.
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Table 5.3: Ellipsometry results

Wafer thickness (nm) measured at

Positions: Wafer Average Deposition Deposition Rate

(nm) Time (s) (nmi/s)
[ 1 49.4 458 486 38 1.279
[ 2 N 43.9 36.2 40.2 62 0.649
BEE o 28.8 257 28.4 33 0.860
53.3 51.3 47.2 50.6 31 1.632
B 487 455 47.4 298 0.159
B 50 485 405 46.7 32 1.459
50.2 485 53.8 50.8 431 0.118
B oo 316 28.7 30.1 63 0.477
B 635 57.2 61.5 33 1.864
[ 10 [T 471 38.8 453 32 1.415
[ 11 R 46.1 37.8 44.7 32 1.396
B 7 797 717 78.7 113 0.696
[ 13 [ 495 448 485 31 1.566
B ::- 313 25.0 29.9 107 0.280
B - 35.4 288 342 130 0.263
B o 404 346 39.6 34 1.166
447 418 37.0 41.2 127 0.324
B o 947 90.9 94.2 258 0.365
B s 55.8 422 53.9 292 0.184

There is a lot of variation in the thickness of the polymer layer due to the variation in
the process parameters. However, wafers 6,10,11 (indicated in Bold) has the same process
parameters and the same deposition time, and there is consistency in the deposition rates
of those 3 wafers. Figure 5.3 shows the ellipsometry test results for each position on the
wafers. Figure 5.4 shows the variation of the wafers’ average thickness, as well as the

maximum and minimum error across the positions (See Figure 5.2) for each wafer.
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5.3. Contact angle tests

Using the same technique and machinery discussed in Section 4.2, 1ul-droplets of deionised
water were deposited onto the surface of the polymer coated wafers before imaging the
droplet and measuring the contact angle. A minimum of 6 drops were deposited on each
of the three positions (see Figure 5.2), resulting in 740 individual measurements across
the 19 wafers. The contact angles results are shown in Table 5.4 and Figure 5.6, with the
error bars indicating the maximum and minimum measurements made for each position of

every wafer.

Table 5.4: Averaged measurements of contact angles for each position on wafers 1-19

Position Average (nm) Wafer Average

Wafer

Position 1 Position 2 Position 3 (nm)
1 111.6 107.3 111.4 110.1
2 104.4 108.3 110.0 107.6
3 113.1 112.5 113.7 113.1
4 112.0 112.9 112.1 112.3
5 113.1 112.8 111.5 112.5
6 112.2 100.7 106.2 109.4
7 42.4 39.6 36.5 39.5
8 112.7 112.0 108.7 111.1
9 106.3 100.8 110.2 108.7
10 108.5 108.9 108.4 108.6
1 109.5 110.7 109.7 110.0
12 103.5 104.6 104.9 104.3
13 111.6 112.6 112.0 112.0
14 104.3 106.1 106.7 105.7
15 106.3 107.6 108.4 107.4
16 113.0 114.0 113.3 113.4
17 111.2 111.7 111.5 111.5
18 100.3 110.8 110.0 110.0
19 111.1 111.8 111.9 111.6

Wafer 7 was subjected to both the CF-Polymer deposition process, as well as a Oq-
plasma cleaning process. This reduced the nano-roughness of the polymer surface, with
the resulting surface roughness changing the hydrophobicity of the polymer layer from
hydrophobic to hydrophilic. This phenomenon was also observed by Loong et al. [56].
For the purposes of establishing relationships between the process parameters and the

measured contact angle, Wafer 7 will be excluded to avoid the anomaly in the data set.
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5.4. Comparing the test results with process parameters

To compare the test results with the process parameters, the average contact angle and
the rate of deposition were selected to compare with the process parameters.To determine
the relationships mathematically, a regression analysis was done. The regression analysis

was done in Microsoft Excel using the Solver Add-in. Wafer 7 was excluded from the

Stellenbosch University https://scholar.sun.ac.za
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comparison due to it being an anomaly and would statistically skew the results.

5.4.1. Comparison of contact angle and process parameters

For figures 5.7 & 5.8, the 18 measure-

ments of contact angle is compared to the

various process parameters. As can be seen

from the trend line and the relatively higher

R? value in the bottom left corner of the

figures, only the C4Fg gas and the pressure

has some relation to the resulting contact

angle. However, with R? values of less than

0.4, these process parameters do not strongly

predict the contact angle by themselves.
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Using the Solver tool, two equations for the predicted contact angle were obtained.
First, using all of the process parameters as variables and then, only the C4Fg gas and the

pressure as variables, being the two parameters with the highest R? values.

The two approximations, or predictions Pred 1 and Pred 2, are shown in Table 5.5.
The columns marked err, represent the error-squared value between the real measured
value and the predicted value ie. err = (Contact angle average (deg) - Pred)Q. The Solver
platform was programmed to find the minimum value of the sum of all the err-values by
adjusting the coefficients of the selected variables, seen in Table 5.6. This method selects
the optimal coefficients of the variables (process parameters) for a prediction of the contact
angle that is nearest to the measured values. The colour bands can be used to see the

similarities of the predictions to the measured values.

Table 5.5: Contact angle prediction results of regression analysis

Contact
angle
average
Wafer (deg) Pred 1 res err 1 pred 2 res2 err 2
1 110.1 109.1111 1.01 1.016792 109.8056 0.31 0.098478
2 107.6 106.6204 0.85 0.904468 106.823 0.75 0.560158
3 1131 113.2371 -0.13 0.01775 112.9132 0.19 0.036374
4 112.3 110.5327 1.81 3.276561 109.8056 254
5 112.5 112.6915 -0.22 0.049419 112.9132 -0.44 0.19711
6 109.4 110.6144 -1.25 1.554379 110.4944 -1.13 1.269755
8 111.1 112.4287 -1.32 1.739062 112.9132 -1.80 3.251733
9 108.7 109.5455 -0.80 0.640346 109.8056 -1.06 1.124306
10 108.6 110.6144 -2.00 4.012656 110.4944 -1.88 3.546624
11 110.0 110.6144 -0.63 0.391137 110.4944 -0.51 0.255527
12 104.3 106.3575 -2.03 4117674 106.823 -2.49
13 112.0 109.6567 238 [5I671061 109.8056 2.23 4.983891
14 105.7 107.3447 -1.65 2.719591 106.823 -1.13 1.271112
15 107.4 107.166 0.27 0.070407 106.823 0.61 0.370099
16 113.4 113.4158 0.03 0.000723 112.9132 0.53 0.280367
17 111.5 109.5035 1.5 3.800148 109.9305 1.52 2.317685
18 110.0 109.938 0.07 0.004568 109.9305 0.08 0.005628
19 111.6 110.0491 1.57 2.461101 109.9305 1.69 2.84732
SUM 0.0008 32.44784 SUM 1.37E-05 35.07659
Table 5.6: Variables and coefficients of the contact angle prediction
Frequency |Pressure |Power C4Fg
Variables: Constant | (Hz) (mTorr) Bias (W) |(sccm) CHF; (sccm)
Partial
regression
Pred 1 |coefficients: 114.5783 | -4E-05 -0.05679 | -0.03832 |-0.02308 |-0.00491047
Frequency |Pressure |Power C,Fg
Variables: Constant | (Hz) (mTorr) Bias (W) | (sccm) CHF; (scem)
Partial
regression
Pred 2 | coefficients: 113.7317 -0.05965
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Figure 5.9(a) shows the scatter plotting of the results of the Pred 1 and Pred 2 formula
compared to the actual measured results of the contact angles. Note that Pred 1 has
the higher R? value and thus, better predicts the contact angle. This can also be seen in
Figure 5.9(b), where Res 1, showing the residuals of the Pred 1 predictions, has the lowest

R™ value, also indicating the nearest approximation to the actual measurements.

Pred 1 Pred 2
y= 0.72057x +32.359 y = 0.6819x + 34.978
R?=0.7058 R® = 0.6819
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(b) Residual results

Figure 5.9: Predictions and residuals from regression analysis to approximate the contact
angle from the process parameters set during fabrication
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5.4.2. Comparison of deposition rate and process parameters

Similar to the the previous section, the values of the deposition rate, for each wafer, are
compared to the various process parameters, as well as the results of the contact angle
measurements. These comparisons are shown in Figure 5.10 where the trend lines and R?
values give an indication as to how indicative the specific parameter is of the resulting
deposition rate. A high R? value indicates a strong correlation. It can also be seen that

there is no strong correlation between the deposition rate and the measured contact angle.
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Figure 5.10: Process variables vs deposition rate
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A regression analysis was done to predict the deposition rate by assigning and

optimising coefficients to the variables (process parameters). This time, four predictions

(Predl - Pred4) were obtained using this method, first using all of the variables together

with the constant, and then progressively eliminating the variable with the lowest R?

value. The results of the four predictions seen in Table 5.7 and Table 5.8. The colour

bands can be used to see the similarities of the predictions to the measured values.

Table 5.7: Deposition rate prediction results of regression analysis

Deposition
Rate Pred pred pred pred
{nm/s) 1 res1  err1 2 res2 err2 3 res3 err3 4 resd errd
1.279 1.495 -0.217 0.047 |1.491| -0.213 0.045|1.564| -0.285 0.081 [1.525 -0.246 0.060
0.649 0.659 -0.011 0.000(0.663 -0.015 0.000(0.726 -0.077 0.006|0.692 -0.043 0.002
0.860 0.934 -0.074 0.005(0.938 -0.078 0.006(0.896 -0.036 0.001]0.953 -0.093 0.009
1.632 1.605 0.026 0.001|1.609| 0.022 0.000|1.564| 0.068 0.005[1.525 0.107 0.011
0.159 0916 -0.757 [0578) 0.920 -0.761 JOIB#8) 0.981 -0.822 J0B76N 0.953 -0.794 |OIG30)
1.459 1.024 0434 0.189|1.024 0.434 0.189|1.029 0.429 0.184|0.997 0.461 0.213
0.118 0.205  -0.087 0.008 (0.209 -0.091 0.008(0.143 -0.025 0.001 |0.120| -0.002 0.000
0.477 0.891 -0.414 0.171(0.887 -0.410 0.168(0.896 -0.419 0.176]|0.953 -0.476 0.226
1.864 1.455 0409 0.167|1.459| 0.405 0.164|1.479 0.335 0.148[1.825 0.339 0.115
1.415 1.024 0391 0.153]1.024 0.391 0.153|1.029 0.386 0.149(0.997 0.418 0.175
1.396 1.024 0372 0.138|1.024 0.372 0.138|1.029 0.367 0134(0.997 0.399 0.159
0.696 0.635 0.061 0.004(0.631 0.065 0.004(0641 0056 0003|0692 0.004 0.000
1.566 1.513 0.052 0.003|1.510| 0.056 0.003|1.479 0.087 0.008[1.825 0.041 0.002
0.280 0.785 -0.506 0.256(0.781 -0.502 0.252(0.726 -0.446 0.199|0.692 -0.413 0.170
0.263 0.678 -0.414 0.172(0.681 -0.418 0.175(0.641 -0.377 0.142]0.692 -0.429 0.184
1.166 1.041 0.124 0.015]1.037 0.128 0.016|0.981 0.184 0.034(0.953 0.213 0.045
0.324 0.095 | 0.229 0.052(0.092 0233 0.054(0.143 0.181 0.033|0.120| 0.204 0.042
0.365 0.055 | 0.310 0.096 [0.059 0.306 0.094[0.058 0.307 0.094|0.120| 0.245 0.060
0.184 0.114 | 0.071 0.005[0.110 0.075 0.006(0.145 0.039 0.002|0.120| 0.064 0.004
SUM 0000 |2.054| SUM 0000 |2.054| SUM 0.000 |2.075| SUM 0.000 |2.107

Table 5.8: Variables and coefficients

of the deposition rate prediction

Frequency | Pressure Power C4Fs
variables: Constant (Hz) (mTorr) Bias (W) (scem) CHF; (scem)
Pred | partial regression
1 coefficients: 1.161112 -7.6E-06 -0.01656 |-0.00421 |0.004084 |0.000111
Frequency | Pressure Power C,Fg
variables: Constant (Hz) (mTorr) Bias (W) (scem) CHF; (sccm)
Pred | partial regression
2 coefficients: 1.165009 -7.6E-06 -0.01656 |-0.00421 |0.004084
Frequency | Pressure Power C4Fs
variables: Constant (Hz) (mTorr) Bias (W) (scem) CHF; (scem)
Pred | partial regression
3 coefficients: 1.10963 -6.4E-06 -0.01676
Frequency | Pressure Power C,Fg
variables: Constant (Hz) (mTorr) Bias (W) |(sccm) | CHF; (sccm)
Pred | partial regression - -
4 coefficients: 1.078396 0 -0.01665 | 0.004084 K¢
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Figure 5.11: Results of the four prediction equations

Of the four predictions, Pred 1 and Pred 2 yielded practically identical results, as the coefficient of the C'H F;5 gas flow rate was set to
0.000111 in Pred 1 and 0 in Pred 2.
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Figure 5.12: Residuals of deposition rate predictions

The residual values are really similar for Pred 1, Pred 2 and Pred 4. But Pred 1 does yield the residuals with the lowest R? value.
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5.4.3. Discussion of regression analysis results

Although a sample group of 19 is too small to draw statistically significant conclusions,
the regression analysis approach does set a platform for future experiments to establish a
formula for predicting deposition rate or perhaps contact angle of samples coated with

this fluoropolymer.

In figures 5.9(a) & 5.11, it can be seen that for both the contact angle and deposition
rate predictions, there is not much improvement when eliminating the variables that
have a weak correlation to the measured result, albeit contact angle or deposition rate.
The residual graphs 5.9(b) & 5.12 all show a random distribution, which indicates that

the all the predictions yielded results that had good approximations to the measured values.

Based on the analysis, the contact angle can be approximated by

Contact Angle (deg) = 96.89312 + 0.0008219f — 0.2511 P, + 0.5004F,

(5.1)
+0.04069G curs + 0.12084G crrs

where f is the frequency (Hz), P, is Pressure (mTorr), P, is Power Bias (W), Goyps is

CyFy flow rate (sccm) and Gopps is CH Fj flow rate (sccm), and the deposition rate by

Deposition Rate (nm/s) = 1.1611 — 7.54693249f — 0.01656 P, — 0.00420P,
+0.004084G c4ps + 0.00010979G ¢ 13

Both of the equations consists of a constant integer followed by the various process variables,
multiplied by the optimised coefficients, obtained from the solver tool. These formulas can
be adjusted using the coefficients of the various predictions. With more tested samples in
the future, a more accurate formula can be obtained. It could then be demonstrated that
predictions can in fact be made from these process parameters. This will enable samples

to be prepared with process parameters set for an optimal hydrophobic contact angle.
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5.5. Summary

A summary of the observations made from the various tests, as well the the recommenda-

tions for future tests are given in Table 5.9.

Table 5.9: Observations and recommendations for future tests on the hydrophobic CF-

polymer
Observations and conclusions Recommendations for future tests
The process parameters were varied for the Future tests should include more groups
19 Si-wafers. Wafers 6, 10 and 11 have the with identical process parameters to test
Process same process parameters and yielded similar | whether similar deposition rates can be
parameter | deposition rates. This indicates some achieved.

variation | reproducibility, but a sample of three is not
large enough to draw statistical conclusions.

The thickness of the polymer layer tended to | Investigate the impact of layer thickness

decrease from position 1 to position 3, on contact angle behaviour further to

Ellipsometry | indicating that the layer is deposited thickest | establish whether samples can be cut from
tests in the centre of the wafer and reduces in the same wafer (with variating

thickness towards the edge. thicknesses) to be used in LADM devices.

The contact angle tests showed that the The process to create the hydrophilic

polymer layer displayed hydrophobic layer should be replicated at least once

behaviours with contact angles between 104° | more to confirm that the G.-plasma

and 113°. Wafer 7 was treated with an O.- cleaning process is indeed responsible for

Contact

plasma cleaning process, which changed the | altering the surface roughness. The use of
angle tests

nano-roughness of the material. This in turn | an AFM microscope is recommended to
changed the hydrophobicity of the sample to | measure the surface roughness.

hydrophilic.
With only 19 samples to test, no certain The use of additional samples to increase
conclusions can be made. However, there the data set and improve on the formulas
Regression | does seem to be potential for using the obtained from the regression analysis is
analysis formulas obtained by the analysis to set the recommended.

process parameters according to the required
rate of deposition or contact angle.
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Chapter 6

Summary and Conclusion

General discussion

This research aimed to identify polymer materials that are suitable as functional layers in
a LADM device. Based on a quantitative analysis where critical material properties and
performance characteristics of the polymer materials are tested, it can be concluded that
the photoconductive properties of PSHT:PCBM, the dielectric and hydrophobic properties
of P(VDF-HFP), and the hydrophobic properties of the fluoropolymer indicates their
suitability for use in LADM devices.

While the amount of samples used in the study in Chapter 3 and Chapter 4 somewhat
limits the generalisability of the results, the instrumentation and methods used does
provide credibility to the research findings. The statistical approach used in Chapter 5 for
the regression analysis proves to be a useful tool to determine the optimal inputs for the
fabrication parameters of the fluoropolymer. With over 740 measurements made in the

contact angle tests, the results of Chapter 5 are statistically significant.

Interpretations and recommendations for future work

The varying resistance measurements obtained from samples M18 and M20, discussed in
Chapter 3, are attributed to the uneven layer thickness of the samples. These results
could then further be attributed to the spin coating process, where the polymer fluid
was either not a completely homogenous mixture, or the chosen RPM was not sufficient
for a layer of consistent thickness. A similar conclusion can be hypothesised for the
variance of the contact angles reported in Chapter 4. From literature and from the results
obtained in Chapter3 and Chapter 4 the correlations between fabrication strategies,

surface morphology and apparent material properties is an important conclusion to note.

Based on these conclusions, researchers should consider adding nanoparticles to the
P(VDF-HFP) before spin coating. The literature suggests that these additions will add to
the surface roughness of the crystal structure, thereby further increasing its hydrophobic
qualities. To better understand the impact of laser illumination on the PSHT:PCBM

67
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photoconductive polymer, future studies could address the relationship of temperature
and resistance in the material.

More detailed recommendations for future work can be found at the end of chapters 3, 4
and 5.

Contributions to research

In the broader context of microfluidic research, the introduction of new materials and
their potential uses have systematically created the platform for new microfluidic devices.
In doing so, these devices have introduced new solutions for existing problems in the fields

of molecular analysis, biodefence, molecular biology and microelectronics.

The research of this project introduces novel research on two materials, yet untested in
their use in LADM devices. The results are promising and indicate their suitability to be
used in future research projects and potentially to be the materials chosen for prototyping

and later, commercialisation.
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