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ABSTRACT

DEVELOPMENT OF A HIGH YIELD FABRICATION
PROCESS FOR MEMS BASED RESONANT MASS
SENSORS FOR CELL DETECTION APPLICATIONS

Toral, Taylan Berkin
M. S., Department of Micro and Nanotechnology
Supervisor: Assoc. Prof. Dr. Haluk Kiilah

September 2014, 132 pages

This thesis reports the development of a high yield fabrication flow for MEMS based
resonant mass sensors for cell detection applications. The basic design is a
gravimetric resonator for real-time electronic detection of captured cells through
bioactivation on gold coated active area which assures an antibody based cell capture
inside a biocompatible microfluidic channel. The proposed design is demonstrated to
have various advantages over its conventional counterparts. However, the yield of
the previous fabrication methods is too low. Thus, the primary objective of this thesis

is to increase the throughput efficiency of the fabrication process flow.

For this purpose, the resonator design layouts are improved without considerable
geometry modifications compared to the previous generation designs. The original
resonator devices make use of capacitive comb drive fingers with wide proof mass
area, and folded spring beam structure as anchor structures. Correspondingly, in this

thesis, the proposed design deviates only in the manner of dimensions in order to



increase the performance and endurance of the devices. Besides, the newly designed
resonators are spanning a wider margin with respect to the bioactive area on the
proof masses. The new designs differ from 44 x 16 pm? to 248 x 128 um?; and the

natural resonance of these resonators start from 220 kHz and vary up to 1.47 MHz.

Secondly, the fabrication method is remodeled with the aim of decreasing the
number of process steps and possibly simplifying every process step. In the new
fabrication flow, the improvement of process yield is achieved, after the destructive
process steps such as wet processes on suspended devices are eliminated. Many of
these wet process steps can be avoided; but still some of these destructive wet

processes, can only be replaced with analogous dry processes.

The major advantage of the design is the hydrophobic parylene coating in between
fingers and springs of the resonators which avoids fluid penetration and thus,
increases the resonators’ performance considerably inside liquid flow. The
hydrophobic parylene layer is required to be coated after the resonators are released
and then, the bioactivation field needs to be cleared properly. Therefore, a novel
method is developed for dry patterning which ensures the proper removal of the
parylene on top of gold bioactivation site for keeping the thin parylene layer only on
the fingers and anchors of the resonators.

Additionally, the previous generation fabrication flows are inspected, and advantages
and disadvantages of these designs are discussed by taking fabrication achievements,
design trade-offs, and yield considerations into account. The new fabrication method
is presented under the light of these facts. In this way, with a new fabrication
approach, the yield of the fabrication is fruitfully benefited that the working devices

are increased from 5% to 90%.

Keywords: Resonant mass sensor, MEMS, parylene, hydrophobic coating, yield

improvement, resonator, fabrication of suspended structures, cell detection.
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HUCRE ALGILAMA UYGULAMALARI iCIN MEMS
TABANLI YUKSEK RANDIMANLI REZONANT
KUTLE SENSORU FABRIKASYON METODU
GELISTIRILMESI

Toral, Taylan Berkin
Yiiksek Lisans, Mikro ve Nanoteknoloji Bolimii
Tez Yoneticisi: Dog. Dr. Haluk Kiilah

Eyliil 2014, 132 sayfa

Bu tezde, MEMS teknolojisine dayanan ve hiicre algilama uygulamalarinda
kullanilacak bigimde tasarlanmis bir rezonant kiitle algilayicisi igin yiiksek verimli
bir {iretim metodu sunulmustur. Esas tasarim, antikor kullanilarak aktiflestirilmis
altin yiizey iizerinde tutundurulan hiicrelerin, biyo uyumlu bir kanalin iginde
yerlestirilmis halde, gercek zamanli elektronik okuma devresi kullanilarak
algilanmasini saglayan bir gravimetrik rezonatérdiir. Bu tasarimin, benzer amagh
tiriinlere kars1 Onemli stiinliikleri daha oOnceki ¢aligmalarda ortaya konmustur.
Ancak, bu tasarim onceki tiretim yontemleri ile tretildiginde, iiriin verimi ¢ok diisiik
sinirlarda kalmaktadir. Bu dogrultuda, calismanin temel amaci, fabrikasyon islem

akiginin genel iiretim verimliligini artirmaktir.

Bu hedefe yonelik olarak, 6nceki nesil tasarimlara gore koklii geometri degisiklikleri
yapilmaksizin rezonatdr tasarimi iyilestirilmistir. Orijinal rezonatdr tasarimi,

kapasitif tarak parmaklari ile siiriilen, katli yay tutucular ile sabitlenen ve merkezde
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genis bir kiitle alanina sahip bir yapidir. Buna bagli olarak, bu tezde onerilen yeni
tasarim, esas tasarima gore sadece boyutsal olarak farklilik gostermektedir ve bu
sayede rezonatorlerin performansi ve dayanikliligi artirilmistir. Rezonator kiitle alani
lizerinde olusturulan biyo aktif alanlar, yeni tasarlanan rezonatérler igin 44 x 16 pm?
ile 248 x 128 um? araliginda degismektedir; ayrica rezonatdrlerin dogal rezonans

frekanslar1 220 kHz ve 1.47 MHz frekans degerleri araliginda farlilik gostermektedir.

Ikincil olarak, iiretim siirecindeki islem asamalari azaltilarak ve olabildigince
basitlestirilerek, fabrikasyon metodu yeniden kurgulanmistir. Yeni iiretim siirecinde,
serbest askida duran parcalar iizerinde yapilan 1slak islemlerin ortadan kaldirilmasi
sonucunda gelisme saglanmigtir. Bu tip 1slak islemlerin bir kismi dogrudan

elenebilir; ama bazilarinin yerine sadece denk islevde kuru islemler gegirilmelidir.

Gelistirilen tasarimin en Onemli atilimi, rezonatdr parmaklari arasina kaplanan
hidrofobik parilen katmani ile parmaklarin arasina sivi sizmasiin Onlenmesi ve
boylece sivi  akigi altinda ¢alisgma performansinin  agik bigimde artisinin
saglanmasidir. Hidrofobik parilen katmani, ancak rezonatdr yapilari serbest hale
geldikten sonra kaplanabilir ve bu asamadan sonra biyo aktif kiitle alaninin ist
yiizeyi tekrardan temizlenmelidir. Bu amagla, bu asamada kullanilan 1slak islemin
yerine, yeni bir kuru asindirma yontemi onerilmistir. Bu yontem ile parilen rezonator
parmaklar1 ve tutuculari arasina kaplanirken, merkez kiitle iizerindeki aktif altin

yiizeyinin agik kalmasi1 saglanmaktadir.

Onceki nesil iiretim metodlari; iiretim basarilari, kayiplar1 ve verimlilik esaslarinda
arti ve eskilerine gore irdelenmistir. Yeni Onerilen fabrikasyon metodu, bu
tecriibelerin  1s18inda  belirlenmistir. Boylece yeni bir {retim yaklagimiyla,
rezonatorlerin fabrikasyon verimi %35 seviyesinden %90 seviyelerine ¢ikartilmigtir.
Ayrica, daha 6nce sunulan rezonatorlerle benzer veya daha iyi performans gosteren

cihazlar tiretilmistir ve bu rezonatérlerin sivi iginde ¢alisma becerisi gosterilmistir.

Anahtar Kelimeler: Rezonant kiitle sensorii, MEMS, parilen, hidrofobik kaplama,
tretim verimliligi arttirimi, rezonator, Serbest askida yapilarin {retimi, hiicre

algilama.
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CHAPTER 1

INTRODUCTION

The future of MEMS relies on the new efforts to develop micromachined
components for the governance of microfluidic systems are just beginning to bear
fruit. The biological opportunities on the MEMS field are expected as the driving
factor for next decade [1]. When the sizes of the biosensors shrink to the cell level,
the sensing of a living cell becomes the attracting field of interest where the rare cell
detection which is specialized for selective sensing, trapping, isolation and inspecting
the cell. The properties like mass, volume, density and deformability of living cell
are required to be precisely measured with the new tools in hand. The integration of
micropumps with microvalves and reservoirs to build new miniaturized biosensing

and delivery systems are under radar for research [2].

This thesis is specialized on a certain kind of rare cell detection with a gravimetric
resonator structure. Thus, the thesis will take a brief underline for the concept and
focus on the cell detection applications particularly the mass sensing of the living cell

in fluid environment.

In this chapter, BIoOMEMS is briefly explained, basically focusing on the cell
detection applications with different detection methods. The proposed sensor is a
gravimetric resonant biosensor, so the chapter is narrowed down to especially on
gravimetric detection techniques for cell detection applications. At the end, yield
tracking for MEMS fabrication process flows is also mentioned.



1.1 Introduction to BioMEMS

Biomedical Microelectromechanical Systems (BioMEMS) is defined as “devices or
systems, constructed using techniques inspired from micro or nanoscale fabrication,
that are used for processing, delivery, manipulation, analysis, or construction of
biological and chemical entities” that Rashid Bashir famously stated [2].
Conventional commercial instruments for medical, biochemical, and genetic analysis
perform a broad range of analytical functions but are generally bulky. The general
aim to miniaturize all aspects of biochemical analysis is flourished with the concept
of micrototal analysis system (uTAS) or Lab on a Chip (LoC) system, which was
introduced in 1989 by Manz [3]. The terminology makes little difference; the basic
fact is the BioMEMS technology emerged from the requirement of achieving
micrometer level medical laboratories. The biological analytes under the interest of
biology and medicine; like cells, proteins or viruses, have micrometer or even
nanometer level sizes. Thus, the transducer of the sensor device should also be at

comparable sizes (See Figure 1.1).
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Figure 1.1: Dimensional scale of nanotechnology and MEMS with respect to the biological
field of interest [4].



The major advantage of MEMS technology is the opportunity of designing and
producing miniaturized systems. The shrinking of the sizes of operational devices is
permitting the systems to be fabricated with low die budget, mass produce capability
and lower power consumption. Likewise, these new micro level biodevices of
BioMEMS decrease the manufacturing costs, increase reproducibility, enhance
controllability, and also lower the sample size and the reagent use. The signal to
noise ratio and response time improves with these micro devices. The other
advantages are precise control of mixing, reaction rate, enhanced heat transfer,
discarding waste products, enabled point of care diagnosis, improved safety with
experiments and also possibility of embedded detection methods and high throughput
rate [5].

BioMEMS devices are analytical devices that integrate a biosensitive factor with a
physical or chemical transducer for selectively and quantitatively detect the
biological compounds in a specified environment. uTAS or LoC devices are used for
delivery, processing, analysis, or detection of biological molecules and species [1].
These devices are used to detect cells, microorganisms, viruses, proteins, DNA and

related nucleic acids, and small molecules of biochemical importance and interest.

The studies of BioMEMS can be separated into diagnostic and therapeutic devices
[6]. The diagnostic systems study the analysis, separation, and characterization of the
biological analytes [7], alternatively the therapeutic systems work on implantable
biocompatible devices for the living organisms like implants [8], neural interfaces
[9], and drug delivery systems [10].

Generally the BIOMEMS devices are integrated with tubings and channels.
Microfluidics operation is critical in order of the biological and medical analysis
studies with examination samples in fluidic environments. The biocompatibility is
critical with the microchannel in tube material or coating; due to the interaction with
the biological elements in the fluid. PDMS (Polydimethylsiloxane) [11] and Parylene
[12] patterned structures are both biocompatible and they are best fit for the
microchannel fabrication of BioMEMS devices. Processing of BioOMEMS devices

using polymeric devices and soft lithography is very attractive due to increased



biocompatibility and easy fabrication, ability to integrate functional hydrogel
materials, and low cost and rapid prototyping methods available in polymer based

materials [13].

Cells consist of 70% water and the cell can not survive out of liquid environment for
an adequate time. Among these advantageous properties of BioMEMS, the sensing
and actuation of living cells under fluidic medium, mostly with water and blood is
the prominent field. The recent emerges of the techniques of the BioMEMS enables

us to detect under these targeted environments [14].

1.2 BioMEMS Methods for Cell Detection

The living cell detection is one of the most promising fields of BioOMEMS which
includes; ability to detect a specific cell inside a population of cells, and ability to
deal with very small sized samples like even receptive biomolecules. These demands
can be only solved with high sensitivity, high accuracy, high selectivity, and high
throughput of cells under medium. Cellular analysis supports many fields including
drug discovery, diagnostics, cancer research, regenerative medicine, system and

synthetic biology, and renewable energy [1].

The implementation of microfluidic technologies in single cell analysis is one of the
most promising approaches that not only offers information rich, high throughput
screening but also enables the creation of innovative conditions that are impractical
or impossible by conventional means. The possibilities for distinguishing the
difference between individual cells and the benefits from miniaturization have led to
many discoveries both in traditional biopharmaceutical communities and in emerging

fields such as synthetic biology [3].

Physical applications of cell sorting and isolation are examined as the first elevation
for the BioMEMS cell analysis applications. These applications are mostly fluidic
setups with certain geometries and the separation of cells with respect to their
volume, mass and density can be easily implemented as LOC apparatuses. In this

way, size based capture and separation [15], identification and counting [16], with



geometry manipulations under changing flow, and electrophoresis and
dielectrophoresis applications with the use of electrokinetic forces [17] are used for

cell detection and analysis [18].

Although, these kinds of applications of BioMEMS show a great promise for the
future with simple designs of biochips with microarray architectures; the transducer
based biosensor applications create the possibility of straight to the point sensing
[19]. The biosensor based devices stand on detection methods of BioMEMS which
can be narrowed down to four fields; electrical [20, 21], electrochemical [22, 23],
optical [24, 25], and mechanical detection [26, 27].

The electrical detection technique relies on the electrical impulse caused of current
change due to conductance, impedance and RF parameter manipulations with the
sensor. The method minimizes the sensing field and enables label free detection that
the direct interaction between analyzed medium and the sensor is possible. In this
way, the sensitive agent is directly attached to a transistor, a resistor of a MEMS
circuit that measures the electrical parameters of the sample [13]. The electrical
detection is similar to electrochemical detection without any chemical reactions
taking place in the medium. The effect of conductance or impedance change is
directly result from the change of the electrical characteristics of the analyte or in RF
case, the analyte is placed so that the magnetic effect causes a disturbance of the

permittivity or permeability.

The electrochemical sensors are very similar to the electrical sensing applications.
The only difference is a chemical reaction is occurring on the site of sensing. This
reaction causes a direct actuation for the biosensor in respect of current, voltage or
conductance. The electrochemical detection of BioMEMS application mostly sense
the redox reactions and changing ion concentration in the medium. The main
advantage of the electrochemical detection is simplicity and though cheap
applications for BloMEMS with label free detection. The electrical sensing without
any complex analysis tool decrease the response time and even real time sensing is
possible. On the other hand, the data analysis can be an issue with many chemical

reactions other than desired sensing entity occurs at the same time which causes data



ambiguity. The solution is cross checking the data with other detection tools like
optical or mechanical detection equipments for calibration or optimization.

Optical detection mechanism makes use of change of optical entities like UV
absorption, luminescence, and reflectance [28]. Additionally, the interferometry is
applied to bio-analytes for detection applications with the use of refractive index
differentiations on the biosensitive thin film [29]. Many nowadays used monitoring
device for medical applications are based on the optical detection mechanisms so the
background of these applications is well defined and most of the BioMEMS optical
applications are miniaturized systems with similar working principles with the
original counterparts. Nonetheless, optical biosensors offer several advantages such
as sensitivity, flexibility, resistance to electrical noise and high stability. Actually, the
bulky structure of the optical sensing setup with extra observation tools required, the

area gives space for new novel designs.

In this thesis the proposed design is a gravimetric sensor so focus is on the
mechanical detection mechanisms for biosensor based rare cell detection

applications.

1.3 Mechanical Detection

The mechanical detection techniques rest ground on stress and mass detection
techniques. The cantilever structures are the main component for the widely used
mechanical detection applications for BioMEMS. The bending of the cantilever is
the transducing factor measured with the help of position detector like AFM or laser
or electrical means like piezoresistor established on the cantilever. Stress sensitivity
of the cantilever is inversely proportional to the spring constant while the overall
surface of the cantilever determines the number of molecules that can attach to the
surface to cause a resulting stress change. The change is measured with the
resonance characteristics of the design at this time [5]. Cantilever based systems are
capable of real-time, multiplexed detection of unlabeled disease markers in
extremely small volumes of samples. Nowadays fabrication techniques will allow the

integration of electronic readout and sample introduction into a single unit,
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decreasing the device size, detection time, and cost. Biosensor technologies based on
fabricated cantilever arrays involving multiple cantilevers, electronic processing, and
even local telemetry on a single chip have the potential of satisfying the need for

highly sensitive and selective multiple-target detection in very small samples.

The design of the cantilever array structure is a label free surface stress sensor with
two identical sensors with one of them is working as a reference detector [26]. The
other detector is coated with self-assembled monolayer of binding agents (See Figure
1.2). Also, the study examines the appropriate biocantilever with comparative study
of Si, AIN, SiN and PMMA (Polymethylmethacrylate); and found out that the higher
sensitivity and biocompatibility lead to PMMA is the suitable material for this

application. The system is also tested for self-assembly monolayer of yeast cells.

Photo Detector

Figure 1.2: The schematic view of the micro-cantilever design is proposed. Each detector
consists of two cantilevers with monolayer biological agents are coated and clean cantilever
as control group [26].

Another study focuses on the instrumentation of the piezoresistors fabricated on
silicon micro cantilevers and measuring the bending of the cantilever array [27]. A
minimum detectable surface stress change of 2.6 mN/m is measured with
immobilization of single stranded thiol modified DNA oligonucleotides (See Figure

1.3). Also, it is demonstrated that analyze of two samples simultaneously by utilizing



the laminar flow in the microfluidic channel system with controlled directionality is
possible.

The mechanical biosensors are also fabricated with different base materials like thin
membrane of PDMS with bi-membrane concept [30]. The study shows a low cost
design with easy fabrication steps for a large active functionalization area for
biological analyte binding and the bending of the PDMS is sensed by a capacitor
which one electrode is placed on the PDMS membrane and the other onto the base
substrate. The stress based sensors are further reviewed by the study of Sang et al.

[31] in detail with state of the art applications.

(®)

Figure 1.3: (a) Schematic view of the cantilever array for bio-analyte attachment with
resistive sensing of the piezoresistor embedded on the cantilevers. One of the cantilevers is
not activated so differential signal is monitored. (b) The SEM image of the cantilever array

of 32 piezoresistive microcantilevers arranged inside the microfluidic channel is shown [27].

The second portion of mechanical biosensors senses the mass of the analyte directly
with shift of the resonance characteristics of the resonator structure. In the study [32],
Heidari et al. present the a biosensor with a micromachined silicon squared plate that
is excited in the Lamé bulk acoustic resonant mode at a frequency of 37.8 MHz, and

with quality factor of 10,000 and the mass sensitivity of 400 Hz/pg (See Figure 1.4).

In another study by Liu et al. [33] the biosensor system includes two biosensing
techniques; resonant frequency measurements and electric cell substrate impedance
sensing (ECIS) on a single device. The double sensor system integrates the upper
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electrode of a quartz crystal microbalance (QCM) resonator and a active site as
working microelectrode for ECIS technique. The hybrid device is successfully used
for Bovine aortic endothelial live cells. This method can be implemented to water
toxicity detection apparatuses. Likewise, the study of Huang et al. [34] is based on
QCM resonators which are used as a maize chloratic mottle virus biosensor is
compared to the commercial enzyme linked immunosorbent assay (ELISA) test
methods. Moreover, in the study of Gruhl et al. [35], the surface acoustic wave
(SAW) biosensor is used for label free detection of Penicillin G in milk and the

system gives satisfactory results for commercial limits of European Commission.
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Figure 1.4: (a) SEM image of the fabricated biosensor with a square bulk biosensor. (b) The

measurement setup of differential drive and sense ports is shown [32].

1.4 Gravimetric Detection for Cell Sensing

The gravimetric detection technique is one of the sub topics of mechanical detection
related with the mass detection. Briefly, the gravimetric detection technique depends
on the change of resonance frequency of an oscillating mass, when the resonator
mass changes. When extra mass is added on the oscillating structure, the natural
frequency of the resonator alters [36]. Actually, the damping coefficient and the
spring constant of the gravimetric resonator system also change when a mass is
added on the proof mass of the resonator. However, the change caused by this
loading can be considered negligible for most of the applications. The relationship

between the natural resonance frequency (f) and the resonator mass (m) is given in



Equation (1.1), where k is the spring constant of the resonator. Also, the mass change
can be calculated from the relation between resonator shifted frequency (fi) and the
initial unloaded natural frequency (fo) as seen in Equation (1.2). The quality factor
(Q) of the resonance characteristic can be defined as in Equation (1.3). The basic

cantilever operation as a gravimetric sensor is explained in Figure 1.5.

As mentioned for mechanical detection applications, the gravimetric technique also
relies mostly on cantilever structures. However, other kinds of resonator structures
are starting to arouse interest for the past decade [37]. Generally, the operation
principle of the gravimetric sensor is that the resonator is driven at its resonance
frequency where the resonance dynamic response amplitude is at its peak. The
driving methods include piezoelectric actuators, magnetic forces, and light-induced

forces.

— (1.1)
2
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Figure 1.5: The schematic view of the cantilever resonator with a monolayer of bio analytes
on the upper side is shown. When, the cantilever oscillates, the average displacement signal
arises from the surface stress can be inspected. Fluctuations that are analyzed in the
frequency domain determine the resonance frequency and quality factor (Q). The elasticity
and mechanical losses of the cantilever are modeled by a spring and a damper placed in
parallel with a smaller biological layer modeled similarly as another spring and damper in
addition [36].

The cell detection applications require high degree of sensitivity for perceiving very
low amount of mass changes. The gravimetric detection with high performance
resonator based designs show that detection of even one cell with high precision of
the mass amount quantitatively and selectively. Thus, the gravimetric detection
becomes the promising field of interest, and is successfully used for rare cell

detection among much different cell diversity.

The PZT based piezoelectric gravimetric biosensors have the high detection
performance for rare cell detection applications. In the study of Heidari et al. [38] a
AIN piezoelectric resonator with checker patterned electrode is fabricated for mass
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sensing applications (See Figure 1.6). Three different electrode architectures are
shown in the schematic differing for the placement of electrodes on the top side, both
sides, and the ground electrode addition to the backside. The device shows a mass
sensitivity of 175 um?ng and 18.7 ng/cm? detection limit when polyelectrolyte

multilayer (PEM) polymer is coated on the resonator structures and then, the

resonance shift is monitored [38].
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Figure 1.6: (a) Schematic view of the “checker-mode” resonator, and (b) three possible
electrode configurations; top checker patterned electrodes, top checker patterned electrodes
with full bottom ground electrode, and the checker patterned electrodes are placed on top and
bottom are shown. Finally, (c) the resonant frequency of checker-mode resonator after
coating 12 PEMs bilayers are shown [38].
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In another study, based on the Euler-Bernoulli Beam Theory, a PZT gravimetric
cantilever geometry is applied to very small mass sensing in the means of enzyme
molecules immobilized on the sensor surface [39]. The design geometry and the
sensitivity results are shown in Figure 1.7. Finally, a wireless magnetoelastic
gravimetric sensor is developed for sensing Salmonella cell cultures, which is a kind
of biological contamination for tomato [40]. The system can be used for level of

contamination on site and real time.
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Figure 1.7: (a) The probe geometry for the fine sensing, and (b) the optical image of the
probe is shown. The base length L, of the cantilever is made of p-doped silicon and the L;
length is the ZnO active material coated with Ti/Au. (c) and (d) show the natural resonance
shift of the sensor before (blue) and after (red) the adsorption of enzyme molecules [39].

One of the leading studies in the field of gravimetric rare cell detection was
presented by Burg et al. [41]. The resonator cantilever structure includes the
microchannel inside the suspended structure. The working principle is that the
solution flows in the channel embedded hollow resonator and the cantilever can work

under vacuum environment for achieving high resonance quality factor. The group
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demonstrates that by using suspended microchannel resonators, even single
biological nanoparticles, bacterial cells and sub-monolayers of adsorbed proteins can
be identified inside DI water. The structure and the measurement procedure is
explained briefly in Figure 1.8. Also, resolution at the level of femtograms is
reported with less than 1 Hz measurement bandwidth. The working opportunity
under vacuum eliminate also the air damping issue, and it is shown that the viscous
fluid damping is negligible compared to inner dissipation of energy inside cantilever
microchannel. However, this method is not applicable for medium sized cells and
other particles, that the cells will be stuck inside the microchannel because of

crowdedness.

Another study by Poshtiban et al. [42], presents a microresonator array platform that
uses phage tail spike proteins as a recognition probe. This array is composed of one
thousand active beams in 13.5 mm? area for high capture rate of bacteria cells. The
resonators have natural frequency at 1.095 + 0.005 MHz and minimum mass
sensitivity of 52 fg. This device demonstrates the usage of these beams with specific
detection of the Campylobacter jejuni cells after immobilization of devices with
phage GST-Gp48 tail-spike proteins. On the other hand, the functionalized device
active areas do not show any sensitivity to Escherichia coli bacteria which confirms

the specificity of the detection [42].
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Figure 1.8: Schematic drawing of the principle of operation of a cantilever with
microchannel embedded inside. (a) Mass of flowing particles is measured using resonance
peak shifts over time under continuous flow of biomolecules, cells or synthetic particles. (b)
While bound and unbound molecules both increase the mass of the channel, that bind to the
channel wall accumulate inside the device. (¢) Another measurement of particles flow
through the microchannel of the cantilever without binding to the surface, and the detected
signal changes with the position along the channel [41].

The final group of studies is well known application of droplet investigation
technique led by R. Bashir’s group [43-45]. In one of the first studies [43] the rare
cell mass detection by trapping and immobilizing the cell on cantilever based
resonator systems, and then, the observation is done under optical equipment. They
inject HelLa cells inside of a microfluidic channel and capture the cells on the
cantilevers using positive dielectrophoresis. Then, the immobilized cells are dried or
cultured at the site of the cantilever array in order to make the measurements.
Afterwards, standing on the same concept, cantilever is replaced with a MEMS based
mass sensor and the cell growth is monitored for more than 50 hours [44]. Analysis
shows that resonating platform designs demonstrate spatial non-uniformity of mass
sensitivity or error due to cell position to be less than 4% from the center to the edge
of the platform. The structure of the biosensor, measurement setup, and frequency
response is presented in Figure 1.9.



One of the newest studies on this method is microdroplet evaporation process with
the mass changes during the evaporation of the dimethylsulphoxide and water [45].
By this way, the study validates the possibility of investigation of microscaled
physical processes and biological phenomena involving evaporation and mass
transport. However, these studies require Lorentz force actuation for resonator
sensing components and complex laser systems for observation. Therefore, the

system is not practical for usual medical detection.

In a similar study, the water droplet is put on the biotin functionalized resonator
device without leakage to the surrounding electrodes on the sides of the resonator as
shown in Figure 1.10. It is demonstrated that the capacitive detection of the biotin
and streptavidin binding with the mass sensitivity level is 87.76 pm?/ng in aqueous
environment [46]. Besides, the sensor surface immobilization of biotin molecules
took place directly on the silicon surface using APTES. The developed sensor can be
used to observe the interaction between biotin and streptavidin without the use of
labeling or molecular tags. Thus, the method is applicable for a variety of different

im Mmunoassay tests.
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Figure 1.9: (A) Sensor schematic with the first mode of resonance is shown with the mass
sensitivity normalized to its maximum value. (B) SEM image showing sensor array and (C)
measurement setup are presented. (D) Finally, the frequency response of the sensor with cell

attachment (orange), and without (blue) cell attachment are shown [44].
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Figure 1.10: Schematic of the resonator and water droplet containing streptavidin spotted on
the center of biotin modified resonator far from the surrounding electrodes. [46]

17



1.4.1 Controlling Damping

The fluidic damping is the main obstacle for the resonator operation under fluidic
environment which degrades the performance even to the nullity level. Thus, before
closing the chapter, a literature survey for the techniques used for reducing the
damping effect is given.

In the study [47] by Joshi et al. the general approaches for lowering or even
eliminating different types of damping effects for the basic resonator applications are
summarized. As mentioned before, the major gravimetric sensing mechanisms utilize
cantilever based structures so most of the solutions are enhanced for cantilever

applications.

One of the state-of-art methods for prevention of damping under fluidic operation is
stated by Linden et al. [48], that the adaptation of the fluid interface with a meniscus
formation benefits the performance considerably. In the study, a U-shaped design is
etched in silicon nitride layer and the meniscus like membrane cantilever is working
as a trap for a certain volume of water droplet on the top of the U-shaped cantilever.
The schematic representation is shown in Figure 1.11 and the trapping or partial
wetting can be observed on top of the silicon nitride cantilever. The sensitivity in DI
water flow is measured to be 2.77 fg/Hz, and also the resonance characteristics are

shown in Figure 1.11.
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Figure 1.11: (a) Schematic view of the U-shaped groove cantilever etched in a SiN
membrane, (b) cross sectional view of the trapping with the meniscus formation on the
bottom of the groove is shown. (c) The resonance spectrum measurements are shown in air,

and (d) after partial wetting under DI water is applied [48].

In another study, a micro level drumhead like structure with a hole in the middle of
the design is presented for the degradation of squeeze film damping under fluidic
sensing environment for acoustic radiation [49]. For a narrow band of acoustic
frequencies the specific damping issue is solved with the design but it can not be

implemented to common practice of resonator geometries in fluidic applications.

Furthermore, Cranch et al. show that the low frequency ( <1 ) driven
cantilevers are less affected by damping in viscous fluid environments [50]. In
another study, the geometry of the cantilevers are manipulated differing from the
standard rectangular suspended design [51] and even the placement of the active sites
are examined for lowest optimized damping impact [52]. Besides, the advantages of
the laterally oscillating cantilevers are shown in fluid mediums with considerable

quality factor improvements and with lower limits of mass detection [53].
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1.5 Research Objectives and Thesis Outline

In this thesis, the development of a high yield fabrication method for the predesigned
gravimetric resonator sensor devices is shown. As the main advantage, the resonators
are capable of operating under fluidic flow inside biocompatible microfluidic
channels. The newly proposed fabrication flow takes the problems existing for the
previous generation cell detection resonator devices into account and by introducing
a new approach for the fabrication with the main aim of increasing the fabrication

yield considerably. The principal objectives of the thesis are listed below.

9 The fabrication process flow will be improved with easily workable process
steps and eliminating the wet processes applied on the suspended devices.
Moreover, the new fabrication flow considers improving each step one by
one, and so the total yield of the fabrication increases.

1 The strengthened folded spring anchors and design modifications is aimed to
decrease the breakage rate so the endurance of the resonators during
problematic fabrication steps is increased from start to end.

1 The resonators’ operationality is intended to be sustained under fluid flow.
Therefore, successful hydrophobic parylene coating between fingers and
anchors needed to be established. At the same time, the field of the
bioactivation gold needs to be cleared for functionalization protocol to
immobilize selectively the intended cells after the hydrophobic film coating.
Hence, the rare cell detection with the gravimetric resonators is achieved.
This issue is aimed to be solved with a novel parylene coating method.

1 Finally, the new process flow intends to solve the poor PDMS microchannel
architecture. The new fabrication method makes use of an anodic bonded
glass microchannel with high opportunity of controlling the alignment with
respect to the resonators. The anodic bonding process will seal the
microchannel with a negligible leakage. Lastly, the glass microchannel will
present better optical transparency compared to the PDMS microchannel

architectures.
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The thesis focuses on;

In chapter 2, the necessary theoretical background to analyze the operation of
micromechanical resonators is given. The characteristics of the MEMS actuators
with capacitive actuation and the microfluidics theory are explained. Next, the
theories behind the sensing mechanisms of a gravimetric sensor, movement of the
mechanical structure, folded spring beams, and damping issue on the structure are
given. Finally, the design parameters of the devices are optimized together with

COMSOL finite element analysis results.

Chapter 3 summarizes the fabrication process development of the resonators.
Previous fabrication process flows and the newly proposed process flows are
inspected. The advantages and disadvantages are presented with the solutions of the
issues. Implemented solutions to the previous generation fabrication flows are
summed up in the new generation fabrication process flow with a newly introduced
approach to fabrication. Finally, the problems encountered during the new process

flow are submitted with the solutions for the issues.

Chapter 4 starts with the novel method of parylene hydrophobic coating trials.
Afterwards, the experimentation and test results are presented. First, the experimental
setup and test environment is briefly introduced. Then, the results of various tests
such as resonance characterization with and without parylene coating are presented.
The results are compared with the previous generation cell detection studies of the
METU BioMEMS group.

As the closure, conclusions and future works are presented in Chapter 5.
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CHAPTER 2

THEORY & DESIGN

In this thesis, the proposed resonator structure is basically an electrostatic capacitive
comb drive resonator with folded spring beams. Thus, the study is narrowed down to
these operation principles of the comb drive resonator structures from now on.
Capacitive comb drives are used in many different applications in the literature
including charge sensors [54], microgrippers [55], gyroscopes [56] and

accelerometers [57].

In this chapter, an introduction for gravimetric detection is summarized. Then, the
theoretical background and the operation principles of the BioMEMS group
resonators are stated. Finally, the device characteristics and major trade-offs of the
design parameters are described, and through this examination the optimized limits

of parameters for the device are stated.

2.1 Gravimetric Detection

The gravimetric detection concept relies on the change of the natural frequency, of
the resonator, when the resonator mass changes. There is an inverse gquadratic
relation between the resonance frequency of the system and the oscillating mass of
the resonator. Actually, the spring constant and the damping coefficient of the
resonator system changes but the transition remain at a negligible level for most

gravimetric sensing systems.
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The resonator sensor beam can be examined as a mass, damper and spring system as
represented in Figure 2.1, in this representation the biological load is also added as
an added smaller spring, damper and spring system installed in parallel with the main
mass, spring and spring system. Where kres and koio represents the spring constants,
nres and #io denotes the damping constants and mres and myio represents the
resonating mass for resonator sensor and the biological analyte respectively. The

springs accumulate force and the dampers dissipate the force in the system [5].

>
o
<>

Figure 2.1: Schematic view of second order mass and loaded biological entity with two

parallel spring and damper systems.

The following equation describes the second order behavior of this system;

"+ T+ = (2.2),

where x identifies the proof mass displacement, F represents the applied force, m
stands for the system mass, # is the damping constant, and k is the spring constant.

The gravimetric resonator system is a linear and time-invariant system, so we can
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take the Laplace transform of the above equation to obtain the transfer function of

the system as applied in Equation (2.2) [58].

1 2.2)

Then, we can identify the natural frequency  of the system as in Equation (2.3);

— (2.3)
=V

The shift of the resonance frequency of the resonator ( ) from the natural
frequency () is caused by the damping applied on the system [59] as in Equation
(2.4).

. e (2.4)

where is the damping ratio, and defined as in Equation (2.5).

_ (2.5)
2

If the damping ratio is higher than 1 (> 1), from the Equation (2.4), the frequency
of oscillation will become complex [60]. In this case, the system is called to be over-
damped and the resonance peak will be degraded. If it is smaller than one ( < 1),
the system is called under-damped and the resonance oscillation frequency becomes
closer to the natural resonance frequency where the damping ratio gets even smaller.
If the damping ratio isequal to 1 (= 1), then critical damping state occurs, and the

natural frequency asymptotically approach to zero.

Furthermore, in mass sensing applications, the parameter that indicates the resonator
performance is the quality factor; Q. For resonance applications, quality factor is the
parameter that indicates how much the system is under-damped. In other words, the
quality factor expresses the dissipation of energy due to damping from the total
stored energy of the resonating system. Therefore, resonance oscillations vanish in a

slower manner caused of damping when the quality factor increases. The general
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definition of the quality factor is defined as in Equation (2.6) by the means of energy
E and so Equation (2.7) is derived.

TPy (2.6)
_ 1 (2.7)
2 V1- 2
For this study, the damping ratio is much smaller than 1 ( 1). Thus, Equation
(2.7) can be simplified into Equation (2.8).
1 v (2.8)

>

When Equation (2.8) is analyzed, is a parameter that can be calculated from the
resonance frequency spectrum measurement result in a very narrow frequency range.
Firstly, the resonant frequency is measured and then, the amplitude  at the
resonance frequency is expressed. Then, the amplitude and frequency parameters
around the resonant frequency with -3 dB low amplitude margins ; and , are
measured. Finally, the quality factor ( ) can be calculated by the reinterpretation of
Equation (1.3);

_ 3% 29).

2.1.1 Damping Mechanisms

The quality factor of the gravimetric resonators is decreased mostly by the energy
dissipation of the damping effects of the resonator relation with the environment.
Broadly speaking, the damping mechanisms fall into two main categories; fluid and
structural damping. The fluid damping is divided into viscous and acoustic radiation
based damping and the structural damping is separated into thermo elastic damping

(TED) and anchor loss [61]. Thus, the lowest quality factor dominates the general
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quality factor of the resonator resonance characteristics. The quality factor relations
are given in Equations (2.10) to (2.12).

1 1 1

1_ N (2.10)

r 1 1 (2.11)
r .t ., 1 (2.12)

A thin fluid layer like air is trapped in the gap between the MEMS moving structure
and the substrate. Then, the complex interaction between fluid and vibrating
suspended structure results in both damping and stiffening of the structure. When the
gap thickness is sufficiently small compared to the lateral dimensions of the
geometry, the squeeze film damping (SFD) dominates. SFD is affected by various
factors like geometry of the structure, oscillation frequency, packaging pressure,
thickness of the fluid film, and boundary conditions [61]. SFD dominates, often by
one or two orders of magnitude over the other damping mechanisms. The
optimization is done for SFD affect is done with a linearized form of the modified
Reynolds equation as mentioned by Pandey et al. in [62] represented in Equation
(2.13);

&; -6 o )= 2( —+A) (2.13)

where is the film pressure in the gap, is the relative flow function, that stands

for inertial and rarefaction effects, A is the gap deformation (h - hg), and s the
tangential velocity of the structure moving above a fixed substrate. The tangential

operator  refers to the fact that equation is solved on boundary conditions.
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2.1.2 Resonator Damping Model

The lateral motions of the proposed comb drive resonator overwhelming damping
components on the resonator are the slide film and squeeze film types. The
optimization for the parameters to prevent damping effect is difficult to model based
on approximations and limitations. For a start, MEMS design needs to be simulated
with a full flow simulation around the entire vibrating structure, at least to check
various assumptions underlying the SFD models. The first difficulty is that all
Navier-Stokes numerical solvers that we are aware of do not propose a harmonic
solver. The second difficulty is the high computational cost of 3D flow simulations

around complex MEMS structures [61].

At this point, we need to express the microfluidic based motion characteristics. The
microfluidics is based on motion of fluid inside a micrometer level channel and the
characteristics of these kinds of fluids become restricted to Newton’s motion
equations [63]. The general remarks for the microfluidic flow is that all fluid flow is
laminar rather than turbulent, surface tension becomes an important force, inertia

becomes less effective, and the apparent viscosity increases considerably.

The equation of motion for an incompressible fluid is expressed in Equation (2.14);

with the fluid density p is constant.
If the velocity of the fluid is , the divergence of unit mass in a unit area is equal to
the decrease in density per unit time as shown in Equation (2.15). Thus, we evaluate

the Equation (2.16).

( ):——:O (215)

=0 (2.16)

28



Then, with Newton’s law for forces acting on a unit volume of fluid, the force per

unit volume is written as Equation (2.17).

= - - 4 (2.17)

where — is the pressure force per unit volume and — is the force per unit

volume associated with the potential and Fis is the viscous force.

The viscosity is defined for a Newtonian fluid is as in Equation (2.18) with surface

velocity is  and separation of the channel is d;

= (2.18)

Thus, the more viscous the fluid is, the force required to drive is increased. By these
means, there are two types of fluid flows in microfluidic devices; Couette and
Poiseuille flows. The Couette flow is a steady viscous flow between parallel walls,
the velocity of the fluid varies linearly from zero at the stationary bottom boundary
up to velocity at the moving plate (See Figure 2.2a). The Poiseuille flow is a
pressure driven flow between stationary parallel plates of microfluidic channel. A
parabolic variation occurs for the pressure with the maximum velocity in the middle

of the microchannel and zero flow velocity at the walls (See Figure 2.2b).

Figure 2.2: The representations of microfluidic flows; (a) Couette flow, and (b) Poiseuille
flow [63].
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The relation between viscosity and inertia is denoted by Reynolds number (Re), for
the fluid flow. The Reynolds number is referred in Equation (2.20) with Finer and Fuis
stand for inertial and viscous forces acting on fluids. In the case of high Reynolds
numbers (Re > 2000) the inertial force dominates the viscous forces and the flow
becomes turbulent. For low Reynolds numbers (Re < 1) the viscous forces dominate
and the flow becomes laminar. In laminar flow conditions the mixing of fluids occurs

only by diffusion, which is slow compared to turbulent mixing.

- (2.18)

= = 2 (2.19)

Res — = — (2.20)

According to the previous definitions, for an indefinitely wide channel the Navier-

Stokes equation for fluid flow is interpreted as in Equation (2.21).

b = (2.21)

where p is the density of the fluid medium and x is the dynamic viscosity of the fluid,
and v is the velocity of the plate in the x-direction. Assuming that the amplitude of

the vibration is small, the second term in the equation can be neglected [61].

Then, the simplified Couette damping model is used when the oscillation frequency
is relatively low and the effective decaying distance becomes relatively larger than
the gap between the resonator and the opposing surface in terms of distance [60].
This approach is valid for the sidewalls and the bottom plate of the resonator. Then
the expression for the damping force on that surface becomes as in Equation (2.22).
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= ——= — (2.22)

where is the effective surface area, s the distance between the opposing surfaces
and is the damping coefficient for the surfaces for Couette flow model as

mentioned above.

Assuming the gap thickness is larger than some extend (g > 10 pm) then Couette
model is not applicable and the more generalized Stokes model should be used
instead [61]. This is the case for the top surface of the resonator where the channel
thickness is relatively high. When the Stokes model is used, the damping expression

changes to Equation (2.23).

— = — (2.23)

where is the effective decaying distance and it is denoted as in Equation (2.24).

VS (2.24)

The final component of the damping force which influences the resonator system is
the drag force. The drag force that affects the interfacing rectangular plates can be
expressed as in Equation (2.25).
32
-5 = — 2.25
3 (2.25)
where | is the characteristic dimension of the plate which can be assumed as half the
width of the plate. The drag force increases when a biological analyte as assumed to
be a spherical cell is attached to the resonator proof mass. Then, the expression of the

drag force for the cell component becomes as in Equation (2.26).
(2.26)

where R is the radius of the attached particle or cell.
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The total damping force acting on the resonator proof mass can be calculated by
simply adding all these damping force components in Equations (2.22) to (2.26). If
we take into account that the resonator geometry parameters are relatively affect all

the damping effects with the operation dimensions of the microchannel.

2.2 Resonator Detection Capabilities

The basic detection principle of the proposed resonator device is expressed as a comb
drive resonator. The capacitive actuation of comb drive resonator capacitance varies
through a change in the overlap area between a set of interpenetrating comb fingers.
The two overlapping comb fingers are shown in Figure 2.3 with the defined

parameters in the schematic.

Capacitive
Comb Fingers

Height (h)

~ ~
\'é S

Gap (éi)

Figure 2.3: Schematic view of the overlapping parallel comb finger capacitors is shown.
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In the previous sub chapter the damping affect and the energy dissipation under air
damping and fluid damping are presented. If we take into consideration about these
issues, we can now parameterize the detection capabilities of the resonator device for
sensing in fluid. The mass added of the resonator is related with the natural

frequency of the resonator in aspect of Equation (2.3) mentioned here again.

=V—
(2.3)

From the Equation (2.3) we understand that there is an inverse quadratic relation
between the mass of a resonant system and its natural resonance frequency. The

loaded mass (A ) can be extracted from this expression as in Equation (2.27).
A = (—-—) (2.27)

If the loaded mass of the biological entity is at least one order of magnitude smaller
than the resonator which is valid for the design under consideration in this study; the
derivative of the resonance frequency simplifies to Equation (2.28).

— (2.28)

Thus, to generate the minimum detectable load mass on a resonator, we need to
determine the minimum detectable frequency shift. Moreover, the minimum
detectable frequency shift expands if the noise contribution of the frequency
spectrum increases. There are mainly two noise sources that generate these
uncertainties for the resonator device; firstly, the thermal noise resulting from
random phonon motion of the structures, and secondly the electronic noise resulting

from interface circuit and experimental setup.

By using equipartition theorem and thermal energy and spectral noise calculations
the mean square frequency modulations due to thermal noise is calculated and given
in equation (2.29) [64].
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[o0]

1 2
(A) =] —(2) () (2.29)
A
where A is the frequency instability amount, is the oscillation energy, and

is the phase noise energy.

After the integration and rearrangement of the Equation (2.29), the minimum
detectable force gradient and the minimum detectable frequency shift are found to be

as expressed with Equation (2.30) and Equation (2.31) respectively.

(A ) = = (2.30)
0 0Q
a) =2 (2:31)
Q 0
where is the maximum amplitude of oscillation, s the Boltzmann constant, T
is the ambient temperature, and is the measurement bandwidth. Thus, the

minimum detectable mass load of a resonator can be extracted by simply dividing
Equation (2.31) and Equation (2.28), then we reach to expression given in Equation
(2.32) which gives the theoretical limit for the minimum detectable mass of a

resonant system.
4
ha) =—V—" (2.32)

Yet it only takes mechanical noise into account, and it is not applicable to practical
cases accurately. Even so, the equation gives clues for the factors contributing the

performance of the sensor, and we can decide on the revision of the parameters.

If we take the previous theoretical results into account, decreasing the mass and
damping effect for a resonator means the improvement of the overall performance.
Also, the mass can be decreased by geometry minimization so this will directly
decrease the mass of the resonator and decrease the damping on the mass.
Furthermore, if the geometry is reduced, trimmed anchors results in the spring
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constant increase or the increase of the stiffness and these manipulations improve the

minimum detectable mass limit.

On the other hand, there is a trade-off in this aspect that the spring constant increase
causes decrease in the oscillation amplitude, and degrades the minimum mass
resolution of the sensor. The reduction of the signal amplitude, result in reduction of
the sense port current signal. Moreover, this causes a major decay on the signal to
noise ratio characteristic of the whole sensor system. Unfortunately, the
minimization of the geometry with high stiffness produce less number of comb drive
fingers and the requirement of higher electrostatic force, which means increasing the
operation driving voltages for actuation. Last but not least, the possibility of the
attachment of biological analyte to the proof mass geometry is the basic sensing
mechanism of the resonator systems and the minimization of the proof mass area

geometry directly degrades the binding probability of these analytes.

2.3 Resonator Design

The proposed gravimetric comb drive sensor design of METU BioMEMS group is
represented in Figure 2.4. The sensor consists of symmetric drive and sense
stationary electrodes on the top and bottom of the resonator design represented in
green and purple colors respectively. The proof mass of the resonator structure is
anchored to the bulk substrate by four identical folded spring beams. Also, a
bioactivation functional gold coating on the proof mass surface which is represented
with yellow field is placed. The resonators are placed inside a glass microchannel
structure shown in Figure 2.4b with a three dimensional representation with

bioactivation antibodies are included.

The actuation of the resonator is derived with the applied AC signal to the drive
electrode and the sensing is measured with the sense electrode, and the proof mass is
biased from the substrate through the folded spring beams with DC potential. The
microchannel is aligned on the resonator for introduction of the biological analytes

like cells through a microfluidic system.
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The resonator dimensions and parameters are determined after close consideration of
the theoretical investigation presented in the previous sections. Many of these
parameters are affecting multiple characteristics of the resonator in other words,
there are many trade-off situations rising on the dimensions of the resonators.
Besides, there are some concerns that need to be dealt with certain solutions are

mentioned below.

Figure 2.4: Schematic view of (a) resonant mass sensor embedded into the microchannel,
and (b) 3-D representation of microfluidic channel and the bioactivation functionalized on
the proof mass gold active area.

The first approach for preventing the squeeze film damping effect of fluid flow is
aligning the resonators in laterally with the fluid flow gradient. The squeeze film
damping occurs on the vertical dimension and with lateral placement of the
resonator, the effect is eliminated. Therefore, the architecture of the resonator with
spring beam and proof mass geometries has to be restricted that the fundamental
oscillation motion of resonator is in lateral direction and other vibrational oscillation

modes can not ascend over the fundamental mode of oscillation.

The proof mass bioactivation site require to be lying inside the microchannel flow
pattern which limits the maximum dimensions for the proof mass geometries and
also from the microchannel point of view, the microchannel minimum width is

required to be equal or wider than the proof mass dimensions.

The depth of the microchannel is limited with the flow characteristics of the fluid

flowing on the resonator. The height of the channel is required to be larger than the
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size of the biological analyte as in this study, cells without any clinging. On the other
hand, if the microchannel is too broad, the immobilization of the cells on the

resonator proof mass becomes a problem.

There should be an adequate active area space on the resonator proof mass for bio
functionalization in order to immobilize the cells or other biological analytes of
interest. Additionally, the amplitude of the resonance sensing signal is higher for
larger resonator geometries and the natural frequency magnitude make ease for the
measurement constraints. On the other hand, the resonator quality factor highly
benefit from the minimization of the resonator geometry. Also, the minimum
detectable mass and the relative mass sensitivity become flourished with small

resonator geometries.

The height of the resonator is defined by the active layer of the SOI wafer in this
design which is chosen to be 5 um for this study. The thickness of this active layer
needs to as thin as possible for decreasing the initial mass of the sensor for high
relative mass sensitivity. Still, the fabrication process performance limits the SOI
thickness purchased. The thickness of the resonators directly supports the endurance

of the resonators during fabrication and operation periods.

The critical dimensions of the resonators are shown in Figure 2.5. and  denote
the width and length parameters of the resonator proof mass; and  and are the
width and length of the spring beams.  represents the aperture of the spring with
including gap and width of the folded spring beams.  and  are the width of the
capacitive comb fingers and the gap in between fingers of the comb geometry. The
thickness and the gap length are kept constant for fabrication demands. These
dimensions directly impact the capacitive gain of the system but the limitations of the
variables are mostly considered for implementing a properly working lateral

resonator structure.

The major concern of the geometry of the whole masking layer for the resonator
geometries lies on the application of hydrophobic coating for increased sensitivity
under fluid flow. The success of the hydrophobic coating is limited to 4 um gap
space (with 5 pum device thickness) in between suspended structures for whole

geometry exposed to the fluid flow in microfluidic channel.
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Figure 2.5: Schematic view of double folded beam and finger geometries of the resonator

with design parameters are denoted.

2.3.1 Folded Spring Beams

The spring beams are kind of anchors that are coupled to bulky proof mass and fix
the proof mass to the mechanical ground or the substrate for MEMS suspended

devices. Different types of spring beam architectures are investigated for MEMS
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resonator designs in [65], as clamped beam, crab leg beam, folded beam and U-
shaped, fish hook, and serpentine beam models.

Based on our study purposes the double folded beam structure is chosen for its high
linearity, free of buckling problems, and the high stiffness value in the out-of-plane
direction. As derived in [66] the stiffness constant of the double folded spring
anchors in x, y, and z directions are given in Equations (2.33), (2.34), and (2.35)

respectively.

=2 — (2.33)

=2 — (2.34)
3

=2 — (2.35)

The resonator anchor architecture supporting the proof mass is an important factor
but the other concern is the placement of the anchors along the proof mass sidewalls.
The primitive design is to connect the proof mass with two spring anchors to the
midpoints of the proof mass edges. However, this approach causes some issues.
Firstly, the structure becomes prone to oscillate under rotational modes as the
fundamental mode of vibration. Secondly, the uniformity of movement along the
resonator field is coerced, which is crucial for the high performance of the device. To
eliminate these issues, we choose four support beams or anchors with folded beam
structure on the vertices of the proof mass. When the resonator proof mass is
supported with four spring beams on its vertices, rotational vibration modes are
repressed to high frequencies far away. In order words, the unwanted rotational
vibrations are removed from the active working frequency range. Also, the
movement uniformity is sustained in acceptable range along the whole resonator

device components.
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2.3.2 Hydrophobic Parylene Coating

As mentioned before the Parylene is the leading type of the polymer family for its
conformable high coating uniformity, high compatibility with MEMS fabrication
techniques, relatively high working temperature, biocompatibility, and transparency
properties. The parylene surfaces are inert to many strong chemical treatments and
resistant to fungal and bacterial growth makes the polymer ideal for BioMEMS

applications [67].

The hydrophobic characteristic of the parylene thin film coating is a well-known
property of the Parylene-C polymer [68]. In this study, this hydrophobicity is used
for in fluid applications of BioMEMS with suspended MEMS structures for
prevention of penetration of liquid like resonators [69]. Parylene-C is conformably
coated on the suspended components, and thus, the surface thermodynamic
equilibrium takes place and the interfacial energy on the surface of thin film
Parylene-C prevents the liquid penetrating in between the suspended fingers of the
resonator (See Figure 2.6). The parylene-C layer is also a good insulating material
with conformal coverage which protects the cross talk between the liquid and the
silicon and gold layers. Consequently, the enhancement of the quality factor is
reported and the in fluid operation of the proposed design is validated [70]. The
quality factor improvement under fluid flow is shown in Figure 2.6. By this method,
the resonators possibly become functional under fluid flow. Thus, the feasibility of
suspended biosensors that can be directly implanted into microfluidic channels
arises, the resonance characteristics and the calculated quality factor results are

shown in Figure 2.7.

An opposing effect of the parylene layer coating is the increase in capacitances of the
comb drive actuators, since the effective permittivity of the capacitive gap is
increased with the insulating coating. The resultant permittivity level can be
calculated with the Equation (2.36).

= [(—+ 2_] (2.36)
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where is the effective permittivity of the capacitive gap, is the thickness of

the parylene layer, and s the relative permittivity of parylene.

As a result, the minimum thickness that Parylene-C can be coated conformably with
proper hydrophobic properties needs to be achieved. This value is experimentally
checked and the minimum thickness achieved with the CVD based Parylene-C
coating tool, we observe 0.4 um thickness is the best fit for the expectations.

Thin parylene
layer

Resonator

Stationary
electrodes

Proof mass

Figure 2.6: The schematic cross sectional view of the resonator comb finger is shown with
Parylene-C is conformably coated on the suspended components. Thus, the surface
thermodynamic interfacial energy keeps the liquid without any penetration [69].
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Figure 2.7: The quality factor improvement with parylene coating on the resonator fingers is
shown as a comparison with resonance characteristics of bioresonator in air, after parylene

coating and uncoated performance in water [69].

2.4 FEM Simulations

Finite element modeling (FEM) simulations are conducted with COMSOL
Multiphysics software, in order to verify the natural resonance frequencies of the
designed resonators. As mentioned in the previous sections, the fundamental
oscillating motion of the resonator that we are interested in is the lateral resonance
movement. The simulation results are investigated that the other modes like out of
plane oscillation or rotational motion should be far away from the fundamental

resonance frequency mode.

The fundamental lateral oscillation is shown in Figure 2.8 for RES #1 design, the
simulations are repeated for all 14 designs of the resonators and it is shown that the
fundamental vibration characteristics is the lateral oscillation for all of them as

expected.
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Figure 2.8: Fundamental vibration mode of design RES#1 at 1.47 MHz.

The finger displacement inside the resonator comb gaps is also calculated to be very
low considered with 1 pm mid-level for the pull-in effect. This shows that the

designs will be operational with proper fabrication without any distortions.

Another important issue on the resonator devices is the buckling effect with the new
designs that the proof mass and anchor parameters are changed and the possibility of
buckling have to be controlled. In Figure 2.9, the maximum buckling displacement of
the resonators with the gravitational forces is simulated; and the maximum
displacement is on the middle of the resonator proof mass and the value is around 0.1
picometers. Thus, it is also concluded that the effect of buckling under normal
operation of the resonators are suitable for aimed applications. However, the
buckling effect of the resonators and other components of the layout are also required
to be tested under fluid operation in practical applications. The tests are done and

shown in the test results chapter.
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Figure 2.9: The buckling of the resonators are simulated for gravitational forces. The
maximum buckling displacement at the middle of the proof mass is measured to be 0.1 pm.

2.5 Design Determinations

In order to improve the design, we need to optimize the parameters of the layout
geometry. For deciding which parameter to maximize or minimize, and also to
observe the effect of the manipulations with certain parameters, we define figure of
merit (FOM). For maximizing the theoretical minimum detectable mass of the

resonator, the following figure of merit can be defined as in Equation (2.37).

[ 0 ]3\/? 4

3 351® 3

(2.37)

Unfortunately, the FOM expression takes only the mechanical noise of the resonator
into account, so the directions and critical parameters can be extruded from the
expression but the theoretical predictions has its limitations on the real applications.
Yet, the interface electronics and the external measurement setup should also be

taken into account during the revision of the design.

Bethinking these considerations and issues of the fabrication endurance leads us to a
requirement of a new design with certain manipulations. Firstly, the breakage
problems with the previous fabrication flows and with respect to the limitations of
the lithography tools, the resonator anchors are chosen not to be thinner than 2 um.

The minimum feature size will be 2 um for the new resonator designs.
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Secondly, the thick anchors increase the stiffness, and endurance, so the mass
resolution increases as the resonance frequency is increased. However, as the
resonance frequency increases, the readout circuit limitations become inevitable. The
limit of measurement is theoretically around 3 MHz with the chosen transimpedance
amplifier that we use for amplifying the signal out. However, getting close to this
limit of frequency the reading of the circuit fluctuates and signal to noise ratio
becomes worsen. The natural frequencies of the resonators are required to be

restricted under consideration of this measurable spectrum.

Thirdly, to guarantee that the devices will oscillate in lateral direction, the coefficient
of stiffness for the double folded spring beams in the z-direction should be high
enough. For this purpose, the beam dimensions are determined to maintain this
relation;, > . Resonator proof mass width, has to be chosen with
respect to the microchannel dimensions. Also, these dimension, and  required

to be related for preventing arising of unwanted resonance oscillation motion modes.

Furthermore, the hydrophobic Parylene-C coating is useful for preventing the
penetration of water in between fingers and anchors if the gap thickness is at most 4
um. The designs of the whole wafer level gaps are drawn with respect to the
limitation, even the gaps between spring beams and the separation of drive, sense and

proof mass ports are patterned with maximum of 4 pm apertures.

Also, the proof mass dimensions are considered for amplifying the capacitive sensing
signal by increasing the number of fingers as much as possible. The dimensions of

the proof mass geometries therefore enlarge in a little aspect.

Additionally, the thickness of the overall active layer silicon, h, is limited with SOI
specifications. The stress on the SOl wafer makes the fabrication process extremely
hard and possible cause of wafer level breakages. Additionally, even more important,
the current injected from the sense port is directly proportional with the thickness of
the active layer and decreasing the thickness considerably, will cause overwhelming
of the noise over the sensing current signal which will even end the functionality of

the device.

Finally, the gap spacing between resonator comb fingers, g, and comb finger width,

should be as small as possible, to increase the injected current amount. Thus,
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decreasing the gap space between the comb fingers benefit the performance but the
fabrication capabilities are the limiting factor at this stage. Also, if the comb fingers

are designed too close, the pull-in phenomenon is needed to be considered.

According to the design determinations explained above, 14 different device designs
have been proposed. In comparison with the previous generation 6 separate designs,
the new designs are planned with more variety in respect of comb finger length and
width, spring beam length and width, and proof mass dimensions notably (See Table
2.1 and Table 2.2).

The geometric parameters of all designs are shown in Table 2.1 and Table 2.2. The
comparison is done between previous generation resonator designs of D. Eroglu [71],
and represented as “RCD” standing for resonator cell detection devices, and the new
generation resonator designs are expressed as “RES” instead of resonator devices.
The designs are labeled as RCD #1 to #6 for Table 2.1; and RES #1 to #14 for Table
2.2. Note that the thickness of the resonators is fixed at 5 um, since the thickness of

the active layer of the SOI wafer is the same throughout the wafer.

Table 2.1: Geometric parameters of different resonator designs in the previous generation

designs. All dimensions are in um, if it is not mentioned.

Name K m [ng]
[E.pum] 9 (Comsol)
R;D 40 |15 1] 1 | 20| 1 | 0020 | 862 | 810KHz
R#%D 40 15121 2 | 20| 2 | 0233 | 838 | 1.71 MHz
R#f;)D 80 |15 |12] 1|20 1| o001 | 156 | 540kHz
RCD | °
" 80 | 152 2 |40 2 | o008 | 168 | 460KHz
R#%D 160 | 30 | 2| 4 |40| 4 | 008 | 652 | 760kHz
R#%D 160 | 30 | 2| 4 |80| 4 | 008 | 745 | 260KHz
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The designs vary in a range of resonance frequency and injected current values to
ensure that the readout circuit could be used successfully. The minimum feature size
considerations limit the performance of the resonators but the yield is increased
considerably and as a result, many of the resonators fabricated are standing after the
processes. The resonator dimensions are chosen to enable controlled comparison
between different designs with changing each dimension parameter one by one. For
example; with RES #8, RES #9, and RES #10, the length of the fingers ( ) is the
only parameter changed and the effect of the parameter can be inspected with these
resonator designs. The cross study devices are chosen as RCD #2, RCD #4, RCD #5
of previous design with RES #1, RES #4 and RES #10 of new design resonators.
These devices show a slight difference because of the proof mass dimension change.

Moreover, the designs of the wide field resonators are added to the list. The designs
of RES #11 and RES #12 have 164 pm x 64 um proof mass active areas; and the
designs of RES #13 and RES #14 have 248 pm x 128 um proof mass active areas.
These large field bioactive areas can increase the binding probability of the
antibodies of the functionalization procedure. Thus, the wide field resonators
increase the sensitivity in this manner. On the other hand, the mass of the resonator is
increased considerably so the mass sensitivity of these devices decreases if we

consider the minimum mass sensitivity relation in Equation (2.32).

For comparative reasons, the spring constants, K, and the mass of the resonator m are
also included in the tables. As mentioned above, the resonator mass inversely affects
the minimum detectable mass sensitivity. Besides, the spring constants are very
similar that the anchor and proof mass are chosen to be proportional due to

oscillation motion uniformity.
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Table 2.2: Geometric parameters of all resonator designs in the final generation (4™

generation) designs. All dimensions are in um, if it is not mentioned.

Name K m [ng]

[E.um] (Comsol)
R#Els 40 | 16 |2]21| 2 |20 2 | 0010 | 902 | 141 MHz
R#EZS 44 | 16 |2|16| 2 |20 2 | 0010 | 870 | 147 MHz
R#'ZS 84 | 16 [2]|21] 2 |20 2 | 0010 | 166 | 944KHz
N 84 | 16 |2|31| 2 |40]| 2 | 0001 | 175 | 471kHz
R#'ZS 84 | 32 |2(31| 2 |40]| 4 | 0010 | 371 | 918kHz
R#%S 80 | 32 |2|22| 4 |40]| 4 | 0010 | 349 | 948kHz
RES : 50 | 32 |2 42| 4 |a0| 4 | 0010 | 396 | 84LKHz
RES w6a | 32 |2 l22| 2 |ao| 4 | 0010 | 652 | 918kHz
RES w60 32 12132 | 2 | 40| 4 | 0010 | 676 | 850KHz
RES 64| 32 | 2142 2 lao| 4 | 0010 | 693 | 780kHz
RES w60 | 62 12132 2 la0| 4 | 0010 | 137 | 706kHz
RES w60 | 64 |2l 42| 2 lao| 4 | 0010 | 142 | 680KHz
s 248 | 128 | 2| 32| 4 |60 | g | 0024 | 401 | 473kHz
e 248 | 128 | 2| 32| 4 |0 | g | 0010 | 410 | 420kHz
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2.6 Design and Simulation Summary

The theoretical background of the gravimetric resonator based rare cell detection
sensors is explained. Then, the design limitations and the critical parameters for the
design geometries are stated. By the support of FEM analysis of COMSOL
Multiphysics software the resonance characteristics and operation limitations are
simulated. Finally, the 14 different designs of the final generation are introduced.
The final resonator designs span a wide variety of resonator geometries for push
towards the limitations of the fabrication process flow. If the resonators survive after
the procedure they will give a wide range of test opportunity with controlled
parameter alternatives. The final design proof masses differ from 44 x 16 um?to 248
x 128 pum?, and the natural resonance frequencies span the resonance spectrum
starting from 220 kHz up to 1.47 MHz.
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CHAPTER 3

FABRICATION

In this chapter, the previous generation fabrication processes and newly proposed
fabrication flow of the rare cell detection resonator devices are presented. At the
beginning of this chapter, the previous generation process flows are presented in a
consecutive manner and the related issues of the previous generation fabrication
flows are determined. According to the experiences, limitations, and failures of the
previous generation process flows, a new generation process flow for the fabrication
of the resonator has been developed. Finally, the problems encountered during the
new generation fabrication process flow are briefly discussed and have been solved

with the changes in the process flow or with the layout mask modifications.

In all generations of the resonant cell detection devices, the fabrications benefits
from the SOI (Silicon-on-Insulator) technology, the glass micromachining, the wafer
bonding, and the surface micromachining [71, 72]. The main goal is to fabricate a
bioactivated gold site on the resonant sensor. Meanwhile, the first microchannel
fabrication is developed and processed with the soft fabrication techniques with
PDMS (Polydimethylsiloxane) micromolding. Although, the PDMS soft fabrication
techniques are simplistic; the sealing of the bonding site and alignment to the bottom
resonators are problematic. Thus, the microchannel formation is achieved with wet
etching techniques, curved inside the glass in the final process flow. As the final step
of the process flow, a biocompatible polymer with superior properties of electrical
insulation and high hydrophobic characteristics is coated on to the suspended

resonator devices and patterned. This polymer is Parylene-C and the coating greatly
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benefits the insulation and isolation of the resonant behavior with real time and in
fluid sensing.

The active layer silicon for the resonator fabrication is chosen to be as thin as
possible for decreasing the mass of the proof mass with bioactive site is formed onto.
The gravimetric sensor sensitivity can be maximized with smaller mass of the

resonator so the relativistic change on the resonant characteristics can be detected.

The first fabrication claim would be a Dissolved Wafer Silicon Micromachining
(DWSM) based process with a low cost starting wafer and fabricating the resonator
structure with a differing doping distribution on the silicon wafer. The thickness of
the silicon resonator device can be determined by this distribution. The structure can
be patterned by the Deep Reactive lon Etching (DRIE) and the resonator can be
released by a wet etch with the use of differing etch characteristics of doped and
undoped silicon layers. Although, the DWSM process is advantageous with the low
price of fabrication; the wafer level uniformity of the DRIE patterning can be
problematic from the beginning. Also, the precision of the doping characteristics of
the systems will result in varying thicknesses of resonator devices which will cause

losing the reproducibility and equivalency of the processed devices.

Consequently, a 5 pm active layered SOI is preferred as the starting root wafer. The
SOI wafer oxide layer can be used as an etch stop layer for DRIE patterning and the
reproducibility and equivalency of the resonator structures can be achieved with this
specialized wafer. The buried oxide layer can also be used as a sacrificial layer for
releasing suspended devices like resonators. Also, nowadays MEMS top-down
mechanical or chemical micromachining techniques can not achieve uniform layer,
as required, down to 5 um with grinding, lapping or polishing [73]. The SOI wafer
active layers can be manufactured down to 3 pm for 4” wafer but the uniformity of
the final grinding cause problems and a slight increase of the thickness to 5 um
active layer benefits considerably both for final uniformity and the fabrication
constraints. In all generations, the 5 um active layer silicon of SOI wafers with 2 uym
buried silicon oxide layer and a 350 pum silicon back handle layer are used

henceforth.
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The second main requirement for the gravimetric resonant sensors would be the
reliable signalization with the device layer and the control electronics with a low
noise and parasitic capacitance characteristics for the proper capacitive actuation of
the resonator based sensors. Different methods of intermediate insulating parylene
layer or suspension bridge like conduction of metal layers are tried throughout the
fabrication flow generations.

Parylene coating is the main insulating layer with the high conformal coating
possibility and the biocompatibility around the sensor. Also, parylene is benefited for
the hydrophobic characteristics and in fluid measurement of the resonators. Even so,
the parylene coating is the trickiest point of the gravimetric resonator cell detection
devices. The proper insulation should be done after the devices are released and then
parylene can penetrate in between the fingers and anchors of the resonators and also

insulate the microchannel for parasitic affects.

Finally, the microchannel formation with proper microfluidic characteristics is
crucial for the choice of the fabrication steps. The microchannel should be aligned to
the resonator structures with lowest possible contact area to the outer silicon
structures and gold contact lines for the signalization. In order of fluid flow, the
channel has to be sealed strongly for holding fluid under continuous flow. The
microchannel have to be wide and deep enough for cells to be flood without any
clogging affect; and contrarily the microchannel have to be low volumetric for

decreasing the required volume of examining fluid sample.

3.1 Previous Generation Process Flows

Originating from the first designs of BioOMEMS group’s rare cell detection devices,
we are aiming to develop a gravimetric resonator based sensor with a high mass
sensitivity with a bioactive gold layer on top of the resonant sensor proof mass [71,
72]. Also, the sensor is advantageous with an insulating and hydrophobic coating of
Parylene-C. Through past years there were some generations of designs that we tried

to generate a design with attributes of biocompatibility, reproducibility, low cost, and
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high fabrication yield. There were three generations of designs proposed, fabricated
and investigated before. In light of the foregoing, the 4™ generation design is
proposed and solved many problems occurring in the past processes. Still,
understanding the previous designs is beneficial for explaining the improvements and

advantages of the final generation of process flow proposed.

The first process flow base on a single SOl wafer with all the connections and
resonator structures are designed on the wafer itself. The second process flow makes
use of the anodic bonding technique and the handle layer is the glass wafer
underneath. So the handle layer of the SOI can be removed. The third generation
process flow take root of the glass wafer handle layer design but the contact lines are
also buried inside the glass wafer through recess gaps and a different perspective of
sacrificial layer is proposed. On the other hand, the parylene coating as a general
isolation layer is added to the procedure but the parylene patterning on the suspended
structures cause a drastic loss of working devices. There were some steps that the
process engineer could not actively control the efficiency of the result of the
procedure. Thus, the ultimate process goal become achieving some working devices

out of a whole wafer.

The 4™ and the last generation process flow benefits from a more straight forward
point of view which gives the efficiency control to the production engineer. The flow
makes benefit of the anodic bonding and the glass handle layer approach and also the
parylene coating for the isolation and insulating the resonators from the flowing
fluid. Additionally, the microchannel is carved inside the glass wafer and the

resonator active sites are facing inside the glass wafer gaps.
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3.1.1 First Generation Process Flow

The first generation process flow bases on a single SOl wafer with all the
connections and the resonator structures are designed and patterned on the wafer
active layer itself [72]. The flow starts with the patterning of the SOI active silicon
layer with DRIE etching. The sharpness of the lithography is crucial on this step that
the structure layer which forms the resonators with 1 um feature size. After this step,
the SOI wafer is etched under DRIE down to the buried silicon oxide etch stop layer.
The etch uniformity is provided with the buried oxide layer but there is a trade off on
this issue; the oxide layer also results in notching affect which damages or thins the
finger and anchor springs of the resonators. The process flow used to fabricate the

first generation resonators is given in Figure 3.1.

C] Active Layer Silicone

- Photoresist
- Parylene - C

C] Handle Layer Silicone
. Buried Oxide Layer
D Metal Layer (Cr/Au)

2. SOI Active Layer Structure Etch by

1. SOI Active Layer Structure Etch
DRIE

Lithography
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3. Coat Parylene -C Polymer with 6. Parylene‘ C Etch with Metal MaSking
Parylene Coating System by RIE and BaCkS|de thhography for
Release

i —

4., Lithography and Pattern Parylene - C 7. Backside Handle Layer Etch by DRIE
with Reactive lon Etching (RIE)

- -

5. Cr/Au Metal Coating with Sputtering 8. BHF Release of the Resonators from
and Pattern Metal with Wet Etch Both Sides of the Wafer

Figure 3.1: First Generation Process Flow.

After the structural layer is patterned by DRIE, a conformal coating of Parylene-C
polymer is done as an insulating layer before the metallization is done on to active
silicon layer of the SOI wafer. The Parylene-C is coated by PDS 2010 Parylene
Coating System which is basically a Low Pressure Chemical Vapor Deposition
System (LPCVD). Then, Parylene is patterned with a lithography process and dry
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etching under RIE system with masking layer of photoresist. Afterwards, Cr/Au
metal coating is done under Sputtering system. Chromium layer is coated as an
adhesion layer for conducting gold layer. Another choice could be titanium for the
adhesion layer but the cleaning procedure with the piranha (H2SO4:H202- 1:1)
solution and release procedure with buffered hydrofluoric acid (BHF, HF:NH4F -
1:7) etches away the titanium layer underneath. The metal layer is patterned with
lithography and wet metal etch technique. The metal layer is also used as a mask for
cleaning the Parylene-C remaining between resonator fingers and anchor sites under
RIE dry etching.

The remaining residues of parylene and metal between fingers hinder the release step
under BHF so the wafer handle layer is etched down to buried oxide layer with
backside aligned lithography. Under DRIE with photoresist masking, the resonator
sites are patterned. Then, etching the silicon oxide layer and so the release of the
resonators with BHF and drying steps under hot methanol drying method are done
consecutively. The backside etch of the handle layer is developed after it is observed
that the etch rate with only penetration through fingers and anchors are not enough
for BHF release. The release site optimizations have been the major setback for this
procedure. The release could not be done without increasing the BHF etch time
periods considerably and this create a high over etch rate under the anchor sites of

the resonators which even cause breakages.

The etch sites formed through the backside handle layer result in a different problem.
These holes prevent the vacuum holding of the wafer and further processes or

measurement probe setup applications become highly difficult or even impossible.

The DRIE notching effect is one of the major problems for this procedure. The
notching effect is the undesired over etch under the DRIE etched walls with ions
reflecting from insulating buried silicon dioxide layer of the SOI. These ions
continue to over etch the DRIE patterned structure after the active layer silicon is
etched. The notching effect is observed and inspected deeply in [74], and this effect
is shown in Figure 3.2. The DRIE passivation and etch cycles have to be optimized
for preventing this effect. Also, the varying gap spaces under DRIE etch fields create
the non-uniform etch rates and fast etched sites become more open to this problem.
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Figure 3.2: lllustration of DRIE Notch Effect [74].

Nevermore, the parylene coating brings up some final problems for the procedure.
There is an adhesion problem coming from the low adhesive characteristics between
gold and parylene. Parylene is easily peeling off during some wet procedures. Also,
parylene will not withstand temperatures higher than 95°C which is relatively low
temperature for the standard MEMS fabrication techniques. This limitation of the
parylene layer hinders the process engineer for some necessary over heating steps.
Therefore, the soft and hard baking steps are rearranged and the device parylene

layer hydrophobicity characteristics are protected.
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3.1.2 Second Generation Process Flow

The second generation process flow makes use of the anodic bonding technique and
the handle layer becomes the glass wafer underneath [72]. So this allows the handle
layer of the SOI to be removed and the structures are still remaining durable. The
new procedure is similar to the first generation SOI only process flow as the
formation of the resonators on the SOI wafer. The major difference is patterning a
glass wafer with recess gaps for the suspended resonators to move freely. The
process flow used to fabricate the second generation resonators is shown in Figure
3.3.

The process starts with the lithography and the patterning of the active silicon layer
of the SOI wafer. Then, separately, the glass wafer is coated with Cr/Au metal layer
for wet etch protection layer. Lithography for the metal etch is done and the metal
masking layer is patterned with wet metal etch chemicals. Afterwards, pure HF etch

is done for shaping the recess gaps which will be aligned under resonator sites.

As the intermediate step, the structure patterned SOI wafer and the recess gap
patterned glass wafer are aligned to each other and wafer bonded with anodic
bonding of glass to silicon. With the use of EVG 501 wafer bonder, the substrate
silicon is biased with 1000V, 1500 N piston force is applied on the glass and silicon
wafer pair, and 400°C of bonding temperature is applied on the substrates of the
wafers. Then, the backside handle layer is etched away with DRIE and with
patterning metal mask; the buried oxide layer is etched with RIE or BHF. The RIE
dry etch will be more confine for this step but there is a remaining residue of burned
photoresist which could not be removed. On the other hand, BHF wet etch of the
oxide layer is a cheaper way but with high undercut over etch trenches. Then
photoresist is stripped and Cr/Au metal is sputtered for metal routing metallization.
Metal coating is patterned and the metal connections are formed from the contact
sites of the structure to the wire bonding contact pads of the devices. Finally, the
buried oxide layer is wet etched under BHF solution for releasing the devices.
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Under DRIE
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7. Metal Coat and Pattern Metal Mask
Layer and Pattern Buried Oxide Layer
with RIE or BHF

8. Metal Coat on Contact Opening and
Lithography for Metal Routing

9. Oxide Patterning and Release the Resonators under BHF

Figure 3.3: Second Generation Process Flow.

After this device fabrication, the microchannels are created separately with a
different soft lithography technique of PDMS micromolding. The process steps for
the fabrication of the microchannel on top of the resonator devices for the second

generation resonators are shown in Figure 3.4.

In this procedure, a prime silicon wafer is etched under DRIE for PDMS
micromolding. The PDMS (Polydimethylsiloxane) molding technique is a well
known and cheap technique for creating biocompatible microchannels. The silicon
wafer will be used as a master wafer for the molding patterns and this wafer can be
used repetitively after single DRIE etching. Then, widely known soft lithography
procedure starts with pouring PDMS on top of DRIE patterned silicon master wafer.
The PDMS will be degassed and cured on top of this master wafer. Then, the pattern
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will be mirrored on to the hardened PDMS mold structure. PDMS mold is then
peeled off from the silicon master and after oxygen plasma activation of the PDMS

mold, the microchannel is aligned and bonded under optical microscope.

Handle Layer Silicone Active Layer Silicone

Buried Oxide Layer Photoresist

Metal Layer (Cr/Au) Parylene - C

Glass PDMS

—
B

3. Pour, Degas, and Cure the PDMS Mold
on to the Master Silicon Wafer

1. Lithography for DRIE Patterning of the
Silicon Master Wafer

2. DRIE Etch of the Silicon Master Wafer )
for PDMS Molding 4. After Curing Peel Off PDMS Mold as a

Whole Wafer

Figure 3.4: PDMS Microchannel Preparation for Second Generation Process Flow.
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5. Plasma Activate and Bond PDMS Mold on Resonator Devices in Die Level

Figure 3.4: PDMS Microchannel Preparation for Second Generation Process Flow.
(continued)

The second generation fabrication flow has some major problems which prevent the
resonators work properly. Also, the parylene-C coating is eliminated due to some
fabrication problems and low rate of remaining standing suspended structures. The
insulation and isolation coating of parylene-C does not exist; so in fluid applications
with these devices would be highly problematic with the capacitive and shorting

effects of the fluid conductivity. Additionally, the design is not benefiting from the

The first major problem is the resistive coupling of the metal lines between drive and
sense ports of the resonators. Moreover, the adhesion strength of the wire bonding
pads is not achieved to be low. Thus, the connection metal routing lines are not

working properly through the devices.

The oxide layer remaining under the bioactivation gold sites also etches and causing
the bioactivation areas to be lift-off after long BHF release etch. Thus, the
bioactivation of the gold could not be preserved. Nevertheless, primal resonance

characterization tests have been conducted with clean silicon resonators [72].
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3.1.3 Third Generation Process Flow

The third generation process flow take root of the glass wafer handle layer design but
the contact lines are also buried inside the glass wafer through recess gaps and a
different perspective of sacrificial layer is proposed [71]. This solution is proposed
for solving the resistive coupling problem of the drive and sense ports of the devices.
On the other hand, the parylene coating as a general isolation layer is added to the
procedure but the parylene patterning on the suspended structures cause a drastic loss
of working devices. Parylene-C is used for the hydrophobic insulating and isolating
coating on the structures. Additionally, separate masks and steps are conducted to
open the proof mass gold area and the bonding pads for preventing some plasma
damage on the wire bonding pads. The process flow representation can be

investigated in Figure 3.5.

Handle Layer Silicone Active Layer Silicone

Buried Oxide Layer Photoresist

Metal Layer (Cr/Au) Parylene - C

B0E0

Glass

PDMS

goed

1. SOI Active Layer Structure Etch 2. SOI Active Layer Structure Etch by
Lithography DRIE

Figure 3.5: Third Generation Process Flow.
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3. Metal Mask Coat and Lithography for 7. Backside Handle Layer Removal in
Recess Etch on Glass DRIE

4. Recess Gap Etch on Glass with Metal
Mask Under pure HF 8. Buried Oxide Layer Etch on Resonators

with RIE

5. Routing Metal Lines Coat and Pattern
Inside Recess Gaps

9. Bioactivation Metal Coat and Pattern
on the Proof Mass of the Resonators and
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Parylene-C Coat and Pattern on the
Bioactivation Metal

6. Anodic Bonding
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11. Lithography for DRIE Patterning of

he Silicon Master Wafer
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12. DRIE Etch of the Silicon Master
Wafer for PDMS Molding

14. After Curing Peel Off PDMS Mold as
a Whole Wafer

15. Plasma Activate and Bond PDMS Mold on Resonator Devices in Die Level

Figure 3.5: Third Generation Process Flow. (continued)
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The process starts with a resonator structure formation with DRIE dry etching after
lithography of the structure patterns (See Figure 3.6). In parallel, the glass is etched
for the recess gaps with the usage of metal masking layer. Lithography for the metal
etch is done and the metal masking layer is patterned with wet metal etch.
Afterwards, pure HF etch is done for shaping the recess gaps which will be aligned
under resonator sites for obtaining resonator suspension. The issue for this step is HF
etch sites of the wafer level non-uniformity and lateral etch of HF under metal mask
layer (1:1.6 - deep through: sideway). The setup do not allow us to take out the wafer

in the same way, so this cause reproducibility problems.

Then, a new Cr/Au layer of the metal contact lines and pads are coated and patterned
inside this isolation recesses. During the glass recess etch, the recess gaps for the
metal contact lines are also etched and so the metal lines are buried inside the glass

wafer for preventing resistive coupling mentioned in the 2" generation flow.

— 10uym METUMEMS 3/22/2013
10.0kV LEI SEM WD 16mm 4:01:08 PM

Figure 3.6: SEM image of the 3" generation resonator device after DRIE structure is etched.
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At this point, the separate wafers of SOI and glass are patterned and ready for anodic
bonding. Piranha cleaning for the both SOI and glass wafers are done and
additionally, another very short BHF native oxide etch is done for SOI wafer. Right
after this native oxide etch, the anodic bonding alignment is done and without
delaying the bonding is performed at 350°C, 1200 V is applied to the wafers and a
piston force of 1500 N is used. No flags are put in between the wafers or another

method are used to be able to apply the bonding voltage to the SOI device layer [75].

Afterwards, the handle layer is removed with DRIE dry plasma etching and the most
problematic part of this flow starts. The thin and stressed oxide layer will be holding
the resonators during many wet and plasma processes after the handle layer removal.
This creates cracks throughout the wafer and will cause drastic loss of working
devices at the end. Then, the buried oxide layer is patterned and the bioactivation
sites will be etched with RIE for gold layer to be contact the resonator silicon layer
for preventing peel off like in the previous generation process flows. As mentioned,
next step is coating Cr/Au metal layer and with a lithography and wet metal etch, the
bioactivation metal sites are patterned on top of the proof mass of the resonators.
Then, another wet process of pad opening window lithography is done and the pad
windows are etched with consecutive steps of RIE for 2 um buried silicon oxide etch
and DRIE for 5 um active silicon etch. The process continues with the release of the

resonators with BHF wet etch and methanol drying steps.

As the final step, parylene-C is coated with parylene coating system and lithography
on suspended devices is done for parylene to be etched under RIE for cleaning the

gold on top of the bioactivation sites of the resonant sensors.

The thin parylene layer is to open the top field of the proof mass of the resonators,
for allowing cells to be captured on the gold layer. Another lithography with wet
processing is done and a final RIE is applied for etching the openings of the parylene
layer. The resonators are released at this step, so the processes required to be done
very carefully. Also, a thick spin coating of positive photoresist, SPR 220-7, is used
for this step for properly removing parylene under RIE before the removal of the

photoresist masking layer. The processing of this thick photoresist cause trouble and
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the soft baking of the devices are done by gradually increasing the temperature to

prevent breakages due to outgassing of the resist and inner microchannel air traps.

To sum up, for the 3™ generation fabrication flow, there are some steps that the
process engineer could not actively control the efficiency of success of the
throughput of the procedure. Thus, the ultimate process goal become achieving some

working devices out of a whole wafer.

3.1.4 Problems with the Previous Generation Process Flows

There are many setbacks for the 3 generation process flow which hinder the general
performance of the biosensors. The first issue is the DRIE process time optimization
of the notching effect. There is a fluctuation of the etch rate of the system so the
procedure is lacking the inspection under SEM by which etch of the device can be
assured with proper quality. The trials for the DRIE etch time optimizations are
started from the beginning for the preparation of the 4™ generation process
development. The devices are etched with DRIE in varying etch rates and periods
and the etch profile is deeply inspected. In Figure 3.7, dry etch of the bare silicon
wafer can be observed from a broken side on the anchors. The notching effect is a
major problem in the past but incomplete etch under DRIE can be also problematic at
the final step of the releasing the resonators. The Figure 3.8 shows the semi
developed resonators caused by this under etch issue. Under SEM inspection, the
Figure 3.9 indicates the remaining residue of the active silicon layer on top of silicon
dioxide layer. Actually, there is a trade-off that these residues are the counter issue
for the notching effect which cause loss of the resonator finger and anchor structures.
After the optimizations, both the notching and under etch issues are solved (See
Figure 3.10). The SEM inspection is also required to be added to the process flow as

a fundamental step for the next generation process flow.

Additionally, the active device layer resonator structures are processed with a mask
of differing thickness of lines around resonator sites. This issue prevent appropriate

results with the optimization of the DRIE etch rates and that will cause the resonators
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to be weakened and thinned at the anchor parts, in DRIE etching of the active silicon

layer.

10pm METUMEMS 3/9/2013
SEM WD 13mm 3:54:49 PM

Figure 3.7: Broken wafer for the inspection of DRIE etch profile optimization trials for the

prevention of the notching effect.

A
4y

1—
s

¥ ] (RO TR |
= —
: |

|
|

Figure 3.8: Active silicon layer is not etched completely and the resonators are not formed

properly with under etch in DRIE.
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- lpm METUMEMS 3/18/2013
5.0kV LEI SEM WD 16mm 6:31:03 PM

Figure 3.9: Remaining silicon residue after DRIE etch on the varying etch spaces without
optimization. These residues are the counter issue for the notching effect which cause loss of

the resonator finger and anchor structures.

BN  1p;m METUMEMS 3/22/2013
10.0kV LEI SEM WD 1l6émm 3:57:27 PM

Figure 3.10: Proper etch on the corner sites of the anchor and fingers after optimizations are
done for the specific structure mask of the resonator features.
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The second issue for the 3" generation fabrication flow is the anodic bonding
causing high rate of burning and sparking between fingers of the resonators and
metal lines, resulting in huge amount of loss of the contacts and resonator finger
damages as represented in Figure 3.11. This can be solved by connecting all wafer
level lines for whole wafer. (See Figure 3.12a for the previous generation metal mask
and Figure 3.12b for the new metal mask) The second issue is the pad line hindering
of the metal layer on the drive and sense electrode anodic bonding area, we need to
shorten the lines, so the area of bonding can be increased.

Figure 3.11: After anodic bonding due to floating areas on the bond surface, high rate of
burning and sparking between fingers of the resonators and metal lines, resulting in huge
amount of loss of the contacts and resonators
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Figure 3.12: (a) Metal routing lines mask can be seen, the die level metal lines are not
connected so at the state of the anodic bonding, there are many floating pads remaining on
the active silicon layer of the SOI and this results in sparking during the anodic bonding. (b)
Metal routing lines mask can be observed for the 4th generation flow, the die level metal
lines are all connected in the new design. Also there are no floating areas remaining.

Moreover, the ruptures of the oxide layer were observed especially in the bond pad
regions (See Figure 3.13). The main reason for these ruptures is the overheating at
the step of DRIE etch with only 2 um stressed oxide layer is supporting the nearly
suspended structures. In order to solve this issue, modifications have been made in
the DRIE and glass recess masks. The arrangements of the layout solved the issue in
some extend, but the fact of the very weak and stressed layer of buried silicon
dioxide layer of the SOI continue to cause problems. Even so, the solution adds
another mask and an additional wet lithography process so the problem continues.
The stress on the oxide and many compulsive wet processes do not allow the solution
to work, so for the next generation process flow we need to consider a new point of

view for reaching and contacting the metal pads.
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Ruptured oxide regions Wirebond pads

Figure 3.13: Rupture oxide regions above bond pads after backside DRIE. [71]

After the backside handle layer removal with DRIE, a window is aimed to be opened
on the oxide layer on the proof mass. This is done under RIE dry etching. Another
problem related with the oxide layer emerged at this step. Throughout the wet
lithography processes the oxide cracks and the liquids penetrate from these cracks
and cause bubbling or wide ruptures on the photoresist and the oxide layers. As a
solution, an additional 200 nm oxide layer is deposited under PECVD with low
stressed mixed frequency recipe. This additional layer of oxide is aimed to fill the the
cracks and seals the microfractures in some aspect and increase the number of
functional devices. Although, the solution works slightly, it does not increase the
functional device number considerably (See Figure 3.14). On the other hand, the new
process mask set is drawn under consideration of this issue so the breakages do not

occur even if the additional oxide layer is not introduced.
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Figure 3.14: After the lithography, photoresist penetrated the oxide layer through
microfractures marked with red throughout the wafer and again rupture the oxide layer after

the baking step.

The final steps of BHF release and the parylene patterning are the last wet processes
which are the most catastrophic steps of all. The suspended resonators can not
withstand the effect of these consecutive steps. Most of the resonators are lost at
these steps. At the last steps, with suspended structures, the choice is always on the
side of dry process but the long oxygen plasma processes damage the chromium
adhesion layer underneath the bioactivation gold site, and BHF release step can
undercut the and leaving bare silicon. As seen in Figure 3.15, the gold on top of the
many proof masses are lifted off. On the other hand, the bond anchor sites of the
drive and sense ports are not proper for these applications. The ports can easily be
broken after BHF release etch and result in another loss of device (See Figure 3.16).
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Figure 3.15: Chromium is etched under long oxygen plasma steps for photoresist strip and
the bioactivation gold site on top of proof mass of the resonators are lifted off.

Figure 3.16: BHF release wet etch undercut the bond sites glass and the weak spots like gold

connection areas are vulnerable for breakage.

The major problem of this process is thinning the backside handle layer silicon at the
very beginning of the process. This causes cracks on the SiO; and even breakages of
major parts. This restricts our opportunity of reproducing the process or stripping a
misalignment. Thus prevents the wet processes success. Even at the last step, we do
two processes of wet and photolithography with thick photoresist and at this stage the
pads and released layers are opened and fluid easily penetrate through the recess

lines.

The requirement of decreasing the number of wet processes after anodic bonding
imposes us to choose dry oxygen plasma instead of wet PR strip. However, the Cr

adhesion layer is slowly etched with a considerable under cut. As a result, at the final
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step of releasing in BHF, the bioactivation Cr/Au pads raptured. If we continue with
this process, we need to increase the chromium (Cr) thickness under gold pads. Also,
there is a trade-off between dry oxygen plasma being a dry process and the under-cut

etches of chromium adhesion under layer.

3.2 New (4™) Generation Process Flow

The 4™ and the last generation process flow benefits from a more straight forward
point of view which gives the efficiency control to the production engineer. The flow
makes benefit of the anodic bonding and the glass handle layer approach and also the
parylene coating for the isolation and insulating the resonators from the flowing
fluid. Additionally, the microchannel is carved inside the glass wafer and the
resonator active sites are facing inside the glass wafer gaps. The new generation

process flow can be examined in Figure 3.17.

Handle Layer Silicone Active Layer Silicone

Buried Oxide Layer Photoresist

Metal Layer (Cr/Au) Parylene - C

Glass PDMS

8080
noec

2. SOI Active Layer Structure Etch

1. Bioactivation Metal Lithography and i
Lithography

Pattern on Clean SOI

Figure 3.17: New Generation Process Flow.
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3. SOI Active Layer Structure Etch by
DRIE with Bioactivation Metals Appear
on Proof Masses of the Resonators

4. Metal Mask Coat and Lithography for
Recess Etch on Glass

5. Recess Gap Etch on Glass with Metal
Mask Under Pure HF

6. Microchannel Etch Inside the Glass
with Metal Mask Under Pure HF

7. Routing Metal Coat and Pattern inside
the Recess Gaps
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8. Anodic Bonding

9. Silicon Backside Handle Removal with
DRIE

10. Release the Resonators by BHF and
Hot Methanol Dry

11. Parylene-C Coat and Pattern with
Oxygen Plasma

12. Parylene-C Pattern with Oxygen
Plasma



13. Wire Bond Pad and 1/0 Caps Open with DRIE and RIE (Optional if necessary)

Figure 3.17: New Generation Process Flow. (continued)

As a start, the SOI and the glass wafers are cleaned under DI water rinse and then in
piranha cleaning for completely removing the dust and organic residues on the
wafers possibly coming from the manufacture steps. Then, the SOI wafer is etched
in BHF for a very short time for native oxide removal for increasing adhesion
quality. Then, the SOI wafer is coated with Cr/Au metal layer by sputtering and
photolithography for bioactivation sites metal patterning is done on the clean SOI
active silicon with wet metal etching or exchanging the photolithography and Cr/Au
coating steps and lift-off procedure (See Figure 3.18). Especially, after the metal etch
patterning, an extra gold wet etch is done for a short time so the diffused gold
residues which can penetrate through the chromium layer are etched away from the

surface.

Continuing with the SOI wafer, active device layer DRIE lithography is developed
on the bioactivation metal islands. The active device layer resonator structures are
etched with a mask of differing thickness of lines around resonator sites. This issue
causes the resonators to be weakened and thinned at the anchor parts, in DRIE
etching of the active silicon layer. (See Figure 3.19) Thus, as mentioned in the
previous sub chapter, the structure mask is prepared considering this fact and the
optimization of the notching and under etch trade off can be disposed. Then, the
DRIE etch rates are optimized with trial Silicon and SOl wafers. The critical
dimensions are achieved with the DRIE etching method developed in METU-MEMS
facility [76]. The resultant etch rates are at a minimum notching rate measured under
SEM with not more than 5% loss of dimensions. Besides, the SEM inspection of the

resonators are also done for a cross check for all the DRIE etches (See Figure 3.20).
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Figure 3.18: Bioactivation metal patterned on clean SOI active layer silicon side.

Figure 3.19: SOI active layer structure DRIE etch lithography.
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Figure 3.20: SEM inspection of SOI active layer structure DRIE etch on the test resonator.

Meanwhile, the glass wafer is etched in BHF for 1 minute for adhesion improvement
for the metal masking layer. Then, after dehydration and Cr/Au coating under
sputtering the recess etch metal masking layer is patterned with lithography of 3 um
of SPR 220-3 photoresist. Afterwards, the photoresist is hard baked and remove the
residual photoresist in the trenches with descum procedure with oxygen plasma
under 1 Torr pressure, 150 W power for 3 minutes. After the metal etch procedure
for patterning the metal masking layer, the opening glass sites are etched with pure
HF for 5 um recesses to be created (See Figure 3.21). During the etch of the glass for
uniformity, the etching medium is stirred continuously with a magnetic fish. At the
end, the Cr/Au metal masking layer is stripped and the recess gaps are appeared for
free movement of the resonating structures and preventing the shorting between

active silicon layer and the metal routing lines (See Figure 3.22).
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Figure 3.21: Recess etch Cr/Au metal masking layer with Au and Cr layers are etched. The
resonator sites and the tips of the drive, sense and ground lines can be seen.

Figure 3.22: Recess etch on the glass wafer with metal masking for pure HF wet etch with 5
um deepness after the Cr/Au metal masking layer is stripped.
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In the past, the recess gaps are drawn without taking into account of wet pure HF
etch lateral expansion so the recess gaps are shorting the metal lines with some extra
lithography and etching contamination. The metal lines are crowded and differing
greatly with the longitude. The new mask set is prepared for recess gaps are
minimum 100 pm apart from other lines and so there is no possible of shorting. Also
in the final design, the recess lines are comparable in longitude and they are drawn in

a simpler manner. (See Figure 3.23)

Figure 3.23: The general top view of the resonator mask steps for process flow 3™

generation. The blue lines show the recess gaps and the metal lines that will be carved inside
the glass wafer.

Proceeding, the glass metal masking layer is stripped off then, a new Cr/Au layer is
sputtered on the glass wafer for the aim of metal masking the microchannel pure HF
etch. The mask for the recess and microchannel sites does not correspond so we do
not need an extra thick photoresist for this step, we prefer to use spray coating of
S1813 with 4.5-5.0 um thickness for the lithography of the metal masking layer. The
edges of the etch sites can not be covered with standard spin coating and this edges
become exposed to the wet metal etchant and so on the wet HF etchant for
microchannel which result in deep wells on the edges of the recess gaps. The spray

coating covers the waviness of these recess etch sites conformably and prevent the
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deep undesirable etch sites. After the metal etch, the microchannel is carved inside
the glass wafer with not more than 50 pm deepness on the original channel line and
not more than 60 um lateral undercut widening and the total microchannel wideness
to be 170 um (See Figure 3.24).

Afterwards, the metal mask layer is etched away again and the Cr/Au coating and
patterning is repeated for routing metal and wire bond pads to be fabricated (See
Figure 3.25). As in the previous step the lithography is done with spray coating due
to 50 um deep topographic transitions on the wafer. In all these wet metal etch steps
the diffused gold penetrating through the chromium are etched with an extra gold
etch step is added at the end of the Cr/Au wet etches.

Figure 3.24: Microchannel carved inside on the recess patterned glass wafer with 50 um

deep and not more than 170 um wide.
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Figure 3.25: Microchannel carved inside on the recess patterned glass wafer with routing
metal lines and wire bond pads are patterned.

Then, SOI active layer silicon and the active side of the glass wafers are required to
be cleaned for high quality of anodic bonding. The SOI and glass wafer are cleaned
in a 1:1 piranha (H2S04:H202) solution for 20 and 10 minutes respectively. The
wafer of SOI with bioactivation gold patterned on the resonator structures can not
stand after the gold treatment of piranha due to under etch of chromium layer
underneath gold sites. Afterwards, the SOI wafer and the glass wafers are treated for
shallow etch under 1.7 BHF for removal of the native oxide layer grows on the both
wafers in normal conditions. The shallow etch is done for not more than 1 minute for
both SOI and glass wafers, and is aimed for achieving better contact quality in
between routing metal lines and the SOI active device layer [75]. Also, the etch for
the glass wafer is done as a final cleaning of the gold residues remaining from the
metal etch procedure for routing metal patterning. Also, for glass wafer short BHF
etch is used for final assuring of the removal of the diffused gold residues.

As the intermediate step, the structure patterned SOI wafer with bioactivation metal
patterned on top of proof masses and the recess and microchannel gap patterned glass
wafer are aligned to each other. Then, wafers are bonded with anodic bonding of
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glass to silicon. EVG 501 wafer bonder system is used in this process and a bias
voltage of 1200V, piston force of 1500 N, and bonding temperature of 370°C is

applied on the wafers.

The anodic bonding cause high rate of burning and sparking between fingers of the
resonators and metal lines, resulting in huge amount of loss of the contacts and
resonators. This can be solved by leveling the voltage applied which can be done by
shorting all lines for whole wafer which is done in the last mask set. All lines that are
connected and they are prepared as to be separated with the dicing lines (See Figure
3.12). If we remember the previous preparation section of the final process flow, the
second issue about the anodic bonding is the pad line hindering of the metal layer on
the drive and sense electrode anodic bonding area, we have shorten the lines, so the
area of bonding can be increased. The final anodic bond is achieved to be strong and

can be observed in Figure 3.26.

The third issue is the graphite residues remaining after anodic bonding; an additional
step of piranha cleaning can be done afterwards but this does not clean all the
graphite residues and piranha cause residues at this stage so we do not prefer to use
it. Moreover, piranha cleaning before the bonding is crucial and it is necessary to
make sure of there are no residues remaining before anodic bonding. Otherwise, this
residues cause local breakages on the wafer. Also, the anodic bonding quality has
been increased by increasing the bond area achievable with updating the mask. On
the other hand, the bond strength is also increased with increasing bonding
temperature at the state of the anodic bonding to 370°C and better results are

observed.
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Figure 3.26: Resonator sites can be seen after anodic bonding. The microchannel is carved

inside the glass wafer and the bioactivation gold layers are appearing on the resonators.
Sparking is not occurring between fingers of the resonators and it does not burn off the
contact lines.

Then, the 350 um thick backside handle layer is etched away with DRIE and then,
the buried oxide layer is etched with RIE or BHF (1:5) for releasing the resonator
sensors. The RIE dry etch will be more confine for this step but there is a remaining
residue of burned photoresist which could not be removed on the outer ring of the
wafers. After wet BHF release is done, the wafer is cleaned in water for a long time
for the remaining BHF is dissolved away from the microfluidic channels. Lastly, the
drying process is done in acetone, isopropyl alcohol (IPA), and methanol
respectively and finally dry at 70 °C with methanol is vaporized on the surface. (See
Figure 3.27)
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Figure 3.27: After the DRIE backside handle layer removal and BHF release are done. The

BHF over etch can be observed around pad contact areas.

As the final step, after the device is released, a thin parylene layer is coated in
parylene deposition system. The resonators are coated with Parylene-C for a thin
layer around 0.5 um with I/O holes are blocked by MicroSoup-95 solution which is
anti-adhesion agent for the parylene polymer and even after the solution is degassed
under vacuum of the parylene coating system, the parylene penetration is prevented
considerably. At the last step, the wafer is etched under no masking layer inside the
oxygen plasma for an optimized short period. Normally, this measure of thickness of
parylene-C etches in 30 minutes but the gold facing inside the microchannel etches
away in not more than 5 minutes. Higher time periods cause also loss of the in
between finger and anchor parylene coating layer. In fact, the SEM analysis shown in
the next sub chapter, indicate that the remaining parylene is around 0.4 um + 0.05
um thickness of Parylene-C is remaining on the finger and anchor side walls. Thus,
the hydrophobic characteristic of the parylene coating will remain for in fluid

processes adequately.

There is only a final optional step of contact pad and input-output opening after the
parylene is deposited, is remaining. The wet processes after the release are decreased
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considerably, the 1/0O and pad opening step is also optional. | have prepared the SOI
patterns with mechanically breakable structures; this will cause the silicon active
layer to be peeled off after the BHF oxide release of the devices. The 1/0O pads are
peeling off really easily but the pad openings are not removed relatively. | have
another precaution for that issue, and all the pads have a 30 um radii opening on the

corner for removing with probe tips which is working for the chips.

3.3 General Remarks on the New (4™) Generation Process Flow

For this process flow, the main advantage will be working on SOI and Glass wafers
independently and the anodic bonding, the handle layer removal, and the BHF
release steps will be done at the very last steps. It is possible to work only on these
suspended devices for 1/0 openings of the microfluidic channels. This result in much
more fine fixtures to be processed and also alignments can be done with around 1 um

sensitivity.

The SOI DRIE patterning could be done in the first step. Unfortunately, the
photolithography is more challenging because of the topography form the patterning
of DRIE is greater. Also, the penetration of the commercial metal etchants present a
difficulty inside 2-4 um wide and 5 pm deep etch sites; there is remaining metal non-
etched residue in between the fingers and anchors as seen in the SEM inspection of
these wafers. (See Figure 3.28) This problem is solved by switching the bioactivation
patterning step with the DRIE structure patterning step in the order of process flow.
The trials are done for both lift-off and metal etch procedures and the results are
fruitful for both the fabrication steps. The bioactivation lines can be fabricated by

both of the processes.
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Figure 3.28: Gold residues between the fingers and DRIE etch sites due to penetration

challenge of the metal wet etchants in between deep DRIE trenches.

The lift-off process is used for cross checking the proof mass resistive coupling
problem for the shorting observed after metal etch gold residues and the diffused
gold sites. The lift-off procedure hinders this problem with protective 3 um SPR 220-
3 photoresist layer which does not let gold defuse into the silicon. Also, for the metal
etch patterning, an extra extended time for diffused gold etch is used with
considering the effect of deep undercut created under bioactivation gold sites. This
cause an extra 1-2 um over-etch which will decrease the area of bioactivation field
for the small fields 3-4 um from all sides. Besides, the minimum bioactivation gold
sites on proof mass fields (40 pm x 10 um) can be protected with both methods (See
Figure 3.29).
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Figure 3.29: The bioactivation structures compared under SEM, (a) the twisted edges can be
easily observed with lift-off patterning; and on the other hand, (b) the metal etch over etch of
the gold sites with increased diffused gold etch times. Cr under the gold bioactive sites can

be observed.

The other issue with the method is the spin coating dispersing. The cavities deeper
than about 10 um, result in thinning of the resist at convex corners and accumulation
inside the cavity create problems with exposure and with leaving insufficient resist
thickness on the sidewalls during etches. Even thick photoresist usage could not
solve the issue. The deep trenches are occurred after the recess etch under HF wet
etch, and then microchannel etch with deeper HF wet etch the trenches become more
obscene. These dispersing of the photoresist cause some discontinuities at the contact
lines of metal routing as seen in Figure 3.30. This problem is solved with the spray

coating usage.
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Figure 3.30: The spin coating of photoresist with cavities on the field create some trenches
under HF wet etch and then at the next spin coating steps, the metal routing lines become

trimmed and even become discontinuous.

3.4 Fabrication Summary

As a summary, the chapter explains the previous generation fabrication flows for the
resonator gravimetric rare cell detection devices. Furthermore, the problems of these
fabrication flows are inspected and the solutions are explained in detail. Then, the
issues required to be solved for the increase of the throughput of the fabrication is
expressed. Under the light of these experiences, a new fabrication flow is presented.
As a result, a resonator with a gold layer proper for bioactivation on the proof mass
area is achieved with high throughput rate after the fabrication steps. The processing
on the active side of the wafers give the advantage of better alignment rate with 1 pm
precision and low loss of features due to over etching through the new generation
fabrication flow process steps. The SEM image of the device and optical photograph

with microchannels are given in Figure 3.31 and Figure 3.32 respectively.
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Figure 3.31: SEM image of resonant mass sensor device with bioactivation gold is standing
on the proof mass of 4™ generation process flow.

Figure 3.32: The photograph of resonant mass sensor device integrated with microfluidic
channel cap and electrical connections in the 4" generation process flow. One of the input
and output ports are mounted on the holes of the glass microchannel with white epoxy.
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CHAPTER 4

EXPERIMENTAL RESULTS

This chapter starts with the check-out tests for the novel method for Parylene-C
coating and patterning on the inner bioactivation gold sites with validation analysis
under SEM and EDS. Then, the chapter continues with the experimental results of
the cell detection resonators with the resonance spectrum and open loop analysis of
the resonance behaviors. The resonators are examined for device operation status
with and without parylene coating. Then, the analysis of the devices is done for in
fluid operations. This step is divided to fluidic leakage tests of parylene
hydrophobicity and electronic tests of the resonator devices under fluid flow. The

interface circuit for amplifying the signal is also given.

4.1 Parylene Cleaning Except on the Inner Bioactivation Gold Sites

The main aim for this novel process is the parylene cleaning on top of the
bioactivation layer. Also, the parylene deposition uniformity is problematic.
Therefore, close inspection under SEM (Scanning Electron Microscopy) and EDS
(Energy Dispersive X-Ray Spectroscopy) analysis are done for clarifying this

uncertainty.

The uniformity tests are done in a detailed manner for PDS 2010 Parylene
Deposition System. The results show not more than %10 deviations around the

aimed value of the parylene coating. The major issue for the new process flow of the

95



resonator cell detection devices is the penetration of the parylene-C through 2-3 um
gaps between fingers and the anchor sites.

The parylene layer is desired to be as thin as possible as explained in the design
chapter. Various coating trials and optimization of the thin coating process have been
made. Dimer amount and wafer position inside the coater is varied in these trials. As
a result, uniform coating for thickness values as low as 0.3 um has been successfully
performed. On the other hand, the thickness of the parylene layer after this novel
method is thinned with oxygen plasma and due to avoiding possible uniformity

problems; we used a thicker coating of 0.5 um for the starting thickness of coating.

The deposited parylene-C surface is hydrophobic, with a contact angle around 100-
110°. However, fluorine based plasma treatment with SFs or CF4 can be used to
change the surface to be super hydrophobic up to contact angles of 130-155° as

mentioned in the study of Chen et al. [77].

The Cell Detection Resonator devices with parylene coating and removal from the
bioactivation sites are tested and optimized. The distribution of the parylene coating
is inspected and the EDS analysis are done for varying points of care from backside
and top side of the resonators. The resonators with bioactivation gold sites are
fabricated on the inner side of the proof mass and the walls of the fingers of the
resonators are aimed to be coated with parylene-C. The parylene-C coating will
hinder the penetration of the fluid which is flowed on the resonators through
microchannel structures. Meanwhile, the inner bioactivation sites are cleared from

parylene-C coating.

The trials are done with 0.5 um parylene-C coating. The input and output openings
are opened after BHF release. This high rate of penetration of parylene can be
problematic. The procedure is developed taking into account that the penetration of a
polymer vapor is lower than the penetration of the oxygen plasma. This effect is
tested and approved. Besides, the process idea is not only depending on this fact; it is
also supported by another practical way of blockage; from 1/0 holes by MicroSoup-
95 (1:50 in DI) solution droplets which is the anti-adhesion agent for the parylene

polymer and even after the solution is degassed under vacuum of the parylene
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coating system, the parylene penetration is prevented considerably. Then, through the
vacuum process it degasses and so I/O holes are opened for the oxygen plasma
treatment process. Only coating will be occurred with penetrating parylene through
resonator fingers and anchor sites. Thus, the coating on the inner bioactivation gold
will be thinner than the outer proclaimed resonator top side and in between fingers.
This thin parylene coating will prevent the flowing fluid in between resonator fingers

or the separation parts of the resonators [69].

The thickness of the main parylene-C coating is as expected 0.5 pm on the top side
but it will decrease when the parylene penetrate in to the fingers and coat the inner
backside of the proof mass and also the glass microchannel inner walls. This
decrease, through 5 pum active silicon layer which is the thickness of the active
silicon of the SOI wafers we use. We observe the thickness of the SOI resonator
structures with SEM before. This penetration is observed and measured to be around
0.05-0.08 pum for the inner sides after the coating of 0.5 um is coated from the top
side. The thickness of the coating of parylene becomes to be around 0.1-0.3 um for
the in between fingers. In fact, our novel method makes use of this distribution on the
critical sides of parylene-C coating. The oxygen plasma treatment can be used for the
cleaning of this parylene layer [78]. The Figure 4.1 shows that the resonators can be
observed after tape-check for observing the inner parylene coating thickness.
Parylene is coated and after oxygen plasma treatment the resonator finger side walls
parylene coating still remains in an aspect. The blur effect is caused by the parylene
layer coated on the sidewalls of the resonator fingers. If the treatment increased the
parylene layer becomes so thin that the SEM blur created cause of the insulation of

parylene disappears.
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Figure 4.1: The view of the resonators can be observed after tape-check for observing the
inner parylene coating thickness. (a) Parylene is coated and after oxygen plasma treatment
the resonator finger side walls parylene coating still remains in an aspect. (b) If the treatment
increased the parylene layer becomes so thin that the SEM blur created cause of the
insulation of parylene disappears.

The aim of the trials are done for clearing the field of bioactive gold site on the inside
of the channel so even a small portion of parylene residue will prevent the

bioactivation field from the chemical functioning process.

Thus, EDS analysis is used for controlling the results of the oxygen plasma
treatment. The inspections are done in four differing plasma treatment states and one
without parylene coating state as the control group. The EDS analysis is done for
Carbon (C) and Chlorine (CI) atoms of the parylene-C molecule, the remaining
Hydrogen atoms can not be observed under EDS analysis (See Figure 4.2). The field
of interest with certain EDS analysis are done shown on the SEM image of the
resonator after tape-check; inside the blue box is called “Middle” measurements, in
between blue and red boxes is called “Edge” measurements and in between green
and red boxes is called “Outer” measurements. The measurements are done in these
fields with the average of 5 different point measurements and for 6 different dies of

sampling.
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Figure 4.2: The field of interest with certain EDS analysis are done shown on the SEM
image of the resonator after tape-check; inside the blue box is called “Middle”
measurements, in between blue and red boxes is called “Edge” measurements and in

between green and red boxes is called “Outer” measurements.

The EDS inspections are done for 4 different stages of oxygen plasma treatment after
parylene-C coating. The oxygen plasma treatment is done under 1 Torr vacuum
conditions and under 300 W power is applied. The first stage is no oxygen plasma
treatment after Parylene-C, the second state is 2 minute of oxygen plasma treatment
which is not enough and for observing the middle state. The third state is the
optimized parylene cleaning, 5 minutes for 0.5 um parylene-C coating which clears
the inner parylene layer on the bioactivation gold site. The fourth state is 30 minutes
of oxygen plasma etch which is the required period for all the parylene inside and

outside the microchannel cleared.

During the measurements, the top sides of the resonators are also inspected and the
results show the parylene is still remaining on the top side of the resonators. (See
Figure 5) Also the thickness of the parylene on the top side of the resonators and the
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thickness coated between fingers are critical for the applications. The coating aimed
for 0.4 pum for the Figure 6 and the thickness between fingers are measured to be
around 0.45 um after coating. And after 5 minutes of oxygen plasma treatment which

is enough for removing the inner parylene coating.

Table 4.1: Average values for the percentage of the EDS analysis for 3 different location

intervals. The values are average of 5 measurements each for 6 dies (30 measurements)

Location Oxygen Plasma
. _ Au C Cl
(Average of 5 point Treatr-nent Time Si (%0) @) | @) | )
measurement) (minutes)
No Parylene 5 95 0 0
No Plasma 3 52 36 9
Middle Field 2 min 6 65 24 5
5 min 4 96 0 0
30 min 5 95 0 0
No Parylene 99 0 0 0
No Plasma 22 45 27 6
Edge Field 2 min 34 51 12 3
5 min 35 58 6 1
30 min 99 0 0 0
No Parylene 99 0 0 0
No Plasma 83 0 10 7
Outer Field 2 min 89 0 8 5
5 min 93 0 5 2
30 min 99 0 0 0
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The results on the general average shown in the Table 4.1 and the general trend can
be observed as the 5 minutes of parylene etch is enough for clearing the backside
gold bioactivation layer on the proof mass. The middle of the proof mass gold is all
cleaned after the 5 minutes oxygen plasma treatment. This is the case for all the top
parylene is still remaining on the finger sites; the parylene is seemingly increased
through the edges and outer regions. The finger sites are cleared in some aspect but

the parylene is not completely removed.

The inspections under EDS are also checked under SEM imaging but the blurring
effect caused of the astigmatism problem due to non-conductive characteristics of
Parylene-C, prevent the inspection sharpness. The thickness of the parylene on the
fingers is hard to observe, so the measurements for the thickness are not reliable but
it gives information about the average thickness distribution. The measurement of
thickness of the parylene layer on the resonators from the top view before the oxygen
plasma treatment; the coating thickness is around 0.45 pm, after the oxygen plasma
treatment (See Figure 4.3a) the view of the resonator coating thickness can be

observed to drop to 0.31 um. (See Figure 4.3b)
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Figure 4.3: The measurements for the thickness are not reliable but it gives information
about the average thickness distribution. (a) The measurement of thickness of the parylene
layer on the resonators from the top view before the oxygen plasma treatment is around 0.45

um, after the oxygen plasma treatment (b) resonator coating thickness is dropped to 0.31 um.
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Thus, for completing the proof, the EDS and SEM observations show the polymer
remaining on the biocompatible microchannel, the final stage of the proof is the tests
of fluid flow. The system is also tested under pressurized fluid flow and we did not
observe any leakage. As a result, this novel method can be used for parylene coating
for creating a hydrophobic surface and this will hinder the penetration of the fluids
between the fingers. The optical view of the resonator are shown in Figure 4.4, after

the parylene coating and then removal of parylene on the bioactive sites with short

oxygen plasma treatment.

Figure 4.4: The resonator devices are shown under optical microcope, (a) after parylene
coating, (b) after parylene is etched with short oxygen plasma treatment. (c) and (d) are the
focused images for parylene coated and plasma treated devices respectively.
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4.2 Interface Circuit

As mentioned in Chapter 2, the general current output of the cell detection resonator
devices are too low. For conducting the tests, we need to implement the open loop
operation of the resonators with a certain level amplification for resonance spectrum
tests. The system is designed by Ekrem Bayraktar and Deniz Eroglu for the previous
generation applications [71, 72].

As mentioned in the previous chapters, the sensitivity requirements are force the
designs of the resonator mass to be as small as possible which result in high natural
frequency and low gain signal output. In order to accomplish to see the resonance
characteristics of the devices, we need to amplify the injected nano ampere level

current form the resonators.

Indeed, at this stage current is required to be converted to voltage which can be done
with a transimpedance amplifier (TIA). The natural frequencies of the resonator
devices that we fabricate are in the range of 200 kHz to 1.5 MHz, and TIA circuit can
be optimized for the need of high frequency operation as in the resonator designs.
For improving the signal to noise performance, the current noise of the OPAMP
requires to be minimized and magnitude of the TIA feedback resistor needs to be
maximized. Accordingly, the commercial OPAMP, OPA 656 from Texas
Instruments, is chosen with the specifications of low current noise and wide
bandwidth operation spectrum. Besides, the feedback resistance for the TIA package
is chosen to be 1 MQ which is highest possible resistor value for the intended
operational bandwidth. The parasitic capacitance and the feedback resistor with 1
MQ resistance is connected in parallel of the TIA circuit, has a much smaller
impedance compared to the resonator input capacitance so higher bandwidth

operation can be achieved with TIA circuit systems.

Closed loop operation is also possible with this configuration. If we connect a
differentiator which adjusts the phase difference caused by the transimpedance

amplifier; and gain stages for raising the signal and a comparator stage at the end as a
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loop will operate in close loop. The study on this issue is not concluded yet, it is

remained for the future work.

Our main goal in this thesis is to test the newly fabricated resonators if they are in
operating condition or not. Thus, the open loop measurements of resonance
spectrums are applicable for our situation. Therefore, the measurements are done
only the TIA circuit with a capacitance is added in order to eliminate the stray.

The test setup for the resonance spectrum tests is shown in Figure 4.5. Each
resonator has three pads of access; drive, sense and proof mass. A network analyzer,
Agilent 5495A, gives an excitation AC signal of 15 dBm to the drive pad of the
resonator. The proof mass of the resonator is biased with DC input at the level of
100V. Then, the emerging output signal of the sense pad is amplified with the TIA
circuit. The TIA system is also kept operational with a DC supply of £5V. The
converted voltage output of the TIA interface circuit is then fed to the network

analyzer.

The network analyzer sweeps the frequency and records the magnitude and phase
responses of the resonator for the frequency spectrum. The resultant data is exported
as the real and imaginary components of the polar coordinates of the resonance
frequency measurement. Thus, by individually calculating the difference between the
drive resonance spectrum and the stationary condition of the setup; the resonance
characteristic can be obtained by extruding the setup noise. The resulting resonance
peak has no more than 3 dB gain and it is impossible to use the values directly for
quality factor calculation. Keeping in the mind that the resonator die will have
capacitive crosstalk between fingers and fields of silicon on the resonator; the steady
state or OV biased signal is vector subtracted from the result. Actually, the gain of the
circuit is around 118 dB which means that the resultant magnitude of the resonator is

118 dB lower than the measured value.
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Figure 4.5: Resonator measurement setup is shown, with the network analyzer, DC supplies,
and the interface TIA circuit. The device is measured with the network analyzer under probe
station. The measured devices and the read-out circuit with TIA interface integrated are

identified in green circles.
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4.3 Test Results

Under open loop operation the resonator devices are tested, and the natural frequency
and the quality factor of the devices are obtained. The designs of the resonators are
slightly changed and the variety of the resonator designs are increased for the
fabrication check points. The contribution of the design changes are summarized in
Chapter 2. Although, 14 different designs are drawn for defining the limitations of
the fabrication; 3 of them, Res #1, Res #4, and Res #10, are drawn for cross checking
the resonator characteristics with the previous generation fabrications. Uniformity,
linearity and mass detection abilities are reported for the gravimetric resonator design
of BIoOMEMS group.

The measurements are done with differentiation analysis of the frequency spectrums
of steady condition (zero applied bias) and operation mode (90-100 V bias applied)
of the resonators. The resonance characteristics of the resonators are extracted as
polar coordinates from the network analyzer and then, the magnitude and phase
components are subtracted separately. Since, we assume that the steady condition
noise caused from the setup and the circuitry, by these means, the contribution is
eliminated. The investigations of the quality factor are done after these extractions

completed.

The similar resonator designs show similar results with the previous generation
fabrication measurements. The results with and without parylene are similar that the
parylene coating shift the natural frequency of the resonator slightly with the increase
in the mass of the resonator. Even for Res #14 and Res #13 resonators (248 um x 128
um proof mass) which have the largest proof masses, and the lowest minimum mass
sensitivity; the mass of Parylene-C layer can be measured. In Figure 4.6, the shift of
resonance peak can be observed for Res #7 design, from 572.8 kHz to 563.2 kHz
after parylene coating.
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Figure 4.6: The magnitude and phase measurements of (a) the resonator without coating and
(b) with parylene coating are done for RES #7 device by direct observation of network
analyzer. The shift of natural frequency is observed from 572.8 kHz to 563.2 kHz after
parylene coating.

After the proper parylene coating is achieved with the novel Parylene-C coating
method mentioned in the previous section; the in fluid trials are done for parylene
coated devices with the new novel method. The buckling and the microfluidic
channel operation under fluid flow are tested. As a start, the observation of
microchannel sealing is tested by injecting water and IPA through microchannels
carved inside the glass. The parylene coating which generates sufficient level of
hydrophobicity should prevent the leakage on the resonator fingers and anchors [69].
After the leakage tests, the results are as expected. The novel parylene coating
method that we proposed is working properly as required. In Figure 4.7, a simple test
is done with simple capillary flow. The fluid flow injected from the input hole, and

with capillary force the water come out of the output hole of the resonator die.
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Figure 4.7: The capillary flow test is done with injecting DI water with syringe from one end
of the microchannel and without any leakage water come out from the other end of the

microchannel

Afterwards, the electronic tests with fluid inside the microchannel which are
previously presented in previous generation studies have to be achieved, and we meet
the goal. Actually, we have encountered a wide range contamination of the gold
routing lines are shorted to the substrate active silicon that the operation of the
contact pads are hindered. The BHF can not be cleaned from the narrow gaps of 5
um silicon active layer and this result in operational problem during the
measurements, we measure the system with directly contacting the silicon parts after
laser cutting the routing metal connections to the proof mass. In this way, the

measurements of the resonators including fluidic tests are successfully completed.

The resonance characteristics under fluidic operation are tested with and without
parylene coating. As expected the resonance characteristic of the resonator under
fluid without any hydrophobic coating can not withstand the fluidic damping. On the
other hand, the characteristics of the parylene coated resonators are shown in Figure
4.8. The green line shows the resonance magnitude of the resonator under air
damping, the red representation shows the resonance characteristics after parylene
coating, and the blue line shows represents the resonance under fluid operation with
parylene. The resonance natural frequency shift from 229.3 kHz to 221.5 kHz but the
quality factor is also decreased from 764.3 to 573.0. The resonance frequency of the

resonator with parylene coating is 221.6 kHz, and that is very close to the resonance
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characteristics of the resonator under air damping with parylene coating. This result
shows that the resonators are operational under fluid operation but the quality factor
of the in fluid operation degrades considerably to 198 compared to over 750 quality
factor levels of the resonators in air. However, the quality factor is improved
compared to the previous studies of previous generation observations which have
quality factors at the level of 50-70 inside fluidic environment [71]. The result
supports the claim that the novel method of parylene coating prevents the liquid

leakage in between gaps of fingers and anchors sufficiently.
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Figure 4.8: The mass of parylene can be observed with shift of resonance peak of the
gravimetric resonator sensor. The resonance frequency is shifted down from 229.3 kHz
(green) to 221.5 kHz (red) and the quality factor is also decreased from 764.3 to 573.0. The
resonator with parylene coating under fluid flow shows 221.6 kHz resonance frequency and

the quality factor drop to 198.4.
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Also, the quality factor of many resonators benefit from the new fabrication flow.
The damage free and contamination free fabrication method results in reproducible
and reliable designed systems. The optimization of DRIE and so preventing notching
effect for finger fabrication, produce sharper finger geometries. Thus the amplitude
of the signal and the quality factor fruitfully benefit from these improvements. We
can find resonators with quality factor of 1000 or higher which the quality factor was
not increased above 750 in the previous generation fabrication flows. The

comparison is shown in

Table 4.2 for the control group of similar architecture resonators. The resonators of
the previous generation fabrication are stated as RCD and the new generation
resonator devices are denoted as RES code. Also, for finger placement efficiency the
proof masses of the new designs are changed slightly which causes a shift of the
simulated natural frequencies of the similar designs with the previous and new
generation fabrication flows. Firstly, the fabrication success for the smaller
resonators with high natural frequencies is very close to null for the previous
generation fabrication flow, many of them break during the fabrication. There is no
recorded measurement of the smallest proof mass designs with 40 um x 15 um proof
mass. On the other hand, the yield of small sized resonators is high for the new
fabrication flow and we achieve to measure the characteristics of the designs which

are presented in
Table 4.2.

As mentioned before, the designs are changed with a view to increase the fabrication
strength. Also, the proof mass areas are set for maximum number of finger placement
so the capacitive sensing signal increases slightly and the amplitude of the magnitude
of the resonators increases. The fabrication limits are tested for the smallest (44 um x
16 um proof mass) and the largest (248 um x 128 um proof mass) resonator designs.
Both designs show reliable results. The smallest proof mass (44 um x 16 pm)
designs can be properly measured first time. Also, the Cr/Au layer is adhered
properly for bioactivation possibilities with no sticking problem (See Figure 4.9).
Since the read-out circuitry show worse signal to noise ratio at the higher frequencies

close to 1 MHz and the low capacitance values decrease the amplitude of the sensing
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signal; the resonance characteristics are weak but they are convincing for the

operation constraints.

Table 4.2: Comparison for the resonator controlling designs with the previous generation
fabrications

Proof Mass Quality
Resonator ID COMSOL (fn) | Measured fn
(nm?) Factor (Q)
RCD #2 (3"
: 40 x 15 1.71 MHz - -
generation)
RES #1 44 X 16 1.41 MHz 806 kHz 289
RCD #4 (3"
: 80 x 15 460 kHz 258 kHz 247
generation)
RES #4 84 x 16 471 kHz 232 kHz 660
RCD #5 (3"
: 160 x 30 760 kHz 563 kHz 282
generation)
RES #10 164 x 32 780 kHz 537 kHz 1033
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Figure 4.9: The magnitude and phase components of the resonance characteristics of RES #1
design with 44 x 16 um? proof mass area and with natural frequency of 806 kHz and quality
factor of 289.

On the other hand, the fabrication limits are tested on the opposite side with the
largest resonators. The microfluidic channel embedded on top of the geometry and
the higher bending possibility make them vulnerable for the fluidic applications.
Moreover, the small minimum mass sensitivity could have caused eliminating the
clinical functionality for these resonators. However, the measurements show that
with the lowest resonance frequencies the devices show high durability for the fluidic
operations and the low natural frequencies make them suitable for measurements
with low signal to noise ratio. Therefore, the largest proof mass (248 x 128 um?)
devices RES # 13 and RES #14 are used for start-up tests of the read-out circuitry
(See Figure 4.10).
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Figure 4.10: The magnitude and phase components of the resonance characteristics of RES
#13 design with 248 x 128 um? proof mass area and with natural frequency of 232 kHz and
quality factor of 862.

Secondly, the simulated resonators’ natural frequencies with COMSOL software
show an undeniable shift with the measured natural frequencies, which is highly
dependent on the simulation conditions and fabrication contamination of the
resonators. Also, the simulations are done for bare silicon resonator devices, without
any gold bioactivation coating. The effect of the Cr/Au coating is simulated in the
COMSOL software and for instance; RES # 14, the natural frequency is calculated to
be 420 kHz with bare silicon, if we introduce the Cr/Au (30 nm / 300 nm) layer to
the simulation, the simulation results shift to 276 kHz and the measured natural
frequency is around 229-233 kHz for this design. The final shift can be caused of
fabrication and contamination during measurements. The previous generation studies
lose many of the bioactivation gold sites up to the point of measurement so the

results show more consistency with the bare silicon simulations.
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4.4 Fabrication Yield Definition

Yield is defined as the number of working units coming out of a process divided by
the number of fabricated units going into that process over a specified period of time.
In this study, the final total yield can be defined as multiplication of each fabrication
step yield results [79]. High process yields are essential for the production of reliable
chips at a profit. Typically, the yield is defined for starting from fabrication level to
packaging level and even to the transportation and selling level. For this thesis, the
working devices for the yield are defined as the properly fabricated devices tested
with visual inspection for defects after fabrication; and then, the resonance
characteristics of the devices have to be in the range of expectation, under air

damping.

The wafer fabrication yield is commonly limited by the number of process steps,
wafer breakage and warping ratio, process variation, and process defects [79]. The
number of process step is inversely proportional with the wafer fabrication total yield
parameter because the each fabrication step is not perfect and contributes to the
problems of the fabrication flow. The most important issue is the handling of the
wafers during fabrication. The wafer breakage and contamination during process
periods are not a major issue with silicon based substrates but the wafer surfaces
must remain flat without any stress [80]. On the other hand, SOI wafers as used for
the fabrication of the resonator devices has high stress from the silicon dioxide
buried layer.

Other factors that cause a loss of yield can be defined as wafer diameter, die area,
circuit density, crystal defect density, and process cycle time. These factors required
to be as minimal as possible [80]. Besides, the wafer edge dies encounter many
process defects for the wafer level uniformities are not perfect for all fabrication
steps mentioned above. The fabrication yield in this thesis is mentioned after

assembly and the final tests of resonance.
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4.5 Fabrication Yield Results and Summary

As mentioned above, the yield in this thesis is considered as the final throughput
ratio after the fabrication and resonance tests. According to the yield inspection of
this study, the resonators are considered to be working if there is no major fabrication
damage controlled under SEM and optical microscope analysis, and then,
electronically they have to show a resonance peak with high quality factor (Q > 500)
after the parylene layer coating and patterning. After these inspections, if the
resonator holds these requirements, it is recorded for the resonator devices in wafer
level map. These results are inspected in this section.

The resonators are closely inspected for the frequency analysis for the deviation
characteristics depending on the fabrication diversity. Each die on the wafer
encounter different conditions through the etching and deposition steps so a deviation
is expected but the uniformity of the fabrication can be observed with this aspect.
The data show consistency with the previous generation design simulations and
measurement values. In fact, the resonators with same resonator dimensions deviate
in %1 range of the measured natural frequencies depending on the layout placement
on the wafer. For the previous generation results, there was a deviation in %5 range
around the natural frequency for the same coded resonators depending on the

location of the wafer placement.

This observation support the fabrication improvement, as seen on the SEM analysis
through the whole wafer the DRIE etching profiles and the Cr/Au bioactivation layer
uniformity are very similar. The yield percentage of the each process step is recorded
so the total yield of fabrication can be inspected. With the measurements, the die to
die mass variation through the wafer localizations is also proven similar. The non-
uniformity coming from the process steps are mostly take root from the deep wet HF
etches for recess gaps for metal routing lines and microfluidic channel fabrication.
However, this wet etches non-uniformity only causes 8% deviation of microchannel
dimensions at most. The SOI wafer correspondingly the resonators are not directly
subjected to the HF etch but the lateral widening of the channel affect the fluidic
flow sparingly.

115



Moreover, the wet etch and photolithography capabilities of the METU-MEMS
facility is high and the process yield for each step is around 98% considering die
level loss for 4 inch wafer fabrication flow. Although, the yield is high, all the wet
etch and photolithography processes suffer from edge level process errors, so the
extreme cases of resonator designs with smallest and largest proof mass areas are
placed at the edge of the wafers. In Figure 4.11, the wafer map of the new generation
process is given, the highest rate of loss of the specific location are revealed to be die
location 27, 32, 33, and 38.

Figure 4.11: The wafer map with numerical representation of 64 dies with 14 different

architectures of resonators are placed.
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The gold bioactivation alignment and peeling off losses are observed to be confined
to a low rate of 6% for the first trials of fabrication with metal etch. Further
improvement is achieved with the lift-off technique and increasing the thickness of
the adhesion layer of chromium to 30 nm from 15 nm that the loss of bioactivation

fields are eliminated for most of the whole process wafers.

The other mainstream critical process steps are glass routing metallization that the
spray coating solution explained in Chapter 3 solved the loss completely. Besides,
the anodic bonding step needs further improvement, the stress of SOl wafers with
thin active layer as in our application are under very high level surface stress and the
anodic bonding process become the bottleneck for the wafer breakages [77]. Also,
the sparking effect is still burning around 5-10% of the resonators throughout the

whole wafer.

The final obstacle is the silicon backside handle layer removal and the BHF wet etch
release of buried silicon dioxide layer of SOI. The general fabrication level yield is
considerably high. Thus, it is validated that the wafer level uniformity of the
fabrication is satisfactory for the new fabrication flow. The previous generation (3™
generation) fabrication process total fabrication level yield is around 5% or less but
with the new fabrication flow if we do not consider the anodic bonding breakages
caused by wafer stress specifications, the fabrication yield is high as 85-90%

calculated for the total of 16 wafer level processes.
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CHAPTER 5

CONCLUSION AND FUTURE WORK

In this thesis, a new fabrication process flow is presented for the gravimetric
resonator sensors used for cell detection applications. The resonator designs are
revised in geometry and evolved for the fabrication requirements. The results of the
yield improvements are ramped up considerably. It is obvious that after many
fabrication and design generations, the process performance reach to a certain level

of maturity and reproducibility.

As a summary, the research objectives achieved throughout this thesis study are as

follows:

1 The new approach for the fabrication process flow taking root from
improving each and only step; fruitfully increase the total yield of the
fabrication. Experience from the previous generation fabrication flows, the
yield which is not more than 5%, become as high as 90% for the low stressed
SQOls.

1 The novel method for hydrophobic conformal parylene coating other than the
bioactivation field on the proof mass increases the quality factor of the device
inside the fluids by preventing the fluid penetration in between the comb
fingers and spring beams. As well, the thin parylene layer is useful for

isolating the electronic circuit with the fluid environment. The accuracy and
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the reproducibility of the novel method is shown with detailed EDS and SEM
analysis and the in fluid tests prove that the method is operating as expected.
The destructive wet processes on the suspended devices are eliminated
completely with the new process flow. The requirement of the wet processes
on suspended structures is eliminated with the newly proposed novel parylene
patterning method.

The resonance spectrum measurements for characterization of the resonators
are performed in air and water environment. The advantage of the
hydrophobicity of the parylene-C layer is demonstrated under fluid flow. The
tests show that the devices are operational with relatively acceptable
performance attributions.

The amplification of the sensing signal beam for different designs with the
new fabrication is validated and even the fabrication boundaries of the
smallest and largest designs are successfully fabricated and tested in terms of
the resonance characteristics.

The new design of the resonators with strengthened folded spring anchors are
eliminated the breakages or the ruptures and so the endurance of the devices
increased considerably.

The encountered problems during the fabrication processes have been
accumulated the experiences and manipulations are done for the solutions on
both the mask layout and the fabrication process flow. The aimed device
attributes are achieved with proper patterning of parylene on top of the
bioactivation gold sites on the proof masses of the resonators. The
biocompatible parylene coated glass microchannel is also anodic bonded and
aligned on top of the device layer.

The sparking problem is decreased considerably with the new configuration
of the resonators and the shorting all the wafer level components to each
other. There is still a space for improvement but at this stage, the
enhancement is obvious.

The new fabrication method makes use of a glass microchannel which offer

high control on the alignment with respect to the resonators. Thus, precise
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control on the microchannel geometry provides a negligible leakage, and
better optical transparency compared to the PDMS microchannel
architectures.

1 Different approaches are used for metal patterning of the bioactivation gold
sites. The lift-off method is tried in comparison with the standard metal etch
procedure. Both methods have advantages relative to each other and none of
the procedures influence the yield considerably.

1 The SOI buried oxide stress has a dominant effect on the yield of the
fabrication. The stress results of different companies are tested during the
fabrication and it is concluded that low buckling of wafer with oxide stress is

required for the success of the fabrication process.

Finally, future work on this topic can be summarized as:

1 The contamination of the metal routing lines and pads with releasing under
BHF hinder the usage of active test setups with wire bonding. Some
procedures are tested for cleaning but none of them achieved the requirement
properly. Still, increasing the recess gaps on the routing metal lines at the
design level will most probably solve the problem.

1 The anodic bonding process step requires to be optimized further for the
proper reproducibility. Yet, the SOI wafer stress is highly affecting the
fabrication yield and required to be examined.

1 There is an opportunity of improvement for parylene layer hydrophobicity,
with double or triple coating and etching under plasma cycle repetitions for
higher coating uniformity. Also, addition of the fluorine based plasma
exposure during the oxygen plasma application can be beneficial with higher
hydrophobicity degrees.

1 The sparking damages of the resonators can still be improved. By the new
arrangements, the sparking effect is decreased but not eliminated completely.
The placement of the resonators with the drive and sense pads needs to be

revised.
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The yield can be increased further if a shadow masking and alignment
technique can be developed for the final parylene patterning step with the
previous generation fabrication flow is also another promising idea.

The crosstalk between the resonator drive, sense and proof mass electrodes
arise from the capacitive coupling. This problem will prevent the closed loop
operation capability of the resonators, so a new layout design is required to be
modeled by taking the resistive and capacitive crosstalk issues into account.
Experiments with different biological analytes like cancer cells, proteins,
complex organic molecules, and toxins needs to be performed with the new
resonator based devices under water environment. Then, we need to test the
functionality of the devices under buffering medium, human serum, and
finally whole blood environments.

Packaging of the resonators will be done with proper fluidic inlet and outlets
with production level approaches. This will benefit the general portability,
lower the cost of the fabrication, and open a way to the mass manufacturing
of these devices. At this stage, with closed and properly contacted systems by
wire bond pads, the signal to noise ratio will improve, and as a result, the

general sensor performance will boost considerably.
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