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Abstract

Advances in the development of miniaturized, autonomous general-purpose
sensing systems for applications such as medical diagnostics, biological and chemical
analysis, and point-of-care testing have driven the emergence of lab-on a-chip (LOC)
systems, which integrate sample preparation and sensing. To realize LOC systems,
enabling technologies are needed to carry out sample preparation and manipulation at
the chip-scale, and sensing technologies that can be integrated with the chip-scale fluidic
sample preparation platform.

The integration of sample preparation and sensing is key to LOC systems.
Electrowetting-on-dielectric (EWD) fluidic technology enables digital droplet
manipulation at the chip-scale with standard microfabrication manufacturing
techniques, with the advantages of non-bulky systems, low cost and portability [1].
EWD system have been integrated with optical, mechanical and electrochemical sensing
mechanisms to realize a miniaturized LOC [2]-[4].Fluorescence sensing is one of the

most widely used types of analyte sensing for biochemical targets due to its high
sensitivity and specificity [2]. Intensity-based fluorescence sensing provides fast,
localized detection that can be correlated to the concentration of the test analyte, thus
providing quantitative detection information. Most current microfluidic LOC systems that
utilize fluorescent sensing use large external microscopes or bulky filters and lenses for

extracting the quantitative information, thus compromising on the portability and cost-
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effectiveness. The realization of optical fluorescence sensing integrated directly into
microfluidic-based LOC systems can enable the systems to become more self-contained,
portable, and potentially low cost.

Fluorescence sensing is an effective method of identifying target species, and the
integration of fluorescence sensing into a programmable digital microfluidic platform is
the goal of the thesis work described herein. Silicon photodetectors are an excellent
choice for optical sensing due to their high responsivity at visible wavelengths, which
corresponds to the emission wavelengths of many fluorophores. Additionally, using Si
photodetectors enables the use of standard microfabrication processes that can be scaled
for mass manufacturing. Furthermore, using thin film Si photodetectors provides the
ability to be bonded to a chosen substrate for further system integration in small spaces
where conventional photodetectors will not fit, without significantly altering the spatial
configuration of the region where the sensing occurs.

This dissertation presents the design and fabrication of annular, thin film Si
photodetectors (PDs) heterogeneously bonded to a pyrex substrate for fluorescence
sensing, with a longer-term goal of integration into an EWD to realize a LOC system.
Herein we design, fabricate, and test the performance of PD fluorescence sensors with
thin film Si PD testing, followed by PD integration into an EWD microfluidic system.
This system is simple and low cost, because it does not utilize filters to block the optical
pump beam selectively from the PD, but rather, uses a novel optical design to suppress

the fluorescence pump signal with the bottom plate of the microfluidic system, so that the



signal to noise ratio (SNR) of the fluorescence signal to the pump signal is high. This

device has the potential to be applied as a miniature, non-invasive, multi-target sensor.

T Optical pump input

Optical Fiber

Top Plate Pyrex Plate

Gasket Height—[ Thin film S PD

Figure 1: Cross-section schematic of the integrated thin film Si fluorescence
sensor with a bottom plate designed for integration with an EWD system. PD
thickness not drawn to scale.

The target EWD system for integration with the fluorescence sensor has a top
plate and a bottom plate, with the thin film Si PD integrated onto the top plate. The PD
sensor is a thin film annular silicon PD bonded to the pyrex top plate, as shown in
Figure 1, which can also serve as a ground electrode for the microfluidic platform. The
optical pump signal, delivered herein through an optical fiber, is coupled to the droplet
under test (containing the fluorophore) through the pyrex, through a thin metallization
on the pyrex to minimize stray light, and then through the aperture in the photodetector.
Light delivery can also be carried out using an integrated optical (LED or laser) source

with or without an optical waveguide. The droplet is sandwiched between the top plate
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and the bottom plate. Fluorophore concentrations ranging from 0.3 uM to 20 uM were
tested with different bottom plate substrates and herein, we discuss high SNR detection
for droplet sizes as low as 10 uL over a time period of microseconds. Next, the
integration of the fluorescence sensor with a digital microfluidic system is discussed.
Finally, the performance of the sensor is evaluated, followed by conclusions and

thoughts for future work.
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1. Introduction

In this chapter, Section 1.1 briefly introduces the motivation, thesis statement,
and the contributions made by this thesis to advance research in the field. Section 1.2

then presents the organization of thesis.

1.1 Motivation and Thesis Statement

Highly sensitive and specific sensing of target analytes in fluidic systems is a
research area with tremendous commercial interest, and many papers have been
published in this area. However, most of these reported technologies are specific to the
application for which they are developed. An more optimum solution, although much
more difficult to realize, would be a generalizable system that could be programmed to
function as a multipurpose sensing system, or even incorporate “smart” self-monitoring
and decision options that could affect real-time system function, essentially a
cyberphysical system as identified by the National Science Foundation [5]. Such a
device should also provide the advantages that many of the current LOC system devices
exhibit, including but not limited to portability, point-of-care sensing, cost effectiveness,
high sensitivity and high specificity.

In the context of biological and chemical sensing, devising such a “true lab-on-a-
chip” system involves classifying the protocols for each application into elemental
functional components, while enabling a programmable and reconfigurable architecture

[6]. The approach that we have used herein to implement this concept is the integration

1



of optical fluorescence sensing within a digital microfluidic platform. A software
controlled digital microfluidic platform enables scalable solutions, reduces time delays
and reduces skilled personnel dependence, as well as is less susceptible to human errors,
in contrast to a laboratory handled test. A digital microfluidic platform that works on
the principle of electrowetting-on-dielectric (EWD) employs these attributes, and hence
is being used in the system described herein. To further ensure proper functionality on
the microfluidic platform with respect to the digital fluidic samples (droplets), fault
detection and error recovery models have been evaluated on the LOC [7, 8] (also
referred to as the biochip).

The digital microfluidic platform currently provides functions that include
sample preparation, incubation, and separation, however, a more advanced integrated
sensing system needs to be designed and demonstrated in order to carry out on-chip
detection of analytes of interest. Fluorescence sensing has been chosen as the sensing
technique used herein due to its established specificity and sensitivity for tagged
biomarkers [2].

To achieve a complete optical sensing system with on-chip detection that is
integrated with a microfluidic platform, passive optical components must also be
integrated into the LOC. While this is beyond the scope of this thesis, the ultimate
vision of the system is to integrate a laser source, a light delivery waveguide, and

multiple photodetectors onto a single substrate that serves as the top plate of the LOC,



and which can function as one of the reference electrodes for the droplet actuation, to
create a miniature and robust sensor or sensor array.

Reviewing the literature, a number of optical detection techniques have been
previously integrated with microfluidic platforms [9]. One of the most relevant to our
work was reported by the Jokerst group, which is the utilization of InGaAs-based thin
film photodetectors for sensing chemiluminescent signals generated by pyrogallol with
hydrogen, in which a thin film photodetector(PD) was bonded to the outermost edge of
the top plate of the microfluidic system [1] (not in the fluidic channel as is demonstrated
herein). Another integrated sensor was designed to detect glucose by integrating a
microdisk resonator along with the thin film InGaAs photodetector on a microfluidic top
plate [10]. The monolithic integration of a Si light emitting diode, a fluidic microchannel
and a photodiode is shown in [11] to measure a shift in the interference spectra. The
monolithic integration of a fluorescence-based sensor utilizing a PIN photodetector with
a 773 nm VCSEL source grown on top of the PIN PD with optical coupling to a
microfluidic channel was demonstrated by Thrush et al. using a GaAs substrate [12]. In
the reported work to date, there is a lack of reports on fluorescence sensing integrated
into a fluidic system platform with on-chip detection in a portable and miniaturized
format. This thesis work aims to address this unmet need using thin-film silicon
photodetectors designed for integration with an EWD system to create an LOC with

integrated fluorescence sensing.



This thesis reports on the design, fabrication and test results of an annular thin
film silicon photodetector to realize fluorescence sensing integrated into a
reconfigurable, programmable, EWD digital microfluidic platform. The integration of
these individual optical components into a LOC system presents tremendous
opportunities for developing LOC systems that can address a wide variety of targets
using sensing through fluorescence, and the long term prospects for “smart”

cyberphysical systems.

1.2 Organization of the Thesis

This thesis is divided into seven chapters. Chapter 1 introduces the topic of the
dissertation briefly and describes the motivation behind pursuing the subject. Chapter 2
then delves deeper into the background of the research topic. It starts with providing an
overview of LOC systems with microfluidics, and then it concentrates on the existing
sensing modalities that are integrated into microfluidics for LOC applications. Next,
fluorescence as a sensing technique is explored. This is followed by a discussion of
semiconductor photodetector operation and some key characterization parameters that
we report for our photodetectors herein. In addition, the sensing applications for
semiconductor and thin-film photodetectors are described.

Chapter 3 discusses modeling the system for integrating fluorescence into a
fluidic system. This chapter talks about the optical throughput modeling for an annular

thin film photodetector bonded to a borosilicate pyrex plate for integration into a digital



microfluidic platform. This problem statement has two parts to it, namely, modeling the
photodetector with its geometry, doping levels, and other design constraints; and
modelling the microfluidic plate layers for integration into an optical system without
affecting the EWD functionality. After providing design choices, we briefly discuss
systems assembly for experiments, which is covered in more detail in the next chapter.

Chapter 4 includes the step-by-step fabrication process flow for the thin film
annular photodetectors, the heterogenous bonding of these PDs to a borosilicate pyrex
top plate and the microfabrication for the different fluidic plates and test plates for
fluidics in the system, followed by system assembly for tests, which is covered in detail
for different test cases.

Chapter 5 discusses the characterization of PDs as standalone sensors. Then, we
cover optical source modeling. Finally, we show results from various test
configurations along with their trends and fits. Chapter 6 compares our test and
experimental data, as modeled in the commercial ray tracing software Zemax
OpticStudio.

Chapter 7 concludes the thesis with a brief summary of the work done, some

concluding remarks and the future directions for the work.



2. Background

2.1 Fluorescence Sensing

Fluorescence detection is a common sensing technique employed for biochemical
targets that is highly utilized due to its simplicity, high sensitivity, and excellent
selectivity. Generally, fluorescent labels are attached to specific molecules, and these
labels fluoresce when excited with an optical source, such as a laser. This is laser-
induced fluorescence (LIF), and the signal obtained can be utilized to quantify target
molecules. When integrating fluorescence with microfluidics, a high SNR can be
achieved with low reagent and sample volumes [10, 13, 14]. When an atom or a
molecule absorbs a photon and an electron is excited to a higher energy state, one of the
pathways that the electron can follow to return to the ground state is called fluorescence.
Fluorescence involves emission of a photon with a longer wavelength (smaller energy)
than that of the pump photon. The first fluorescence spectrum of a dye was observed
around 1905 by Nichols and Merritt [15]. Fluorescence can be explained using a

Jablonskii diagram, as shown in Figure 2 [16].
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Figure 2: (a) Jablonskii energy state diagram of a molecule (b) Absorption and

Emission Spectrum of a molecule [16].

Figure 2(a) shows electronic states 5y, 5; and 5, with multiple sub-levels and

vibrational states. When a photon

of energy hv, ¥ Eg, — Eg is absorbed by the molecule

in one of the sublevels in the ground state, an electron is excited to a sublevel of a higher

energy state 5. For a given energy

-E
is proportional to e¥8” ; where E is

state, the carrier population of at a given temperature

the energy of the state, T is the temperature, and kg

is the Boltzmann constant. Relaxation to the ground state occurs via a combination of

radiative and non-radiative decay. Non-radiative decay mechanisms usually involve
heat or vibrational losses, or processes such as internal conversion. If the rate of

radiative decay and the rate of non-radiative decay are denoted as k. and &,

respectively, then the fluorescence lifetime is given as Te:



Te = irm (2.1)

For fluorescence, the average decay lifetime is usually in the range of 0.5-20 ns. In
the process of fluorescence, the absorption spectrum and the emission spectrum are
spectrally separated, as shown in Figure 2 (b). The shift between the absorption and
emission peak wavelengths is referred to as the Stokes shift, which occurs due to the loss
of energy from the excited singlet state to the relaxed state, from which the molecule
decays to the ground state emitting the fluorescence signal. The higher the Stokes shift,
the easier the fluorescence signal is to detect, because it is easier to differentiate between
the excitation and emission wavelengths if they are more widely separated.

Fluorescence is one of the major investigative techniques used in chemical
sensing for biomedical applications [17] and for specialized DNA/RNA diagnostics [18,
19]. DNA/RNA diagnostics require specific fluorescent labels to attach to the target cells
or reactive group that fluoresce when optically stimulated. Only a fraction of the pump
signal that illuminates the analyte is absorbed and converted to fluorescent emission.
The absorbance of the radiation by the fluorophore can be explained by the Beer-
Lambert law [20].

fﬁbs = fz':lzc{:l_ lﬂscd} (22)
where, I, and I3 are the incident pump and absorbed pump intensities,

respectively, the molarity of the fluorophore concentration is denoted by C, the path
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length traversed by the pump in the solution is given by d, and ¢ is the molar extinction
coefficient, which is a property of the fluorophore. The extinction coefficient determines
how strongly the fluorophore absorbs the excitation signal. The amount of absorbed
light that is converted into fluorescence emission is also a property of the fluorophore
and is described by its quantum yield. Thus, given the absorbed pump signal, the
fluorescence emission I can be related as

Io=1gps*1 (23)

where, T is the quantum efficiency of the conversion process.

There are multiple ways of detecting fluorescence, including intensity-based
sensing, time-resolved anisotropy, fluorescent resonance energy transfer (FRET), and
lifetime measurements [21]. In the fluorescence system reported herein, intensity-based
sensing using a photodetector is used to detect the fluorescence output. The next section
delves into the previously reported research in the field of sensing with LOC, with

specific examples of fluorescence sensing with microfluidics.

2.2 Sensing in Microfluidic LOC Systems

Lab-on a-chip (LOC) systems research focuses on developing portable, point-of-
care, cost effective systems for real time fluid manipulation. Integrating biochemical
sensing capabilities into LOC systems has generated a great deal of recent interest, since
the combination of fluidic sample preparation and sample testing in a single, integrated,

miniaturized platform can enhance the overall efficiency of the system, and can

9



effectively reduce the cost of the system while providing a faster diagnosis [22].
Numerous technologies have been reported for sensor integration with fluidic
technologies to develop miniature, point of care systems for applications in biological
and chemical sensing, forensics, proteomics and many more fields [23-25].

There are multiple types of microfluidic LOC platforms that have been reported.
The success of these platforms can be attributed to the precise control and manipulation
of the low liquid volumes that they provide. This leads to miniaturization and cost
effectiveness [26]. The two microfluidics-based platforms which are of interest herein for
integrated optical fluorescence sensing are continuous flow microfluidics and digital
microfluidics. It is important to understand the difference in the operation and scope of
both microfluidic platforms to realize the applicability of different sensing systems to
each of the platforms.

Continuous flow microfluidics is a widely utilized approach for fluid transport.
Continuous flow utilizes capillary forces, differences in wetting properties, or pressure
driven microfluidic components such as valves and pumps. Applications for these
systems include blood self-diagnostic assays [26] and disposable tests, such as the
detection of Legionella bacteria [27]. One of the most common methods of fabricating
these devices involves monolithic fabrication on elastomers using soft lithography; one
example is a fluorescence activated cell sorter that uses a silicon substrate and silicone

elastomer [28]. These platforms are limited by the material properties of the elastomers,
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such as their reactivity to chemicals and response to temperature [29]. Another
drawback to continuous flow devices is that fluid typically can be moved in only one
direction at a time. Additionally, these systems do not provide reconfigurability or error
recovery and correction. These drawbacks motivated the development of the field of
droplet-based microfluidics, or digital microfluidics, where the fluid is manipulated in
droplets, as discrete volumes.

Digital microfluidics utilizes several methods for manipulating individual
droplets such as electrowetting [30], dielectrophoresis [31] and thermocapillarity [32].
Herein, we are particularly interested in digital microfluidic devices based on the
working principle of electrowetting-on-dielectric (EWD) because these devices are fast
and scalable [26]. In EWD, the droplet rests on a hydrophobic surface (bottom plate),
with a dielectric and patterned electrode below it. The top of the droplet is in contact
with a surface (top plate) that is grounded. The droplet is sandwiched between these
two surfaces, and it is typically surrounded by an immiscible fluid to reduce the
actuation voltage and to avoid droplet evaporation. The actuation voltage affects the
wetting properties of the droplet, and it can be used to manipulate the droplet for
functions such as transport, mixing and splitting [33]. Since these operations are
programmable, they provide to the user an online, real time control of assays [29].

The need for sample preparation, chemical amplification in a low-cost, fast and

portable manner drives the research for sensor integration with both of these
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microfluidic platforms. The majority of the detection methods integrated with
microfluidics are based upon electrochemical [24] , mechanical [34, 35] and optical [2, 36]
sensors. A summary of comparison for these different types of sensors and their use for
biosensing is shown in Table 1 [37].

Table 1: Summary of electrochemical, mechanical and optical sensors
employed in microfluidic devices [37].

Method Mechanism Features
Measures changes in (+) Real-time detection (~hundreds seconds range)
conductance, resistance, (+) Low-cost microelectrode fabrication
Electrochemical  and/or capacitance at the (+) Widely employed in point-of-care
active surface of the (—) Control of ionic concentrations before detection
electrodes (—) Short shelf life
Detection is based on (+) Monolithic sensor integration
variations of the resonant (+) Label-free detection
Mechanieal frequency or surface (—) Damping effects in liquid samples
stress of the mechanical (—) Detection generally needs around 30 min
sensor (=) Complex fabrication

(+) Minimal sample preparation

Detects variations in light . . .
] . L (+) Real-time detection (~hundreds seconds range)
. intensity, refractive index o .
Optical . (+) Ubiquitous in laboratory

sensitivity, or L . . .. .
. (—) Conventional opto-instrumentation is expensive
interference pattern e .
(—) Set-up complexity

One of the motivations for this thesis is the negatives associated with optical
sensing in this Table 1. Herein, the optical sensing is integrated directly into the LOC
system, eliminating the need for expensive “opto-instrumentation” and “set-up
complexity”.

Reviewing the different types of sensing in instructive. Electrochemical sensors
provide attractive options for miniaturized, low cost detection systems. However, their
detection limits are highly influenced by temperature variations and pH and ionic

concentration [24, 37]. Mechanical sensors require much longer time for detection and
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have limited detection sensitivity due to mechanical losses in the system. The literature
indicates that optical target detection is a preferred technique due to its established
applicability and usefulness for biochemical sensing. It is typically non-invasive, highly
sensitive and provides localized detection, thus making it an excellent candidate for
integration with LOC systems. Concentrated efforts are being taken towards
miniaturization and cost-effectiveness of integrated optical technologies in biosensing
systems, including the work herein.

Optical properties such as refractive index change, polarization, luminescence,
absorption, and Raman scattering can be utilized to generate signals in fluidic systems
that utilize optics [9]. Techniques such as chemilumenescence [38], surface plasmon
resonance (SPR) [39], surface enhanced raman spectroscopy (SERS) [40] and
interferometry [41] have been integrated with microfluidic platforms for sensing.
Among these many optical detection modalities, there are off-chip and on-chip
approaches to optical detection; the off-chip optical detection usually involves
commercial photodetection devices such as CCDs and PMTs for imaging/measuring the
optical signal, whereas the on-chip detection often integrates components such as
waveguides, light sources, detectors and filters [2].

The research herein delves into detection modalities integrated into the
microfluidic platform or showing significant ease of portability/miniaturization. Herein,

the term ‘integrated’ is defined as the detection technology incorporated directly onto

13



the microfluidic platform, including in/around the fluidic channel and/or placed in or on

one of the top or bottom plates of the fluidic system. There are many examples of

detection technologies used with fluidic systems, some representative examples of

which are discussed below.

1.

The monolithic integration of a fluorescence-based sensor utilizing a PIN
photodetector with a 773 nm VCSEL source and optical emission filters was
carried out by Thrush et. al. on a GaAs substrate [12]. These components
were optically coupled to a glass microfluidic channel using a microlens and
the experimental LOD was measured to be 250 nM for IRDye 800
Phosphoradimite.

Amorphous Si annular photodetectors have been used, but not directly
integrated, with microfluidic platforms. These systems employ optical filters
and/or lenses. In one system, the excitation was provided by an argon laser
with a chopper, and the LOD was measured to be 17 nM for fluorescein [42].
For another experiment, the excitation was provided with a GaN microLED
and the LOD for fluorescein was measured to be 36 nM [43]. The use of
amorphous Si is interesting for integration with fluidic systems because of
the ease of fabrication and low-temperature (~200 °C) deposition of a-Si on

different substrates such as acrylic/polymers, which are used in microfluidic
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devices. However, the responsivity of amorphous Si PDs is much lower than
that of single crystal Si PDs.

As an alternative to semiconductor materials, organic light emitting diodes
and photodetectors with filters and polarizers have been integrated into and
onto a flow fluidic system. The LEDs or detectors were placed on the same
substrate as that of the flow channels, or on a different substrate and then
placed above or below the channel. For example, in an algal fluorescence
sensor, the demonstrated LOD was 7.5 nM [44]. However, the quality and
sensitivity of the organic PDs and LEDs is a hindrance to their widespread
use in integrated biosensors [45, 46].

Many research groups have demonstrated compact fluorescence systems
made with commercially available miniaturized LED and photodetectors or
imagers such as CMOS imager, CCDs, uAPDs and PIN photodetectors,
placing them on the top or bottom of the fluidic channel. These systems often
use filters for emission/excitation and/or microlenses/mirrors for better
collection efficiency [47]. Some the examples of these systems are tabulated

in Table 2.
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Table 2: Examples of miniaturized fluorescence detection systems built with
commercial components and their LODs

Source | Filter used Detector Other LOD
used components
LED 2-3 pm thick PIN Si chip Amplifier circuitry | 0.1 uM of FITC
(A=470 | emission filter for weak signal labeled
nm) processing phenylamine
[48]
(In, Ga) | CdS filter PIN Si chip Circuitry to 0.12 uM of
N LED | pulsed layer provide bias for fluorescein [49]
deposited on detector and the
the detector LED
LED Excitation and | Preamplifier | Dichroic mirror 5nM of
(A=470 | emission filters | circuitry Fluorescein[50]
nm) 1.8 pM of 5-
FAM [51]

These systems are interesting because they have integrated a fluidics

platform with commercial components. These systems are not easily

reconfigurable and might not be cost effective solutions.

5.

Most of the systems reported to date avoid having the optical devices interact

with the fluid in the channel. This can reduce the sensitivity of detection.

Some recent work in sensors that interact with the fluid in the channel

directly includes a Ge-based PIN PD for detecting a change in the fluid
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refractive index when a different fluid is flow through the channel [52].
Another system also senses the change in refractive index in a flow channel
using a defect-mediated Si-based ring resonator photodetector [53].

6. Most of the integrated sensor systems reported to date are integrated with
flow fluidics systems. The first demonstration of a microresonator embedded
in the top plate of an EWD system was shown by Royal et al. [30] to detect a
change in the refractive index of the droplets being tested.

There are a number of sensors integrated microfluidic devices reported in the
literature. In many of these examples which focus on the integration of optical sensing
in a fluidic LOC system, the incident optical excitation pump beam is incident upon the
detector in a single optical path (i.e. the emitter and detector are facing each other),
which can increase the detection of the pump, which is in contrast to the design reported
herein, which pumps light into the fluid and has the detector on the same side (the top
plate). Furthermore, most of the examples of fluorescence detection employ detection
outside of the flow channel and use lens/mirrors and/or optical filters to differentiate
between the excitation pump and the fluorophore emission. This increases the
complexity of the system, and also makes the system application-specific for
wavelength, which reduces the capability to utilize different or multiple fluorophores in
a single system. The system reported herein does not utilize any filters, but rather, is

designed to dump the pump into the bottom plate after the exciting the fluorophore, and

17



to efficiently detect the emitted fluorescence signal. The utilization of thin film, single
crystal silicon PDs offers a better responsivity than amorphous or organic PDs over a
wide wavelength range, and the opportunity to integrate the PD directly into the fluidic
channel for high responsivity optical detection.

The simplicity, high sensitivity, and specificity of fluorescence sensing using a
high responsivity, thin film semiconductor photodetector is extremely attractive for
integration into a fluidic system. Since fluorescence sensing is an established technique
for the characterization and sensing of biomolecules, integration with a programmable
microfluidic platform for diagnostic and/or sensing applications is a strong motivation
for the work in this thesis. The key to the realization of this LOC system is the
demonstration of a fluorescence system with a PD that is sufficiently thin so as to not
interfere with the fluid movement in the channel. Herein, we demonstrate the
integration of a thin film Si PD integrated into the top plate of the EWD system for

fluorescence sensing without using a filter, mirror, or lens.

2.3 Introduction to Photodetectors

Photodetectors (PDs) are transducers that absorb light that illuminates them and
produce an output current. Semiconductor PDs work through the absorption of photons
with energy greater than the bandgap of the semiconductor material. These photons
promote the excitation of electrons from the valence band to the conduction band, where

they can conduct freely. For every electron excited to the conduction band, a hole is
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created in the valence band. Thus, optical illumination creates electron-hole pairs
(EHPs) in the semiconductor, which make up the moving charges in the photocurrent.

For a semiconductor, the amount of photon absorption is dependent on the
semiconductor material band gap, the wavelength of illumination, the thickness of the
material, and the optical input intensity. Silicon (Si) is one of the most widely used PD
materials due to the wide spectrum of absorption in the visible range and high
responsivity, as well as its abundance, low cost, and established fabrication processes. At
any given wavelength that is absorbed by the PD, the photocurrent is directly
proportional to the intensity of light on the detector, outside of saturation of the PD at
high input optical intensity.

2.3.1 Photodetector Principles of Operation [54]

A simple photodetector is a PN junction diode, which is created by fabricating a
p-doped and n-doped regions side by side to form a junction. Carrier transport to and
from both the doped sides creates an equilibrium junction, with a space charge region at
the junction. Since this space charge region formed is devoid of free charge carriers, it is
also referred to as the depletion region.

Under illumination, electron-hole pairs (EHPs) are generated in the
semiconductor if the photon energy is greater than the bandgap. The generated EHPs
then contribute to drift and diffusion current throughout the diode. In the depletion

region, the current is dominated by drift current, due to a non-zero electric field that is
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present; in the quasi-neutral regions, the currents are dominated by diffusion currents.
Mathematically, the relationship between the optical illumination and the generated
photocurrent can be expressed by the rate of generation of excess carriers, assuming
unity quantum efficiency, and is given as Go:

—fo

Gp = o (2.4)

The depletion region has a built in voltage V;,; , which is a property of

temperature T, the doping concentrations in the p- and n- sides of the semiconductor,
respectively denoted by Naand Ng, ks, which is the Boltzmann constant, and ni, which is

the intrinsic carrier concentration:

Vy; = 2Bl (M) (2.5)

q n;

The width of the depletion region is given by W:

At a given bias voltage V, the excess hole concentration at the depletion region

edge on the n-side is given as:

wo PRI D)

= Pt 2.7)
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At steady state, the generation and recombination rate of the holes must be
equal. Thus, the continuity equation for holes can be written as:
a!

Dy 67y — %+ Go=0 2.8)

This equation is solved for the excess hole concentration, which consequently

provides the hole diffusion current at the depletion region boundary in the n-region

(x =x,):
Lpairp(x = x,) = Jpaips(x=x,)A (2.9)
. Dy LA
Ipaiprlx=x,)=gq L__:F':-zul("?"'BT - 1) —qGgl, (2.10)

Similarly, the electron diffusion current at the depletion region boundary in the

p-region can be calculated as:

av
I:z_.n!iff(x = _xp} =q i—:npﬁ(e;{BT - l) —qGpl, (211)
—
L, =D,1, (2.12)
L, = W Dpr (213)

where, D, and D,, are the diffusivities, L, and L,, are the diffusion lengths, and

T, and 7, are the lifetimes of the holes and electrons, respectively.
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The total current in the device can be calculated by adding the drift and diffusion
currents at any point. Also, the total current should remain constant in the diode, since
there is no net charge accumulation or depletion in the device. Since the drift current at
the depletion region edge is zero, the total current is given by the sum of the hole and

electron diffusion current density multiplied by the area of the device, A:

gV
Imm: = fp,n!iff{.xu} + f:-z,n!z'ff{_xp} = "-?A (Lﬂpul} + L-: npl}) (EKBT - l) - q;’-’l G'}{-LP + L”}

(2.14)

The photocurrent term is I,peo = —gAGy(Ly + L,y ) and is driven by the intensity

of the light that illuminates the detector, that, in turn, governs the generation rate.

Even under no illumination, the PD exhibits some current. This PD dark current
contributes to noise in the PD and degrades the photodetector signal-to-noise ratio
(SNR). The PD dark current is comprised of two components: the background radiation
current, Is, and the thermally generated current in the reverse bias, Ip . In the
experiments described herein, the Si photodetector operates at zero bias voltage, and

thus, the noise is dominated by noise associated with the dark current.

2.3.2 Quantum Efficiency

Quantum efficiency is the ratio of the generation of EHPs to the number of

photons absorbed. Mathematically, it is expressed as #;:
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n; = Nep  _ Iphoto N hy (2.15)

Nphoton q Pabsorbed

where Nggp and Nppqron represent the number of generated electron-hole pairs

and the number of photons absorbed, respectively. Alternatively, it can also be

expressed in terms of the absorbed power, Pgp:orzeqa, the generated photocurrent, Iypezee,

Planck’s constant, h, unit charge, 'q" and the frequency of the photon, v [55].

2.3.3 Spectral Responsivity

Spectral responsivity is the amount of photocurrent generated as a function of
the incident power at a given wavelength. It is dependent on the absorption of the PD,
reflection from the PD surface, and the quantum efficiency. The equation below models
responsivity when the input power at a given wavelength is Pin(A) and the photocurrent

measured is I(A).

na

R(A) = o)

(2.16)

Where the wavelength is denoted by A.

The surface reflectivity can be modeled as a function of the angle of incidence at
the interface and the refractive indices of the surfaces of media on either side of the
interface, which is also dependent on the wavelength. An effective anti-reflective coating
(herein, silicon nitride) provides surface passivation, thus reducing surface

recombination current.
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2.3 Silicon PDs and Thin Film Si PDs

Several materials are used to build semiconductor PDs, including Si and
compound semiconductors such as GaAs and InGaAs. Different semiconductor
material choices provide different wavelength detection, and the responsivity will vary
by wavelength. For the system reported herein, the photodetector needs to have a low
dark current and high responsivity and be cost effective. The detection range is in the
visible regime, and should be matched to the fluorophore output wavelength. The table
shown below enumerates some PD materials, and their typical properties [56].

Table 3: Typical materials for building PDs and their attributes [56].

Material Dark Current Speed Sensitivity? Cost
Silicon (Si) Low High Speed 400 - 1000 pm Low
Germanium (Ge) High Low Speed 900 - 1600 nm Low
Gallium Phozphide (GaP) Low High Speed 150 - 350 nm Moderate
Indium Gallium Arsenide (InGaAs) Low High Speed 800 - 1800 nm Moderate
Indium Arsenide Antimonide (InAs3h) High Low Speed 1000 - 5800 nm High
Extended Range Indium Gallium Arsenide (InGaAs) High High 3peed 1200 - 2600 nm High
Mercury Cadmium Telluride (MCT, HgCdTe) High Low Speed 2000 - 5400 nm High

From the table, Si provides high sensitivity in the visible regime, with a low dark
current, high speed and is low cost. Si photodiodes have been used for many detection
applications, including neonatal brain monitoring [57], cancer detection [58], and tissue
imaging [59]. Silicon has also been used in standard low cost manufacturing processes
for many years, another factor that motivates the use of Si PDs for fluorescence sensing.
The next section discusses the need for using thin film Si PDs for integrated sensing

integrated in a microfluidic platform.
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2.3.1 Thin Film Si PDs

To integrate the PDs into the channel of the EWD microfluidic system, yet not
interfere with the operation of the droplet motion in the EWD system, a thin film PD
must be integrated into the EWD system. Thin film Si-based PDs have been used for
applications such as DNA quantification using fluorescence [60], an electronic eye
camera [61], broadband solar cells [62], and monitoring enzyme reactions [63]. Thin film
photodetectors have also been successfully integrated with optical components such as
lasers [12], waveguides [64], and photonic integrated circuits [65], which is pertinent to
the longer term goal (discussed in this thesis) of a fully integrated optical system in the
LOC.

For the sensing system reported in this thesis, it is necessary to have a PD that
integrates into the system so that it can have sensing functionality as well as microfluidic
compatibility. For an EWD system, a top plate and a bottom plate are required to confine
the droplet for actuation as well as sample preparation. Typical EWD microfluidic
channels (top and bottom plate separation) are 100-200 microns. A PD with a substrate
that is 350 microns to 500 microns thick cannot be integrated between the top and
bottom plate without adversely affecting the microfluidic functionality. Thus, using a
thin film Si PD, which is on the order of 10 microns thick, that can be integrated into the
top plate of the system a lie in the fluidic channel, provides a novel approach to

fluorescence sensing within a digital microfluidics platform.
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3. Fluorescence Detection System Design Summary

The fluorescence detection system designed herein aims to demonstrate
fluorescence sensing integrated with a fluidic platform to create a lab-on a-chip system.
This system demonstrated herein is comprised of a top plate with an integrated thin film
PD and a bottom plate, with materials that are consistent with EWD system
implementation. The top plate is comprised of a thin film Si PD heterogeneously bonded
to a borosilicate glass substrate. The bottom plate’s primary purpose is fluidic
functionality and to absorb the fluorescence optical pump beam. Fluorescence is
detected in a droplet of fluorophores in an aqueous medium that lies between the top
plate and the bottom plate. For testing purposes, the droplets can lie on a surrogate
microfluidic plate that has the same deposited films as in the system plate, but without
active actuation on the plate. Using a thin film PD, where the thickness of the PD is
much less than the droplet or fluid channel height, ensures that the fluidic movement is
unimpeded by the presence of the PD. Fluorescence sensing further provides the ability
for a multi-wavelength sensing while minimizing crosstalk, as an extension to the
system design discussed herein.

The optical design of the system is critical to the creation of a high signal to noise
ratio (SNR) sensing system. The illumination provided to the droplet under test is
incident from the face of the pyrex plate that lies opposite to the integrated PD. The

light travels through the pyrex and then through an aperture in the patterned metal on
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the opposing face of the pyrex. The metallized aperture in the pyrex is aligned with the
PD aperture, as shown in Figure 1, so that the light can travel into the droplet. In
contrast to the systems where illumination and detection are on opposite sides of the
fluid, working in transmission, the system described herein is designed to be
illuminated through the aperture in the PD, which lies on the same side of the fluidic
droplet as the PD, thus enabling the pump beam to be absorbed by the bottom plate.
This reduces the pump signal at the detector (compared to a system working in
transmission) toward a higher SNR and lower limit of detection. Illumination may be
provided, for example, by a fiber or waveguide coupled to a laser, or by LEDs or lamps.
The spacing between the top and bottom plate is fixed through the use of a gasket,
which is adhered to the bottom plate, and not adhered to the top plate to increase the
ease of fluid loading. A final system would adhere the gasket to both the top and
bottom plates and would utilize a better system for fluid loading, for example, using
Teflon-coated capillary tubes, as a part of a digital microfluidic platform [66].

Herein, light delivery is provided through a multimode fiber that is free space
coupled to a laser on the input end of the fiber and epoxied to the pyrex plate on the
sensor system end of the fiber. A schematic of the system design is shown in Figure 1

below. Please note that the thicknesses are not to scale.
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Figure 1: Cross-section schematic of the integrated thin film Si fluorescence
sensor with a bottom plate designed for integration with an EWD system. PD
thickness not drawn to scale.

The following sections discuss the details of the system design choices, including
the constraints. Optical throughput modeling then further shows how we expect a high
SNR sensing given the droplet volume and droplet dimensions, which were conditions

set by the fluidic system and application.

3.1 Optical Throughput Modeling

The fluorophore used herein to study fluorescence sensing is 6-Hex acid (6 -
carboxy - 2',4,4',5'7,7' — hexachlorofluorescein). 6-Hex is a popular fluorescence probe
that has been widely used in commercial quantitative polymerase chain reaction (qPCR)
systems [67] for sequencing and labeling and is a cost-effective fluorophore choice. Some
of the parameters that are important for choosing the fluorophore for the system include
but are not limited to: the excitation and emission wavelength, molar extinction
coefficient, and the quantum yield. These specifications for the fluorophore 6-Hex are

provided in Table 4.
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Table 4: Parameters for the fluorophore 6-Hex, acid.

Fluorophore 6-Hex, acid

Apump 532 nm

Aabs peak 535 nm

Ao peak 556 nm [68]

£ 73000 M' em™ [68]
r 0.7 [68]

X abs 0.99 [69]

In Table 4, Apump is the excitation wavelength of the fluorophore, and 4,5 penk

and Agy, peak are the peak wavelengths for the absorption and emission spectra of Hex-6,

respectively. £ is the molar extinction coefficient, 5. is the ratio of absorption at the

pump wavelength as compared to that at the absorption spectrum peak, and I' denotes
the quantum yield for fluorescence for Hex-6. The absorption and emission spectra of
the Hex-6 fluorophore as a function of wavelength is shown in Figure 3. The Stokes’ shift

for this fluorophore is 21 nm.
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Figure 3: Absorption and Emission Spectra for 6-Hex [70].

To calculate the optical throughput for fluorescence, we use the Beer-Lambert
Law. This law provides a mathematical relation between the incident light and the
attenuation resulting from the properties of the absorbing medium through which it
travels. The underlying assumption for using this mathematical model is that the
concentration of the fluorophore solution that is used for the experiment has a linear
attenuation coefficient in the working concentration range, as shown later in this
document.

Mathematically, the Beer-Lambert law can also be expressed as follows:

Eemissior ’ L¥ahs
Pabs = Poump * ﬁm (1 — 10¢=1xabs) (3.1)
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Where C is the concentration and [ is the optical path length traversed by the
optical pump beam in the droplet. Once the absorbed power is calculated, the emitted
fluorescent power is calculated by multiplying it by the quantum yield of the
fluorophore. A fraction of the emitted fluorescence power is absorbed by the
photodetector, depending on the area of photon collection, or the active area of the PD,
and the relative extent of the detected optical signal to the PD area.

With all these parameters, we can get an estimate of the fluorescence optical
power that we can extract from the system, if we input into the droplet a given pump
optical power. To further integrate this fluorescence model into our system, we use the

commercial ray tracing software, Zemax, which will be discussed in the next section.

3.2 Modeling of Photodetectors

The design of the photodetector requires consideration of factors such as
geometry, spectral responsivity and the integration of the PD into the system to provide
maximal optical response. One of the major requirements for our system is to have the
active and passive optical components all integrated onto the same platform. One
approach to integrate efficient pump beam delivery into the system, and fluorescence
photons collection, is to use an annular silicon PD. This design enables us to deliver the
excitation wavelength through the PD aperture, and then absorb the fluorescent signal

in the PD active area, or the annular region.
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The PD needs to be optimized for maximum fluorescence detection, with a high
signal to noise ratio using a top and bottom plate that are consistent with EWD systems.
To estimate the responsivity of the fabricated detector at the target fluorophore detection
wavelength, it is important optimize the junction depth of the photodetector, which is
modeled using Silvaco ATLAS. The droplet is illuminated through the aperture in the
photodetector bonded to a borosilicate plate. We need to couple maximum power to the
droplet, while blocking the pump wavelength that is reflected back from the bottom
plate. Also, the radius of the active area of the photodetector needs to be optimized for

the droplet geometry, so that we achieve a high signal to noise ratio for the detector.

3.2.1 Silvaco Simulation

The commercial simulation software Silvaco ATLAS was used to design the PD
diffusion depth to optimize the spectral response of the thin-film annular PN junction

for A=556 nm fluorescence sensing. Our starting material is a SOI (Silicon-on-insulator)

material, which is comprised of a 10 um epitaxial silicon layer, bonded to a 1 um silicon
dioxide later, which is on a 400 um silicon handle. In due course of processing, the
handle and the oxide layer are etched off, and thus, our detector device is the doped
epilayer, which is 10 um thick.

To simulate this detector, a 3D structure was modeled as a 10 pm x 10 pm x 10

um Si cube representing the epitaxial layer. The background doping of the substrate is
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p-type, with boron as the acceptor, with a concentration of 3 x 10** em™3. The

fabrication of the pn junction, described later herein, uses a spin-on glass dopant that is
spun on and thermally diffused into the Si. In the design simulation, the epitaxial layer
of Si was modeled as if doped with phosphorus with a constant surface doping
following a complementary error function (erfc) distribution due to the thermal drive of
the dopant into the Si. The constant surface concentration of phosphorus was 5x10% cm-
(based on manufacturer’s dopant information). The concentration profile was defined
by the surface concentration of phosphorus and the junction depth, which was
optimized at 600 nm.

Aluminum was used to form an ohmic contact with the n-Si and p-5i, which act
as the cathode and anode, respectively. To obtain the spectral response, a 3D source
with intensity 1 W/cm? was swept across a range of wavelengths from 0.1 pum to 1 um,

as shown in Figure 4.
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Figure 4: Simulated spectral response of the annular PD for an input optical
beam of 1 W/cm?2.

To calculate the responsivity, the recorded photocurrent was divided by the
source intensity and the illuminated surface area of the silicon. To further increase the
device responsivity, an anti-reflection (AR) coating was simulated on the PD surface. As
the name suggests, the AR coating reduces surface reflection, allowing more photons to
enter the PD. The AR coating material is designed based on the materials on either side
of the coating to reduce losses due to index mismatch. In this thesis, silicon nitride was
used for the PD AR coating. For our design, the minimum reflection is needed at the
fluorophore excitation wavelength at 532 nm. The reflectivity function is thus lowered
using a silicon nitride AR coating that is 65 nm thick. For a thicker nitride coating, we

can deposit 325 nm of silicon nitride.
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3.2.2 Designing the top plate of the system

The PD needs to be designed for maximum fluorescence detection, with a high
signal to noise ratio using a top and bottom plate that are consistent with EWD systems.
The proposed annular PD geometry enables the excitation to be coupled into the system
through the back of the PD aperture into the droplet, and, since the photodetecting
surface of the PD is facing the droplet, to detect the fluorescence signal from the droplet
by the PD. The annular PD geometry enables the coupling of the pump into the system
and the detection area through the PD aperture (hole in the annular PD). A larger
aperture (as defined by the PD aperture and the patterned metal aperture on the glass),
will couple more light into the system. At the same time, if the PD annulus increases in
radial size, the dark photocurrent of the PD will increase. However, a larger PD does
not necessarily collect more fluorescence signal. Figure 5 shows the PD design. Note
that the inner aperture radius on the metal is smaller than the PD active area inner
radius, to avoid back illumination of the PD silicon, since light is coupled into the
system through the back of the PD, and any bare Si in the back of the PD would

contribute to photocurrent measurements that do not constitute a fluorophore signal.
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Figure 5: Representative picture for geometrical design parameters for the PD.

Another key aspect of the system described herein, that differentiates it from
typical fluorescence sensing systems, is the lack of an excitation or emission filter.
These filters are often used to differentiate between the input pump and the fluorescence
signal. If no filters are used in a conventional setup, it becomes difficult to decouple the
measured signal due to the pump and that due to the emission wavelengths, which
affect the sensitivity of the system. However, when integrating a thin film PD directly
into the fluidic channel, the thickness of the filter would occlude the fluid flow, if it
could be integrated at all (filters are typically thicker than the fluidic channel height).

An alternative to employing optical filters in the system is to estimate the region
of the photodetector where pump light would be reflected back from the bottom plate
and to metallize that area so that the PD will not absorb the pump light. This has two

advantages: (1) the majority of the pump signal will not be detected by the PD; and (2)
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when the pump signal is incident on the metal, it is reflected back into the droplet,
which enables the fluorophore to absorb the pump signal and emit. Both of these aspects
reduce the detection of the pump signal at the PD, and increase the fluorescence signal
in the system, thus contributing to a higher SNR.

The focus of the thesis research reported herein is to integrate heterogeneously
bonded thin film annular PDs into a digital microfluidic platform. The typical droplet
volume used in digital microfluidics can be upto several microliters [6]. The system
presented in this thesis works with 10 uL droplets for their ease of dispensing and
aligning in testing protocols. The gasket height, which determines the spacing between
the top and bottom plate, and thus the droplet height, is typical for EWD systems: 160
pm.

The integrated thin film PD is designed for high SNR fluorescence detection and
low dark current. The PD is modeled as an annular thin film photodetector. The
aperture is used to illuminate the droplet with pump power, and detection is achieved
in part of the annular region. The aperture radius is 105 pm, and it is achieved by
patterning the metal aperture on the pyrex to which the PD is bonded. The inner radius
of the fabricated Si PD is 125 um and the outer radius is 675 um. The metallized ring
around the PD aperture is 125 pum in width, with an outer radius of 250 um. The metal

on the pyrex extends out to a radius of 875 um. The back of the Si PD is completely
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metallized to reduce the back-illumination currents, since the illumination is provided

into the system through the back of the PD.

3.3 Modeling the Bottom Plate: Digital Microfluidic Platform

To minimize the reflection of the optical pump power back into the PD, we need
to reduce the reflection of the bottom plate of the system and design the bottom plate to
absorb the pump beam. Thus, it is required to optimize the optical behavior of the
bottom plate and add material layers to enhance pump signal absorption, while not
adversely affecting the electrowetting functionality.

The layers required for electrowetting on dielectric are parylene, which acts as a
dielectric material, and Indium Tin Oxide (ITO), which is a transparent, electrically
conductive material. An additional layer of nitride is added as an anti-reflection coating.
Finally, a thin layer of Cytop is added to make the surface of the bottom plate
hydrophobic so that the droplet wetting can be controlled reliably with electrowetting
on dielectric, as well as residual traces from the contents of the droplets are reduced.
Using the open source software, OpenFilters, we designed a layered filter with varying
thicknesses of these bottom plate layers to optimize the transmission at the pump
wavelength (532 nm), in order to transmit the unused pump power to the absorbing Si
substrate. The starting substrate was a 600 um silicon wafer with 861 nm thermally
grown silicon dioxide, as provided by the manufacturer. The design constraints of the

system were determined in consultation with Dr. Liji Chen and Ms. Shruti Preetam in
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Dr. Richard Fair’s lab, and are listed in Table 5. The parylene thickness was specified to
be at least 1200 nm so that it does not degrade with repeated use, as well as does not
breakdown under voltages greater than 100 V peak-to-peak. The ITO thickness was
specified to be thicker than 140 nm to ensure proper actuation in the microfluidic
system. Cytop was spin coated onto the bottom plate to provide hydrophobicity, but
because it is refractive index matched with the droplet, its thickness did not alter the
reflection from the bottom plate substrate.

A number of microfluidic filter layers with varying thicknesses were simulated
using OpenFilters [71], an open source software for the design of optical filter multilayer
coatings. By simulating filters with varying thicknesses of different layers, consistent
with in-house fabrication tool capabilities, there are multilayer coatings that produce
low optical reflection consistent with microfluidic actuation. The layers and their
thicknesses are shown in Figure 6 and tabulated in Table 5. The OpenfFilters calculated

reflectance of the multilayer coating is 6.6% at 532 nm.
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Figure 6: Cross section of the bottom plate with optimized layer thicknesses
(not drawn to scale).

Table 5: Table showing the layers in the microfluidic bottom plate design for
low reflection to be integrated with a thin film PD for fluorescence sensing.

Layer in Microfluidic Acceptable Range of Design Thickness
Bottom Plate Thickness
Silicon Dioxide (no EWD defined range) 861 nm
Silicon Nitride (no EWD defined range) 200 nm
ITO 140 nm-200 nm 170 nm
Parylene 1200 nm- 2200 nm 1200 nm
Cytop (no EWD defined range) 50 nm

3.4 System Assembly

Once the integrated top and bottom plate were fabricated, the components were

prepared for assembly and test. The top plate is made of pyrex which needs to be
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secured physically to be more robust for testing. The top plate was adhered to a PCB
board with an aperture with contact pads on it. The aperture in the PCB board helped
with providing illumination to the aperture in the photodetector, and thus, to the
droplet under test. The aperture further helped with visibility for observing the system
during droplet manipulation if needed. The contact pads on the PCB board provided
contact to the pads on the top plate for the photodetector for the photocurrent
measurement. Wires were soldered from the contact pads on the top plate to the
contact pads on the PCB. The contact pads from the PCB were then connected to a
Keithley 4200 Source Measurement Unit (SMU) for data acquisition. Then, this modified
top plate was attached to a holder, which was attached to an optical translational stage
for pump illumination delivery into the system.

The bottom plate was attached to a different 3-axes translational stage that is
positioned below the top plate. A laser-cut gasket was adhered to each bottom plate by
removing one an adhesive backing on one side of the gasket and placing the adhesive in
contact with the bottom plate. To conduct each experiment, fluid was loaded onto the
bottom plate in the area of the PD and then the top plate is moved into in contact with

the bottom plate, and measurements were performed.
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4. System Fabrication and Assembly
The fluorescence sensing system that has been fabricated and tested for this
thesis is comprised of a laser excitation source with a fiber for optical delivery, and a top
plate and bottom plate designed for integration with a fluidics system, where the droplet
under test would be confined between the two plates, as shown in Figure 1.
| Optical pump input
Optical Fiber

Top Plate Pyrex Plate

Gasket Height—[ Thin film 5 PD

Figure 1: Cross section schematic of the integrated thin film Si fluorescence
sensor with a bottom plate designed for integration with an EWD system. PD
thickness not drawn to scale.

The top plate is borosilicate glass with a thin film annular silicon photodetector
heterogeneously bonded onto it. The bottom plate, consistent with EWD microfluidic
use, is a silicon substrate with patterned electrodes, and thin film blanket filters
deposited on top of the electrodes enable EWD droplet actuation and reduce optical
pump signal reflected back to the PD. The droplet is 10 puL in volume, with its height

fixed by using an adhesive gasket adhered to the bottom plate. This section delves
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deeper into thin film Si PD fabrication and integration onto the system top plate and the
bottom plate fabrication.

The system is designed for maximum droplet illumination and to minimize the
pump signal at the PD. The fiber is attached to the back of a transparent pyrex top plate.
On the opposite side of the pyrex top plate, the PD is bonded to the plate. The shape of
the PD is annular, so as to couple the optical excitation pump illumination into the
droplet through the hole in the center of the PD and to enable fluorescence detection
from the droplet under test with the PD in contact with the droplet. This arrangement
efficiently pumps the droplet and reduces the pump signal reaching the detector by
transmitting the pump beam into the absorbing bottom plate. This design is intended to
be an optically optimal design for fluorescence detection without a filter on the PD.
Since the optical pump fiber is bonded to the pyrex at the opposite side of the Si PD
aperture, any Si area exposed to the optical pump could result in high photocurrent
which was not due to fluorescence (back illumination current), thus reducing SNR of the
system. Thus, a broad area metal contact covering the entirety of the back of the Si PD
was implemented to provide a contact to the p-side of the Si, as well to reduce the back

illumination current.
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4.1 Thin Film Si PD Fabrication

To develop a fluorescence sensing system that can be integrated into a
microfluidics system, we have integrated a thin film PD onto the top plate of a
microfluidic system. Since the separation between the top and bottom plate of the
fluidic system is set by the gasket at 160 um, a standard PD (over 600 pum thick) is not
appropriate for integration in the fluidic channel. Thus, a thin film PD, which can be on
the order of microns thick, must be used. To achieve this, the PD is separated from its
fabrication/growth substrate and heterogeneously bonded to the host substrate, which is
the top plate. This section further explains the fabrication process for the annular thin
film Si PD in detail.

The starting material was a silicon-on-insulator (SOI) wafer (Addison
Engineering), which had a 10 um thick p-Si device layer, followed by 1 um of buried
oxide on a 400 um bulk Si handle wafer. The device layer had a p-type background
doping of boron (3x10™ cm?3, 30-60 QO-cm). After RCA cleaning, a spin-on glass
phosphorus dopant (concentration: 5x102° cm?) was spun onto the wafer, and the wafer
was baked at 75 °C for 15 minutes on a hot plate. This was followed by a bake at 1000 °C
for 15 minutes, to diffuse the dopant from the surface of the device layer to create a p-n
junction with a junction depth of ~600 nm. A sloped etch was performed using a Deep
Reactive Ion Etcher (DRIE) (SPTS Pegasus) to define the annular PD mesa, which

defined the PD active area. The etch slope was 45°-48°, with the buried oxide layer
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acting as the etch stop layer. An SEM image of the sloped mesa etch is shown in Figure

7.

5000
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Figure 7: SEM image of the PD showing the sloped edge of the mesa after
etching with DRIE.

A contact to the phosphorus doped Si, hereafter referred to as the top contact,
was patterned and deposited using electron beam evaporation (CHA Industries Solution
E-Beam). The metal stack was Ti (800 A)/Ni (500 A)/Au (2000 A). Ti acts as an adhesion
layer, and Au is a commonly used metal for leads and contacts. Figure 8 shows a
photomicrograph of the annular PD after the mesa etch and top contact patterning on

the PD.
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Figure 8: Photomicrograph of the PD with active area defined using mesa etch
and top contact deposited.

The wafer was then inverted and bonded to a temporary carrier pyrex wafer
with Waferbond adhesive (Waferbond HT10.10, Brewer Science). Waferbond was spun
onto the PD sample and onto the temporary carrier pyrex wafer, and baked at 120 °C for
3 minutes, followed by 180 °C for 4 minutes. Then, the PD sample was inverted and
placed in contact with the temporary carrier pyrex wafer, contacting the two Waferbond
surfaces together. The two wafers in contact were then placed in a bonding jig, with the
inverted sample wafer with the mesa on the top, and the temporary carrier wafer on the
bottom. The bonding jig was placed in the vacuum oven and the temperature was
ramped up from 75 °C to 180-181 °C, and then the sample was allowed to cool down to
~110 °C in the vacuum oven (Fisher Scientific Isotemp Model 282A).

To separate the Si substrate and SiO: layer (the SOI layers) from the Si PD layer,
the Si substrate was completely etched away. To complete this step, the bonded sample

was etched in the DRIE to remove the 400 um bulk Si layer. A picture of the sample after
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the handle Si layer is etched off is shown in Figure 9. Next, the buried oxide was etched
away using a buffered oxide etch (BOE), leaving the p-Si device layer exposed, but
bonded in the Waferbond to the carrier pyrex substrate. Next, a broad area back contact
to the p-Si was patterned and deposited using electron beam evaporation. The metals for

the back contact consisted of Al (1000 A)/Ti (800 A)/Ni (500 A)/Au (2000 A).

Figure 9: Thin Film Si PD inverted and bonded to a temporary substrate with
the Si handle layer etched off in DRIE.

4.2 Heterogenous Integration of the PD to the Pyrex Top Plate

The thin film Si PD was bonded to pyrex using heterogeneous integration
techniques. To carry out the metal-metal bonding of the PD to the pyrex, an annular
contact was deposited and patterned on the pyrex with leads to form the back contact.
The pyrex top plate had a metal contact and leads of Ti (800 A)/Ni (500 A)/Au (2000 A)

evaporated and patterned. The pyrex top plate and the thin film PD in the wafer bond
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were then thermo-compressively bonded with a gold-gold bond in a vacuum oven
where the temperature was ramped up from 75 °C to 220 °C, and then the oven was
allowed to cool down to about 130 °C, before venting. The bonded sample was then
heated to remove the temporary carrier wafer, and any remaining Waferbond adhesive
was removed using trichloroethylene. A photomicrograph of a thermocompression

bonded thin film Si PD to the pyrex top plate is shown in Figure 10.

Figure 10: A photomicrograph of a thermocompression bonded thin film Si PD
showing the aperture for illumination.

An interlayer dielectric (ILD) was used to isolate the contact to the p-side of the
PD (bottom contact) from the contact to the n-side of the PD (top contact) and to provide
an electrical connection lead from the top of the PD to the top plate pyrex. Polyimide PI
2611 (DuPont, HD Microsystems) was chosen as the ILD. Some of the factors that were
key to choosing the ILD were as follows. The ILD needed to be conformal to coat the 10

um PD mesa step when the thin film Si PD was bonded to the pyrex. The ILD etch
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profile needed to be controlled for its slope because of subsequent metallization steps
that needed to be continuous over the ILD step up from the pyrex top plate to the PD
mesa surface. This was crucial to achieve optimal contact patterning and metallization
over the slope.

The ILD needed to have good adhesion to Si, and to tolerate temperatures of 250
°C for PECVD deposition in subsequent steps. Additionally, since the testing should be
designed to be carried out with fluids, the polyimide needed to not absorb or swell due
to repeated exposure to the fluid. Based upon these requirements, PI 2611 was chosen as
the ILD and integrated into the structure. The moisture uptake of PI 2611 is 2-3% and its
glass transition temperature is 325 °C [72]. Even though the imidization process for the
polyimide is nearly complete at 200 °C, it is preferable to cure at higher temperatures to
complete polymerization.

To create the ILD, a layer of polyimide PI 2611 was spun onto the sample. The
polyimide layer was annealed in the presence of oxygen at 250 °C for two hours. Next, a
layer of Al was deposited using e-beam evaporation, and was patterned using
photolithography and Al etchant, for use as a hard mask for etching the polyimide to
open the apertures. The exposed polyimide was then dry etched using CHF3/0O2 at 500
mTorr in a reactive ion etcher (RIE). After the desired etch, the Al mask was removed by
using an Al etchant. After opening the apertures, the top lead was deposited, consisting

of Ti (800 A)/Au (2000 A). An SEM image and a profilometer scan of the polyimide ILD
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with metallized leads in shown in Figure 11 to show the sloped polyimide wall profile
for metallization and that the polyimide ILD acts as an insulator between the top and
bottom PD contacts. Figure 12 is a profilometer scan of the PD, showing the slope of the

ILD. Figure 13 is a series of photomicrographs showing the steps in the ILD process.

Figure 11: Images of thin film Si PD with polyimide ILD after dry etch and
subsequent patterning and metallization of the top contact to the PD; the image on
the left and right side show magnified areas of the image in the center.

Figure 12: Profilometer scan across the shown line for the thin film Si PD
bonded to the pyrex with polyimide ILD; the polyimide ILD is also underneath the
metal ring around the aperture to isolate the metal ring from the back contact of the

PD.
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Thermocompression bonded sample Al mask patterned and deposited In between polyimide etching
with polyimide spun and cured for polyimide patterning using CHF3/O2 in RIE
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metallized the underlying polyimide etching in RIE

Figure 13: Photomicrographs of the PD taken to show the process flow of ILD
patterning, etch and top lead metallization.

To complete the integrated top plate, silicon nitride was deposited as an anti-
reflection coating, as well as a surface passivation layer. A photomicrograph of the
completed annular thin film PD bonded to a pyrex is shown in Figure 14. The process

flow for fabrication is illustrated in Figure 15.

Figure 14: Thin film Si PD with silicon nitride AR coating.
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Steps for fabricating an annular thin film Si PD for fluorescence
sensing with a fluidic system
Key for layers

silicon Device Si ndl‘;Pi‘f ol OB_:i'm;‘.iO Metal
Handle layer 4 el (Ti/Ni/Au)
Metal Metal

Step 1: RCA clean for Silicon on Insulator (SOI) Wafer

Step 2: Spin Phosphorosilica dopant and anneal in a diffusion furnace
@1000 °C for 15 minutes

Figure 15: Illustrated schematic of thin film Si PD fabrication process flow
with photomicrographs.
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Step 3: Pattern active area of the PD (mesa) using DRIE, followed by
patterning and depositing Ti (800 A)/ Ni (500 A)/ Au (2000 A) contacts using e-
beam evaporation

Step 4: Spin waferbond adhesive on the same and on a temporary carrier
wafer and then bond them together using vacuum oven at ~ 180 °C

Step 5: Etch the Si wafer handle using DRIE, and the buried oxide layer
using BOE

A 4

Figure 15: Illustrated schematic of thin film Si PD fabrication process flow
with photomicrographs.
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Step 6: Pattern and deposit Al (1000 A)/Ti (800 A)/Ni (500 A)/Au (2000
A) contact to the back of the PD using e-beam evaporation and liftoff

Step 7: Invert the device and heterogeneously bond it to pyrex wafer
that already has patterned metal using vacuum oven at 250 °C

Step 8: Remove temporary carrier wafer; pattern PI12611 as a dielectric
for the PD using patterned Al mask for etching the polyimide in RIE

Figure 15: Illustrated schematic of thin film Si PD fabrication process flow
with photomicrographs.
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Step 9: Pattern and deposit Ti/Au leads to the top contact of the PD,
followed by the deposition of a nitride AR coating, while masking the contact
pads

)

g

Figure 15: Illustrated schematic of thin film Si PD fabrication process flow
with photomicrographs.

To create a LOC system, both a top plate and a bottom plate are assembled
together to create the system. Using a thin film Si PD bonded to a pyrex plate creates the
integrated top plate of the microfluidic system with fluorescence detection capabilities.,
To further integrate these PDs into an EWD microfluidic system, we need to create a top
plate that enables EWD functionality without compromising the detector performance.
Silicon nitride is still required to serve as an anti-reflection coating while also providing
surface passivation. Electrical actuation in the system is provided through the
electrodes patterned on the bottom plate of the system, however, to apply a potential,
the ground electrode needs to be on the top plate, so that the droplet motion can be

controlled while being confined between the top and bottom plate. If we also need to
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use the top plate as the ground electrode, it is important to isolate the ground electrode
for droplet actuation from the contacts of the PD. Thus, the silicon nitride also acts as an
insulator layer.

To ensure electrical insulation and optimal optical throughput, we determine the
thicknesses for a multilayer stack of silicon nitride and a transparent grounding metal
(ITO) using OpenFilters software. Thus, 345 nm of silicon nitride was deposited using
PECVD on the pyrex plate while masking the contact pads. To provide a ground
electrode, ITO (50 nm) was sputtered on the device, again while masking the contact
pads. These layers allow the pyrex substrate to fully behave as the EWD system top
plate. The surface must also be hydrophobic, so Cytop was spun and baked onto the top
plate as a final layer. Note that these additional layers are only spun onto the PD when it
is tested with an EWD based microfluidic bottom plate with electrodes on it for
actuation in the integrated system. Since testing of the integrated system with actuation
is future work, test results for an integrated top plate with ITO/Cytop coatings are not
presented herein.

The next subsection discusses the fabrication processes for different bottom

plates used for testing with the fabricated top plate.

4.3 Bottom Plate Fabrication

There are three bottom plate structures that were used for testing herein, with

the photodetector heterogeneously integrated onto the top plate of the microfluidic
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system for all bottom plate tests. For the first testing phase, the emphasis was on
achieving maximum optical throughput from the system using a simple bottom plate.
Thus, testing began with a bottom plate which was fabricated with a blanket deposition
of nitride as an anti-reflection coating on bulk silicon. Next, we tested the performance
with the blanket deposited layers required for the functionality of an EWD platform.
Finally, we tested the system with a bottom plate that had all necessary bottom plate
microfluidic layers with EWD electrodes patterned onto the bottom plate. Each of the

following subsection discusses the fabrication steps for the specific bottom plate.

4.3.1 Nitride Bottom Plate

The nitride bottom plate was used in initial tests to assess the performance of the
photodetector for use with fluorescence sensing in a simple optical system. This bottom
plate was comprised of a mechanical grade 600 um silicon wafer with 65 nm of PECVD
deposited silicon nitride, as an anti-reflection coating. To make the surface hydrophobic,

Cytop was spun onto the nitride on the bottom plate and was cured.

4.3.2 Bottom Plate with Microfluidic Layers Deposited

To compare the performance of a nitride bottom plate (described above) to the
layers necessary for integration with a digital microfluidic system, all the layers
necessary for EWD actuation were blanket deposited onto a Si substrate. The thicknesses
of these layers were determined with constraints from Dr. Liji Chen and Ms. Shruti

Preetam (working with Dr. Fair’s group in EWD) and from simulations using
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Openfilters software, as discussed and tabulated in section 3.3 and Table 5, respectively.
For the measurements herein, the bottom plate substrate was a mechanical grade 600 um
Si wafer. A PECVD system was used to deposit 861 nm of SiO», followed by 200 nm of
silicon nitride. Next, 170 nm of ITO was sputter deposited using an RF sputter system
(Kurt Lesker PVD 75) onto the sample. Then 1200 nm of Parylene C was vacuum
deposited using a Parylene coater (Cookson Electronics PDS 2010 Labcoater2). Parylene
acted as a dielectric as well as a moisture barrier between the metal (ITO) and fluid to be
tested. Finally, a hydrophobic coating of ~50 nm thick diluted Cytop was spin coated at

3000 rpm and then cured for 30 minutes.

4.3.3 Bottom Plate with Microfluidic Layers with Patterned Actuation
Electrodes

To test the integrated fluorescence detection system with a bottom plate that
could be used in an EWD microfluidic system, bottom plates with electrodes were
fabricated. Using optically transparent ITO electrodes instead of highly reflective Cr/Au
electrodes will reduce the pump reflection back to the PD. However, ITO also has a
higher resistivity compared to typical metal Cr/Au electrodes and a lower reflectivity.
To realize an optically absorbing (for the pump) EWD microfluidic bottom plate, bottom
plates were fabricated with some ITO electrodes (those underneath the PD during the
test) and some metal Cr/Au electrodes (outside of the droplet optical measurement
area). To study the effect of these ITO electrodes on the optical sensor performance, 4

different bottom plates were fabricated: (1) all Cr/Au electrodes; (2) one ITO electrode
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centered on the droplet under the PD and the rest Cr/Au electrodes; (3) three ITO
electrodes centered on the droplet under the PD and the rest Cr/Au electrodes; and (4)
all ITO electrodes. Figure 16 is a schematic of the microfluidic bottom plate with
electrodes, as designed by Dr. Liji Chen. Figure 17 is an expanded view of the electrodes,
showing which electrodes could be ITO (in red); 17(a) shows the option with no ITO
electrodes, 17(b) shows one ITO electrode, 17(c) shows three ITO electrodes and 17(d)
shows all ITO electrodes. Note that the electrodes are interdigitated electrodes designed
for actuation of the droplet [73]. A magnified picture to show the finger electrode shape

and the outline of an ITO electrode is shown in Figure 18.

Figure 16: Layout of an EWD based microfluidic bottom plate as designed by
Dr. Liji Chen.
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Figure 17: Schematic of bottom plate with 0, 1, 3, and all ITO electrodes (in
red); yellow electrodes represent Cr/Au electrodes.

Figure 18: Magnified picture of a microfluidic bottom plate with 1 ITO
electrode; the picture shows the finger electrode design to ease droplet movement
during actuation.

As in the bottom plate with broad area EWD layers, SiO: and silicon nitride were
PECVD deposited onto a mechanical grade Si substrate, followed by ITO that was
deposited by sputtering. Then, the ITO electrodes were patterned using positive resist

51813 (MicroChem), and the remaining area of ITO was etched back using a 3:1 DI water
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to HCl acid solution with a 10 second dip. Next, Cr(40 nm)/Au(200 nm) electrodes and
leads were patterned and deposited using NFR016D2 negative photoresist and e-beam
evaporation, followed by liftoff in acetone, followed by deposition of 1200 nm of
Parylene C, while masking the contact pads for the leads. Finally, diluted Cytop was

spin coated and cured while masking the contact pads.

4.4 System Assembly for Test

As we have seen in the previous sections, once the individual components are
fabricated, they are prepared for testing. This section talks in detail about assembling the
system with each of the components involved.

Another important component of the bottom plate is the gasket, applied to the
bottom plate to maintain a fixed droplet height. The gaskets were fabricated out of
Secure Seal Adhesive Spacers sold by ThermoFisher Scientific. Upon removal of the
backing, the height of the gasket was 160 um, which was the droplet height for system
design. After the gaskets were cut, they were cleaned with a swab moistened with IPA,
followed by drying with a nitrogen gun. Then the gaskets were manually aligned to the
edges of the diced bottom plates and adhered to the bottom plates for each test. The top
portion of the gasket was not sealed to the top plate.

4.4.1 Preparing the Top Plate

The top plate is adhered to a carrier board to increase its robustness. The support

board was made of printed circuit board (PCB) or acrylic, and had an aperture cut into it
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to allow the optical illumination to be delivered for the system tests. If an acrylic board
was used as a carrier board, then the acrylic board also had a set of contact pads on a
separate PCB board adhered to it. Electrical connections were made from the contact
pads on the PD on the top plate to the contact pads on the PCB. A picture of a top plate
ready for test is shown in Figure 19.

A Keithley 4200 SMU was used to measure the photocurrent from the PD.
Connections were made to the contact pads on the PCB board to the Keithley 4200 SMU,
which in turn was controlled by a Labview program for data acquisition during the

experiments.

Figure 19: A photograph of the top plate attached to the PCB carrier board for
testing.

4.4.2 Preparing the Bottom Plate for Testing

The blanket deposited nitride or filter layer bottom plate was first loaded onto a
3-axis translational stage. Then, the gasket was adhered to it, to maintain a fixed droplet
height during the experiments. For bottom plates with patterned electrodes, a spring-
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loaded clip was used to make contacts to the electrodes as well as to secure the bottom
plate with electrodes in its place. Figure 20 is a photograph of the machined bottom
plate holder (right side of the photo). In this testing setup, the top plate is placed onto an
acrylic carrier with PCB board (to the left of the acrylic carrier) with contact pads on the

PCB.

Figure 20: Testing with the PD and the bottom plates with the electrode on it;
bottom plate being held by the machined part for testing in the right side of the
picture.

4.4.3 Fiber Coupled Light Delivery System

Another important component of the testing apparatus is the light delivery to the
fluorophore droplet. There are multiple ways to deliver the pump light to the droplet,

including but not limited to, fiber coupling, waveguide coupling, or an integrated
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emitter, which could be a thin film emitter. For the tests reported in this thesis, we have
used a fiber coupled to a laser for illumination.

A 4.5 mW 532 nm laser (ThorLabs) was free space coupled to a 50 um diameter
SMA fiber using a collimator and neutral density filters. This SMA terminated fiber was
then connected to another 50 um fiber. The other end of the fiber was bare and stripped
of its fiber jacket. The bare end of the fiber was attached to the pyrex such that it was
aligned to the back of the PD aperture so that the throughput through the PD aperture
was maximized, as measured by a commercial Thorlabs photodetector underneath the
PD. Since the pump illumination spot size on the back of the PD aperture was larger
than the aperture diameter (as estimated from the fiber NA and pyrex thickness), the
aperture was overfilled with the pump optical spot size. A representative diagram to
show respective sizes of the PD aperture, thin film Si PD, metallized ring and the pump

illumination at the back of the PD is shown in Figure 21.
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Thin-film Silicon PD

O

Metallized region on Si

Figure 21: Relative sizes of back contact metal on pyrex, thin film Si PD, metal
ring on Si and the spot size at the back of the PD aperture through the glass.

As the fiber was moved across the aperture, the throughput was maximized as
measured by a commercial Thorlabs PD on the opposite side of the top plate, below the
PD. Since the pump beam spot size at the back of the aperture was larger than the
aperture, the fiber could be moved tens of microns with the translation stage and the
optical throughput did not change. Then, for these positions that maximized the
throughput, the back illumination photocurrents were measured and the region where
the back illumination current was minimum was chosen as the best position to adhere
the fiber to the top plate. For example, Figure 22 shows a representative schematic of the

alignment region. The optimal alignment lies between the dashed lines.
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Figure 22: Representative diagram to show the process of aligning the fiber to
the back of the PD aperture through pyrex substrate.

At this point, the UV epoxy was dispensed near the fiber edge, and fiber was
again moved back and forth in the xy-plane to ensure maximum throughput and low
back illumination photocurrent. Once the optimal location was located, the UV epoxy

was cured by UV exposure for 15 seconds to harden it.

4.4.4 Fluid Loading

The fluid loading protocol was another important step in the system assembly.
The fluids tested were de-ionized (DI) water and different concentrations of fluorophore
6-Hex ranging from 0.3 puM-20 uM. To make different concentrations of fluorophore, the
fluorophore was dissolved in dimethyl sulfoxide (DMSO), and then further diluted with
DI water, which is miscible with DMSO. DMSO content in the highest fluorophore

concentration was less than 5%, and it was further lowered in lower fluorophore
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concentrations. For bottom plates with blanket deposited layers, 10 uL of fluid was
pipetted onto the bottom plate and then the bottom plate and the top plate were brought
together until the top plate came in touch with the gasket that was adhered to the
bottom plate. Once the droplet was loaded, the measurement took place, and the
droplet was removed, followed by a rinse in DI water to further clean the bottom plate
and the PD area. Measurements were carried out from low concentration of
fluorophores to higher concentration, to avoid biasing the results in case of remaining

particles.

4.4.5 Sensing System Assembly

The assembly of the sensing system included the support of the bottom plate
with the gasket, the fluid insertion, and the placement of the top plate onto the gasket.
The test setup for the blanket deposited bottom plates is shown in the photograph of
Figure 23.

In this photograph, the top plate was adhered to a PCB board, which was
attached to a machined plate bolted to a translation stage. The fiber epoxied to the back
of the PD went through the apertures in the machined stage and the PCB. The green and
orange wires coming out of the PCB are the contacts to the PD, which are electrically
connected to the SMU. The bottom plate is underneath the top plate, on the translation

stage below the top plate.
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Figure 23: Cross section of the experimental setup for blanket deposited
nitride and filter bottom plates.

Droplet actuation has been demonstrated for the metal and ITO/metal bottom
plates, and work on droplet actuation combined with sensing is ongoing. For the
experimental setup for droplet actuation using the patterned electrode bottom plate, a
stage held the bottom plate. In this experiment, the fluid loaded onto the bottom plate
was approximately 2 uL, and was thus difficult to see or manipulate by sight, so a CCD
camera (Model avA1000-120kc, Basler). was used to observe the droplet movement. To
actuate to the droplet, a ribbon cable was used to connect a spring-loaded connector
(which connected to leads on the bottom plate) to an electrical distribution board

designed by Ms. Shruti Preetam in Dr. Fair’s lab. Actuation voltages were provided to
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the system using a signal generator and a 10 times amplifier. The interface was
programmed using an Arduino, and run using a MegunoLink interface [74]. A picture of

the experimental setup is shown in Figure 24.

Figure 24: Cross section of preliminary setup for testing with bottom plate
with patterned electrodes, with actuation.
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5. Testing

This chapter discusses different characterization and testing carried out for the
fabricated thin film annular photodetector to test their performance as a photodetector,
and as a standalone fluorescence sensor designed to operate as an EWD microfluidic

platform.

5.1 Optical Characterization of the PD

After the leads were deposited onto the PD and before nitride deposition as an
anti- reflection coating, it was important to ensure the PD acted as a good photodiode.
This was particularly important before nitride deposition because after PECVD nitride

deposition, the contacts to the photodetector get isolated.

5.1.1 IV Curve

The IV characteristics for the fabricated PD are shown in Figure 25. To measure
the IV curve, two probes out of a four point probe station (Cascade EPS150 Triax) was
used. A light shield enclosure was used to reduce interference from the room lighting.
The probe station was interfaced to a Keithley 4200-SCS parametric analyzer and a
Labview program to control the measurements.

The voltage across the device was swept from -0.5 V to 0.5 V and the current
limit was maintained at 0.1 mA to avoid damaging the PD. As expected, the fabricated
PD demonstrated diode IV characteristics. This was followed by measuring the dark
current of the PD before and after silicon nitride ARC deposition.
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Figure 25: Measured IV characteristics for fabricated thin film PD.

5.1.2 Dark Current

Dark current is the current output by the PD when it is not under illumination,
and it is of key importance since it adds to the noise contribution in the SNR. Thus, the
lower the dark current of the PD, the lower the detectable concentrations in the system.
Zero-bias measurements were carried out to measure the dark current of the PD, where
500 consecutive data measurements were averaged to produce one data point. The dark
current of the PD before nitride deposition was measured to be 122 + 31 pA After

deposition of the nitride ARC, the measured photocurrent was 22 + 1 pA. This reduction
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in the dark current was due to surface passivation using PECVD-deposited silicon

nitride.

5.1.3 Responsivity

After ensuring that the fabricated PD had low dark current and good diode
behavior, responsivity (current out as a function of incident light) measurements were
performed. A Newport 300W Xenon lamp was input to a Newport CS130
monochromator as the light source for responsivity measurements. This light source was
coupled to a 1 mm diameter optical fiber and the output of the fiber was focused to
illuminate the PD surface through a microscope with a 20X objective lens. Optical
wavelengths of 470 nm, 480 nm, 490 nm, 500 nm, 510 nm, 520 nm, 532 nm, 540 nm, 556
nm, 560 nm, 580 nm and 600 nm were used to illuminate the PD surface, and a Keithley
SMU was used to measure the photocurrent generated by the PD. The optical power for
each of these wavelengths was measured using a ThorLabs PM100 power meter. The
measured responsivity as a function of wavelength is shown in Figure 26. At 556 nm, the
responsivity is 0.36 A/W with a silicon nitride ARC thickness of 325 nm.

These values for responsivity and dark currents are comparable to previously
reported thin film Si PDs on pyrex [75]. After the PDs were characterized, it was
important to characterize the illumination source for the experiments, which is

discussed in the following section.
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Figure 26: Measured responsivity for the fabricated thin film PD as a function of
illumination wavelength from 470 nm - 600 nm.

5.2 Optical Source Assessment

Optical pump delivery is a key component for testing, and so the optical power
of the pump as well as the spatial profile of the illumination was assessed. Herein, we
started with a Thorlabs CPS532 laser module as an optical light source. This laser
module emits a single mode circular beam that is elliptically polarized at 4.5 mW at 532
nm. To deliver the power to the PD aperture, and thus to the fluorophores, fiber delivery
was chosen. The bare end of a multimode 50 pm diameter fiber, 0.22 NA, was free space

coupled to the laser using a collimator and neutral density filters. The other end of the
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fiber, which was connectorized, was then connected to the connectorized end of another
50 um diameter fiber (of the same manufacture) using a SMA adapter. The bare end of
the second fiber then delivered the pump light to the PD aperture.

To assess the optical pump beam divergence from the fiber, the fiber output was imaged
using an AmScope CMOS MU300 Microscope Camera. To enable an assessment of the
optical beam profile with a minimal distance between the camera and the optical beam,
the camera housing was removed to expose the Aptina MT9T001 CMOS sensor. The
fiber was mounted onto a stage to vary the distance between the camera and CMOS
sensor to measure the spot size divergence. The measured NA was 0.24, which was 10%
higher than the fiber vendor specification of NA =0.22. To ensure that the fiber position
was constant relative to the PD aperture during the experiments, the fiber was epoxied
to the top plate. The fiber was aligned to the back aperture of the PD to maximize pump
throughput, as discussed in detail in section 4.4.3, and then the fiber was epoxied to the
back of the pyrex using Illumabond UV epoxy (60-7114) cured by UV light for 15s. After
the fiber was epoxied, the output of the fiber aligned and epoxied to the top plate was
imaged again using the CMOS imager to assess the divergence, which remained

unchanged at a NA =0.24.

5.3 Testing with DI Water and Fluorophore Solutions

To perform liquid DI water and fluorescence measurements, the pyrex plate with

the PD bonded to it was adhered to a carrier plate (herein, acrylic or a PCB structure)
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with contact pads on it, using a cyanoacrylate-based adhesive (Loctite® Super Glue).
Thin wires were soldered to the contact pads to the PD on the pyrex plate and to the
contact pads on the carrier plate. Using a carrier plate provided mechanical stability to
the pyrex plate during testing. The carrier plate was then clamped to an L-shaped stage
with an aperture, which was clamped to an optical stage, as shown in Figure 27 (left).

The pump light was coupled into the test droplet through the aperture in the
pyrex using fiber delivery, as discussed in the previous section. The fiber was then
aligned to the aperture and epoxied to the pyrex plate, as discussed in chapter 4. A
representative picture of the pump beam coming through the aperture, as seen by the
droplet is shown in Figure 27 (right).

The next subsections discuss in detail the preparation for fluorophore solutions

and test results for different tests carried out with the system.
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Figure 27: Experimental setup for testing with fluorophore solutions (left) and

(right) magnified views of the underside of the sample on the stage, as would be seen
by the solution under test.

5.3.1 Preparation of Fluorophore Test Solutions

The fluorophore 6-carboxy-2',4,4',5',7,7'-hexachlorofluorescein (6-Hex) was used
to test the system. It is a popular fluorophore probe used in sequencing research[67, 37,
76] with a pump wavelength of 532 nm, a wavelength at which low-cost lasers are
available. This fluorophore has a high molar extinction coefficient and is compatible
with the gasket material used in the experiments reported herein.

The suggested solvents for the 6-Hex fluorophore include organic solvents such
as Dimethyl Sulfoxide (DMSQO) or Dimethyl Formaldehyde (DMF). However, in
conversation with Dr. Liji Chen, it has been observed that electrowetting-on-dielectric

(EWD) system operation has been easier and more reliable to achieve with DI water than
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with other organic solvents. Thus, the fluorophore solutions used herein used DI water
as the primary diluent. For the experiments herein, 2.47 mg of fluorophore powder was
dissolved in 10 mL of DMSO, which was enough to ensure that the fluorophore had
dissolved completely, as observed under a microscope. Then, 75 mL DI water was
added to the solution to prepare a 49.88 uM stock solution. The miscibility of DMSO and
DI water ensured a homogenous solution [77]. Next, the stock solution was further
diluted with DI water to make the multiple fluorophore concentrations required for
testing. The concentrations measured herein ranged from 0.3 uM to 20 uM.

Although the system was designed to be tested with 50 nL droplets, it is difficult
to manually align such a small droplet volume under the detector. Hence, 10 uL droplet
volumes were used for testing with the bottom plates.

Several experiments were carried out in the thesis which are discussed herein.
Table 6 lists the top plate and the bottom plates used for each of these tests. Note that
these tests refer to testing of the fabricated PD bonded to a top plate (TPi) with either a
nitride-coated Si bottom plate (NPi), or EWD microfluidic layers deposited Si bottom
plate (or, filter bottom plate) (FPi). The input pump power into the system was kept

constant at 18 uW at A=532 nm for all experiments.
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Table 6: Summary of different tests discussed in the thesis.

Test ID/Data ID Top Plate Bottom Plate
Test 1/ Datal TP: NP1
Test 2/ Data2 TP: NP
Test 3/ Data3 TP NP
Test 4/ Data4 TP NPs
Test 5/ Data5 TP1 FP:
Test 6/ Data6 TP1 FP>

Each of the top plates and bottom plates were fabricated separately from each
other. The results from each of these experiments are discussed in the following sections

in detail.

5.3.2 Testing with a Nitride Bottom Plate

The first, and simplest, bottom plate used for testing was a silicon substrate with a 65 nm
thin silicon nitride PECVD deposited film, spin coated with Cytop, and cured. This plate
had a 160 um thick gasket adhered to it to maintain the droplet thickness. Each
measurement was carried out with excitation power of 18 uW at A=532 nm. The back
illumination current was measured for the PD at the start of the experiment with no
substrate underneath it. Then, a measurement was carried out for the top plate and the

bottom plate with gasket in contact, but no droplet in between them. These were used as
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standard measurements to ensure the PD response was similar through the experiments.
This was followed by measuring the photocurrent with different droplets. Each droplet
was first dispensed onto the bottom plate, and then the photodetector and fiber system
were brought into contact with the bottom plate such that the droplet was aligned below
the photodetector and confined within the gasket. For each concentration, 500
consequent measurements were sampled, each with an integration time of 1 ps, as
recorded by a Keithley 4200 SMU.

The concentrations were measured going from lower concentration to higher
concentration, starting with DI water and ending with 20 uM droplet. This approach
reduces the error in measurement, especially for lower fluorophore concentrations.
Between testing different fluorophore concentrations, DI water was used to flush the PD
and the nitride coated bottom plate, and a tissue is used to blot the surface to absorb any
remaining solution. Figure 28 shows the results obtained from experiments performed at
four different points in time for four different combinations of top plate and bottom
plate (separately fabricated, as shown in Table 6), the same fluorophore concentrations,
and using the same experimental protocol. Figure 29 shows a different scale view of the
data for lower concentrations. For each fluorophore concentration, 500 measurements
were averaged during each experiment, and the measured standard deviation is shown

as the error bars for each measurement.
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The measured photocurrent increases as a function of increasing fluorophore
concentration. Tests 1 and 2 were performed with the same bottom and top plate, and
the repeatability is very good. Tests 1, 2, and 3 were performed with the same top plate
and two different bottom plates (Test 3 had a different bottom plate), and again, the data
agree well. Test 4 has a different top plate and a different bottom plate, compared to
Tests 1, 2, and 3. While Data 4 (from Test 4) is in less agreement with the data in Tests 1,
2, an 3, there is still good agreement with the slope of the Test 1, 2, 3 measured data. The
variability in the data can be attributed to the variance associated with microfabrication
and experimental factors such as the compressible gasket and surface defects/impurities
in the bottom plate. Such factors are even more important for droplets with lower
concentrations of fluorophore, where the measured photocurrents are even lower, as
seen in Figure 29. Many integrated sensor/fluidic systems use a baseline test, and that
would aid in the uniformity of response for different fabricated systems.

The average SNR for each test was between 26 dB and 50 dB over all the tests
with the nitride coated Si bottom plate (Test 1, Test 2, Test 3 and Test 4) over the range of
measured fluorophore concentrations. The lower concentrations had SNR values at the
lower end of this range, possibly due to lower photocurrent values that exhibited similar
signal noise levels as compared to the higher concentration measurements, which

exhibited a higher photocurrent compared to the noise levels.
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Figure 28: Measured photocurrent as a function of fluorophore concentration
for experiments with blanket nitride deposited bottom plate.
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Figure 29: Measured photocurrent as a function of fluorophore concentration
for experiments with blanket nitride deposited bottom plate for fluorophore
concentrations from 0-1 uM.
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The target SNR for each test was 20 dB. Figure 30 shows a plot of the SNR
calculated as a function of the fluorophore concentration for each of the tests conducted,
and only one fluorophore concentration test out of all of the tests has a SNR less than the
target 20 dB. The system was disassembled and re-assembled between the four
experiments. The lowest fluorophore concentration detected was 300 nM, which is the
lowest reported detected concentration for a thin film Si PD in a filter-less system, with a

SNR over 10 dB [6].
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Figure 30: Measured signal-to-noise ratio (SNR) as a function of fluorophore
concentration for experiments with a nitride-coated Si bottom plate.
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5.3.3 Testing with a Microfluidic Layered Bottom Plate

The long term aim of this research is to demonstrate the detection of fluorescence
using a custom, optimized thin film photodetector integrated into a digital fluidic
system. After establishing the device performance as a fluorescence sensor with a simple
nitride bottom plate, it is important to gauge the performance of the PD with bottom
plate layers that are designed for microfluidic operation.

As discussed in the previous chapter, standard microfluidic plate layers were
modified to carry out fluidic functionality and for low reflection of the pump beam from
the bottom plate surface. These two goals were used to optimize the thickness of
different layers in the microfluidic bottom plate. All the layers, namely silicon dioxide,
silicon nitride, ITO and Parylene, were blanket deposited onto an Si substrate, with the
layer thicknesses identified in Chapter 3. This layered substrate was then coated with
Cytop and cured. A laser cut gasket was adhered to the bottom plate, and, in the same
manner as the nitride bottom plate, testing was performed. The testing protocol was the
same as described for nitride plate testing in the previous section.

The measured photocurrent as a function of the fluorophore concentration for all
concentrations and, on a different scale for lower concentrations from the experiments
using the microfluidic-ready bottom plate, are shown in Figure 31 and Figure 32, and are
listed as Test 5 and Test 6. These tests use the same integrated top plate for both

experiments and two different filter bottom plates (one for each experiment, as
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identified in Table 6). The top plate used was the same top plate used in Tests 1, 2, and
3. The error bars on each data point indicate the standard deviation of the measured
photocurrent as calculated from 500 measurements recorded by the SMU for each
concentration in that particular test. The average SNR for these tests ranges from 17 dB-
45 dB over the concentration range of 0.3 uM- 20 uM. Figure 33 shows the calculated
SNR for all the measured fluorophore concentrations. Three of the lowest fluorophore

concentrations had a SNR of less than 20 dB, and the rest of the measurements had a

SNR of over 20 dB.
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Figure 31: Measured photocurrent as a function of fluorophore concentration
for experiments with microfluidic multilayer coatings deposited on the bottom plate.
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Figure 32: Measured photocurrent as a function of fluorophore concentration
for experiments with microfluidic multilayer coatings deposited on the bottom plate
for fluorophore concentrations from 0-1 uM.
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Figure 33: Measured signal-to-noise ratio (SNR) as a function of fluorophore
concentration for experiments with microfluidic multilayer coatings deposited on the
Si bottom plate.
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The design of the bottom plate has a significant impact on the optical throughput
and thus, SNR, of the system. The data from the nitride-coated bottom plate experiments
and from the microfluidic filter layers bottom plate experiments are shown in same plot
scale in Figure 34. Data sets 1, 2, 3, and 4 correspond to the data obtained with the
nitride bottom plate and Data sets 5 and 6 correspond to the data obtained with the filter
bottom plate, as discussed in Table 6. The measured photocurrent values were higher

for the microfluidic filter bottom plate compared to the nitride bottom plate, as shown in

Figure 34.
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Figure 34: Photocurrent as a function of concentration for experiments with
blanket nitride deposited and microfluidic filter multilayer coated bottom plate.
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This difference in the photocurrent measurements can be attributed to a higher
level of reflection from the layered filter bottom plate compared to the nitride coated
bottom plate. The DI water measurement can be used to roughly calibrate the sensing
system by subtracting the DI water measurement from the data for each data set.
Herein, DI water contains all the artifacts of the background signal such as dark current,
back illumination current, and an approximate value of the pump signal as detected at
the photodetector (this will change slightly with fluorophore absorption, so DI water is a
low absorption/worst case pump reflection value). The data in Figure 35 has the PD
photocurrent from the DI water subtracted from each of the measurements. Figure 36
shows the same graph on a different scale for lower concentrations.

The data in Figure 35 and Figure 36 now agree well between different
experiments, indicating that calibration of the sensing system with DI water can address

variations in system performance due to fabrication variance.
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Figure 35: Measured photocurrent with DI water subtracted as a function of
concentration for experiments with blanket nitride deposited and microfluidic filter

multilayer coated bottom plate.
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These results show that a thin film Si photodetector without a pump optical filter
can detect fluorescence in the range of 300 nM to 20 uM with 6-Hex fluorophore
solutions. The 300 nM minimum detection concentration has been demonstrated for a
nitride-coated Si bottom plate, as well as a bottom plate with a multilayered structure
that is designed for EWD microfluidic operation. This is one of the lowest fluorophore
concentrations that can be detected with an integrated system without any filters,
microlenses, or mirrors. The linearity of the sensing system as a function of fluorophore
concentration is also excellent. The integration of a thin film sensor with the ability to
quantify fluorophore concentrations in a droplet is a significant step toward developing

a smart cyberphysical LOC system with integrated sensing.

5.4 Actuation Test with Fabricated Microfluidic Bottom Plate with
Electrodes

The long term goal of this research is to demonstrate the detection of
fluorescence using a custom, optimized thin film PD integrated into a digital fluidic
system that can actuate droplets and move those droplets to different locations based
upon real time droplet test results. The previous sections have shown that microfluidic
multilayer coatings can be designed as an integrated ARC, transmitting the pump light
into the absorbing Si substrate, enabling a high SNR. It is also important to assess if the
fluidic platform will operate with an integrated PD in the top plate, for example, by

avoiding shorting the PD electrically.
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As outlined previously herein, to enable EWD actuation, the top plate PD must be
coated with Si nitride, ITO, and Cytop. A 345 nm silicon nitride layer with a 50 nm
sputtered ITO layer was deposited onto the top plate that had an integrated thin film PD,
followed by a layer of Cytop for hydrophobicity. Microfluidic actuation was achieved with
an applied voltage to the EWD actuation electrodes at ~100 V p-p, and the PD was not
electrically shorted. This experiment was carried out with Dr. Liji Chen from Dr. Richard
Fair’s group. The next step in this research is to demonstrate actuation of a droplet and

fluorophore sensing of that droplet.

Figure 37: Movement of droplet under microfluidic actuation with system top plate
being thin film PD bonded to pyrex.

The thin film annular Si photodetector linearly detects fluorescence in the range
of 300 nM to 20 uM, with high SNR, and is suitable for integration with an EWD based

system.
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6. Theory vs Experiment

This chapter describes fluorescence modeling for the system described herein (as
shown in Figure 1) using a commercial ray tracing software, Zemax OpticStudio. The
Zemax models for photoluminescence and scattering are described in the flowing
subsections along with the choices of parameters for those models and a sensitivity
analysis of the model delves deeper into the parameters and how they influence the
simulations. A comparison of the simulation results against the measured results shows

good agreement.

6.1 Modeling Fluorescence Using Zemax OpticStudio

Fluorescence modeling involves absorption at the excitation pump wavelength
and optical output at the emission wavelength. The objects defined in the Zemax data
editor can be edited to define their bulk scattering method and properties using a
“Volume Physics” section. There are several scattering models and methods to accurately
model the physical phenomenon of interest. Fluorescence is modeled by building the
absorption, emission and quantum yield spectrum files in Zemax model. The absorption
spectrum represents the likelihood of a photon being absorbed at a given wavelength.
The emission spectrum along with the quantum yield then determines the optical output
at the emission wavelength.

When a ray travels through the droplet, it can excite fluorescence emission, or it

can be absorbed and not undergo fluorescence, or it can be transmitted without being
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absorbed. Based on the calculated mean path length and the different spectrum files,
Zemax determines the probability for each of those events and carries out ray tracing
with those probabilities to determine the fluorescence signal.

The molar extinction coefficient and the concentration of the fluorophore is used
to determine the mean free path for the fluorescence calculations in the simulation

according to the equation below, where ¢ is the molar extinction coefficient, C is the

concentration of the fluorophore in mol/L, as calculated from the particle density

provided as an input in the simulation.

1

Mean Path Length = ——————
Mean Pa eng [e * C »In(10)]

(6.1)
There is an option for coupling the fluorescence scattering with Mie scattering if
the volume object has scatterers embedded in it. However, since our solvent is DI water,
which does not have scatterers (besides the fluorophore) we did not include Mie

scattering.

6.2 Modeling the Nitride-Coated Bottom Plate

To determine the fluorescence signal, it is important to have an accurate
representation of how the pump signal travels through the droplet. The simulation of
the excitation pump is indicative of the absorption of the pump in the fluorophore as

well as the power at the detector due to the pump power.
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For the nitride bottom plate, a 65 nm silicon nitride AR coating was deposited
using PECVD as described earlier herein. PECVD silicon nitride AR coatings can vary in
their refractive indices from approximately 1.8-2.2, depending on their deposition
parameters such as rate, platen temperature and gaseous mixture [78]. These refractive
indices, when coupled with a nitride thickness of 65 nm + 5 nm, can lead to a specular
reflection coefficient between 0.4%-8.6% , as calculated using the complex form of
Fresnel’s equations [79].

PECVD deposited nitride films can also demonstrate some surface roughness.
This becomes an important part of modeling because surface roughness can contribute
to diffuse scattering. This diffuse scattering was modeled in Zemax as a Lambertian
scatter. Lambertian scattering is independent of the wavelength and the incident angle.
The scattered ray projection vector has equal probability of scattering in any direction in
a unit circle. The scattered ray intensity is proportional to the cosine of the angle
between the normal ray and the scattered ray angle.

Thus, for modeling the bottom plate of the system, the Zemax model can be used
to run a non-sequential ray trace manually, or it can also be interfaced with a MATLAB
Z0OS-API provided with Zemax OpticStudio. The next subsection describes the results of

the ray tracing in detail.
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6.3 Zemax Simulations for Fluorescence Modeling of the System

Non-sequential ray tracing was performed using Zemax with five million rays
and a bottom plate which is a silicon substrate with blanket-deposited PECVD silicon
nitride as an ARC and Cytop for hydrophobicity. The parameters used to simulate the
model in Zemax are tabulated in Table 7, with “Acceptable Ranges” identified if values
were constrained by the microfluidic system. The other values were discussed in
Chapter 3 and are briefly reviewed herein. The excitation and emission wavelengths,
molar extinction coefficient, and quantum yield of the fluorophore are from the 6-HEX
specification[68], [69]. The gasket height is the thickness of the gasket with one side of
the adhesive fixed to a plate. The specular reflection varies from 0.4%-8.6% is based
upon the index of refraction and thickness variations possible in PECVD-deposited
nitride, , and the diffuse scattering is a variable that is dependent upon the surface
roughness of the coatings, as discussed in this chapter in section 6.2.

Figure 38 shows the Zemax simulated photocurrent as a function of the
fluorophore concentration, which increases linearly with the increasing concentration of

the fluorophores.
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Table 7: Parameters used for Zemax simulation.

Parameter used in Simulation Acceptable Ranges (if applicable)  Value Used
Excitation Wavelength 532 nm
Emission Wavelength 550 nm-560 nm 556 nm
Molar Extinction Coefficient 73000 M' cm™?
Quantum Yield of the 0.7
Fluorophore

Gasket Height 160 um
Specular Reflection from 0.4%-8.6% 5%
nitride-coated Bottom Plate

Diffuse Scattering from Bottom | 0%-5% 4.5%

Plate Surface
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Figure 38: Predicted photocurrent as a function of concentration from Zemax
simulations.
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Using Zemax, simulated representative maps of incoherent irradiance at the
detector surface can be generated, and are shown in Figure 39 (photons as light blue
dots). The x and y coordinates are plotted in millimeters. The incoherent irradiance is
measured in Watts/cm?2. The annular region is the area of the detector that is involved in
the detection, i.e., between the inner radius of 250 um to the outer radius of 675 pum.
Note that the area between the aperture radius and the 250 pm radius is metallized as a
design choice, as discussed previously herein.

Figure 39 shown the Zemax simulation results for the number of photons (light
blue) that arrive at the PD for different fluorophore concentrations. Note that these
photons are from both the fluorescence and the pump. The first simulation result, shown
in Figure 39(a), shows the detector when a DI water droplet is tested without any
fluorophores; Figure 39(b) shows the simulation results of a system test with a
fluorophore concentration of 5 uM and Figure 39(c) is a simulation result for a 20 uM

fluorophore concentration droplet.
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Figure 39: Simulated Incoherent Irradiance map at the PD for (a) DI water, (b)

5 uM concentration fluorophore droplet and (c) 20 uM concentration fluorophore
droplet.
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Figure 39: Simulated Incoherent Irradiance map at the PD for (a) DI water, (b)

5 uM concentration fluorophore droplet and (c) 20 uM concentration fluorophore
droplet.

When testing a droplet, the system is designed so that the PD will detect only a
small portion of the pump wavelength. Most of the pump is transmitted to the nitride-
coated Si and absorbed therein, however, the pump that is not transmitted to the Si is
reflected back to the PD at locations that are near the PD aperture. By metallizing the
area around the aperture of the PD, the metal ring reflects most of the pump power back
into the droplet to either excite a fluorophore droplet, or to be absorbed into the nitride-
coated Si bottom plate coated. This design seeks to minimize the amount of pump signal
detected by the fabricated PD. Additionally, the reflection gives an additional

opportunity for the reflected pump power to pass through the droplet (which has
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fluorophores), thus resulting in a higher fluorescence signal for the PD, thus increasing
the SNR.

The incoherent irradiance map in Figure 39(a), shows that, when testing the DI
water droplet, that the detector is irradiated with the pump light just outside of the
metallized ring. A faint narrow ring shows the photons incident at the PD surface,
where the pump is detected by the PD. In Figure 39(b), it shows that testing a droplet
with fluorophore still has the ring due to the pump power, with additional optical
power input due to the fluorophore excitation. In Figure 39(c), with a higher
concentration fluorophore, as expected, there is a larger fluorescence signal, shown as a
higher density of photons at the PD (light blue dots). Thus, the Zemax irradiance maps
show that with increasing concentration of fluorophores in the droplet, that the power

incident on the PD increases, which will result in higher detector output photocurrents.

6.4 Sensitivity Analysis of Zemax Simulations

While Zemax ray tracing provides a good photoluminescence model to simulate
the incident power at the photodetector, there are some parameters that are input to the
model to predict the outcome of the experiments, which include the source geometry
and intensity profile, fluorophore properties, droplet height, and the reflectance from
the bottom plate, as discussed more in detail below. The parameters used in Zemax

simulations and their applicable ranges are provided in Table 7.
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6.4.1 Pump Beam Properties

The pump source power and angular and spatial profile determines how
strongly a pump beam will interact with the fluorophore particles and in which areas of
the droplet that interaction will take place. For the model developed for this thesis, a
highly multi-mode, large core diameter fiber was used, which will support many modes
and significant mode mixing. For this highly multi-mode fiber, a uniform intensity
optical output profile is a reasonable assumption, and the beam divergence was that
calculated from the images obtained with the CMOS image sensor, which was an NA of

0.24, as discussed in Chapter 5.

6.4.2 Fluorophore Properties

As discussed in the previous sections, the choice of fluorophore determines the
which Zemax spectrum files to use and other photoluminescence parameters that affect
the fluorescence output signal. Often, the absorption and emission spectral properties
are not provided by the fluorophore vendor, which makes it difficult to accurately
model the fluorophore. Additionally, the fluorophore emission spectrum and the
quantum yield have a dependency on factors such as the solvent polarity and pH and
the local environment of the experiment [80].

For the 6-Hex fluorophore used herein, the spectrum data and the molar
extinction coefficient data were obtained from [81]. The quantum yield for the

fluorescence conversion was obtained from [68].
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6.4.3 Gasket Height/Droplet Height

The top plate with the heterogeneously bonded PD and the bottom plate of the
system are separated by a compressible SecureSeal™ gasket[82] to maintain the droplet
height at a constant between the two plates. In the experiments described herein, the
gaskets are slightly compressible, which can lead to differences in the modeled SNR.
The gaskets have adhesive on both the sides to stick to two different surfaces. In an ideal
experiment, one would expect to have fluid loading mechanisms to not let the
compressibility of the gasket affect the measurements. However, the complexity and
challenge associated with full fluidic operation was beyond the scope of this thesis, and
so only the bottom adhesive of the gasket was adhered to the bottom plate, and fluidic
loading was achieved by removing the top plate and inserting liquid, as described
previously herein. Thus, every time a measurement is made, the top plate and the
bottom plate with the gasket are brought together to maintain the droplet height. The
gasket thickness was 160 pm. However, the compressible nature of the gasket and the
repeated cycles of the top plate and bottom plate being brought into contact may affect
the gasket height, and so the effect of a reduced gasket height was modeled.

Figure 40 shows the simulated photocurrent as a function of the gasket height.
For a shorter gasket height, the path traveled by the pump beam through the
fluorophore droplet is reduced, which reduces the pump power absorbed by the

fluorophores, and reflected by the bottom plate, and thus, there is a lower fluorescence

101



signal. This effect is more pronounced at higher fluorophore concentrations due to the
higher absorption of the fluorophore. Thus, the difference in fluorescence due to
differences in gasket height, as shown in Figure 40, is increases with increasing

fluorophore concentration.
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Figure 40: Effect of droplet/gasket height on the simulated photocurrent from
the Zemax model.

6.4.4 Reflectance Modeling from the Bottom Plate

As discussed previously herein, the reflectance from the bottom plate is a
combination of the specular reflectance from the surface and the diffuse scattering from

the surface due to surface roughness. As stated previously herein, the nitride refractive
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index range (1.8-2.2), when coupled with a nitride thickness of 65 nm + 5 nm, can lead to
a specular reflection coefficient between 0.4%-8.6%. The diffuse scattering from the
surface of the bottom plate was estimated to be less than 5%, which is typical for PECVD
coatings on smooth surfaces. Figure 41 shows how variation of the scattering with a

constant reflection of 5% can vary the predicted photocurrent.
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Figure 41: Effect of diffuse scattering from the bottom plate surface in Zemax
prediction model.

The effect of the variation of the scattering is more important in predicting the
absolute values of photocurrent from the experiment at the lower concentrations, as the

percentage change is higher at lower concentrations. The scattering primarily affects
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how much of the pump is scattered back into the PD. For example, by changing the
scattering from 0% to 4.5%, the predicted photocurrent when simulating a DI water
droplet varies from 1.1 nA to 6.18 nA. When simulating a 20 uM concentration
fluorophore droplet, the predicted photocurrent varies from 72.7 nA to 78 nA. When
measuring lower fluorophore concentrations, the pump photocurrent is a significant
component of the measured data. With larger concentrations, the fluorescence signal is
significantly larger than the signal due to the pump, and the scattering (particularly of
the pump) has a smaller percentage effect.

Calibration of each of the sensing systems can address fabrication and
manufacturing variations in the sensor. One approach to sensor calibration is to
subtract the pump photocurrent (as measured from the DI water) from each data point.
This is an approximate method, as the pump photocurrent for each concentration will
decrease with increasing fluorophore concentration due to fluorophore absorption. This
was modeled in Zemax by treating the fluorophores as absorbers, i.e., changing their
quantum yield to zero. This Zemax modeling showed that the pump photocurrent
percentage of total current is higher for lower concentrations because there are a higher
number of fluorescing particles to absorb the pump wavelength traversing through the
droplet. In a physical system, the DI water droplet measurement would contain the
pump-based PD photocurrent and is a reasonable estimate for the pump photocurrent

components. Figure 42 plots the same data as Figure 41 with the pump photocurrent
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components subtracted for all of the concentrations for each data set, showing how the
effects of fabrication variations such as scattering can be calibrated (the different values

of scattering produce the same theoretical photocurrent for each concentration).
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Figure 42: Decoupling the effect of diffuse scattering from the bottom plate in
Zemax prediction model by subtracting the photocurrent due to pump signal.

6.5 Theory versus Experiment

This section presents the comparison of the fluorescence simulations from Zemax
with the measured experimental results for different integrated annular thin film PDs on

top plates with different fabricated silicon nitride on Si bottom plates.
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Figure 43 and 44 show the measured experimental data compared to the Zemax
simulation. Figure 44 is an expanded graph that shows the results for lower
concentrations. The measured data sets (Datal, Data2, Data3 and Data4) are
measurements from Test 1, Test 2, Test 3, and Test 4, respectively. As discussed in Table
6, Test 1, 2, and 3 are carried out with top plate TP1. Test 4 uses top plate TP2. Test 1
uses the bottom plate NP1, Test 2 and 3 use the bottom plate NP2, and Test 4 uses the
bottom plate NP3. The different top plate and bottom plate numbers indicate top plates
and nitride-coated bottom plates that are separately fabricated. Test 2 and Test 3 are
measured with the same nitride-coated Si bottom plate. The data labeled “Theory” are
the results from Zemax simulation results performed with the parameter values listed in

Table 7.
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Figure 43: Experimental Data for Tests 1, 2, 3 and 4 compared to Zemax
simulation for nitride-coated Si bottom plate specular reflectance of 5% and scattering
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Figure 44: Experimental Data for Tests 1, 2, 3 and 4 compared to Zemax
simulations for nitride-coated Si bottom plate with specular reflectance of 5% and
scattering of 4.5%, for DI water (concentration zero) and fluorophore concentrations

0.3-1 uM.
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The experimental data and theoretical data are in good agreement. The average
error in the measured data compared to theory for nitride-coated bottom plates with the
top plate TP1, i.e., Data 1,2 and 3, is 11%. The average error in the data measured by
both the top plates, when compared with the theoretical prediction, is 14%. The slope of
the measured photocurrent varies linearly as a function of the concentration of the
fluorophore in the droplet, with two slopes — one for higher concentrations and a
slightly different slope for lower concentrations. The data set Data 4 used a different
bottom plate, and while the agreement between theory and experiment was good at
higher fluorophore concentrations, Data 4 was not as close to the other 3 data sets at
lower concentrations. This may be addressed through calibration.

One approach to calibrating each test setup, discussed previously herein, is to
subtract the DI water photocurrent from the measured fluorophore photocurrent. A
plot of the DI water photocurrent subtracted from the data for both the simulated and
measured data is shown in Figure 45. Figure 46 shows the same approach in an
expanded graph for lower concentrations. Data 1,2,3 and 4 refer to tests carried out with
nitride coated bottom plate, and data 5 and 6 are carried out with a microfluidic

multilayer coating bottom plate, but the same top plate as Data 1-4.
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Figure 45: Experimental Data for all tests with measured DI photocurrent
subtracted compared to Zemax simulations with pump photocurrent component
subtracted, for all measured concentrations.
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Figure 46: Experimental Data for all tests with measured DI photocurrent
subtracted compared to Zemax simulations with pump photocurrent component
subtracted for concentrations between 0-1 pM.
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Figure 45 and 46 show that subtracting the DI water photocurrent from the
experimental data reduces the variability between the tests using the two types of
bottom plates and reduces the percent error for the lower concentrations. With the DI
water photocurrent component subtracted, the average error between theory and data
measured with nitride-coated bottom plates, over all the measured fluorophore
concentrations, is 16%. Over the lower concentrations, this error is 7%.

The good agreement between theory and experiment for these integrated
systems, across multiple fabricated top and bottom layers and for two different types of
bottom plates, shows that the integrated system is well understood through simulation,

which enables designers to further optimize the system through further simulations.
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7. Conclusions

This chapter presents conclusions for the work in this thesis and the

opportunities for future work as an extension to the work done in the thesis.

7.1 Conclusions

Integrating fluorescence sensing capabilities into LOC systems has generated a
great deal of interest, since the combination of fluidic sample preparation and sample
testing in a single integrated, miniaturized platform can enhance the overall efficiency of
the system, and can effectively reduce the cost of the system while providing a faster
diagnosis [22]. However, there is still an unmet need for the possibility of a general
integrated system which can address a wide range of biosensing/clinical sensing
applications with programmable capabilities — a true cyberphysical system. Such a
device should also provide the advantages that many of the current devices exhibit,
including but not limited to, portability, point-of-care sensing, cost effectiveness, high
sensitivity, and specificity. The programmability of an EWD microfluidic platform with
the demonstrated integrated fluorescence sensing system could enable scalable solutions
for LOC systems. Such a system could also provide faster, low-error, and automated
solutions which are cost effective due to low reagent volumes, as well as less skilled
labor dependence.

This thesis presents the design, fabrication and test results of an annular thin film

silicon photodetector to realize fluorescence sensing integrated into a reconfigurable,
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programmable, EWD digital microfluidic platform. A thin film crystalline Si based PD
was designed and then fabricated using standard microfabrication processes. Herein, a
thin film Si PD (10 pm thick) was designed and fabricated, and heterogeneously bonded
to a pyrex top plate. The fabricated PD zero-bias responsivity was 0.36 A/W at 556 nm,
which is the wavelength region of interest. The zero-bias dark current was 22 pA. The
PD was first tested as a fluorescence sensor by testing its performance with simple
bottom plate, which comprises of a Si substrate with PECVD deposited silicon nitride on
it, and a Cytop hydrophobic coating. The droplet height was maintained constant at 160
um using a gasket. The droplet under test was illuminated by using a 50 pm core
diameter multimode fiber, which was free space coupled to a 532 nm laser. The other
end of the fiber was aligned and then adhered to the back of the PD aperture on the
pyrex substrate, using UV-curable epoxy. Droplets of 10 pL volume with fluorophore
concentrations varying from 0.3 uM-20 uM were tested, and 500 measurements were
acquired for each concentration. An average SNR was calculated to be between 26 dB-50
dB over all the tests with the nitride coated Si bottom plate The lowest fluorophore
concentration detected in this system was measured to be 300 nM, which is one of the
lowest reported detection limits for a thin film Si PD in a filter-less system, with such
high SNR. This is comparable to a previous fluorescence detector integrated with a
microfluidic system presented by Thrush et al.[12] with an optical filter and microlens,

which exhibited a exhibited a limit of detection to be 250 nM with a SNR about 10 dB.
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The system performance is also comparable to miniature systems made with commercial
PDs, emission filters and amplifier circuitry for weak signal processing, which are not
integrated into the fluidic system. These compact fluorescence sensing systems have
detection limits of 100 nM [48]and 120 nM [49], respectively. Thus, for a simple design
with no filter and no optical amplifiers, the system reported herein has excellent
performance. Next, the performance of the fluorescence sensor was tested with the
blanket deposited microfluidic multilayer coated bottom plate. The average SNR for
the tests ranged between 17 dB-45 dB, indicating high SNR operation. A theoretical
model was developed using non-sequential ray tracing and a photoluminescence model
in Zemax OpticStudio. It was observed that the error between theoretical prediction by
Zemax, and the measured data for all nitride coated Si bottom plate was 11%.

The fluorescence sensor performance was assessed as a standalone biosensor as
well as in a microfluidic bottom plate environment. Next, it was important to ensure
that the sensor could be integrated into a microfluidic platform, without affecting the
EWD actuation or the optical sensor operation. A new bottom plate was fabricated, with
electrodes for actuation for a droplet, with the optimized layer stack. A droplet was
successfully actuated in this system, and simultaneous actuation and measurement is

the next step. This is included in the next section, Future Work.
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7.2 Future Work: Demonstration of Optical Sensing and EWD
Actuation

Testing the PD optical sensing functionality with the microfluidic system
performing droplet actuation is the next step in this research. This involves actuating
the droplet between the top plate (thin-film Si PD bonded to a pyrex plate) and the
bottom plate (with patterned electrodes), by applying a potential between the two. Two
major challenges that we faced while testing the integrated system were: (1) loading the
droplet into the system; and (2) concurrent observation of the droplet position and
illuminating the droplet with the pump. These can be addressed with some updates
with the experimental design as well as fabrication solutions.

A more elaborate system like that proposed by Patel et al. [66] can enable repeatable
droplet loading without drilled holes into the system, as shown in Figure 47. The electrode
array in this paper, could be replaced with the top plate of our system with integrated PDs.

Top
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Figure 47: Digital Microfluidic Platform Assembly with capillary tubes placed
in between for fluid transportation by Patel et al.[66].
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The second challenge involves the simultaneous observation of the droplet
position and providing excitation to the droplet through the aperture of the PD. One
way to resolve this would be to use a waveguide with an angled endface to couple the
light into the aperture, which would not interfere with the camera position.
Addressing these challenges are crucial to building an integrated digital microfluidic
platform with fluorescence sensing which would pave the way for a general LOC

system.

7.3 Future Directions for Testing: Integration into a
Cyberphysical System

To achieve fully on-chip detection with the microfluidic platform, passive optical
components could be heterogeneously integrated into the LOC. The ultimate vision of
the system is to integrate a laser source/LED, a light delivery waveguide, and multiple
photodetectors onto a single substrate that serves as the top plate of the LOC, and which
can function as one of the reference electrodes for the droplet actuation.

When multiple PD sensors are integrated onto the top plate of the system, it
would be possible to detect multiple fluorophores in a droplet. Tt would be interesting
to carry out a crosstalk analysis between the neighboring sensors, as well as to
experiment multiwavelength, multilabel detection scenarios. A cyberphysical system
that could direct a droplet to different locations in the LOC for different subsequent
fluorophore tests based upon the real-time result of a previous fluorophore test has the

potential for significant advancement of the LOC field. There is a huge opportunity for
115



the application of such a system in a variety of chemical, biological and clinical settings.
The ability to carry out all the steps from sample purification to a sensor readout and
possible decision making based on multiple sequential tests could enable a portable,

low-cost and a general-purpose LOC.
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