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ABSTRACT

THREE DIMENSIONAL ELECTRODE INTEGRATION
ON MICROWAVE RESONATOR SENSORS FOR
MICROPARTICLE SENSING IN MICROFLUIDICS

Yagmur Ceren Alatag
M.S. in Mechanical Engineering
Advisor: Mehmet Selim Hanay

June 2024

Position dependency of the particle-induced signal can be mitigated by using a
3-dimensional (3D) electrode configuration at the sidewalls of the microfluidic
channel in electrical sensors. The first method to obtain 3D electrodes was fill-
ing Galinstan, Galium-Indium alloy with low melting point, to dead-end PDMS
cavities at the sidewalls of a microfluidic channel positioned on a split ring res-
onator (SRR). Due to electrical contact between coplanar resonator electrodes
and Galinstan cavities, the electric field between coplanar resonator electrodes
was extended to form a uniform electric field along the height of the microfluidic
channel. Galinstan was used in this application due to its low melting point,
non-toxicity, and high conductivity. This architecture was used for size-based
classification of 20-and 30pm polystyrene (PS) microparticles without any post-
processing for particle trajectory. However, the signal-to-noise ratio (SNR) was
low due to the presence of PDMS spacers between the Galinstan cavities and the
microfluidic channel, which were placed to avoid leakage of liquid metal into the

microfluidic channel.

In the later method, 3D electrodes made of solid material, epoxy-based, nega-
tive photoresist SU8, were fabricated and positioned inside a microfluidic channel
to boost the signal-to-noise ratio. SUS pillars with tens of micrometers height
were patterned at the sensing region and metalized using sputter deposition to
form a conformal profile on the electrodes. A fused silica substrate containing
the SU8 microelectrodes, microfluidic channel, and coplanar connection electrodes
was mounted on a microstrip transmission line resonator on PCB. The electric
field on the resonator electrodes was extended to form a uniform electric field
inside the microfluidic channel between the SU8 microelectrodes through wire-
bonding on connection electrodes. This sensor architecture was also used for
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size-based classification of 12-and 20pm polystyrene microparticles without any
trajectory correction. As a result of positioning 3D electrodes in direct contact
with the microfluidic channel, the signal-to-noise ratio increased by 10 folds.

Furthermore, a split ring resonator was integrated with a Coulter counter op-
erating at low frequencies to measure the size and dielectric permittivity of a mi-
croparticle simultaneously. SU8 microelectrodes were fabricated at the tip of low
and high-frequency sensing electrodes, positioned inside the microfluidic channel,
forming the sensing region. The signals induced in the split ring resonator and
Coulter counter can be simultaneously processed to get information about the
size and type of the particle. Polystyrene and polyethylene microparticles with
different dielectric permittivity and size were differentiated with this sensor. It
was realized that polyethylene microparticles contained additives, which were not
explicitly stated, however, the presence of titanium dioxide was detected using
energy-dispersive X-ray spectroscopy (EDX). It was concluded that as a result of
using a microwave resonator, it was possible to detect the presence of titanium
dioxide inside the polyethylene microparticles and differentiate polystyrene and

polyethylene particles.

Keywords: Capacitative sensing, microwave, resonator, microfluidics, 3 dimen-

sional microelectrodes, microparticle sensing.



OZET

MIKROPARCACK ALGLAMA ICIN

. MIKROAKSKAN-MIKRODALGA SENSORLER
UZERINE 3 BOYUTLU ELEKTROT ENTEGRASYONU

Yagmur Ceren Alatag
Makine Mithendisligi, Yiiksek Lisans
Tez Danigmani: Mehmet Selim Hanay
Haziran 2024

Elektronik sensorlerde parcacik tarafindan olusturulan sinyalin parcacigin
kanaldaki yiiksekliginden bagimsiz olmasini saglamak i¢in mikroakigkan kanal
duvarlarinda 3 boyutlu elektrotlar kullanilabilir. 3-boyutlu elektrot olugturmak
icin ilk metot olarak mikroakigkan kanalin duvarlarinda bulunan PDMS kanallara
oda sicakliginda sivi halde bulunan Galinstan materyali enjekte edilmistir. Galin-
stan kanallari, boliinmiis halka rezonatoriiniin ince elektrotlar: tlizerine konum-
landirilmigtir. Galinstan kanallar: ve rezonatoriin ince elektrotlar: arasindaki elek-
triksel baglanti sayesinde rezonator tizerinde olusan elektrik alan mikroakigkan
kanal igesinde sabit elektrik alan olugmasi i¢in uzatilabilmigtir.  Galinstan
materyali, diigiik erime sicakligi, insanlar igin zararsiz olmasi ve yiiksek iletkenligi
sebebiyle sensorde kullanilmigtir. Bu sensor kullanilarak 20 ve 30 mikrome-
tre boyutlarindaki polistren parcaciklar boyutlarina gore ayristirilabilmigtir. 3
boyutlu elektrot yapisi kullanildigi i¢in parcacigin kanaldaki yiiksekligini bul-
mak i¢in sinyal isleme yapilmamigtir. Sivi metalin mikroakigskan kanala sizmasini
engellemek igin konulan PDMS duvarlar, sensoriin sinyal-giiriiltii oraninin
diigmesine yol agmigtir.

Daha sonra, 3 boyutlu elektrot iiretmek igin eposki bazli negatif bir fo-
torezist olan SU8 materyali kullanilmis ve 3 boyutlu elektrotlar kat1 bir maddeden
yapildigi i¢in mikroakigkan kanal igerisine konulabilmistir. Bu sekilde sensortin
sinyal-giiriiltii oran1 arttirilabilmistir. Mikrometre kalinligindaki SU8 prizmalar
sensoriin algilama bolgesinde tiretilmis ve pliskiirtme teknigi ile prizmanin i¢ du-
varlar1 kaplanabilmistir. SUS8 elektrotlar, mikroakigkan kanal ve baglanti elektrot-
larin1 bulunduran silika substrat, PCB iizerinde bulundan mikrodalga rezonatore
baglanmigtir. Rezonator tizerinde olusturulan elektrik alan, baglanti elektrotlar:
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tizerinden tel baglama teknigi ile SU8 prizmalara iletilmig bu gekilde mikrokanal
icerisine sabit elektrik alan olusturulabilmistir. Bu sensor yapisi, 12 ve 20
mikrometre polistrien parcaciklarin boyuta gore ayrigtirilmasi i¢in kullanilmigtir.
Bu sekilde pargacigin kanal icerisindeki yiiksekligini bulmak icin sinyal igleme
yapilmasina gerek duyulmamigtir. 3 boyutlu elektrolar kanaldan gecen sivi ile
direkt temas ettigi i¢in sinyal-giirtiltii oran1 10 katina kadar arttirilabilmistir.

Daha sonra, boliinmiis halka rezonatorii Coulter sayaci ile birlestirilmis, bu
sekilde hem boyut hem de dielektrik gegirgenlik ol¢iimii yapilmigtir.  SUS
mikroelektrotlar yiiksek ve alcak frekansta calisan sensorlerin iizerine, algilama
bolgesi olugturulacak sekilde iiretilmistir. Rezonator ve Coulter sayaci sinyal-
leri birlikte analiz edilerek parcacigin hem boyutu hem de dielektrik gecirgenligi
Olciilmiigtiir. Bu yapi kullanilarak farkli boyut ve gegirgenlikteki polistren ve poli-
etilen parcaciklar ayrigtirilmigtir. EDX ol¢iimii sonrasinda polietilen parcaciklarin
icerisinde titanyum dioksit bagta olmak tizere bagka bileglenlerin bulundugu ve bu
yiizden parcacigin dielektrik gecirgenliginin degistigi sonucu ¢ikarilmigtir. Deney
sonuclar1 goriildiigiinde, mikrodalga rezonator kullanilarak pargacigin icindeki ti-

tanyum dioksitin etkisinin olgiildiigii goriilmiistiir.

Anahtar sézcikler: Kapasitatif algilama, mikrodalga, rezonator, mikroakigkanlar,
3 boyutlu mikroelektrotlar, mikroparcacik algilama.
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Chapter 1

Introduction

Microfluidics-integrated electrical sensors can be used for label-free characteri-
zation of microparticles and cells with high throughput and single particle level
accuracy. When an analyte microparticle passes through the sensing region of the
sensor, it modifies the electric field distribution between the electrodes, causing
a shift in the sensor’s impedance. For electronic sensors operating at low fre-
quencies, the conductivity of the solute ions has an important role. For example,
an ionic current is created in resistive pulse sensing due to the solute ions act-
ing as charge carriers. When a dielectric particle passes between the electrodes,
it causes a decrease in ionic current proportional to its size [1]. Resistive pulse
sensing has various applications in the literature such as counting and detecting
cells, viruses, and extracellular vesicles (EVs) [2], DNA sequencing in nanopore

devices [3].

Another emerging approach is to use capacitative sensors that operate at higher
frequencies e.g. at microwave band [4] [5] [6] [7] [8] [9] [10] [11] [12] [13], where
the ion motion can not follow the electric field therefore ionic current is bypassed.
Microparticles induce a capacitance shift in the sensor proportional to the square
of the electric field magnitude between the electrodes, which can be measured with
high accuracy using resonance-based detection. Capacitance shift translates as a

shift in resonance frequency or phase and amplitude of the resonator and it can be



measured by phase-sensitive detection [8] [14] [15]. An advantage associated with
capacitative sensing is that the signal contains information about the dielectric
permittivity of the analyte microparticle in addition to its size, which can be

useful for distinguishing microparticles based on dielectric permittivity [16]

Electrodes can be configured in three ways in microfluidics integrated electrical
sensors: coplanar, parallel-plate structure with electrodes at the top and bottom
of the microfluidic channel, or 3D electrodes at the sidewalls of the microflu-
idic channel. Among these configurations, the fabrication of coplanar electrodes
is simple yet the electric field magnitude is non-uniform; the magnitude of the
electric field decreases with the distance from the electrodes along the height of
the microfluidic channel. Due to this non-uniformity, the signal induced by a
particle depends on its trajectory inside the microfluidic channel causing posi-
tional dependency. There are several approaches to tackle positional dependency
in coplanar electrodes: The same microparticle can be measured with multiple
electrodes operating at RF [17] [18] [19]or microwave band [16] or microparticles
can be focused to a single trajectory using either inertial [20], sheath flow [21] or

viscoelastic focusing [22] approaches.

Another alternative to mitigate positional dependency is to use either paral-
lel plate or 3D electrode configurations to create a uniform electric field inside
the microfluidic channel. Yet, these configurations require more steps in met-
allization or wafer bonding. For parallel-plate electrode configuration, coplanar
electrodes can be patterned on two separate substrates by photolithography and
thermal evaporation, later these substrates are bonded using thermal, vacuum, or
adhesive bonding procedures. An example of thermal bonding is the work of Mc.
Grath et. al. where they fabricated an impedance cytometer with parallel plate
electrode configuration through bonding the substrates under high temperature
and pressure after patterning the coplanar electrodes. The impedance cytometer
was used to conduct electrophysiological measurements on pancreatic cancer cells
[23]. For adhesive bonding, surface-treated SU8 can be used both to define mi-
crofluidic channels and to bond either silicon-glass or glass-glass substrates [24].
An example of using SUS8 for adhesive bonding is the work of Haandbek et. al.

where they built an impedance cytometer integrated with a resonator for the
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detection of sub-micrometer particles. SU8 was used to define the microfluidic
channel and bond the glass substrates with coplanar electrodes [25]. UV curable
adhesive can also be used to bond substrates, Han& Han fabricated a microflu-
idic device for the enrichment and electrical detection of circulating tumor cells
(CTCs). Substrates with coplanar electrodes were bonded by the application of
a UV-curable adhesive [26]. Vacuum bonding was used by Spencer & Morgan
(2020) where they bonded glass substrates with coplanar electrodes in a vacuum
bonder to fabricate an impedance cytometer for analysis of the dielectric proper-
ties of single cells by bonding the [19]. Although these bonding methods provide
good sealing between the substrates, there are several disadvantages associated
with each: High temperature and pressure might deform the microfluidic chan-
nels and damage the metal layers in the chip for thermal and vacuum bonding
techniques. Adhesive bonding can be applied to any material however extensive

surface cleaning is necessary before the bonding.

The last alternative to obtain a uniform electric field inside the microfluidic
channel is positioning 3D electrodes made of either a solid material or filled
with a liquid to the sidewalls of the microfluidic channel. For solid electrodes,
the fabrication of electrodes with tens of micrometers thickness, which requires
the use of non-standard metalization processes, requires more steps compared to
previously described electrode configurations. Examples of 3D electrodes in the

literature are explained in further detail in the below subsections.

In this thesis, 3D electrodes made of solid material and filled with liquid metal
were fabricated on Microfluidics-Integrated Microwave Sensors (MIMS) to mit-
igate the positional dependency in microwave sensors. 3D electrodes were po-
sitioned at the sensing region of the underlying coplanar microwave resonator
sensor and the electric field on the coplanar structure was extended to form a uni-
form electric field inside the microfluidic channel due to the contact between 3D
and coplanar structures. Cleanroom patterning and deposition techniques were
used to fabricate the 3D electrodes. Initially, 3D electrode integrated microwave
resonator architecture was used for size-based classification between polystyrene
microparticles. After adding a low-frequency sensor to the architecture, addi-

tional experiments were conducted to distinguish microparticles based on size

3



and dielectric permittivity.

1.1 Liquid Electrodes

Liquid-filled 3D electrodes are obtained by filling a conductive solution into the
dead-end access channels located at the sidewalls of the microfluidic channel.
The conductive solution in these channels is electrically accessed by thin metal
electrodes deposited at the bottom of the channel. The voltage is applied to
the coplanar electrodes and transmitted to the conductive solution inside the
access channel: As a result, the boundary between the access channel and the
microfluidic channel becomes an equipotential surface, creating a uniform electric
field along the height of the microfluidic channel. Conductive salt solutions can be
used for applications operating at low frequencies (MHz range) where ion motion

can follow the applied frequency [27].

Liquid electrodes were used in various microfluidics applications: Rao et.al. in-
jected silver paste inside electrode channels and used this architecture for droplet
and cell sorting applications [28]. Mclntyre et.al. filled conductive ink inside
thermoplastic microfluidic chips and demonstrated the use of the resultant chip
for capacitance sensing, droplet merging, and droplet sorting [29]. Puttaswamy
et. al. used a composite liquid electrode made of conductive carbon powder and
adhesive and demonstrated DEP particle switching [30]. Furthermore, Sciambi
& Abate built a microfluidic chip for droplet manipulation applications in which
electrodes were obtained by filling salt water into guide channels [31]. Tang et.
al. obtained 3D electrodes by dipping Ag/AgCl wires into electrode channels
filled with highly conductive KCI solution for microfluidic impedance cytometry
for counting and differentiating cells [32]. Moreover, several ionic liquids e.g.
1-butyl-3-methyl-imidazolium tetrafluoroborate were used as liquid electrodes in

capacitative sensing and microfluidics applications [33] [34].

The conductive solutions used to obtain the 3D electrodes in the aforemen-

tioned studies are not applicable for use at high frequencies e.g. microwave band,



due to the decrease in the ion mobility. Instead, metals with low melting point
are more suitable because of their high conductivity. There are a few examples
of using metals with low melting point in microfluidic applications in the liter-
ature. For instance, Bismuth alloy microspheres (melting point: 46.5 °C) were
placed near the sidewalls of the microfluidic channel and the device was heated
so that Bismuth melted and filled the electrode gaps. The device was used for
DEP applications [35].

Furthermore, Galinstan (Eutectic Galium Indium alloy) is commonly used in
microfluidics due to its low melting point (15.7 °C), high conductivity, and be-
ing non-toxic for humans. Due to its low melting point, Galinstan is liquid at
room temperature so, it can be injected inside electrode cavities in microfluidic
systems. Galinstan was used in flexible electronics such as strain sensor [36],
energy harvester [37], and stretchable RFID antenna applications [38]. Further-
more, Munirathinam et.al. fabricated a capacitor and inductor inside PDMS by
injecting Galinstan to build a capacitative sensor for wireless pressure monitoring
[39]. In addition to injection, there are various methods to fabricate Galinstan
microstructures inside microfluidic devices. Tang et.al. used DEP to immobilize
Galinstan and form electrodes inside the microfluidic channel and demonstrated
applications for nanoparticle trapping and as microfins for improving heat dissi-
pation [40]. There are several examples of the use of Galinstan at high frequencies
due to its high conductivity: Frequency-tunable microwave resonator structure
was developed by controlled placement Galinstan on a microwave resonator [41]
[42]. Gao et.al. built a metasurface for controllable electromagnetic wave reflec-

tion attenuation using Galinstan-filled split ring resonators [43].

In the first part of this thesis, Galinstan is used to form 3D electrodes at the
sidewalls of a microfluidic channel integrated on a split ring resonator (SRR)
operating in microwave regime. Galinstan was injected into dead-end access
channels at the sidewalls of the microfluidic channel. Size-based classification
experiments were conducted using 20 and 30pm polystyrene microparticles to

test the 3D electrode integrated resonator architecture.



1.2 Solid 3D Electrodes

Fabrication of solid 3D electrodes on microfluidics sensors requires deposition of
metal structures with thickness on the order of tens of micrometers, which can
not be achieved by standard cleanroom procedures. As a result, various tech-
niques were developed for 3D electrode fabrication in literature with or without
using cleanroom processes. An example of 3D electrode fabrication without using
cleanroom is the work of Zeinali et.al. where they fabricated 3D electrodes with
thickness around by mechanical micromachining (with heights typically ~ 100
nm) for DEP applications. This method yields reusable electrodes with thickness
down to around 20pm however, electrodes need to be manually placed at the
sidewalls of the microfluidic channel. [44].Furthermore, Giiler et.al. placed gold
microwires inside the microfluidic channel and formed 3D electrodes by etching
the wires for a microparticle counting chip [45]. Nery et.al. used pencil leads as 3D
electrodes inside an electrochemical microfluidic system to determine dopamine
concentration in physiological pH [46]. Electrospray ionization was also reported
as a method to deposit metal, semiconductor, and dielectric materials on surfaces
coated with photoresist [47], it can even be used for deposition on active sensor
surfaces combined with electrostatic focusing [48]. Methods like inkjet writing,
direct ink writing, and aerosol jet 3D printing were used to deposit thick, conduc-

tive electrodes for droplet manipulation, DEP, and defining microwave circuits

[49] [50] [51].

In the cleanroom, electroplating can be used to deposit metal electrodes at
the sidewalls of a microfluidic channel for microfluidic applications like magne-
tohydrodynamics, DEP, and impedance cytometry [52] [53]. Civelekoglu et.al.
fabricated blanket electrodes through sputtering gold at the sidewalls of a PDMS
microfluidic channel to obtain a uniform electric field [54]. 3D electrodes can also
be obtained by modifying the BiCMOS process or using a thick layer of highly
doped Silicon as the electrode layer [55][56].

Another method for fabricating 3D electrodes is patterning polymers like
PDMS, Durimide, or SU8, commonly used in soft-lithography workflows. Usually,



these polymers are used for microfluidic channel microfabrication but they can
also serve as a structural material for the 3D electrodes. One advantage of using
these polymers is that structures with height on the order of tens of micrometers
can be fabricated by spin-coating and photolithography, however, an additional
step is required for metalization of the structure. For instance, Hu et.al. pat-
terned Durimide 7510 structures with 25m thickness and trapezoidal wall profile
at the sidewalls of the microfluidic channel, later the structures were metalized
by gold sputtering. The microfluidic chip was used for cell electrofusion and
electroporation [57]. PDMS was also used as 3D electrode by forming a PDMS-
silver nanoparticle composite for DEP microfluidic chip [58]. Furthermore, SU8
was also made conductive through mixing with silver nanoparticles inside the
photoresist [59]. Another approach to fabricate conductive SU8 microstructures
is using pyrolysis procedure where SUS is carbonized under N2 gas flow at high
temperatures to obtain carbonized 3D microelectrodes [60]. Furthermore, Kilche-
mann et.al. fabricated metal-coated SU8 microelectrodes around a microfluidic
channel through sputtering metal on SUS8 pillars. In this approach, SUS8 pillars
were metalized by conformally depositing a thin metal layer with thickness even
on the order of several nanometers [61]. The 3D electrodes fabricated with this
technique were used for DEP, single-cell trapping and recovery, and analyzing
the dielectric properties of single cells by electrorotation [62] [63]. Yet, all these
applications operate at low frequencies (MHz regime), so the use of polymer base

3D electrodes in microwave regime has not been shown yet.

In Chapter 4, solid 3D electrodes were fabricated by metalizing SUS8 pillars
positioned at the sidewalls of a microfluidic channel. SUS8 pillars were connected
to a microstrip transmission line microwave resonator using wirebonding. This
resonator architecture was used to classify 20 and 12 pm polystyrene micropar-
ticles based on size. Later, high and low-frequency sensors were combined on a
single chip, and 3D SU8 microelectrodes were fabricated on both sensors using a
similar fabrication procedure. This architecture was used to distinguish between

microparticle species.



Chapter 2

Theory of Operation

This section aims to provide background information regarding the working prin-
ciples of high and low-frequency sensors used in Chapters 3-5. The first subsection
explains how microwave sensors can be used for microparticle sensing based on
dielectric permittivity and size. The operation principle of the low-frequency

sensor, Coulter Counter, is described in the later subsection.

2.1 Microwave Resonator-based Sensing

A microwave resonator is a frequency-selective device that can store and manip-
ulate electrical and magnetic energy at microwave frequencies. Applications of
microwave resonators include security, magnetic resonance imaging (MRI), radar
systems, and quantum technology [64]. The resonance phenomenon occurs due
to standing waves formed on the structure. Localized electric and magnetic fields

formed at the resonance frequency can be exploited for sensing purposes.

The microwave resonator sensor can be modeled as an RLC equivalent circuit

with the resonance frequency stated in Equation 2.1.

1
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Passage of a microparticle between the electrodes at the sensing region creates an
instantaneous shift in the capacitance of the system which translates as a shift in

resonance frequency (Equation 2.2).

A 1AC
af _ _14C (2.2)
Jo 2 C
In a microwave resonator, the capacitance shift induced by a microparticle de-
pends on the particle size and the dielectric permittivity difference between the

particle and the medium, based on the following equation [65].
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(2.3)

Here, r is the particle radius, U, is the applied voltage,F,,,s is the value of
the electric field at the location of the particle. Clausius-Mosotti factor, Koy,
shows the difference between the dielectric permittivity of the medium and the

microparticle (Equation 2.4).

€, — €
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Positional dependency arises because the capacitance shift depends on the
square of the electric field magnitude, which is non-uniform between the coplanar
electrodes. As discussed, position dependency can be mitigated by using either
parallel plate or 3D electrode configurations which yield a uniform electric field
at the sensing region. Figure 2.1 shows the 3 aforementioned electrode configura-
tions together with the electric field intensity at the sensing region: (a) coplanar
electrodes (b) the electric field distribution at the sensing region, the magnitude
of electric field changes along the microfluidic channel c¢) Parallel plate electrodes
(d) the electric field at the sensing region which is uniform between the electrodes
(e) Vertical, 3D electrodes (f) and the electric field at the sensing region, which is
also uniform between the electrodes. Electrodes are shown by the yellow rectan-
gles at the top panel. Colormap shows the magnitude of electric field (V/m) at
the sensing region between the electrodes, for a voltage difference of 1V applied
across the electrodes separated by 30pm in coplanar electrode geometry (a), (b)
and 20 pm in parallel-plate (c), (d) and 3D electrode (e), (f).



|
|

|
|
\

Figure 2.1: Electrode configurations in microfluidic sensors and the electric field
intensity at the sensing region

For 3D electrode integrated microwave resonators, the capacitance shift de-
pends only on the dielectric permittivity and the geometric size of the particle.
Using Equation 2.3, the capacitance shift induced by 2 microparticle popula-
tions with different dielectric permittivity and size can be determined as follows

(Equation 2.5).
AC,  Keunrt
ACQ - KCMQT%

(2.5)

It is not possible to distinguish microparticle samples with different sizes and
dielectric permittivity based on only microwave signals. Optical microscope
recordings of single particle passage events through sensing region can be pro-
cessed simultaneously with the microwave signals to measure both electric and
geometric volume of the microparticles [4]. Another approach is integrating a sec-
ond sensor operating at low frequency (kHz-MHz regimes) at the sensing region
of the microwave resonator [16]. Particle-induced electrical signal depends only
on the geometric volume of the particle at low frequencies. In Chapter 5, low
and high-frequency sensors are used together for the classification of different mi-
croparticle populations. The operation of low frequency sensor-Coulter Counter-

is explained in the next subsection.
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2.2 Microparticle Size Measurement with

Coulter Counter Technique

Coulter counter method is commonly used in literature for microparticle/cell
counting, sizing, and analysis in microscale due to its simplicity [1]. It has even
been implemented for the analysis of nanoparticles [2]. In Coulter counter, a
microfluidic channel is filled with an electrolyte solution, and a voltage difference
is applied across the electrodes inside the microfluidic channel. A microparticle
blocks the ionic current as it passes between the electrodes, and in turn, causes an
impedance shift in the sensor which is reflected as a drop in the current. Change

in current is inversely proportional to the geometric size of the microparticle.

\

Figure 2.2: Schematic drawing of Coulter Counter

Coulter counter can be implemented by applying either DC or AC voltage to
the excitation electrode. Using DC voltage only gives information about the par-
ticle size and number of particles passing through the channel while particle/cell
characterization can be done through impedance measurement if AC voltage is

applied.

Similar to microwave sensors, Coulter counters with coplanar electrodes also
suffer from positional dependency which can be mitigated using the approaches
described in Introduction. In Chapter 5, a Coulter counter with 3D electrodes
is used together with the split ring resonator to measure the dielectric permit-
tivity and geometric size of the microparticles simultaneously, without any post-

processing for particle trajectory.
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Chapter 3

Microparticle Sensing with
Liquid Metal Integrated

Microwave Resonators

In this section, 3D electrodes on the microwave resonator were obtained by inject-
ing Galinstan inside the dead-end access channels perpendicular to the microflu-
idic flow channel. Design, fabrication, experiment procedure and data analysis

are explained below.

3.1 Resonant Sensor Design

The designed sensor utilizes the concept of liquid electrodes to obtain a uniform
electric field at the microfluidic channel integrated on a split ring resonator (SRR)
operating at the microwave regime. The split ring resonator (Figure 3.1a) consists
of 2 concentric rings: Due to inductive coupling, a standing wave is formed on
the inner ring when the outer ring is excited. In the split ring resonator topology
used in the study, the main resonating structure is the inner ring, which consists

of a split region that is usually comparable to the size of an analyte particle (~
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20pm). Here, the width of the gap region is increased to 360pm to incorporate the
access channels. Figure 3.1 shows (a) a schematic drawing of the coplanar split
ring resonator and (b) electric field at the sensing region of a split ring resonator

with ring gap size 20pm (Adapted from [66))

a b

CSRR, Normalized Electric Field Norm
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Figure 3.1: Coplanar split ring resonator design

Dead-end access channels were positioned at the sidewalls of the microfluidic
channel, on top of the coplanar split ring resonator electrodes. Motivated by the
need to develop a uniform electric field across electrodes at the microwave band,
Galinstan is filled inside the access channels. The electric field formed between
the coplanar electrodes of SRR is extended to form a uniform electric field inside
the microfluidic channel due to the conductivity of Galinstan. Figure 2 shows
the schematic drawing sensor: (a) Access channels filled with Galinstan on SRR,
(b) magnified view of the sensing region (c) top view of the sensor (d) optical m
microscope image of the sensing region containing the access channels filled with
Galinstan and the microfluidic channel. The coplanar gold electrode is partially

visible under the access channel
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Figure 3.2: Schematic drawing and micrograph of the Galinstan integrated split
ring resonator

The distance between the liquid electrodes at the sensing region decreases
to 70pm at the sensing region. Since Galinstan is liquid at room temperature,
PDMS spacers with 10pm width are positioned between the liquid electrode and
microfluidic channel at both sides to prevent metal leakage from the access chan-

nel to the microfluidic flow channel.

3.2 Fabrication

Sensor fabrication was done in 2 steps: microwave resonator and microfluidic
channel fabrication. A 4-inch fused silica wafer with 500pm was diced into half,
using dicing saw. After cleaning each substrate with acetone, IPA, and DI water
A7 5214 photoresist was spin-coated at 2300 rpm, 300 acceleration for 40 sec-
onds to a final thickness of 1.6pm. Soft-bake was done at 110°C for 80 seconds.
Substrates were exposed to UV light to pattern the coplanar split ring resonator
using the following exposure parameters: Soft contact, separation 100pm, con-

stant time: 4 seconds (mask aligner dose: 29.5mJ/cm?). Exposed substrates
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were developed inside AZ400K solution (AZ400K: DI water ratio 1:4) for 40 sec-
onds and rinsed with DI water, the sensing region of the developed pattern was
controlled under the microscope. If the resonator pattern was underdeveloped,
the substrates were kept inside the developer for 10-20 seconds more, until the

pattern was developed properly.

Later, the substrates were put into thermal evaporator chamber for metalliza-
tion of the resonator pattern. Initially, 10 nm of chromium was coated as an
adhesion layer, followed by 120-130nm gold evaporation. Substrates were put
into acetone for 1-2 hours for lift-off. Figure 2a shows the split ring resonator on

fused silica after lift-off.

Figure 3.3: Fabrication steps of liquid electrode integrated split ring resonator

Microfluidic channel mold was fabricated on a 4-inch silicon wafer with 500pm
thickness. The wafer was cleaned with acetone, IPA, and DI water and treated
with oxygen plasma to increase the photoresist adhesion. SU8 2050 negative
photoresist was spin-coated to a final thickness of 50 pm using the following
parameters: Coating step 1: 500 rpm, 100 acceleration, 20 seconds, Coating
step 2: 3400 rpm, 300 acceleration, 1 minute. Then, the wafer was soft baked
at 65°C for 3 min, and at 95°C for 7 min, consecutively and cooled to room
temperature before exposure to avoid thermal shock. Later, UV exposure was
done under the microfluidic channel mask with the following exposure parameters:
Proximity and separation 120pm, constant time 8 seconds (mask aligner dose:
29.5mJ/cm?). Exposed wafer was put on hot plate for post-exposure bake with

the same duration and temperature as the soft-bake step and developed inside
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Kayakuam SUS developer solution for around 10 minutes till there were no white
residues upon IPA rinse. The region between the access channels and microfluidic
flow channel was checked under an optical microscope to check if PDMS spacer
was properly patterned. Then, the developed wafer was put on hot plate at 140°C
for 1 hour to hard bake the SU8 and further improve its adhesion on the Si wafer.
To fabricate the microfluidic channels, PDMS (Sylgard 184) was mixed 10:1 ratio
(base: curing agent) and degassed inside the dessicator. PDMS was poured on
the hard-baked wafer and left to cure on hot plate set to 100 °C for 40 minutes.
The microfluidic channel was peeled from the mold. Figure 2b shows the PDMS
microfluidic channel and the access channels. Microfluidic channel with access
channels was bonded on the resonator, aligning the access channels on top of the
coplanar split ring resonator electrodes after oxygen plasma treatment using the

parameters: 100W, 2 minutes, 50 sccm Oy flow.

The last step of fabrication was the injection of Galinstan into the microfluidic
access channels. Liquid metal is filled into an injector(1CC injector, 26 G x
47 needle) from the bottle. While developing the fabrication procedure, it was
observed that liquid metal could easily leak into the microfluidic flow channels
even though there was PDMS spacer, so Niobium magnets were fixed on top of
the microfluidic channel and at the bottom of the fused silica wafer to improve the
adhesion of the channel before Galinstan injection. Galinstan was injected very
slowly and the amount of Galinstan inside the access channel was continuously

monitored under the optical microscope. Figure 2¢ shows the microfluidic channel

and split ring resonator at the end of the fabrication.

3.3 Experiment Procedure

The experiment setup used for polystyrene microparticle size classification exper-

iments had 3 subcomponents:

1. Custom-built, phase-sensitive detection circuit to track the phase and am-

plitude response of the microwave resonator
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2. Pressure control system (Fluigent MFCS-EZ) and fluid reservoir to intro-
duce the fluid carrying the analyte microparticles inside the microfluidic

channel

3. Optical microscope to monitor single particle passage events from the sens-

ing region

During microparticle sensing experiments, the resonator was mounted to custom-
built electronic circuitry. The sample solution containing polystyrene was pre-
pared by mixing 15ul of 30 and 20 pm (Serial numbers: 74491, 84135, respec-
tively) microparticles inside 10 mL DI water. Tween 20(0.1% concentration)
surfactant was added to the solution to avoid agglomeration and microfluidic

channel clogging.

After filling the microfluidic channel with the solution, the resonance frequency
of the resonator was determined by doing an open loop frequency sweep with the
electronic circuit. Sensitivity of each prospective resonance frequency was checked
by passing several particles back and forth. The phase and amplitude of the res-
onator were tracked in an open-loop measurement configuration. As micropar-
ticles were passing through the sensing region between the Galinstan electrodes,
they induced a capacitance shift which was translated to a shift in resonance
frequency. Particle-induced shifts were reflected as a spike-shaped jump in phase
and amplitude signals simultaneously. Additionally, the particle passage events
from the sensing region were recorded with the optical microscope to verify the
microwave signal and correlate the signals with different-sized particles. Events
due to multiple particles and clusters were also excluded based on optical micro-

scope recordings.

3.3.1 Electronic Measurement

Resonance characteristics (resonance frequency and quality factor) of the mi-
crowave resonator were measured using a vector network analyzer (VNA) before

starting an experiment. Figure 3 shows the amplitude response of the resonator
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before and after filling the access channels. Resonance frequency shifted sig-

nificantly and the quality factor increased after filling the access channels as a

result of the increased capacitance at the sensing region. The quality factor was

calculated using the 3-dB bandwidth method.
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Figure 3.4: VNA amplitude response of SRR before and after Galisntan filling

Electronic measurement was done by narrow-band phase-sensitive detection

circuitry composed of a signal generator and two lock-in amplifiers (Figure

3.5).Upper frequency limitation of the lock-in amplifier (5MHz) requires an ex-

ternal heterodyne RF circuitry operating around the resonance frequency of the

resonator (6-6.5GHz) [67]
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Figure 3.5: Electronic circuit used to track the phase and amplitude of the mi-
crowave resonator

The circuitry was configured to track the changes in phase and amplitude,
induced rapid microparticle passage event from the sensing region hence no addi-
tional calibration steps are employed. Internal oscillator of the lock-in amplifier
was used to generate the reference signal required for phase-sensitive detection.
The reference signal was up-converted to GHz range, and supplied to the res-
onator and the reflected signal carrying the phase and amplitude information of
the resonator was down-converted to the operational range of the lock-in ampli-
fier. Single sideband modulation was employed for upconversion, using two lock-in
amplifiers. Frequency upconversion results in two frequencies, w + Aw, w — Aw,
IQ mixer was used to cancel out one of the sidebands. Two reference signals
with 90°C were generated by the lock-in amplifiers. The signal at the resonance
frequency was supplied to LO port of 1QQ mixer from the signal generator. The
resultant signal from I(Q) mixer, at the difference of LO and lock-in reference fre-
quency, was fed to the resonator using a circulator. The reflected signal from
the resonator was down-converted to the operation range of the lock-in amplifier
using a mixer. Later, the phase and amplitude of the resonator were digitally

read using LabOne software.
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3.4 Data Analysis

Analyte microparticles induced simultaneous phase and amplitude shifts in the
microwave resonator. The out-of-phase component of the reflected signal from
the resonator (Y-quadrature, (Y = Rsin(#)) is proportional to the capacitance

change due to a particle (Equation 3.1)

AC
AY x — 3.1
- (31)
Taking the derivative of the constitutive equation, AY parameter can be ex-

pressed using phase and amplitude values using Equation 3.2.
AY = ARsin(0) + Rcos(0)Af (3.2)

A custom-built MATLAB script was used to detect the particle-induced phase
and amplitude shifts and analyze their magnitude. The first step of data analysis
was the removal of the long-term drift in the raw phase and amplitude signals by
baseline reduction using the MATLAB function msbackadj. Long-term drift was
observed because no control loop was employed in the measurement. Later, the
magnitude and location of particle-induced peaks were determined on baseline
reduced phase signal using the built-in MATLAB function findpeaks. A peak
prominence threshold was assigned to differentiate between noise and events based
on the noise level from data sets without any particle events. Signal-to-noise
ratio (SNR) was usually better in phase signal so event locations were initially
determined on phase data. Later, simultaneous events in amplitude and phase

were matched based on peak location.

Finally, raw values of phase and amplitude signals from the baseline signals
were used together with the magnitude of particle-induced shifts to calculate the
Y-quadrature. For data sets containing particle populations with different sizes,
histograms of phase, amplitude shifts and AY showed bimodal distribution. K-
means algorithm was used to divide the bimodal distribution into unimodal dis-
tributions and calculate the mean, standard deviation, and coefficient of variation

for each population.
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3.5 Experiment Results

3.5.0.1 Polystyrene Particle Size Classification Experiments

Figure 3.6 shows phase and amplitude shifts during the passage of 20- and 30-pm
microparticles together with the optical microscope images of the sensing region.
Since both particles were polystyrene, microwave signals were proportional to the

size of the microparticles.
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Figure 3.6: Particle-induced phase and amplitude shifts on raw data

Later, the Y-quadrature shift histogram was plotted for a data set contain-
ing 887 single particle events (Figure 3.7). The histogram showed a bimodal
distribution, where the respective peaks corresponded to 20 and 30pm particles.
Using the K-means algorithm, a unimodal distribution fit was obtained for each

population.
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Figure 3.7: Y-quadrature shift histogram of 20 and 30pm polstyrene particles

Statistical parameters for each unimodal distribution are shown in Table 1.

20-pm Particles

30-pm Particles

Mean 9.3210°7 2.621076
Standard deviation 2721077 5.7x10~7
Coefficient of variation 0.29 0.21

Table 3.1: Statistical parameters for 20- and 30-pm particles

By using liquid electrodes, positional dependency is mitigated; same particles

induce the same signal regardless of their position inside the microfluidic chan-

nel.Microwave signals are proportional to particle volume, as indicated by the

phase and amplitude shifts. Here, the ratio of mean Y-quadrature shifts between

30 to 20pm particles is 2.8 while the volume ratio of the particles is 3.4.
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Chapter 4

Microparticle Size Classification
Experiments with SUS8
Microelectrode Integrated

Microwave Resonators

The second approach for integrating 3D electrodes on a microwave resonator is
based on the use of metalized SUS pillars as a structural material for 3D elec-
trodes. SUS microelectrodes are electrically connected to a microstrip transmis-
sion line resonator through wirebonds, so the electric field on the resonator is
extended to form a uniform electric field inside the microfluidic channel between
SUS electrodes. Polystyrene microparticle size classification experiments were

conducted with this architecture.

4.1 Resonant Sensor Design

The sensor structure is composed of 3 subcomponents: (i) Microstrip transmission

line microwave resonator on a PCB and a separate sensing region on a fused
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silica chip including (ii) SU8 microelectrodes on coplanar gold electrodes and
(iii) PDMS microfluidic channel. The sensing element of the structure is the
microwave resonator (Figure 1): There are 3 strips on the PCB and the resonator
is formed by the middle line and the ground pad at the bottom of the PCB. Strips
on the side are used for excitation and readout. Using the microwave resonator,
changes in capacitance are translated into changes in resonance characteristics

measured accurately using phase-sensitive detection.

Figure 4.1: Microstrip transmission line resonator

Coplanar electrodes on the fused silica substrate are used to achieve an electri-
cal connection between the microwave resonator and 3D electrodes. During the
microfabrication process, 3D electrodes are patterned at the tip of the coplanar
electrodes, which are later connected to the resonator via wirebonds. As a result
of the wirebonds and the electrical contact between coplanar and 3D electrodes,
the electric field formed on the resonator is extended to form a uniform electric
field between the SU8 microelectrodes along the microfluidic channel. Figure 2
shows (a) the subcomponents of the microwave sensor: The resonator and the
fused silica chip with SU8 microelectrodes and the microfluidic channel (b) an
optical microscope image of the sensing region (c) a schematic drawing of the

sensing region and the electric field inside the microfluidic channel.
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Figure 4.2: Images and schematic drawing of the microwave resonator sensor and
its sensing region

4.2 Fabrication and Characterization

Fused silica chip with the microfluidic channel, 3D SU8 microelectrodes, and the
underlying coplanar electrodes was fabricated in the cleanroom and later bonded
on the microwave resonator. The first step of fabrication was dicing a 4-inch,
500pm thick fused silica wafer to 1x5cm substrates. Initially, coplanar electrodes
were patterned on each chip and coated with Cr/Au using the photolithography

and thermal evaporation recipe explained in Chapter 3.2 (Figure 4.3 a).

The first step for the fabrication of SUS pillars that would serve as the struc-
tural material for 3D electrodes was spin coating SU8-2050 photoresist with a
final thickness between 45-50pm using he following recipe: Step 1: Spin speed
500 rpm, acceleration: 100, 20 seconds; Step 2: Spin speed: 3500rpm, accelera-
tion: 300, 1 minute. After spin-coating, substrates were baked at 65 and 95 °C
for 3 and 7 minutes, respectively. After each baking step, substrates are left to
gradually cool down to room temperature to avoid any thermal stress that can
affect the surface roughness of the electrodes. Substrates were exposed to UV
light to pattern the SUS pillars at the tip of the coplanar electrodes with the
following exposure parameters: Soft contact mode, separation: 120 pm, constant
time: 11.5 seconds (mask aligner dose: 29.5mJ/cm?). Optimization of the UV
dose was one of the most critical steps in the fabrication: In case of under or
over-exposure, the wall profile of SU8 electrodes becomes slanted, affecting the

uniformity of the electric field inside the microfluidic channel. The wall profile of
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the SU8 microelectrodes was checked using scanning electron microscopy (SEM)
to control the exposure dose. After UV exposure, substrates were put on the hot
plate for post-exposure baking at the same temperature and for the same duration
as the previous baking step. SU8 micropillars were developed inside the developer
solution (Kayakuam) until there were no white residues on the substrate upon
rinsing with IPA. The development of the micropillars and the alignment with
the coplanar electrode layer was controlled using optical microscope. In case of
any misalignment or change in exposure dose, SU8 was removed from the sub-
strate inside acetone using ultrasonication. Otherwise, SU8 was hard baked on
hot plate at 140°C for 1 hour to increase its adhesion to the substrate. Figure
4.3b shows the SUS pillars at the tip of the coplanar electrodes.

Figure 4.3: Fabrication procedure of 3D electrodes on fused silica substrate

Metalization of SU8 micropillars was done in 2 steps: First, a layer of AZ5214E
positive photoresist was spin-coated to a final thickness of 1.6pm to obtain a lift-
off layer covering everywhere except for the 3D electrodes (Figure 4.3c). Before
deposition, substrates were cleaned using oxygen plasma treatment for 2 min, us-

ing 83W power and 25 sccm O, 10 scem Ny flow to remove any particle or dust
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that might cause difficulty for lift-off. An Aluminum or Chromium layer was con-
formally coated on the SUS8 pillars using DC sputter deposition. Substrates were
mounted on 45°tilted SEM stub during the deposition to prevent any shadowing
effect that would cause non-uniform coating at the inner/outer surface of the
pillars. Sputter deposition was done using the following parameters: 100W DC
power at 1E-3 torr with 20sccm Ar flow, with substrate rotation for 10 minutes.
Sputtering step was repeated twice for each substrate, after chancing their tilt
direction by 180°to coat the inner/outer walls of opposite SUS8 pillars. Substrates
were put in an acetone bath for lift-off for 1-2 hours. In case of any lift-off prob-
lem, substrates were put in an ultrasonic bath inside acetone for 5-10 seconds to
remove any adherent metal on the surfaces where metal was not intended. Figure
4.3d shows metalized SUS8 pillars after lift-off. Finally, the PDMS microfluidic
channel was fabricated and bonded on the substrate after oxygen plasma treat-
ment using the same recipe as Chapter 3.2. Figure 4.3e shows the fused silica

chip after fabrication.

While developing the fabrication protocol, SUS pillars were characterized using
SEM to measure the thickness of the pillar, wall profile, and the uniformity of
the metal deposition. Figure 4.4 shows the SEM images of the 3D electrodes on
the coplanar gold electrodes. An additional layer of platinum/gold was deposited

to avoid any charging during imaging.

Figure 4.4: SEM images of SU8 microelectrodes on coplanar gold electrodes
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4.3 Experiment Procedure

SUS8 microelectrode integrated resonator architecture was used for size classifica-
tion experiments with 12- and 20 pm PS microparticles. The solution containing
analyte microparticles was prepared by mixing 15pL 12 pm polystyrene (Part
number: 88511, Sigma Aldrich) and 20 pm polystyrene (Part number: 744911,
Sigma Aldrich) solutions inside 10mL PBS solution (Biowest). Tween 20 (Sigma
Aldrich) surfactant was added to the solution (0.1%) to avoid microfluidic channel
clogging. Similar to Chapter 3, the experiment setup was composed of custom-
built electronic circuitry, a pressure pump, and an optical microscope. Due to
the resonance frequency of the resonator, the 1Q mixer could not be employed in

the electronic circuit. Details of electronic measurement are explained below.

4.3.1 Electronic Measurement

The resonance characteristics (resonance frequency and quality factor) of the
resonator with and without the metalized SU8 microelectrodes were measured
using VNA (Figure 4.5).
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Figure 4.5: Amplitude response of the microstrip transmission line resonator
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The resonance frequency of the resonator with coplanar electrodes at the sens-
ing region was around 2.1 GHz. Sensing region capacitance increased due to the
presence of 3D electrodes, causing the resonance frequency to decrease around
1.7GHz. VNA response contains undulations due to high reflections in the device,

dashed lines on the plot show the response after curve smoothing by averaging.

The electronic circuitry described in Chapter 3.3 2 was based on single sideband
measurement topology using an IQQ mixer which operates between 2-18GHz. Here,
since the resonance frequency of the microwave resonator was below 2 GHz, a
double-sideband measurement topology, involving a double-sideband modulator,
was used in the measurements. Figure 4.6 shows the electronic circuitry used for

microparticle sensing experiments [68].
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Figure 4.6: Electronic circuit for polystyrene microparticle sensing experiments
with microstrip transmission line resonator

Similar to Chapter 3.3, the internal oscillator of the lock-in amplifier was used
to generate the reference signal required for phase-sensitive detection. This time,
instead of 2 reference signals with 90°C phase difference, a single reference signal
was used in the circuit. Local oscillator (LO) signal was supplied from the signal
generator which was set to the resonance frequency of the resonator. Since the
microstrip transmission line resonator was a 2-port device, a circulator was not
employed in the circuit. The signal from the resonator was down-converted to
lock-in amplifier operation frequencies and fed to the lock-in amplifier. Phase

and amplitude (R and ©)) of the signal reflected from the resonator were digitally
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recorded for further analysis. During the experiments, a lock-in time constant of 1
ms and a data transfer rate of 13.4kSa/s were used to increase the signal-to-noise

ratio and measure particles with high velocity.

4.4 Data Analysis

Several steps regarding signal processing were added to the MATLAB code de-
scribed in Section 3.4 to increase the peak finding accuracy of the code. Fourier
transform of the time domain signals was calculated and power line noise compo-
nents and their harmonics were removed using a combination of notch filters. As
a result of positioning SU8 microelectrodes inside the microfluidic channel, high
SNR (~ 40 for 20pm PS microparticles) was obtained in the experiments yet, to
reduce any uncertainties, the square of the baseline reduced amplitude signal was
used peak finding. The peak threshold was again assigned based on the noise level
on a data set with no events. Later, the square root of the peak magnitude was
calculated to normalize the magnitude of the shifts. After peak normalization,the
code was same as the one in Chapter 3.4. Due to the increase in SNR, histograms
from experiments involving multiple particle populations showed 2 unimodal dis-
tributions rather than a bimodal distribution, so statistical parameter of each

population was calculated separately.

4.5 Experiment Results

SU8 microelectrode microwave resonator architecture was used for polystyrene
microparticle sensing experiments. Figure 4.7 shows the 20pm particle-induced
amplitude shifts obtained using (a) coplanar and (b) 3D electrodes measured
using the same electronic circuitry. The coplanar sensor was a split ring resonator
with a sensing gap of 20um between 100nm thick gold electrodes. Although
the particles had uniform size distribution and were made of the same material,

positional dependency caused significant variation in the signal. For the case with
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3D electrodes, due to the uniform electric field magnitude of the signal was the
same regardless of the particle position inside the microfluidic channel. The gap

between SUS electrodes at the sensing region was 120pm.
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Figure 4.7: Amplitude shifts recorded for 20pm PS microparticles using (left) 3D
microelectrodes (right) coplanar electrodes.

SU8 microelectrode-integrated resonators were further used for size-
classification experiments between 12- and 20-pum polystyrene particles. A solu-
tion containing both 12-and 20-pum particles was passed through the microfluidic
channel. Figure 4.8 shows the phase and amplitude shifts induced by single 12-
and 20-pm particles on baseline reduced signals. Two different signal levels in-
dicate the presence of two particle populations. Red and black dots show the
magnitude of shifts induced by 20 and 12 pm particles, respectively. Since both

particles were polystyrene, signal levels are proportional to particle volume.
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Figure 4.8: Phase and amplitude shifts on the baseline reduced signals corre-
sponding 12 and 20pm microparticles

Phase and amplitude shifts were used to calculate the Y-quadrature shift for
a population containing 369 microparticles (Figure 4.9). There is a clear distinc-
tion between the peaks, obtained without any post-processing to compensate for
particle trajectory inside the microfluidic channel, indicating the presence of a
uniform electric field between the SU8 microelectrodes. The ratio of mean Y-
quadrature shift between 20 and 12pm particle peaks was calculated as 4.4 from
the experiment while the volume ratio between the particles is 4.6. The same

ratio was calculated as 4.4 and 4.6 using amplitude and phase shifts, respectively.
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Figure 4.9: Histogram of Y-quadrature shift for 12-and 20pm polystyrene mi-
croparticles

Table 1 shows the statistical parameters (mean, standard deviation and coef-

ficient of variation) for the Y-quadrature shift.

Particle Size 12-pm 20-pm
Mean 3.8x1075 | 1.721074
Standard deviation 6.3x1076 | 9.82¢1076
Coefficient of variation 0.17 0.06

Table 4.1: Statistical parameters for 12- and 20-pm particles
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Chapter 5

Microparticle Differentiation
Experiments with SUS8
Microelectrode Integrated Split

Ring Resonators

In this section, microwave and Coulter counter sensors are integrated on a single
chip to categorize microparticle species with different dielectric permittivity and
size. Coulter counter electrodes are positioned at the sensing region of the split
ring resonator. SU8 microelectrodes are fabricated at the tip of both the Coulter
counter and split ring resonator electrodes to mitigate positional dependency in

both sensors.

5.1 Sensor Design

The sensor architecture is a combination of a split ring resonator operating at

microwave regime and a Coulter counter operating at low frequency, typically
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around several hundred kHz. A microparticle is consecutively measured by mi-
crowave and Coulter sensors at the sensing region. Microwave signal depends
on both the dielectric permittivity and the size of the particle while Coulter sig-
nal only depends on the particle size due to Debye shielding at low frequencies.
Metalized SUS8 electrodes are located at the tip of both microwave and Coulter
counter electrodes at the sensing region inside the microfluidic channel so that the
electric field between the coplanar electrodes can be extended to form a uniform
electric field along the microfluidic channel. Figure 5.1 shows the split ring res-
onator and the Coulter counter electrodes (left) and the positioning of metalized
SUS8 microelectrodes on the coplanar electrodes inside the microfluidic channel at

the sensing region (right).

Coplanar
microwave
electrode

and microfluidic
channel

SU8 electrodes l

Coplanar Coulte
counter
Microwave resonator ports electrode

Figure 5.1: Sensor architecture: split ring resonator and Coulter counter (left)
and optical microscope image of the sensing region (right)

Electrodes of the microwave resonator and Coulter counter are separated by
300pto avoid coupling between the electrical signals while ensuring the same
particle is measured by both sensors consecutively. Coulter counter electrodes
extend between the concentric resonator rings and are connected to excitation
and readout pads at the left and right sides of the resonator through wirebonds.
An SMA connector is soldered to one end of a copper wire and the second end of

the wire is soldered to the Coulter counter pads.
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5.2 Fabrication and Characterization

The fabrication procedure of the sensor is very similar to the method described
in Chapter 4.2. A 4-inch, 500pm thick fused silica wafer was diced into two equal
substrates using dicing saw. The first step of fabrication was patterning coplanar
SRR and Coulter counter electrodes through the photolithography process. The
pattern was metalized using a thermal evaporator by depositing 120nm Gold
on a 10 nm Chromium adhesion layer. Coplanar electrodes were obtained after

acetone lift-off.

SUS pillars, which serve as the structural material for the 3D electrodes were
patterned at the tip of the SRR and Coulter counter electrodes, forming the
sensing region. SU8-2050 was spin-coated on the substrate and exposed to UV
light after soft baking under the SUS8 electrode mask. There were several de-
signs for SU8 microelectrodes such as trapezoidal, thin, and straight electrodes
(Appendix). After development and hard baking, a positive photoresist layer
was patterned under the same mask used for SU8 electrodes to obtain a lift-off
layer after SUS8 electrode metalization. AZ5214E photoresist was spin-coated us-
ing 3000rpm, 300 acceleration, and for 40 seconds. The final thickness of the
photoresist was around 1.4pm at this step, less than the resist thickness used for
patterning the coplanar electrodes so that resist can spread easily between the 3D
electrodes at the sensing region. Before SUS electrode metalization step, oxygen
plasma cleaning was done to remove any dirt or dust that could cause difficulty
for lift off.

The last step of sensor fabrication was the metal deposition on SU8 pillars.
Most critical aspect of this step was to obtain a conformal deposition profile on
the SUS8 pillars to form a uniform electric field inside the microfluidic channel.
Although sputter coating yielded a conformal deposition profile, it was not suit-
able for lift-off because the deposition profile did not leave any area for acetone
to enter and remove the resist and the unwanted material. Usually, metal re-
mained on certain areas of the resonator surface, and ultrasonication was used

to remove the unwanted metal that couldn’t be removed during acetone lift-off.
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In addition, the only targets available for sputter deposition were Aluminum and
Chromium, which are susceptible to oxidation, decreasing the performance of the

sensor during operation.

As an alternative, SU8 microelectrodes were coated with gold through thermal
evaporation. The main advantages of using gold were its stability and superior
conductivity. Furthermore, SU8 could act as an adhesion layer for gold, so it
could be deposited without the need for an additional adhesion layer [69]. Gold
can not adhere to fused silica without an adhesion layer, which makes the lift-
off process easier compared to using Aluminum or Chromium. Yet, the coating
profile obtained by thermal evaporation is not generally as conformal as the profile
obtained with sputter deposition. The substrates were tilted 45 °on the thermal
evaporation holder so that a conformal deposition profile could be obtained on
the inner and outer walls of the SUS electrodes. In both techniques, deposition
is repeated twice to coat the walls of the SUS electrodes on opposite sides. After
the first deposition, the chamber was vent and the tilt direction of the substrates

was changed. Details of each evaporation procedure are explained below:

1. Thermal evaporation: The most critical aspect of thermal evaporation is
preventing excessive heating of SUS electrodes during deposition, which can
damage the structure of the photoresist. Upon excessive heating of SUS,
the structure of the electrodes was damaged or they appeared black on
the optical microscope, which might indicate carbonization of the structure
during gold deposition. The coating rate should not exceed 0.4A /s during
deposition to prevent excessive heating of SU8 and the associated problems.
The process parameters were as follows: chamber pressure: 521075 Torr,

gold thickness at each deposition: 40-45nm.

2. Sputter: Thickness of the coating could not be monitored in sputter depo-
sition so, before coating the actual sample, dummy substrates were coated
to measure the coating rate. Deposition parameters were as follows: cham-
ber pressure: 1E-3 Torr, DC power: 100W, deposition time: 10 minutes, Ar:

20scem. At each step, the deposition thickness was approximately 100nm.
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Finally, the substrates were put inside acetone lift-off for around 2 hours and

checked under microscope.

Microfluidic channel mold fabrication started with coating SU8 2050 on a Sil-
icon wafer with a final thickness of 50 pm. The spin speed at the second step
was 3400 rpm, less than the spin speed used for the SUS electrode step so that
the microfluidic channel height is greater than the 3D electrodes and no air gap
remains between the SUS electrodes and the channel upon bonding. SU8 was
exposed to UV light under the microfluidic channel mask after soft baking and
put on hot plate for post-exposure bake afterwards. Finally, PDMS was poured
on the mold after hard baking, cured and the PDMS channel was peeled off from
the mold upon solidification. PDMS channel was bonded on the resonator af-
ter oxygen plasma treatment. Oxygen plasma treatment was done using 350W
power, 40 seconds, 40sccm 0y and 10scem N, flow. The microfluidic channel was

aligned on the SU8 microelectrodes under optical microscope.

5.3 Experiment Procedure

Similar to Chapters 3 and 4, the experiment setup consisted of (i) Custom-built
electronic circuitry for excitation and readout of the low and high-frequency sen-
sors (ii) a pressure pump for transferring the solution containing analyte micropar-
ticles into the channel, and (iii) an optical microscope. The solution contain-
ing analyte microparticles was prepared by mixing powder polystyrene (PS) Co-
spheric, PSMS-1.07 14-20um - 500mg) or polyethylene microparticles(Cospheric,
WPMS-1.45 10-20um - 0.1g) inside 10mL PBS solution (Biowest). Tween 20
(Sigma Aldrich) surfactant was added to the solution (0.1%) to avoid microflu-
idic channel clogging. The solution was mixed on a vortex mixer to disperse

particles uniformly.

During the experiments, the Coulter counter and microwave resonator were
operated simultaneously. As a particle was passing between the microwave res-

onator electrodes, it induced an instantaneous shift in capacitance which in turn,
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induced phase and amplitude shifts proportional to dielectric permittivity and the
size of the particle. While passing between Coulter counter electrodes, the dielec-
tric particle blocked the ionic current between the electrodes, causing a decrease
in the current which was measured as a voltage drop through the transimpedance

amplifier. Details of the electronic measurement are explained below.

5.4 Electronic Circuit

Similar to previous chapters, resonance frequency and quality factor were mea-
sured by VNA before the microparticle sensing experiments. Resonance charac-
teristics depended on the SUS8 electrode geometry. The presence of 3D electrodes
at the sensing region changes the sensing region capacitance, which in turn af-
fects the resonance characteristics. Among the SUS8 electrode designs, designs, the
highest signal-to-noise ratio was obtained using the trapezoidal electrodes (width
at sensing region : 20pm). Figure 5.2 shows the amplitude response of a split ring
resonator with trapezoidal SUS electrodes. Quality factor was calculated using
the 3-dB bandwidth method.
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Figure 5.2: Amplitude response of split ring resonator with trapezoidal 3D elec-
trodes

39



Since the resonance frequency of the split ring resonator was above the oper-
ational range of the lock-in amplifier, the same external heterodyne RF circuit
as the Chapter 3.3 was used to track the phase and amplitude of the microwave
resonator. The resonance frequency was determined through an open loop fre-
quency sweep with the custom-built circuitry after filling the microfluidic channel
with PBS . The sensitivity of each prospective resonance frequency was checked
by passing several particles back and forth before starting the experiment. The
lock-in time constant was changed between the experiments, according to the par-
ticle passage time, yet it was usually set to 1 ms to capture particle passage and

maximize the signal-to-noise ratio. The data transfer rate was set to 13.4kSa/s.

For the Coulter counter measurements, an external circuit was not required
because the highest SNR of the sensor was obtained at around 360kHz which
is in the operational regime of the lock-in amplifier. As shown in Figure 5.1,
the Coulter counter has 2 electrodes, for excitation and readout. Excitation was
directly provided by the lock-in amplifier and, a transimpdance amplifier was used
at the readout to convert the current to the voltage. A transimpedance amplifier
consists of an operational amplifier and a resistor and its working principle can be
explained as follows: No current can leak into the positive input of the amplifier
so if negative input is connected to ground, positive input becomes ground as
well. When a resistor is connected between the positive input and the output
of the operational amplifier, the voltage at the output is proportional to the
input current through Ohm’s Law. With this setup, the output current of the
Coulter counter can be converted into voltage. The electronic circuit used for
excitation and readout of the Coulter counter, together with a simple circuitry

of transimpedance amplifier is shown in Figure 5.3.
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Figure 5.3: Coulter counter electronic circuitry

During the experiments, the lock-in time constant and data transfer rate were
set to 1 ms and 14kSa/s, respectively. The internal resistance of the trans-
impedance amplifier was used as 10k{2. These parameters were chosen to max-
imize the signal-to-noise ratio of the Coulter counter. Similar to the microwave
resonator, the output amplitude was tracked in an open-loop measurement config-
uration. The decrease in current induced by a microparticle, rapidly passing be-
tween the SUS electrodes was converted to a voltage drop by the transimpedance
amplifier, supplied to the lock-in amplifier and digitally read from the LabOne

software.

5.5 Data Analysis

Microwave sensor and Coulter signals were simultaneously analyzed in the
custom-built MATLAB script to obtain the size and dielectric permittivity in-
formation of a microparticle species (Appendix). The portion of the MATLAB
script used for the analysis of the microwave signal was very similar to the codes
in Chapters 3 and 4. The initial step of the MATLAB script was resampling mi-
crowave and Coulter signals at 10kSa/s because the sampling rates of Coulter and

microwave signals were different during the experiments. Baseline reduction was
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applied to the signals to compensate for the effect of long-term drift. Data record-
ing in microwave and Coulter signals were manually started, consecutively, and
this added a small time delay between the signals. Indices of the same event in
Coulter and microwave signals were matched to synchronize the signals. Coulter
amplitude signal was normalized by finding the amplitude baseline and dividing

the baseline reduced signal by signal baseline.

Microwave amplitude signal was used to determine particle-induced shifts us-
ing the findpeaks function. The noise level on a blank data set without any
events was assigned as a threshold for the peak finder function. Peaks in phase
and amplitude signals were matched based on the peak location. Y-quadrature
shift was calculated using Equation 3.2. Although the indices of Coulter and
microwave signals were matched before, the peaks were still not exactly coinci-
dent so the peak locations could not be used for finding the correspondent events.
Instead, data points in a certain vicinity of the microwave signal peak location
were checked in Coulter and the maximum of these points was assigned as the
Coulter amplitude shift. Later, the particle-induced shifts were plotted on the

baseline reduced signal.

Finally, the magnitude of the peaks in the Coulter signal (geometrical volume)
versus the Y-quadrature shift (electrical volume) was plotted for each particle. In
this plot, particles of the same type with different sizes aligned on a line that can
be defined as y=ma where x is the Coulter signal, geometrical volume, and y is
the Y-quadrature shift, electrical volume. For different microparticle species, the
slope of the line was different. In the case of monodisperse particles of the same
type, particles formed a dense point on the geometrical versus electrical volume

scatter plot rather than a line.

The ratio of electrical to geometrical volume was named the opacity and was
calculated by dividing the Y-quadrature shift by Coulter signal magnitude. Con-
sidering that dY is proportional to the normalized capacitance shift, the ratio of
opacity for different microparticles is expected to be proportional to the ratio of
their Clausius-Mosotti factor. For an experiment involving different microparti-

cle species, the opacity histogram showed a bimodal distribution. The ratio of
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the mean of the peaks was proportional to the ratio of Clausius-Mosotti factor
of particles and from Clausius-Mosotti factor, the dielectric permittivity of each

microparticle species could be calculated.

5.6 Experiment Results

5.6.1 Polystyrene-Polyethylene Microparticle Experiments

Polystyrene-polyethylene microparticle classification experiments were conducted
using the SUS electrode integrated resonator-Coulter counter sensor architecture.
Initially, only polystyrene microparticles between the size range of 14-20 pm were
passed through the sensing region. Figure 5.4 shows the geometrical versus elec-

trical volume of 670 polystyrene microparticles.
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Figure 5.4: Geometrical versus electrical volume of polystyrene microparticles

Geometrical versus electrical volume signals of the particles are aligned on the
same line because their dielectric permittivity is the same. On the x-axis, the
span of the Coulter signal is proportional to the volume range of the particles

inside the solution.

43



After polystyrene microparticle sensing experiment, polyethylene micropar-
ticles were added to the solution and a second experiment was done without
changing the experiment parameters. Figure 5.5 shows the geometrical volume

versus electrical volume plot for 340 microparticles.
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Figure 5.5: Geometrical versus electrical volume of polystyrene and polyethylene
microparticles

In comparison to Figure 5.4, the signals from particles are aligned along 2
different lines, corresponding to different microparticle species. The top line is
formed by polyethylene and the bottom line is formed by polystyrene micropar-
ticles. The size range of polyethylene microparticles is between 10-20 pm and
the polystyrene microparticles are between 14-20pm. Accordingly, on the x-axis,
the minimum of the polystyrene microparticle Coulter signal is larger than that
of the polyethylene. Since the experiments were conducted consecutively, their
results were plotted together to check if polystyrene particle signals from the first

and second experiments would match each other (Figure 5.6).
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Figure 5.6: Geometrical versus electrical volume for only polystyrene and mixture
experiments

Polystyrene microparticle signals from the experiments match each other while
the second line corresponding to the polyethylene microparticles appears in the
second experiment, indicating that the microparticles could be distinguished
from each other. Furthermore, a second experiment was conducted using only
polystyrene-polyethylene microparticle mixture to check the repeatability of the
above results. Opacity histogram of the second experiment involving 1130 parti-

cles is shown in Figure 5.7.
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Figure 5.7: Opacity histogram of polystyrene-polyethylene mixture sample

The ratio between the mean of the peaks is expected to be proportional to
the Clausius-Mosotti factor of the particles. Theoretically, the Clausius-Mosotti
factor of polystyrene and polyethylene are -0.476 and -0.479, respectively and
accordingly the ratio between the mean of the peaks should be 1.006. However,
on the histogram ratio between the opacity peaks is 1.7. According to data
sheet of microparticles, polystyrene microparticle sample is 99.9% pure however
polyethylene is around 70% pure, the remaining 30% is classified as proprietary
additive [70] [71]. SEM and EDAX analysis were done on the powder samples to
check their composition. For the polsytyrene sample, a single carbon peak was
observed (Figure 5.8a) while for polyethylene, there was a small titanium peakn
The size range and composition of both microparticles were inspected using SEM
and EDAX to verify the electrical and geometrical volume signals obtained with
the sensor architecture. According to the datasheet, polystyrene microparticles
are 99.9% pure and only a carbon peak was observed in EDAX. On the other
hand, polyethylene microparticles are 70% the remaining 30% is classified as.
Accordingly, the EDAX result of polystyrene shows a single carbon peak (Figure
5.8a) while there is a small titanium peak in polyethylene (Figure 5.8b), causing
an increase in the dielectric permittivity. The intensity of the titanium peak is 38
while the intensity of the carbon peak is 1230 in the polyethylene sample yet, the
drastic difference between the dielectric permittivities of their materials changes

the permittivity of the sample.
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Figure 5.8: EDAX Analysis results of (left) polystyrene (PS) sample (right)
polyethylene (PE) sample

EDAX analysis was done using 30kV voltage and 4.0 spot size to penetrate
deeper inside the powder sample yet the exact composition and type (core-shell,
Janus..) of polyethylene microparticles couldn’t be determined completely in
EDAX analysis, no further conclusions could be derived about the dielectric per-
mittivity of the sample Theoretically, the dielectric permittivity of both samples,
hence their Clausius-Mosotti factor are so close that differentiating the pure sam-
ples would be challenging. Yet, due presence of a small amount of titanium
dioxide additive inside the polyethylene sample, it was possible to electrically

differentiate the microplastic samples.
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Chapter 6

Conclusion and Future

Perspectives

This thesis presents 2 different methods for the integration of 3D electrodes on mi-
crowave resonators to obtain a uniform electric field inside the microfluidic chan-
nel and mitigate the position-dependent sensitivity problem. Initially, Galinstan
was filled inside dead-end cavities at the sidewalls of the microfluidic channel.
Liquid metal access channels were also in contact with the coplanar split ring res-
onator electrodes at the bottom, this way the electric field between the coplanar
electrodes was extended to form a uniform electric field along the microfluidic
channel. Using this resonator architecture, 20 and 30pm polystyrene micropar-
ticles were differentiated based on their volume, without any height calibration.
However, the signal-to-noise ratio (SNR) obtained with this resonator was low to
sense cells or particles smaller than 20pm due to the presence of a PDMS spacer
between the liquid electrode and the microfluidic channel. Since Galinstan is lig-
uid at room temperature, it was necessary to have a barrier to hinder the metal
from leaking into the microfluidic channel. The main design consideration for
a future design should be replacing the PDMS spacer between the microfluidic
channel and Galinstan electrodes to increase the SNR while avoiding liquid metal

leakage.
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The second method for the fabrication of the 3D electrodes was pattering SUS
pillars with the same height as the microfluidic channel and metalizing the pillars
by sputter deposition. Fabrication of solid 3D electrodes is more complex than
liquid electrodes, however, solid electrodes can be placed inside the microfluidic
channel to boost the SNR. SU8 microelectrodes were first used in connection
with a microstrip transmission line resonator for size-based classification of 12
and 20pm polystyrene microparticles. Particle clusters were differentiated from
each other based on the volume without the need for any height compensation
algorithm. As mentioned, since 3D electrodes were positioned inside the microflu-
idic channel SNR increased by 10 times. The ratio of microwave signals induced
by 20 and 12pm particles were close to their volumetric ratio, indicating presence

of uniform electric field inside the microfluidic channel.

Later, a microwave resonator and Coulter counter, sensors operating at high
and low frequencies, were integrated on the same sensor to characterize different
microparticle samples such as polystyrene and polyethylene. Dielectric permit-
tivity and size of a microparticle can be measured using microwave since Debye
shielding can be overcome at GHz frequencies. On the other hand, Coulter signal
only depends on the particle size since the sensor operates at kHz regime. Using
both sensors together, microparticles with different permittivity and size regime
can be analyzed. This sensor architecture was used to sense and differentiate
polystyrene and polyethylene microparticles without any post processing for par-
ticle trajectory inside the microfluidic channel. Normally, dielectric permittivity
and size range of the particle populations are very close to each other, so differ-
entiating the samples would be challenging. There was titanium additive inside
the polyethylene sample, which could be detected by using a microwave resonator

and made it possible to differentiate the microplastic samples.
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Appendix A

Code

%Code for analysis of 3D electrode microwave&coulter
experiments

b

% 1-Read LabOne raw data, create time, phase, amplitude
matrices-also Coulter

S=readtable('meas_plotter_20240531_185527 .txt"');

S=table2array (S);

L=length(S(:,1));

t=S(1:L/2,1); %time

P=S(1:L/2,2);

A=S(L/2+1:end,2) ;%microwave

tli=t;

Sli=readtable('meas_plotter_20240531_185553.txt"');
Si=table2array(S1);

L=length(S1(:,1));

t2=81(1:L,1); %time

A_CC=S1(1:L,2); %Coulter amplitude

hho

29



% 2-Resample data sets

[A,t1] = resample(A,t1,10e3,1,1);

[P,t] = resample(P,t,10e3,1,1);
[A_CC,t2] = resample(A_CC,t2,10e3,1,1);
Dot

A=A (65000:2.9e6) ;
A_CC=A_CC(65000:2.9e6);
P=P (65000:2.9€6) ;

hto

%3-Baseline removal
WindowSize =12000;
StepSize =12000;
QuantileValue = 0.5;
SmoothMethod = 'mnone';

x = 1:length(A);

msbackadj (transpose(x) ,A, 'WindowSize',WindowSize,'
StepSize',StepSize, 'QuantileValue',QuantileValue,"'
SmoothMethod',SmoothMethod) ;

Al= msbackadj(transpose(x),A, 'WindowSize' ,12000,"'
StepSize' ,12000, 'QuantileValue',QuantileValue, '
SmoothMethod', 'none');

msbackadj (transpose(x),P, 'WindowSize',WindowSize,'
StepSize',StepSize, 'QuantileValue',QuantileValue,'
SmoothMethod',SmoothMethod) ;

P1= msbackadj(transpose(x),P, 'WindowSize' ,12000,"'
StepSize' ,12000, 'QuantileValue',QuantileValue, '
SmoothMethod', 'none');

x1 = 1:1length(A_CC);
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msbackadj (transpose(x1) ,A_CC, 'WindowSize',WindowSize, '
StepSize',StepSize, 'QuantileValue',QuantileValue,"'
SmoothMethod',SmoothMethod) ;

A1_CC= msbackadj(transpose(xl),A_CC, 'WindowSize' ,12000,
'StepSize!' ,12000, 'QuantileValue',0.5, 'SmoothMethod',

'none ') ;

bt

%4-Match CC and uW signals: We start recording data at
different

htimes -match indices of same events.

matchpar=24000;

A1_CC=A1_CC(matchpar:end);

A_CC=A_CC(matchpar:end);

% A1=A1(18000:end);

% A=A (18000:end) ;

%» P1=P1(18000:end) ;

% P=P(18000:end) ;

hho

%5-Normalize Coulter signal

As=A_CC-A1_CC;

An=A1_CC./As;

Ans=An."2;

'

%6-Filtering: 2 approaches are possible - FFT & notch
filter (6.1) or high

horder Savitzky-Golay filter (6.2)

%6.1-FFT

%Check FFT and see where the noise peaks are

fsample=10000; 7 Hz

a=fftshift (fft (Al-mean(A1)));
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f=linspace(-fsample/2,fsample/2,length(a));

loglog(f,abs(a)/length(a))

hold on

'

%Apply notch filter for the specific frequencies on FFT
[numl ,denl] = iirnotch(50/(fsample/2) ,2/(fsample/2));

gl=filtfilt (numl,denl f Al);

pl=filtfilt (numl,denl,P1);

[numl ,denl] = iirnotch(100/(fsample/2) ,4/(fsample/2));

g2=filtfilt (numl ,denl, Al);
p2=filtfilt (numl,denl ,P1);

figure (1)

plot (A1, 'k','LineWidth' ,1);
hold on

plot(g2,'r', 'LineWidth',1)

figure (2)
plot(P1,'k','LineWidth',1);
hold on
plot(p2,'r','LineWidth',1)

'
%6.2 High order Savitzky-Golay Filter
hSavitzky-Golay can be used for reducing noise in data

sets with peaks.
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%We use a very high order filter so that it encompasses
the noise in the

hsignal (filtered data is similar to the level of noise
). Through

hsubtracting the filtered data from actual signal we
get straight baseline.

hFilter parameters are arbitrarily selected.

% al=sgolayfilt(A1,11,9901);

% pl=sgolayfilt(P1,11,9901);

% accl=sgolayfilt (A1_CC,11,9901);
an=sgolayfilt (An,15,9011);

b

% A2=A1-al;

% P2=P1-pl;

% A2_CC=A1_CC-accl;

Anl=An-an;

Toh
%6.3 Take square-square root
P1=-P1;
for i = 1:length (A1)
if A1(i)<o0
A1(i)=0;
P1(i)=0;
end
end
T
P1s=P1.72;
Als=A1."2;
Toh

%6-Find peaks
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[pks5,locsb,widthb ,prominence5]=findpeaks (-P1,"
MinPeakProminence',1.5E-4, 'MinPeakDistance' ,500) ;

% pks3=sqrt (pks3);

Dot

sel_PSS =selected;
PSS_index = [];
L_PSS=length(sel_PSS(:,1));

for j = 1:L_PSS
b = find (pks3==sel_PSS(j,2));
b = b(1);
PSS_index = [PSS_index b];
end
b

h7-Calculate microwave baseline, find raw phase and
amplitude and phase

%shifts on microwave data using peak locations

A_bri=A-A1;

P_br1=P-P1;

dP5=-A1(locs5);

% dP3=sqrt (dP3);

Ar5=P_bri1(locsb);

Pr5=A_bri1(locsb);

Dot

% for i =1:length(locs3)

yA int{i}=-P1(locs3(i)-750:10cs3(i)+750);
% dP3(i)=max (int{i});

% end

%“Visualization of peaks
% figure (1)
% plot (A1)
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% hold on

% plot(locsl,pksl,'."')
b

% figure (2)

% plot(P1)

% hold on

% plot(locsl,dP1,'.")

hh
% %8-Find the Coulter signal corresponding to each data
point
% for i =1:length(locs3(PSS_index))
yA int{i}=An1(locs3(PSS_index(i)) -1000:1o0cs3(
PSS_index (i))+1000) ;
yA dRcc3p(i)=max (int{il}) ;
% end
for i =1:1ength(locsb)
int{i}=-An(locs5(i) -1000:10ocs5(i)+1000) ;
dRccbn (i)=max (int{i}) ;
end
% dRcc3n=sqrt (dRcc3n);
b
% dRcc3=dRcc3n+dRcc3p;
% %h figure (3)
% plot (Ans)
% hold on
% plot(locs3,dRcc3n."2,"'.")
o
%9-Calculate dY and hidden phase
for i =14:20
%phi(i)=3.665+0.209%1i;%finer
phi (1) =(pi/3)+i*x(pi/12);
% phi(i)=1.2+i%0.508;%coarse
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yA dY3 = pks3.xsin(Pr3.*x(pi/180)+phi(i)) + Ar3.x*xcos(
Pr3.x(pi/180)+phi(i)) .*-dP3.%x(pi/180);

dY5 =-pksb5.*sin(Pr5.*(pi/180)+phi(i)) + Ar5.x*cos (Pr5.x*(
pi/180)+phi(i)) .*-dP5.*(pi/180);

hi=histogram(dY5,20);

hold on
YA
% plot(dY1."1/3,'.")
% hold on

legend ('1','2"','3','4"','5")
end
b
o
%10-0pacity&plots
dY5=-pks5.*sin(Pr5.*(pi/180)+5.105) + Ar5.*cos(Pr5.x(pi
/180) +5.105) .*-dP5 . % (pi/180) ;

b

% h % % figure(5)

% dY3 = dy3(1:265);

% dY2=abs (dY2);

% dRcc3=dRcc3';

scatter (dRcchbn.~1/3,dY5.°1/3, 'filled ')
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