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ABSTRACT

DEVELOPMENT OF D -TYPE FIBER OPTIC SENSORS FOR DETECTION OF
REFRACTIVE INDEX VARIATION IN EVANESCENT WAVE FIELD

Gileryiiz, Burcu
M.S., Department of Metallurgical and Materials Engineering
Supervisor: Assoc. Prof. Dr. Caner Durucan
Co-Supervisor: Dr. Mustafa M. Aslan

September 2014, 91 pages

The purpose of this study is to design, construct, develop and test D-type multimode
fiber optic (F/O) sensors based on evanescent wave field sensing. A comprehensive
work has been performed both theoretically and experimentally using a geometrical
modification approach to improve the sensors response in different manners for
detecting the refractive index (RI) variations and bio-molecular interactions in
aqueous environment. In this study, the D-type F/O sensors performance was
improved utilizing optical waveguide (OWG) and surface plasmon resonance (SPR)
modes in evanescent wave field. Development steps of sensors are; fabrication and
characterization of silicon V channels (supporting elements), the F/O cable
preparation, adhesion, mechanical lapping and polishing, and assembling the Field
Assembly Connectors (FC connectors). These steps are explained in detail and
sensor performances are demonstrated for RI changes between 1.33 and 1.47. The
highest sensitivity is found to be 2x10° refractive index unit (RIU) for the zone of
1.44 and 1.46 RIU. In addition, thin gold film is deposited on the D-type F/O sensors
to excite surface plasmon (SP) mode. It is shown that the SP mode can amplify the
sensors sensitivity between the 1.33 and 1.44 RIU being known as the dynamic range

to monitor the bio-molecular interactions. Furthermore, in order to tune thin gold



film thickness and roughness for a better sensor response, a novel surface
modification approach is introduced with plasma etching process.

Keywords: D-Type Fiber Optic Sensors, Surface Plasmon, Optical Waveguide,
Evanescent Field, Refractive Index.
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EVANESCENT DALGA ALANI ICERISINDE KIRILMA INDiSi DEGISIMININ
OLCUMU ICIN D-TIPi FIBER OPTiK ALGILAYICILARIN GELISTIRILMESI

Gileryiiz, Burcu
Yiiksek Lisans, Metaliirji ve Malzeme Miihendisligi Boliimii
Tez Yoneticisi: Dog. Dr. Caner Durucan
Ortak Tez Yoneticisi: Dr. Mustafa M. Aslan

Eyliil 2014, 91 sayfa

Bu ¢alismanin amaci evanescent dalga alanini algilayabilen D-tipi ¢ok-modlu fiber
optik (F/O) sensorlerinin tasarlanmasi, iiretilmesi, gelistirilmesi ve test edilmesi
tizerinedir. Teorik ve deneysel olarak degisik geometrik modifikasyon yaklagimlar
kullanilarak sensoriin s1vi ortamlardaki kirilma indisi degisimlerine ve biyomolekiiler
etkilesimlerin incelenmesi konusunda kapsamli bir ¢alisma yapildi. Bu ¢alismada, D-
tipi F/O sensorlerin performansi evanescent dalga bolgesinde agiga cikartilabilen
yiizey plazmonu ve dalga kilavuzu modlart ile gii¢lendirildi. D-tipi F/O sensorlerin
tiretilmesi ve gelistirilmesi i¢in izlenen basamaklar sunlardir: Silikon V kanallarin
(destek elemanlarinin) iiretilmesi ve karakterizasyonu, F/O kablolarin hazirlanmasi,
yapistirilmasi, parlatilmast ve FC baglanti elemanlarmin birlestirilmesidir. Bu
basamaklar detayli olarak acgiklanmig ve iiretilen F/O sensorlerin hassasiyetleri 1.33
ve 1.47 kirilma indisi degisimleri i¢in hesaplanmistir. En yiiksek hassasiyet 1.44 -
1.46 kirlma indisi bolgesinde 2x10° kirlma indisi birimi (RIU) olarak
bulunmustur.D-tipi F/O sensorlerin {izeri ince bir altin film ile kaplanarak ylizey
plazmon (SPR) modu tetiklenmistir. Aslinda SPR modu sensorlerin hassasiyetini
biyo-molekiiler etkilesim 6l¢iimlerinin dinamik bdlgesi olarak bilinen 1.33 ve 1.44

RIU kirilma indisi aralifinda giiglendirebilir. Buna ilaveten ince altin filmin

vii



kalinligimi ve pirizliliiginii ayarlayabilmek i¢in plazma asindirma yontemi

uygulanmigtir.

Anahtar Kelimeler: D-Tipi Fiber Optik Sensér, Yiizey Plazmonu,Optik Dalga

kilavuzu, Evanescent Alani.
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CHAPTER 1

INTRODUCTION

The need for monitoring complex molecular interactions has inspired researchers to
develop many types of evanescent wave based optical waveguide (OWG) sensing
platforms. In general there are three major platforms: Planar, channel (strip,
embedded strip, and buried strip) and fiber optic (F/O) [1, 2]. Recently, F/O
platforms are in favor of the use over other sensor platforms since they are practical,
economic to fabricate and easy to operate which make them ideal for clinical,

pharmaceutical, industrial, and security applications [3-6].

F/O type sensors are mostly investigated on the basis of sensitivity, selectivity,
readout times, long-term stability, cost and reusability. Among these type sensors,
sensitivity enhancement of D-type F/O platforms depends on optical waveguide
(OWG) and surface plasmon modes [7-9]. Sensitivity is the minimum amplitude of
input signal required to generate output signal. Commonly, a F/O sensor consists of a
light source, a detector, optical components, a sensing element and a F/O cable

which guides light through physical variation medium to the detector [10].

When we consider the cross section of a F/O cable, there are three sections: core,
cladding and protection layer [11]. The most critical part of a F/O sensor is the
sensing section where the core part of the F/O is exposed partially to external
molecular interactions. The sensing element (transducer) transfers these molecular

changes to opto-electrical signals [12].



One of fundamental characteristics of the F/O sensor is total internal reflection (TIR).
While the light (the electromagnetic EM wave) is reflecting internally in the core and
propagating through the F/O cable, the EM wave field extends into the cladding or
medium which surrounds the core. This EM field component is known as evanescent
wave and its strength decays exponentially from the core-cladding boundary and
some waveguide (OWG) modes can be triggered in this field [7]. Furthermore, if a
thin metal layer such as gold is deposited on core cladding boundary, surface
plasmon resonance (SPR) mode can be excited by introducing the thin metallic layer
[13]. In fact, both waveguide and surface plasmon resonance (SPR) modes based
sensors are significantly sensitive for the surrounding medium refractive index (RI)
differences. That is, a small amount of RI changes in the medium in evanescent wave
field may alter outputs of the sensor (intensity, polarization, phase, and wavelength
of the light) [9]. The fiber cladding portion of the fiber is needed to be partially
removed in order to expose the evanescent field to molecules [14-16]. Indeed, the
smoothness of the exposed surface strongly influences the evanescent wave field
distribution as well as the sensitivity of the sensor. These types of sensors are called

either side polished or D-type F/O sensors.

The first demonstration of a F/O sensor was in 1900 by Villuendas and Palayo, who
presented measurements of the sucrose concentration in an aqueous solution [17].
Within this study, the priority is given to develop F/O sensor platforms because they
are suitable to commercialize as a product. In 1992, the theoretical and experimental
research on evanescent wave based side-polished F/O sensor is reported by Tseng
and Chen [14]. This study includes detailed fabrication steps of the sensor and
measurement results matching with three different theoretical explanations. Surface
plasmon mode F/O sensor production and theoretical study was firstly reported by
Jorgenson and Lee, in 1993 [18]. The improvements on the sensor are provided to
increase sensitivity for different RI ranges.

Despite many developments for the D-type F/O sensor, it is not commercialized for
many years because its sensitivity is not enough to recognize small amount of
molecular interactions. In fact, sensitivity of the D-type F/O sensor depends on

interaction area, strength (RI of core and aqueous surrounding medium) and the



penetration depth of the evanescent wave field; and the operating wavelength. Some
earlier works demonstrated that optimization of them dramatically affects sensitivity
[19-24].

In this study, it is aimed to fabricate and characterize D-type multimode F/O sensors.
The performance of sensors is enhanced by modifying some key parameters which
are the polishing depth and the interaction area of F/O sensors. Besides, the
architecture of sensors is designed to reveal both wave guide and SP modes between
1.33 and 1.47 RIU. The typical characteristics of sensors are determined, sensitivities
are measured, wavelength effects are discussed, and behavior for different
temperatures are studied. In addition, molecular interactions for IGg mouse and anti-

mouse proteins is observed with SP mode D-type F/O sensor.

1.1  Optical Waveguide Sensors

Light transmission through a material/a medium is a very challenging issue for
optical systems due to the behavior of the light such as diffraction, scattering, or
interference during propagation process. To overcome the problem resulted during
transmission of the light, the technology of guided-wave optics is presented. This
technology has been a topic of great interest since Tyndall demonstrated the

guidance of light in a rod by total internal reflection principle in 1870 [25].

An optical waveguide (OWG) is a media that allows light transmission for long
distances without the use of complex optical components. That is, waveguides can
confine the light inside a medium via a material with high Rl embedded in a lower
index substrate. The trapped light inside the OOWG can be propagated within
multiple reflections at the boundaries of materials if the design is proper for guidance

of wave from one end to another [12].

OWGs take part in technology for many years in order to manipulate the light
according to intended purpose of the use [6, 26]. Biosensing with waveguides, on the
other hand, is one of the special application fields [9]. In order to selectively detect
biological molecules, the features of OWGs should be determined clearly during

design process. After deciding frequency range of the transmitted light, the



geometries, refractive indices or material properties of waveguides should be suitable
for detection [27]. For instance, one of the optical glasses BK7 with 10 mm thickness
has transparency in visible range, semi-transparency in near infrared (IR) range, and
opacity in far IR range, using BK7 glasses in visible range as a waveguide is more
appropriate. For this study, mostly 633 nm wavelength (red) light is used during
measurements and some of the material refractive indices, polarization and direction

of light inside the materials are presented in Table 1.1 [28].

Table 1.1 Optical properties of materials at 633 nm wavelength [28].

Material A (um) n (RIV) Polarization Direction

Fused quartz 0.63 1.46 Parallel and Perpendicular -

GaP 0.63 3.31 Parallel and Perpendicular [010]

TiO, 0.63 2.58 Perpendicular [001]
LiTaO, 0.63 2.18 Parallel -

a-Al,0; 0.63 1.76 Parallel [1120]
CdS 0.63 2.44 Parallel -
H,O 0.63 1.33 - -

Besides the selection of materials for the waveguide, it is also essential to determine
the geometry of waveguide platforms. There are mainly three different platforms
which are planar, channel, and fiber optic [29-35]. All of them have advantages and
disadvantages depending on application areas.

1.1.1 Planar OWG Sensor

A planar OWG comprises a slab material with high RI surrounded by media with a
lower Rl material [36]. The light is transferred by total internal reflection (TIR)
inside this arrangement. The slab material is named as core and the outer material is
called cladding. The schematic demonstration of the planar OWG is shown in Figure
1.1 [1]. In this figure “d” and “n;” are the width and the RI of the slab respectively



and “ny” is the RI of the cladding. The confined light bounces between the cladding
surfaces by making angles “6” and propagates along the z-axis if the reflection angle
is not larger than the critical angle. The wave propagation analysis for planar OWGs

is fully investigated in the literature [37-39].

v ) 2~

My R
d vyl A7
2 <
0 | 9 .
4 0 7 ; . Z
UHn, N Guided ray T

= Unguided ray

Figure 1.1 Guidance of the light through a planar (slab) OWG [1].

Planar OWGs have a great potential for sensing biological analytes such as
hormones, toxins, viruses, bacteria or environmental monitoring and food safety [7,
28]. Their planar geometry is very promising to detect biological molecules if some
of the restraints are eliminated such as complex construction issue or alignment
problems [7]. In other words, to perform the waveguide in a sensor system, core and
cladding materials should be deposited properly one by one. It is also noted that loss

of the light coupling into the planar OWG should be as small as possible [29].

1.1.2 Channel OWG Sensor

It is possible to arrange the design of waveguide geometry as in Figure 1.2. It
consists of a higher RI channel configured with a lower index substrate. These types
of the channel OWGs are embedded strip, strip, rib or ridge, and strip loaded [1].



Embedded strip Strip Rib or ridge Strip loaded

Figure 1.2 Different channel waveguide geometries [1].

Furthermore, they can be produced with different complex structures such as Mach-
Zhender, directional coupler, and intersection [1, 27, and 31]. These multiple
configurations offer to fabricate OWGs for different technological applications.
Although geometry of the channel OWG is suitable for increasing sensitivity in
various ways, their fabrication steps are too complicated and generate some problems
[32, 40].

1.1.3 Fiber Optic OWG Sensor

A waveguide is named as F/O if high RI core media is enclosed by lower RI cladding
material cylindrically. The structure can be protected with a polymer jacket as
illustrated in Figure 1.3. Conventional F/O cables have two general types which are
step index fibers and graded index fibers. While the RI of step index fibers are exact
for core and cladding region, graded index fibers have a sloping increase and

decrease of refractive indices [10].

T \ ]

Rcladding

Figure 1.3 Illustration of fiber optic cable.



F/O offers a great potential in industry because this geometry possess the advantages
of compactness, rugged packages, low cost, and high reliability [41]. These
advantages lead to use fibers as sensors for different fields such as process control
(temperature, pH, vibration, pressure, and fluid level), clinical applications,
interactions of a variety of molecules (proteins, lipids, viral particles, and viruses),
and security control [41-43].

The light can transform information in terms of intensity, phase, frequency, and
polarization via a F/O cable [10]. There are many ways to convey the knowledge by
utilizing the light. Thus, the way of impressing information should be decided before
the F/O sensor is designed. Although using the phase, frequency, and polarization
properties of the light can serve more sensitive devices, construction fiber sensors for
intensity measurements is more convenient for industrial applications respectively
[41].

The light transmission in fiber depends on the total internal reflection principle
likewise the planar and channel waveguides. It is also noted that the light propagates
through waveguides in different paths being named as modes. The guidance angle
and group velocities for each mode are various but their transverse spatial
distribution and polarization are similar [44]. The core diameter of the fiber
determines mode numbers. If fiber core diameter is small enough to only support one
mode, fibers are named as a single-mode one. Provided that larger diameter fibers

permit more than one mode so they are classified as the multi-mode fibers[1].

Besides the light transformation classification, F/O sensors can be divided into four
types according to the forming design. These are tapered, cladding-off, end-

modulated, and D-type which are given in detail below.

1.1.3.1Tapered

Tapered geometry means to thin any section of the F/O cable which results in to
access the sensitive region [45]. This geometry also allows keeping cylindrical
symmetry of fiber as illustrated Figure 1.4 [46].The tapered F/O profile can be linear,

parabolic, and exponential [19].
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Figure 1.4 Demonstration of tapered fiber.

In the literature, a uniform taper geometry is mostly obtained by using traveling-
burner system [46-48]. This system provides heat and stretching force in a controlled
manner. Therefore, the precise dimensions of the taper geometry (diameter, length,
and transition region properties) can be modified. In fact, changing the dimensions of

geometry is utilized to increase the sensitivity [49].

1.1.3.2 Cladding-off

In order to get cladding-off geometry, it is necessary to remove some portion of the
cladding from the middle region of the fiber by protecting the cylindrical symmetry
as demonstrated in Figure 1.5 [46, 50-52]. The removed section of the fiber becomes
sensitive to the surrounding medium. That is, the input light properties alter the

media of exposed section changes.

The cladding of a fiber can be removed from around according to the fiber materials.
While plastic-clad silica fibers’ middle portion is burned away by using a hobby
torch, a hydrofluoric (HF) acid solution and a buffered hydrofluoric (BHF) acid

solution are used to remove the cladding part for silica fibers [16, 24].
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Figure 1.5 Cladding-off fibers[46].

1.1.3.3End Modulated

The basic principle of end modulated F/O waveguides depends on phase matching at
the end region [53]. The incident light guides through the end region and after
interactions with the surrounding differences, it reflects back. Indeed, the
modification of the tip geometry identifies the dynamic range and sensitivity of the
waveguide [54]. Two configurations of end modulated fibers (end-reflection mirror
and angled-fiber tip) are presented in Figure 1.6 [46]. These geometries can be

formed by using blade, stripper, heat, polishing, or chemical etching [53-56].

(a) (b)

Figure 1.6 lllustrations of end modulated fibers (a) the end-reflection mirror and (b) the
angled fiber tip [46].



1.1.3.4 D-Type

Among different geometries of F/O sensors D-type based platforms have attracted
much attention because their sensitive regions are planar which results in
multiplexing potential for molecular interaction sensing [3]. Further advantages of D-
type geometry are long interaction length, easy to handle, flexible, and excellent light
delivery [42, 57].

D-type platforms as depicted in Figure 1.7 can be fabricated with femtosecond laser
engraving or polishing technique [14, 15]. High energy of a femtosecond laser beam
can engrave the fiber without causing fractures. This process is very useful to
perform D shapes on fibers. However, femtosecond micromachining system cannot
be used to fabricate sensitive sensors because of the high surface roughness. On the
other hand, polishing technique is very appropriate for fabricating D shapes in 1-2
um level [58]. This technique may suffer from fiber deformations such as scratches,
cracks, or broken regions if the polishing protocol is not proper for materials of F/O
and surroundings. Thus, polishing process needs very careful attention during the

application.

Besides the fabrication techniques, sensitivities of D-type F/O sensors can be tuned
by changing the interaction length and the planar region depth [3, 59]. In fact, both
parameters have effect on enlarging sensitive region. Furthermore, converting the
modes and increasing the number of modes is possible for D-type F/O sensors [60].
Mode differences allow increasing sensitivity of sensors.

Overlayer

N

Cla d.ﬁ; g Sen E{itive Region

Figure 1.7 D-type geometry of the F/O.
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1.2  Light Guiding Fundamentals
1.2.1 Electromagnetic (EM) Wave Theory

Electromagnetic (EM) wave is a kind of wave can propagate in a continuous medium
at constant velocity with an exact shape by carrying radiant energy [61].
Electromagnetic waves possess both time and space varying electric and magnetic
field components which oscillate perpendicular to eachother along the propagation
direction. Furthermore, its nature is explained and determined by some individual
experiments that led to the invention of the set of fundamental laws which are Gauss’
law for electric fields, Gauss’ law for magnetic fields, Faraday’s law, and Ampere’s
law [62]. They are modified and connected together by James Clerk Maxwell in
1864 as given in equations 1.1, 1.2, 1.3, and 1.4 [62].

V.E= e_op (Gauss’ Law for Electric Fields) (eq. 1.1)
V.B = (Gauss’ Law for Magnetic Fields) (eq. 1.2)
VXE= —Z—f (Faraday’s Law) (eqg. 1.3)
VXB =g+ Uy € 2—? (Ampere’s Law with Maxwell Correction) (e. 1.4)

The electromagnetic waves (EM) propagate in free space with same speed (¢ = 3 X
108 m/s) is reached from Maxwell’s equation [63]. However, the frequency of
electromagnetic waves, which means wave oscillations per second, varies and all
frequencies is known as the electromagnetic spectrum [61-63]. Different regions of
the electromagnetic spectrum are denominated with special names such as gamma
rays, X-rays, Ultraviolet (UV) Radiation, Visible Range, Infrareds (IR), Microwaves,
and Radio Waves as demonstrated in Figure 1.8 [64].

It is essential to reach more quantitative understanding of how electromagnetic
waves spread in a medium. Thus, the propagation of EM waves is presented in this
section with the most familiar wave form which is a sinusoidal one. The wave
function is introduced by eq. 1.5 at time t = 0 with Figure 1.9. The amplitude (A) of

wave defines the displacement from the central maximum to the equilibrium region.
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The cosine ranges between 0 and 27 is the phase of wave. The wave number (k) is in
relation with the wavelength of the wave by the eq. 1.6 and “z” is the propagation
direction of the wave. There is a uniform circular motion from a point light source so

angular frequency (w) is used to represent the number of radians swept per unit time

(t).

Wavelength (meters)

cMB human sight
Radio Microwave Infrared Visible Ultraviolet X-ray Gamma Ray

103 102 10°% 106 108 10-10 10-12

I N AV AV AVAVAVAVAVATATAI

Frequency (Hz)

EEES——— F S —

104 108 1012 1018 1078 1018 1020

—— b

Figure 1.8 The electromagnetic spectrum prepared by wavelength (meter) and frequency
(Hertz). The pointed portion is the visible spectrum [64].

f(z,0)

»

Central
maximum

Figure 1.9 The EM wave representation in the space at the time t.
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f(z,t) = Acos(kz — wt) (eqg. 1.5)
_m

. (eq. 1.6)

A

In space, for Cartesian coordinates (X, y, and z) electromagnetic waves can propagate
in three dimensions. Therefore, the eq. 1.7 can be written into eq. 1.5. The result is

given ineq. 1.8.

r=xX+yy+zz2 (eq. 1.7)
f(r,t) = Acos(k.r — wt) (eq. 1.8)

It is also possible to use complex notation to the sinusoidal waveform as presented in
eq. 1.10 by applying eq. 1.9 because the advantage of complex notation is that

exponentials are much easier to manipulate.

1.2.2 Reflection and Refraction

When EM wave face an interface between two different medium, it can be reflected,
or transmitted if the media are lossless as illustrated in Figure 1.10. The incident

wave behavior is considered by using eq. 1.10 obtained in section 1.2.1.

Suppose that incident EM wave is in plane form which has normal in direction to the
interface of planar boundary. Also, the interface is on (X, z) plane as in Figure 1.10.
Incident (f;), reflected (f,), and transmitted (f) plane waves are presented with
different wave numbers in 1.11, 1.12, and 1.13 equations. The waves oscillate at the
same frequencies (w) for the system, on the other hand; since the wave velocities are

different in two mediums, the wavelength of waves are also different.

Incident Plane Wave => fi = A;ei(kit-wt) k; = ki (eq. 1.11)
Reflected Plane Wave = f = A'rei(fcr-f—wt) k, = kA, (eqg. 1.12)
Transmitted Plane Wave => f, = A, eikeT-wt) k. = koA, (eq. 1.13)

13



Incident ray

Reflected ray

Refracted ray

Figure 1.10 Electromagnetic wave behaviors at an interface between two different optical
media. 01: Incident ray angle with respect to the surface normal, Or: Reflected (ray) angle
with respect to the surface normal, 6t: Transverse ray angle with respect to the surface
normal, n1: Incident medium RI, n2: Refracting medium RI.

In order to solve plane wave equations 1.11, 1.12, and 1.13; boundary condition (z =
0 point) is needed to be used. At z = 0 point, addition of incident and reflected plane
waves equal transmitted plane wave. Thus, equation 1.14 is obtained.

Aiei(kixx+kiyy—wt) + A, ei(krxxtkryy-wt) — A, ei(kexx+keyy-wt) (eq. 1.14)
Note that, the vectors of incident (4;) reflected (4,) and transmitted (4;) uniform
plane waves are constant. Because the boundary conditions must cover all points on
the (x, y) plane, these exponential factors have to be equal. Unless the exponential
terms are cancelled, the equality for eq. 1.14 would be easily destroyed. To satisfy
the equality, eq. 1.15 is presented.
kixx + Kiyy = kpxX + kpyy = kX + keyy (eq. 1.15)

Initially, it is assumed that the plane wave has two components (x, and z) that
propagate on the x-z plane, thus there is no y component as given in eq. 1.16.

kiy =kyy =k =0 (eq. 1.16)

From eq. 1.15 and 1.16 the equation 1.17 is obtained:

14



kix = Kpx = Kix (eq. 1.17)

When the propagated wave is examined more explicitly by separating the wave
number (k) terms for incident (eq. 1.18), reflected (eqg. 1.19), and refracted (eq. 1.20)
plane waves into (x, z) components of system in medium 1 and 2, total internal
reflection (TIR) principle and Snell’s law are obtained. It is noted that propagation
constant for the z direction has been assumed zero so components in the z-direction
is directly removed from the equations 1.18, 1.19, and 1.20. In Figure 11, the

separations of components are demonstrated.

Figure 1.11 Demonstration of incident, reflected and transmitted plane waves with x and z

components.
Incident Plane => k; = kyfi; = kysin(0) Ay (eqg. 1.18)
Wave
Reflected Plane => k, = kifi, = kysin(6,)f, (eq. 1.19)
Wave
Transmitted Plane  => 7 " : "
Wave ke = kofiy = kysin(0p) gy (eq. 1.20)
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When incident (kix) and reflected (k.x) components are considered with equation 1.17,
1.18, and 1.19, it is possible to get law of reflection (eg. 1.21). That is, incident and
reflected propagation constant equality (kix = krx) presents reflection law. This result
shows that the angle of incidence is equal to the angle of reflection being

independent from the medium parameters and frequency [61-64].
0; =0, (eq. 1.21)

When incident (ki) and transmitted (ki) components are considered with equation
1.17, 1.19, and 1.20, Snell’s law (refraction law) is obtained in equation 1.22 [61 -
64]. In fact, the RI of mediums (n; and ny) is in relation with wave number terms (k;
and k).

nysin(6;) = n,sin(6,) (eq. 1.22)

As a result, two fundamental reflection and refraction laws are obtained in equation
1.21 and 1.22. It is remarkable that in lossless media EM wave can be reflected or

transmitted with respect to RI of mediums and incident angle.

1.2.3 Guided Modes

Waves can propagate by following an arbitrary reflecting pathway if waveguide
cross-section is too large than the light wavelength according to the solutions of
Maxwell equations. However, as the thickness of waveguides decrease to the order
of the wavelength, the light rays propagate in the form of wave packets. In reality,
light beams are a mixture of different frequencies of waves so certain pathways
appear during propagation of the light. The outcomes of this situation can be
observed as a movement of continuous electric and magnetic fields along the
waveguide. This phenomenon is called as guided modes [28, 44, and 59].

Each waveguide platforms (planar, channel, fiber optic) has special mode
derivations. Maxwell equations, boundary conditions, and a number of
approximations are combined to solve the presented modes such as transverse
electric (TEn,, m=0, 1, 2 ...), transverse magnetic (TMy,k = 1, 2 ...), waveguide, and

surface plasmon modes [1]. The supported mode numbers by a waveguide depends
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on core radius (reore), core Rl (Neore), cladding RI (Nciadding), and wavelength of the
guided light (A). For multimode fibers, the number of modes (M) can be calculated
approximately by using the equation 1.23.

417
M=— [2 C;re \/ngm - ngladding (eq. 1.23)

TE guided modes field distribution for the few order modes are demonstrated in
Figure 1.12. They are sinusoidal standing waves and their frequencies increase as the
mode numbers increase. While lower order modes (m = 0) is more confined, higher
order modes (m = 1, 2, 3...) have dispersing intensity from the center of the

waveguide [7, 68].

TEo TE: TE; TE;
ncladding : | | |

Figure 1.12 Field distribution of TE guided modes.

1.2.3.10ptical Waveguide (OWG) Modes

In order to understand evanescent wave region occurrence in fiber, the light
propagation phenomenon of reflection principle and Snell’s law should be
considered together. The light reflectance and transmittance depends on refractive
indices of mediums and the incident angle as mentioned in 1.2.2 section. When the
light beam in a medium with RI n; strikes a boundary of a medium with RIn,, where

ni> n, and incidence angle is greater than critical angle (.= sin™(n; / ny)) as in
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Figure 1.13; total internal reflection (TIR) of light occurs as a consequence of Snell’s
law [61]. Remarkably, if the light reflects back totally in an intense medium, a
significant portion of electromagnetic field penetrates into the surrounding medium
or cladding region for the fiber. This penetration field is known as evanescent field
[10].

Figure 1.13 Evanescent waves occurrence between the core and cladding interface [69].

The power of evanescent field extension depends on the incident light angle. As the
angle of incidence is closer the critical angle, penetrated electromagnetic field
becomes more effective in the surrounding medium. Furthermore, evanescent wave
amplitude exponentially decays (1/e = 0.37) with distance from the core interface as
demonstrated in Figure 1.14. Penetration depth (dp) can be described mathematically
with a function of the light wavelength (1),the incidence angle (6), the RI of the core
(Ncore) and the cladding (Ncladding) given by eq.1.24 [7].

A

dp =

47'[[ncore5”’l 6 — ncladdlng] & (eq. 1.24)
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Figure 1.14 Exponential decay of evanescent mode.

Power fraction of evanescent wave inside the surrounding medium changes between
a few tens to a few hundred nanometers ranges depending on RIs[2]. If this extended
power encounters some variations, output light properties such as wavelength, phase,
or intensity can change. Therefore, the penetration depth parameter should be
considered in detail during fabrication of evanescent wave sensors because it is the

one of parameters that sensors’ sensitivity closely depends on [7].

1.2.3.2 Surface Plasmon Resonance (SPR)

Plasmons or plasma oscillations are related mostly with the free electrons inside a
conductor such as gold and silver. If free electrons are locally decreased by an
outside force, free electrons start to move to decrease the potential energy for this
local region. This causes attraction of free electrons and positive ions called as
driving force. However, negative ions are accumulate too much to obtain charge
neutrality so Coulomb repulsion as restoring force appears between free electrons.
Because attractive driving force and repulsive restoring forces are in opposite
directions, oscillations occur between free electrons. These oscillations called plasma
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oscillations and the quantum of these oscillations are named as plasmons [13].
Furthermore, plasma oscillations are supported at metal and dielectric interfaces and
appear as energy loss. The addition of these oscillations is referred as surface

plasmon resonance or surface plasmon polaritons [19].

Longitudinal (TM or p polarized) electromagnetic wave excites surface plasmons
which decays exponentially. The behavior of the incident light and entire
electromagnetic field distribution across the surface of a metal can be calculated by
using Maxwell equations and is well established in the literature [28, 65]. Surface
plasmon propagation constant (Ksp) is given by the equation 1.25 where metal
dielectric constant (&), substrate dielectric constant (e5), incident light frequency (w),
and velocity of light (c) are in relation. Also, light propagation constant at frequency

(w) for the dielectric medium is given in equation 1.26.

Kep = —
P e \ep + & (eq. 1.25)
w
Ky =— /e (eq. 1.26)

While metal dielectric constant (ey) is smaller than zero, the substrate dielectric
constant (es) is greater than zero for a given frequency. Therefore, it is obvious that
the propagation constant of the metal is higher than the substrate (Ksp<Ks). In order
to excite surface plasmons at interface propagation constants are needed to be equal
at least. That is, surface plasmon mode cannot be excited with a direct light so an
extra energy or momentum should be applied the light to be coupled. Thus, the
generation of evanescent field, which occurs during the TIR of light, is required to
excite surface plasmons [66, 67].mouse proteins is observed with SP mode D-type

F/O sensor.

1.3 Objective of the Thesis

As mentioned in the introduction part, the objective of the thesis is to develop D-type
multimode F/O sensors to detect variations in aqueous environment for a wide range

RIs between 1.33 and 1.47. The geometrical modification technique is used to
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improve the sensors response. The general investigated objective of the thesis can be

presented as follows:

e D-type fiber optic (F/O) sensors with 25 mm-long interaction lengths have
been developed.

e The effects of geometrical design parameters and certain processing
variations including polishing depth, additional gold thin film coating, and
surface roughness on detection/sensing performance of biomolecules are
reported.

e The performance analyses were performed in liquid environments exhibiting
refractive indices (RI) values 1.33-1.47.

e Specifically, the sensitivity of sensors is enhanced with partial gold film
coating because it is excited SPR mode in addition to OWG mode.

e RF plasma etching is used as a novel method to increase roughness and
sensitivity of sensors.

e The location of the SPR and OWG modes and sensor response is tuned by
controlling the geometrical parameters to monitor 1gG proteins in liquid

environment.
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CHAPTER 2

EXPERIMENTAL METHODS

The experimental procedure consists of material selection, designing, fabrication,
and development of the F/O sensors with respect to optimized parameters. Each
process is explained in detail. First steps of fabrication process are determined and
suitable materials are selected. The faced problems during production procedures are
dealt with changing the used materials or method of fabrication steps. Furthermore,
materials are shaped by following some designing strategies. Appropriate parameters
for designing are determined according to some mathematical calculations and
experimental results. Using these parameters the components of the sensor system
are shaped, fabricated and joined together one by one. In Figure 2.1 a flow chart is

drawn to generalize the experimental procedure.

Design
Fabrication
Characterization

Production of Supporting Elements

100

Preparation of Fibers
Lapping and Polishing
Mounting Connectors
Coating Thin Film

Development of D-type F/O Sensor Platforms

1400

Figure 2.1 Flow chart of the experimental procedure.
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2.1 Materials Used

Throughout the thesis, different chemicals and optical materials are usedfor
producing supporting elements and D-type F/O sensor platforms. The purchased

materials for this study are described with their sources and properties in this section.

First of all, supporting elements are fabricated from silicon wafers with
photolithography and chemical etching processes. 4-inch Si wafers having ~5000 A
oxide layer are purchased from Helitek. Chromium coated glass,
Hexamethyldisilazane (HMDS), photoresist AZ5214, and developer-AZ400k for the
photolithography process and for the chemical etching processes buffered oxide etch
(BOE), and potassium hydroxide (KOH) are provided by UNAM, Bilkent
University.

The purchased materials for development of the D-type F/O sensor platform can be
divided into four classes which are optical materials, lapping and polishing materials,
mounting connectors, and thin film coating materials. As optical materials, 100
meter, step index, multimode AFS50/125Y model fiber with the 0.22 numerical
aperture, 50 pm core diameter, and 125 pm cladding diameter (ThorLabs) and epoxy
EPO-tek 301-1 (Epoxy Technology) are used. Besides these materials, in order to
mount F/O connectors 30126G2 model 20 items of FC/PC multimode F/O
connectors and CKO03 model fiber optic termination and repair kits which include
fiber stripper, crimp tool, polishing films with 0.3 pum, 1 pm, 3 pm, 5 um grits, and
epoxy are bought from Thorlabs. Moreover, for the lapping and polishing procedure
SiC-2500 grit polishing pad, polyeurethane pad, 3 micron diamond, water-oil based
lubricant liquid and 0.04 um colloidal silica is purchased from Struers. Furthermore,
during the thin film coating procedure gold and chromium are used. The gold is
supplied from Istanbul AltinRafinerisiwith %99.99 purity and Chromium (Cr) is
purchased from Kurt J. Lesker Company with %99.99 purity.

To clean the equipment; acetone, isopropyl alcohol, and ethanol are used. They are
purchased from Merck Company with ~%95 purity. The used water is obtained from

Direct Q3-UV Millipore system at 18.2 MQ cm resistivity and 25 °C temperature.
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2.2  Supporting Elements

Through experimental procedure fragile glass fibers are locally polished, lapped, and
coated with films. These applications cannot be entailed to fibers unless they are
supported with appropriate elements. Supporting elements are necessary for better

handling during fabrication of D-shape F/O sensors.

The key point of supporting elements is that their material properties (i.e. thermal
expansion, hardness, etc.) should resemble silica fibers. Both of them are needed to
overcome harsh fabrication steps such as lapping and polishing. Supporting elements
protect fibers from surface cracks/defects during mechanical polishing and damage
eliminating. In fact, surface conditions such as roughness, scratches, cracks; and the
nature of subsurface damages are very effective on sensitivities of the produced
sensor. Material removing mechanism can provide same polish rate only if the
materials of supporting elements and fibers coincide each other. In literature mostly
quartz or silica blocks are used [14, 21]. Silica blocks are selected to support fibers
for this study because they have advantageous properties. The followings are

significant features of single crystal silicon wafers [70]:

i.  Silicon wafers can be produced in controllable processes with standard purity
and perfection.
ii.  Silicon fabrication relies on deposition of very thin films which pursuit them
to use for miniaturized devices.
iii.  Silicon wafers can be shaped and patterned by applying lithographic
techniques so highly precious geometries production becomes possible.
iv. In practical point of view, inexpensively obtained silicon wafers can be

etched in batch processing.

Supporting elements can be produced from commercially available Si wafers which
present high purity and perfect crystalline orientation. It is possible to engrave Si
wafers with precision geometries by using lithography and chemical etching
processes [70]. While lithography process constitutes designing and forming the
intended geometries, etching procedure chemically shapes the structured patterns on

Si wafer.
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Images are formed on Si wafer with lithography process. This approach provides
selectively removal of materials, building up thin films, or changing some portion of
the wafer characteristics. There are variety of lithographic technologies being used in
wafer processing such as photolithography, electron lithography, x-ray lithography
and ion lithography [71]. Photolithography technique, also called as optical
lithography, is used to replicate patterns on Si wafer for this study.

Optical lithography process includes many steps which are mask fabrication,
cleaning wafer, resist coating, post-application bake, UV light exposure, post-
exposure bake, selectively removal of resist coating, and resist hardening [72]. The
used mask for photolithography involves a patterned transparent substrate. In fact,
photo-mask protects the patterned zones when UV light is exposed on the Si wafer.
Preparation of wafer includes cleaning, resist coating and resist hardening steps.
These steps can be followed with UV light application as demonstrated in Figure 2.2.
Light source generates light beam and some portion of it passes through the openings
of mask. The resist properties chemically change under UV light exposure. Than the
light-sensitive resist, is also known photoresist, can be removed with developing
solution according to the type of resist: positive or negative. While positive resist
easily dissolve in developer solution, negative resist becomes less soluble after light
exposure. Therefore, mask replication process on silicon wafer occurs with

photolithography procedure [71-73].

-——-> UV Light Source

L = = ———~> Photo-Mask

= e —-——-> Lens

—-——-> Resist Coated Wafer

Figure 2.2 Optical lithography mask patterning schema.
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After lithography process application, patterned silicon wafer is chemically etched to
form shapes. Indeed, etching has been used widely for production of micromachining
devices such as sensors, optical waveguides, transistors, and emission devices [74].
There are various isotropic and anisotropic chemical etchants for silicon as
mentioned in literature and they have important effects on micromachining devices
[70]. Between etchant systems KOH anisotropic etching has a particular interest
because its highly selective property allow fabrication of unique geometries if
patterns are masked by some materials, e.g., SiO,, Si3Niz, and Cr. Also, its selectivity
depends on crystal orientation of Si surfaces. For instance, the (100) plane etches
faster than the (111) plane which is in relation with the activation energies of planes.
While (100) Si surface dissolve with one OH  per atom, (111) plane needs two OH
per atom [75]. Silicon etching rate (R) relies on temperature (T), KOH-water
concentration, and activation energy (E) of plane. Their best relation is obtained by
Seidel and it is given in equation 2.1 where “K” is kinetic rate constant, and k is

Boltzmann constant [76].

R = [Hy01*[KOH] /4 K exp(— £/, 1) (eq. 2.1)

In the experimental section of the thesis, supporting element is fabricated from (100)
oriented Si wafer by using lithography and KOH chemical etching procedure. These
processes provide to groove Si wafer in V shape. The details of V type silicon

supporting element’s design, fabrication, and characterization steps are described in
section 2.2.1, 2.2.2, 2.2.3., and 2.2.4.

2.2.1 Design

The main point of V-type supporting elements fabrication is to protect and hold
delicate and fragile fibers. This aim clearly promotes designing step importance.
Supporting element platforms are designed with 30 mm long, 10 mm wide, and 0.5

mm height dimensions.

In order to fix fibers properly inside the supporting element grooves, shape of canals
should be considered carefully. V shape is the presented best supporter form in

literature [14]. Anisotropic etching is applied to place 125 pm multimode fiber optics
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into V shape grooves with respect to the crystal octahedron positions of (100) and
(111) planes as seen in Figure 2.3. Therefore, fibers would be settled into canals
without any shift. Indeed, the Si wafer crystal orientation decides the shape and scale
of grooves during chemical etching process. The reason underlies different etching
rates of (100) and (111) surface arrangements. The denser (111) plane etch rate is
slower than (100) plane etch rate which causes an anisotropic etching with an exact

angle, 54.7° between planes [75].

(@) (b)

Figure 2.3 (a) Octahedron positioning of single crystal silicon planes [75], and (b) the
designed V groove demonstration; w: width of VV-groove, d: depth of V-groove, a;= 54.7°
(the exact angle between (111) and (100) planes), 0,=90.0°-54.7°=35.3".

Additionally, there is a relationship between the depth (d) and width (w) of the V-
groove due to the exact angle. This relation gives an advantage to calculate depth of

canal with measuring width of the VV-groove being given in equation 2.2.

_ w/2
"~ tan(a,) (eqg. 2.2)

In order to be more controllable on polishing length during the operation of fibers
and to get smooth transformation of the light, fibers are placed into grooves with
gradual curving. This special placement technique also provides to eliminate light
losses. Therefore, a novel design is developed for VV-grooves. From the center to the

edge, the widths of grooves are gradually increased about 0.014 ° as shown in
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Figure 2.4 (b). Particularly, curving fiber gradually with a special design decreases
the fiber damages during polishing process. The dimensions of the supporting
element are illustrated in Figure 2.4 (a) and (b) from the cross sectional and top

views.

L;=30 mm

L,=0.5 mm
V-groove

We=192 um
- Ls=10 mm

V-groove

(b)

Figure 2.4 (a) Cross sectional and (b) top view of embedded V grooves.

2.2.2 Mask Design and Fabrication

The first requirement of photolithography process is fabrication of a mask. The mask
is designed by using a 4-inch Si wafer to produce as much as possible supporting
elements from the same wafer. The design of mask is allowed us to fabricate 16
supporting elements with the desired dimensions as illustrated in Figure 2.5. In order
to produce the mask, purchased 100 nm chrome coated quartz is patterned using
mask writer (Heidelberg Instruments, DWL-66) with a 4 mm writing head. This head
can pattern quartz at least 1 um sizes so the supporting elements are produced nearly

exact dimensions.
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Figure 2.5 Patterned mask includes 16 silicon supporting element: (a) the designed mask for
photolithography and (b) one of the silicon supporting element demonstration from the
mask.

2.2.3 V-groove Fabrication

Fabrication of V-grooves includes mainly two processes which are photolithography
and chemical etching. Both of them have many steps as depicted in Figure 2.6.
Firstly, photolithography is used to transfer patterns from the mask to the substrate
(Si wafer) by using an UV-light. Its steps are preparation of wafer, photoresist
application, exposing UV-light, removing the photoresist layer. Then, chemical
etching process is maintained to etch patterned regions. Chemical etching procedure
consist two steps which are buffered oxide etching (BOE) and potassium hydroxide
etching (KOH-etching).
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Figure 2.6 The production steps of VV-grooves are (a) preparation of wafer, (b) photoresist
application, (c) exposing UV-light, (d) removing photoresist layer, (e) SiO2 layer etching
with BOE, and (f) Si wafer etching with KOH.

The steps of photolithography and chemical etching procedures:

(@) Preparation of Silicon Wafer: Silica coated Si wafer with (100) crystal

orientation is cleaned carefully with chemicals and water to wipe away
dirties. In fact, contaminants and particles removing from the surface reduce
defects and improve photoresist adhesion. Wafer is ultrasonically rinsed with
acetone, isopropanol, and DI water for 10 minutes. Then, it is dried in

furnace at 110 °C for 5 minutes.

(b) Photoresist Application: Photoresist is a kind of polymer that undergoes

chemical reaction if light is induced on it. This chemical reaction changes
according to the photoresist type being positive or negative resist. For
positive photoresist, inducing light scissions polymer chains from a larger

molecule chains to smaller ones as depicted in Figure 2.7 (a). On the other
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hand, molecular chains of negative photoresist link with higher order
magnitudes after exposure as in Figure 2.7 (b).

The resist processing includes Hexamethyldisilazane (HMDS) coating, resist
coating and post application baking. The cleaned Si-wafer is coated with
positive photoresist-AZ5214 1.4 um but to increase adhesion HMDS is
applied on surface at first. HMDS is a colorless liquid with the molecular
formula [(CH3)3Si]2NH[77].After HMDS application photoresist is coated
with spin coating method. Spin coating system (Laurell, WS650SZ-6NPP-
lite) is utilized at 4000 RPM for 60 seconds. This system spreads liquids by
centrifugal force to coat evenly the wafer sited on vacuum chuck.
Furthermore, film drying rate affects quality of the film on the surface such as
uniformities appear with slow rate. Thus, furnace is used at 110 °C for 5

minutes to dry film, and then wafer is cooled down.

Figure 2.7 (a) Positive photoresist long molecular chains breaks up with radiation
so shorter chains can be removed with developing chemical, (b) Negative
photoresist links become stronger with radiation so cross-linked network does not
dissolve with developer [72].

(c) Exposing UV-light: An exposure system provides replication of mask

images on photoresist coating. This system includes a light source,

condenser, mask, wafer and wafer stage aligner. The light source generates
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(d)

(e)

light beam in the UV spectrum (200 nm - 460 nm ranges) and the condenser
delivers light to mask and photoresist uniformly. The stage aligner, on the
other hand, provides to position wafer in a controlled way. The key factor of
replication quality is mostly depends on alignment of exposure system
components.

In this study, Mask Aligner (EVG, EVG620) is used as an exposure system.
A recipe is prepared by following: the sizes of mask holder (5 inch) and
wafer (4 inch); thickness of mask (2.3 mm), wafer (0.5 mm), and photoresist
film (1.4 pum); and process type (top side), process mode (transparent),
exposure mode (continuous), contact mode (vacuum contact). Previously
fabricated mask and photoresist coated wafer are loaded and aligned inside

the exposure system. Then, wafer is exposed by utilizing the entered recipe.

Removing photoresist layer: In order to remove UV-light exposed

photoresist, AZ400k-developer is used. The removing process is
manipulated by the resist dissolution rate, which is in relation with
development concentration, exposure, resist properties, and pre-baking step.
The photoresist is locally dissolved with 1:4 ranges mixed developer and DI
water solution in 60 seconds by using immersion method. After the
application of developer, wafer is cleaned with extra water and dried.

At the end of the process, wafer is hard-baked in furnace at 120 °C, 60
seconds to strengthen bonds of photoresist film. Baking photoresist prepares
the wafer for BOE and KOH chemical etchings.

Buffered Oxide Etching (BOE): BOE is a wet etchant consists of
Ammonium Fluoride (%40 NH4F - DI water) and Hydrofluoric (HF) acid in

a 6:1 ratio. It is used to etch 5000 A thickness silica film selectively. The
BOE process governs by two different chemical reactions which are
buffering reaction (rx-1) and etching reaction (rx-2). While buffering
reaction controls HF concentration to stabilize pH of solution, SiO; is

removed with etching reaction.
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(f)

BOE solution is prepared inside a Teflon container and the wafer is
immersed into the buffered HF chemical. The wafer is hold 4 minutes in
container about 4 minutes. The silica film is etched with 120 nm/min rate at
22°C. After the etching is completed, wafer is rinsed with DI water carefully
and dried by using nitrogen. Etched silica film is controlled by using
microscope and profilometer. If the silica film is not etched completely, the
process is repeated. Then, photoresist film is removed with acetone.

Buffering Reaction: NH,F <=> NH; + HF (rx. 2.1)
Etching Reaction: SiO, + 4HF => SiF, + 2H,0 (rx.2.2)

KOH etching: In order to form V grooves in (100) oriented Si wafer KOH
etching method is used after the patterned oxide layer is removed.KOH
etching rate depends on temperature, KOH solution concentration, and Si
crystallographic plane directions as mentioned in literature [75-77, 78]. For
this study, Si wafer is etched with 25 micron/hour rate. The Kinetics of
etching rate is discussed in terms of an Arrhenius equation by estimation of
the activation energy according to Seidel et al. [76]. Si etch rate (R) in KOH

is modeled as
R = [H,0]*[KOH] /4exp(—E /kT) (eq. 2.3)

where “E” is the activation energy in eV, “k” is the kinetic rate constant, and
“T” (Kelvin) is the temperature.

KOH solution is prepared inside a wide glass beaker by using 300 gram
potassium hydroxide pellets (by weight) and 700 gram DI water. The KOH
pellets and water are mixed till potassium hydroxide is dissolved. The beaker
is located on a hot plate at 60 °C with magnetic stirrer at ~250 RPM and
waited for 30 minutes to stable the solution conditions. Then, wafer is placed
into solution with hallow Teflon vessel and evaporation is prevented by
closing beaker carefully with aluminum foil (Figure 2.8). During the
experiment, temperature of solution is observed continually. V shapes are

formed as seen Figure 2.6(f) in 5.44 hours. After KOH etching processes is
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completed, the Si wafer is removed from solution and rinsed with enough DI

water until all deposits are removed.

The prepared silicon wafer is cut by using dicing machine (Disco,
DAD3220). 16 supporting elements are obtained from 4 inch Si-wafer with
30 mm long and 10 mm wide dimensions. Then, each supporting element is
glued onto 37.5 mm and 75 mm long two microscope slides (Fisher Scientific
Company L.L.C., 12-544-1) as in Figure 2.9. These microscope slides make

easy the placement of fibers inside the VV-grooves.

Figure 2.8 KOH etching experiment.
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Figure 2.9 Produced supporting elements.

2.3 Development of D-type F/O Sensor Platforms

In this section, fibers’ placement into supporting elements; lapping and polishing
procedure; mounting FC/PC connectors to fiber; and thin film coating experiments
are represented in detail.

2.3.1 Placement of Fiber into V-Groove

The purchased F/O cable from Thorlabs (AFS50/125Y) has three sections which are
core, cladding and coating material (jacket). While the core and cladding sections are
made from silica, the material of jacket is produced from an acrylate polymer which
melts about 160 °C [79]. Before mounting fibers into V-grooves, 30.3 mm from the

section of a 1 m long fiber jacket is stripped with heat. The stripped region is wiped
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Figure 2.10 Placement of fiber into VV-groove supporting element.

out with isopropyl alcohol to remove the polymer impurities. Also, supporting
elements are rinsed with DI water, acetone, and isopropyl under microscope control.
These cleaning processes prevent some imperfections on the fiber and inside the V-

canals.

In order to fix unjacketed fibers into V grooves as in Figure 2.10, epoxy EPO-tek
301-1 (Epoxy Technology) is used as an adhesive. This epoxy is for optics, medical,
and packaging of optical devices [80]. It consist two components and their mix ratio
should be 20:5 by weight. Thus, the liquids are put on a glass container by using
syringe with weighting and they are stirred slowly for 5 minutes. The adhesive is
properly spread into V groove and the stripped portion of fiber is aligned into the
canal with back and forth motions carefully. It is important to prevent occurrence of
adhesive bubbles inside the grooves because their existence may cause scratches or
cracks on fiber. Then, F/O cable is stretched in canals with sticky band to fix it until
the epoxy is crystallized. Such an immobilization step is necessary to place the F/O

cable in the V channel perfectly. Epoxy is cured at 30 °C on hot plate for a week.

2.3.2 Lapping and Polishing

Lapping and polishing processes’ common purpose is to remove the material and
reach the desired dimensions while having a smooth surface at the end of processes.
These processes can be applied for metals, glasses, semiconductors, and ceramics.
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The benefits of lapping and polishing techniques are being controllable and
producing nanometer-scale flat surfaces [79].

The lapping and polishing protocol is implemented to cured F/O platforms with
Struers (model: RotoPol 11) polishing machine. Various polishing steps are entailed
to remove three different materials which are single crystal silicon, crystallized 301-1
epoxy, and silica fiber at the same time. Initially, a high material removal is provided
with harder and coarser material SiC with a minimal damage to the surface. Lapping
step produces dimensionally accurate specimen however smoothing surface requires
finer abrasives. To eliminate surface defects 3 micron diamond and 0.04 micron
silica abrasives are used. The mechanical properties of fiber, silicon, SiC, and
diamond are given in Table 2.1 [70].The fiber-placed supporting element is stick
with wax (ATM-M, D-57636) on an aluminum slab to take of it easily. Waxes are
characteristically plastic near room temperature but melt about 45 °C. The aluminum
slab is heated and wax is spread on it. Then, supporting element is assembled on the
slab and the system is cooled.SiC-2500 grit polishing pad is located on the polishing
machine and the fiber is lapped for 10 minutes at 150 RPM. The rough material is
removed with this step.

As a second step, polyurethane polishing pad is replaced instead of grit pad. 3 um
size diamond abrasive inside a water-oil based lubricant liquid is applied for 10
minutes at 150 RPM. Thus, the scratches occurred during first polishing step are
mostly decreased. For final polishing step, polyurethane pad is used with 0.04 pm
colloidal silica at 350 RPM to smooth rough surface of the device.

Table 2.1 Mechanical property of fiber, silicon, SiC, and diamond [70].

Materials Hardness Yield Strength  Young’s Modulus Density

(kg/mm?) (10°dyne/cm?) (10" dyne/cm?) (glcm®)
Fiber (SiOy) 820 8.4 0.73 2.5
Si 850 7.0 1.9 2.3
SiC 2480 21 7.0 3.2
Diamond 7000 53 20.35 3.5
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2.3.3 Mounting FC/PC Connectors

To provide a better light transmittance between fiber — laser and fiber — detector,
FC/PC connectors are mounted on the fiber. This process begins with obtaining the
required specific tools for multimode (50 um core and 125 pm cladding diameter)

fiber. The selected assembly tools are given in in section 2.1.

Optical connector elements (crimp sleeve, boot, and FC connector) are put into a
beaker and the beaker is filled with isopropyl alcohol. After soaking them for five
minutes, they are removed and dried. Then, fiber protective layer is stripped for 13
mm with stripping tool (Thorlabs, T08S13) and wiped with isopropanol. The fiber is

placed into the boot, crimp sleeve, and FC connector as demonstrated in Figure 2.11.

Fixing fiber is provided by using a F112 model, 2-gram epoxy. The two-part epoxy
locates inside a plastic package. They are mixed for one minute by rubbing the
package on the edge of the table. After proper mixing the epoxy, it is loaded to the
syringe (Thorlabs, MS403-10). Then syringe is inserted into the connector and epoxy
is pressed till a small bead appears on the ferrule. The stripped fiber is slowly seated
with back and forth motions into the FC connector. The crimp sleeve is slid to the FC
connector from the back which is fixed with the 0.178 inch section of crimp tool
(Thorlabs, CT042). Small amount of epoxy is added to the sleeve and the boot is

placed on it. The assembled parts of connector with epoxy are cured for one day.

After the fiber and FC connector elements are united, the end section of fiber is
needed to prepare with polishing steps. Firstly, the fiber connector is scored with
fiber scribe (Thorlabs, S90W) just above the ferrule. Scoring step provides to cleave
fiber edge properly. Secondly, FC connectorized fiber is inserted inside the polishing
disk (Thorlabs, D50-xx). Then fiber edge is orderly polished with 5 pm, 3 um, 1 pm,
and 0.3 pm pads.
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Figure 2.11 FC/PC connectors are joined with F/O sensor platform.

2.3.4 Sensor Surface Modification

Modifying physical properties of D-type F/O sensor surface provides us to enhance
sensitivity for different RI regions. In this study, sensor sensitivity is increased with
coating metallic thin film. Also, roughening film effect on the sensor sensitivity is

studied in detail.

2.3.4.1 Thin Film Coating

In order to generate surface plasmon resonance and waveguide modes, gold thin film
Is coated to the differently deep polishing protocol applied sensors (Figure 2.12).
Thin film coating processes can be divided into four general categories which are
atomistic growth, particulate deposition, bulk coating, and surface modification [80].
Among the coating processes, atomistic growth with thermal evaporation system is
more appropriate for the D-type F/O sensors because of lower temperature operation
and usability of various heat sources. Thermal evaporation method deposits thin solid
films by the condensation of a vaporized form of solid material onto various
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surfaces. This system involves a chamber, vacuum pumps, source, refractory metal
boat, and target material. In this study Vaksis model Thermal Evaporator (PVD
Vapor - 3S Thermal) is used. First of all, the sources (Gold and Crom) are separately
placed into Tungsten (W) metal boats; chamber is closed, and vacuumed. Then, Cr
and Au are melted with heat and condensed onto the 5 mm middle portion sensor
surface at 5x10®Torr pressure. Thus, 2 nm thickness Cr and 20 nm thickness Au are

deposited to the surface, respectively.

" "‘/

e

ity Gold Layer

Supporting Element |

Figure 2.12 Thin film coated D-type F/O sensor.

2.3.4.2 RF Plasma Etching

Radio Frequency Plasma Asher/Etching is used to increase surface roughness of the
gold film. This process is implemented with Argon (Ar) gas at 50 watt power and
5x102 mbar pressure for 2 and 4 minutes. Before application of plasma etching the

chamber of system is cleaned by using Ar gas.
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CHAPTER 3

CHARACTERIZATION

The characterization part of the thesis includes the analyzing results of supporting
elements’ fabrication, lapping and polishing protocol, and surface modification
during experiments. Developing the waveguide (OWG) and surface plasmon
resonance (SPR) modes based D-type F/O sensors with different polishing depths are
provided by discussing the characterization results. Some major development
parameters such as polishing depth, interaction length, and surface roughness are
controlled with optical microscope, profilometer, and scanning probe microscope
(SPM). These parameters monitoring and adjustment are very critical because the

sensitivity of sensors depend on them.

3.1  Characterization of Supporting Elements

Handling F/O cable is provided with Si wafer supporting elements as discussed in
section 2.2. Supporting elements are fabricated in four major steps which are mask
production, lithography, buffered oxide etching (BOE), and potassium hydroxide
etching (KOH). These processes are entailed directly to a 4-inch Si wafer. Then
supporting elements are separated from each other with dicing saw machine. Because
of supporting elements’ production are maintained in the same processes, examining
the grooving sections from different points is necessary. The width of grooving
sections’ mask and Si wafer are characterized with optical microscope (Leica-
CTR6000) after lithography, BOE, and KOH processes as demonstrated in Figure
3.1.
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Measuring the width of grooving section of mask and Si wafer allow us to determine
how the designed pattern is changed with fabrication steps. The measurements are
taken from the end region of grooves mostly because the widths are expected to be
exact for grooves. In fact, the width narrows with approaching the middle parts of
groove due to the design of mask. According to the obtained results given in Table
3.1, the width of grooves increases slightly by maintaining through the fabrication
processes. It means mask should be designed at least about 10 pm smaller widths to

produce grooves with desired dimensions.

Grooving

Section of
mask

Grooving
Section of
wafer

(c) (d)

Figure 3.1 Microscope measurements of (a) mask, (b) lithography applied wafer, (c) BOE
applied wafer, and (d) KOH etching applied wafer.
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Table 3.1 Width measurements of grooves for each step.

Data Mask Lithography BOE KOH
1 196.91 pm 204.95 pm 204.22 pm 210.20 pm
2 197.12 pm 202.86 pm 200.46 pm 206.89 pm
3 198.32 um 199.23 pm 201.50 pm 207.58 pm
4 197.95 um 201.10 pm 201.30 pm 209.65 pm
5 198.58 pm 200.15 pm 201.50 pm 206.20 pm
6 199.62 um 203.69 pm 201.50 pm 205.51 pm
7 197.74 um 199.52 pm 204.22 pm 208.96 pm
Average 198.03 pm 201.64 pm 202.10 pm 207.48 pm

In order to monitor the depth of grooving section during BOE and KOH etching,
Stylus Profilometer (KLA Tencor, P6 Surface Profiler) is used. The 9 minute
buffered oxide etching application is removed about 5000 nm thickness oxide layer
of silicon wafer. The profilometer measurements after BOE is presented in Figure

3.2 and the obtained data are given in Table 3.2.

The characterization results of profilometer measurements during KOH etching are
presented in Figure 3.3 for different time durations between 30 minute and 300
minute. As the time passes, V-groove shape becomes more significant. This
processis completed in 345 minute with 25 micron/hour rate. The deep

measurements are given in Table 3.2 after KOH etching process is completed.

11, 20121215 P [ Clear Status.

Figure 3.2 Profilometer measurements after buffered oxide etching (BOE).
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The depths of middle and end region of supporting elements are different due to the
narrowing design of grooves. There is approximately 10 um depth difference inside

the VV-groove supporting elements.

Table 3.2 Depth measurements after BOE and KOH.

DATA: 1 2 3 4 5 6 Average

Buffered Oxide Etching g yo5 9497 0499 0501 0503 0500 0.4997
(BOE) (um)

Potassium Ends 146 147 145 148 143 140 144.8
Hydroxide

Etching Middle 135 137 134 136 135 133 1350
(KOH) (um)

46



Fecion
16STAND

St M

Largan: 616,

Speed 10

Rote: 100 e e
Drection -»

Repests: | oo

Force:
oiss Fier. 5.3 um -

A00um

0321001 SM arron s e dr

3 the motion,

Fecine

et 1081 00 m
ISpes 100,00 s

2my
Motsa Filer 5.3 ym

Lem Rt
Mess 4500 109
Debs 1660 100
Level 7100 1031
Debs 1730 1031

Ap 11, 20120241 PM

Fecine
18STAND
Hare:

Lergi 1000.00um
ISpesd 100,00 s

Ferce 05
Motsa Filer 5.3 ym

Mess 4500 1000
Deka 1580 1000

Level 7100 1000
Dets 1730 1000

R Heigrt: 00 &
23 A

30,
0 0Eym
Fecine
18STAND
Hare:
[Leexit 550,00 s
ISpesd 100,00 s
Fote: 100
Drecton =
Repests: |
Fercer 0

w
oiss Fitar; 8.3 um

0321001 SM error s

(d)

Figure 3.3 Profilometer measurements during KOH etching for (a) 30 min., (b) 100 min.,
(c) 180 min., and (d) 300 min.
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3.2 Analyzing Lapping and Polishing Protocol

To expose the core region of the F/O, we remove materials with various lapping and
polishing steps as mentioned in section 2.3.2. After each lapping and polishing step,
transducer (F/O placed into the supporting element) should be examined to
understand whether the lapping & polishing steps are applied properly. Indeed, we
have to deal with many problems during the application of protocol such as nonlinear
polishing surface or fiber breakage. Also, the polishing depth and interaction length

of produced F/O sensors are determined with measuring the V-groove width.

The polishing depth (h) as shown in Figure 3.4 which is distance from the core-
cladding interface to the polishing surface defines the polishing depth of the F/O
sensor. Depth of V-groove has a relation with crystal orientation angle (o, = 54.7°,
between (100) and (111) planes), fiber core and cladding radius as given in equation
3.1

dp, = R/sin(ay) +r h =
dp > R/sin(ay) +r h>0 (eqg. 3.1)
dp, < R/sin(ay) +r h<0
< W >
A h (+)
— - —- h:OI
R Lr )
dr Fiber
v (0.5) \
V-groove
Si wafer !

Figure 3.4 Front view of the polished fiber inside the V-groove. The dimensions are dh =
depth of V-groove for the edge of core and cladding region, a2 = crystal orientation angle, h
= polishing depth, R = fiber radius, and r = fiber core radius.
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Besides the polishing depth of F/O sensor, it is also necessary to analyze the
parameter of interaction length. The polished region of fiber provides interaction
between sensor system and external media. Molecular level changes inside the
external media alter the light intensity of sensor system so measurements become
applicable. The interaction length of fiber as shown in Figure 3.5 can be enlarged

with increasing polishing depth.

Figure 3.5 Side view of the polished fiber inside the V-groove.

By using lapping and polishing procedure, sensors are produced at four different
polishing depths (h = +5, h= -5, h=-10, andh= -20). These transducers are examined
with optical microscope (Leica, model: DFC320) at 20X and 50X magnifications
after each lapping & polishing steps as given in Figure 3.6 — 3.9. After the first
lapping step with 9 um pad, many scratches and faults are observed on the fiber
surface. However, they are removed and polished with the second (3 micron

diamond) and third polishing steps (0.04 micron colloidal silica).
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Figure 3.6 Optical microscope measurements of (+5) polishing depth sensor after (a) 9 um
pad, (b) 3 um diamond, and (d) 0.04 um colloidal silica.
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Figure 3.7 Optical microscope measurements of (-5) polishing depth sensor after (a) 9 pm
pad, (b) 3 um diamond, and (d) 0.04 um colloidal silica.
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Figure 3.8 Optical microscope measurements of (-10) polishing depth sensor after (a) 9 um
pad, (b) 3 um diamond, and (d) 0.04 um colloidal silica.
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Figure 3.9 Optical microscope measurements of (-20) polishing depth sensor after (a) 9 um
pad, (b) 3 um diamond, and (d) 0.04 um colloidal silica.
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After the third polishing step, the roughness of platforms are measured
approximately 1.40 nm using Scanning Probe Microscope (SPM) (QuesantAmbios
Universal) with 40 pm scanning head at 1 Hz scan rate in contact mode that

separation power 6 A X and Y, 0.5 A Z directions is shown in Figure 3.10.

33.53nm

10.0pm

Figure 3.10 SPM roughness image of the fiber’s polished surface (1.40 nm).

3.3 Surface Modification

We modified sensor surface to increase the sensitivity of sensor by coating thin gold
film and roughening the sensor surface. It is known that depositing thin metallic film
excites SPR mode. Thus, we coatedthin gold film to the different polishing depth
applied transducers’ surfaces.Then, RF plasma etching is applied to rough the
surface. This process is resulted in gold nanoparticles with different sizes. Their
shapes and sizes can shift the plasmonic mode [81]. After the each process, the
surface of transducers are characterize with SPM. The measured roughness values
are 3.0 nm, 5.6 nm, and 7.8 nm for 0, 2, and 4 min. of plasma etchings respectively
as demonstrated in Figure 3.11.
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Figure 3.11 Scanning Probe Microscope (SPM) images of Au coated sensors of roughness
(a) w/o, (b) 2 min., and (c) 4 min. plasma etching process.
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CHAPTER 4

TESTS AND MEASUREMENTS

41  Measurement System

Opto-mechanical measurement set up is designed and built on an optical
table(Newport, ST). It includes laser system, iris, filter, beam splitter, mirror, X-y-z
stage fiber controllers and detector components as seen in Figure 4.1 and Figure 4.2.
All of the equipment is purchased from Thorlabs.

As power generator, three different linearly polarized He-Ne laser systems are used.
They generate light at 543nm (Thorlabs, model: HGR005), 594nm (Thorlabs, model:
HYP020), and 632.8 nm (Thorlabs, model: HNL150R) wavelengths. For
measurements, mostly used the 632.8 nm in the red portion of the visible spectrum
laser generates 25 mW powers with 0.5% RMS noise. Furthermore, 543 nm (green)
and 594 nm (orange) wavelength laser systems produce 0.5 mW and 5 mW orderly
with 1% RMS noise. The cylindrical laser head is mounted in V-clamp blocks to

stabilize on optical table. The linearity is provided with positioning stage and iris.

The released light from laser is divided into two beams by using an unpolarizing
Cube Beamsplitter in that taking reference measurements with a detector (Thorlabs,
model: S310C) continually is necessary. The reference measurement allows
decreasing the noise generated from the lasers. The other beam is oriented with
mirror through the x-y-z stage (Thorlabs, model: MBT613D/M). This stage controls
F/O cable and let the light enter through the FC connector.
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Figure 4.1 Opto-mechanical measurement system images (), (b), (c), and (d) are taken from
different views.

Some portion of the light is coupled into the fiber with an x-y-z translation stage..
The F/O cable is a waveguide and light can propagate through it with total internal
reflection principle. When the light passes through the interaction area of the F/O
sensor head, its intensity changes due to the processing applied to the sensor’s
surface as mentioned in Section Il. The difference between the light amounts
entering and exiting the F/O cable is measured with two detectors (Thorlabs, model:
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Figure 4.2 Measurement system schematic views.

PM121D). The detectors and fiber FC/PC connector is stabilized and aligned with

the x-y-z stages.

The flow cell section includes syringe, 3 mm diameter and 15 cm long two Teflon
cables, preformed rubber seal, flow cell head, and beaker. The flow cell head is
designed for liquid flow through the sensitive region of sensor. It is fabricated with
“Teflon” material about 2 mL volume. Furthermore, its dimensions are carefully
determined in design step as illustrated in Figure 4.3 because solutions being on the
surface of sensor needs to contact perfectly and also, formation of air bubbles should
be prevented. The flow cell head special design is presented in Appendix C. The
flow cell head is connected with Teflon cables from two end sides. Input and output
of liquids are provided with these cables. Input cable is mounted with a syringe tip
by using an epoxy (Thorlabs, G14250) being crystallized in 5 minutes, thus syringe
can be used easily with the assembled tip inside the cable. Output cable end side is

placed into a beaker to get rid of the waste solution.
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Figure 4.3 Flow cell attached to the F/O sensor head (side view).

4.2  Preparation of Solutions

In order to carry out measurements with developed D-type F/O sensors, different RI
liquids are used. As liquids varied concentration glycerin-water mixtures and IgG
proteins hindered aqueous solutions are preferred to assembly on polished side of

fiber by utilizing a flow cell.

Main aim of Glycerin-water measurements is to determine the behavior of produced
sensors. When the concentration of glycerin-water mixture is changed, the RI of
solutions varies [5]. These mixtures have three important advantages which are the
wide range refractive indices, the ability of mixing easily, and being chemically not
attractive. Therefore, glycerin-water solutions at different concentrations are

preferred to characterize sensors.

The basic principle of biological experiments is that measuring the combination of a
specific antibody and antigen complex as demonstrated in Figure 4.4. An antibody is
an immunoglobulin ability to bind both the antigen and surface of system [6]. Y-
shaped antibodies have two arms to let antigen binding and a constant Fc tail which
serves as linking with system. On the other hand, antigen such as proteins, lipids, or
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Figure 4.4 Antibody and antigen combination on the d-type F/O sensor.

nucleic acids is able to chemically combine with the specific antibodies [7].Antibody
and antigen interactions rely on hydrogen bonds, hydrophobic interactions, or
forces.such as electrostatic or van der Waals [8]. The nature of interactions depends

on the association of antibody and antigen complex

4.2.1 Glycerin-Water Solutions

Glycerin is purchased from Merck with 99.5% purity being used for measurements at
different concentrations. The illustrated chemical structure of Glycerin (C3HgO3) in
Figure 4.5, molecular weight is 92.09 g/mole and Rl is1.47 RIU [9]. The three
hydroxyl group in glycerin makes it miscible in water. Therefore, it is possible to
prepare different RI solutions via the wide range refractive indices between 1.33 RIU
and 1.47 RIU intervals with variant glycerin concentrations in water. There is a linear
relationship between glycerin-water concentration and Rl at 25 °C being presented in
Equation 4.5 and Figure 4.6 [10].
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Figure 4.5 The chemical structure of Glycerin [11].

ns = 1.4638 + 0.00146(C — 95) (eq. 4.5)

In this way, 20 liquid samples are independently prepared in distilled Millipore
water. Glycerin and water mixtures are scaled and 50 mL solutions are prepared with
different concentrations for measurement. Each liquid stirred fifteen minutes with
magnetic mixer. This process causes some bubbles inside the solutions so it is

necessary to wait for one day at the room temperature before measurements.
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Figure 4.6 RI and glycerin-water concentrations relationship.

62



4.2.2 Biological Solutions

It is possible to measure biological solutions such as proteins in liquid with the
developed d-type F/O sensors. Therefore, to perform protein detection IgG proteins
are used. As antibody reagent Rabbit Anti-Mouse 1gG (RAM) is used while as
antigen reagent Mouse 1gG (MIgG) protein is selected and they are purchased from
Jackson Immuno Research Laboratories Inc. ChromePureMIgG proteins
concentration is 5 mg/mL in sterile filtered phosphate buffer liquid. On the other
hand, Affini Pure MIgG, Fc, antibody has 2.3 mg/mL concentration which is purified
from antisera by immune affinity chromatography using antigens coupled to agarose
beads. Both RAM and MIgG proteins are stored at 4 “C under sterile conditions.

In order to prepare proteins at different concentrations specifically developed
Phosphate Buffered Saline (PBS) for the usage of immunoassay procedures in tablet
form is obtained from Sigma Aldrich. One tablet PBS is dissolved in 200 mL of
distilled water with magnetic stirrer for 15 minutes at 600 RPM. The prepared liquid
has 0.01 M phosphate buffer, 0.0027 M potassium chloride, and 0.137 M sodium
chloride with pH 7.4 at 25 °C. The solution is filtered with vacuum filtration unit

(Isolab) by using membrane.

The concentrations of Rabbit Anti-Mouse 1gG and Mouse IgG proteins are firstly
decreased to Spg/uL. The solution is divided into 500 pl and inserted to 1000 pl-
tubes (Eppendorf) with proper mixing. These prepared solutions are freezed at -22 °C
to use as stock because solutions must be ready for daily measurements otherwise

proteins die.

4.3  Sensitivity Measurements

The experiments are performed with Opto-mechanical measurement set up system
and prepared solutions. Firstly, mounted laser in measurement system is started to
work and waited half an hour to provide stable optical outputs. Once the laser warm
up, the needed arrangements for optical system are carried on with the experimental
system control. Before taking measurements, flow cell is cleaned with 5 mL ethanol

and 5 mg DI water by using syringe to remove impurities. This procedure is repeated
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for three times. Then, sensor is placed into flow cell and this configuration is
assembled with optical system.

For the glycerin-water liquid experiments, sensitive region of D-type F/O sensor is
rinsed with DI water and isopropyl for 5 minutes. The flow cell is filled with
prepared solutions by one by and after each solution DI water is syringed into flow
cell to reach the initial status of the sensor. Data are taken regularly from detector
systems every 30 seconds after the liquid samples syringed to the flow cell.

For the biological measurements, sensor surface is cleaned with DI water and
isopropyl for 5 minutes and plasma etching is applied for 1 minute at 50 watt power
as mentioned in section 2.3.1. Sensor is placed into measurement system as soon as
possible after plasma etching and 15 mL PBS is syringed into the flow cell to be sure
the surface of sensor is clean. The prepared stock solutions of RAM and MIgG at -22
°C described in section 3.2.2 is melted. Firstly, 1 mL RAM and 5 mL PBS is
assembled into flow cell which is repeated two times. To observe antibody-antigen
connection 50 pg/uL concentration MIgG is assembled about 2 mL, then 5 mL PBS

IS syringed.

44  Temperature Measurements

The developed different polishing depth d-type F/O sensors sensitivity measurements
with respect to change of temperatures are entailed between 23 °C and 30 °C ranges.
The used solution in experiment is a mixture of water (25%) and glycerin (75%)
solution having the thermo-optic coefficient is about -10-4 K-1 at 25 °C [14 and 15].
Besides, fiber core and cladding thermo-optic coefficient is dncore/dT=dnclagding/d T~-
10 K™ at 25 °C, which is too small to detect during measurement [12]. Thus, the
changes in fiber are negligible and this gives a chance to detect only the solution of
RI difference. A linear output power and temperature relation is obtained fitting with
the negative thermo-optic coefficient variation.

Before doing experiments, measurement system is changed to carry on temperature

analyses. A hot plate (IKA, RCT standard) is placed under the flow cell and needed
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mechanical arrangements are entailed for the system. Also, a thermometer is touched
near the sensitive region of sensor to be sure the exact temperature is reached.

For temperature measurement experiment flow cell is cleaned three times with
ethanol and distilled water. The properly wiped out sensors with isopropyl and DI
water are assembled to measurement system one by one. The prepared 1.43 RIU
solution at 25 °C is syringed into flow cell and data are monitored from 23 °C to 30

°C with 1 °C range. The measurements are carried on in 15 minutes.

45  Wavelength Measurements

For the wavelength measurements, three different laser systems at 543 nm, 594 nm,
and 633 nm wavelengths are used to detect the wavelength effect. Glycerin-water
solutions between 1.33 RIU and 1.47 RIU ranges are entailed to -10 um polishing
depth sensor with three lasers as mentioned in section 3.3.
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CHAPTER 5

RESULTS AND DISCUSSION

In this section of the thesis, the obtained results from opto-mechanical measurement
system are discussed. Initially, the typical behavior of sensors is presented for a wide
range of RI interval between 1.32 and 1.47. Results indicate that the sensor response
in three different RI ranges zones (I: 1.32-1.44, 1I: 1.44-1.46, 1l1: 1.46-1.47) can be
improved by the polishing depth. A maximum sensitivity 2x10° for the D-type F/O
sensors is demonstrated in the RI range of 1.44-1.46. For biological measurements,
zone | (1.32-1.44) is the most important RI interval. To increase the sensitivity of
sensor around this zone, D-type F/O sensors’ surfaces are modified by coating gold
thin film and roughening. These two major modifications are used to control surface
plasmon (SPR) and waveguide (OWG) surface modes. Thus, sensitivity of sensor is
increased between 1.32-1.44 Rls by adjusting surface plasmon (SPR) and waveguide
(OWG) modes’ amplitude and resonance points. Additionally, molecular interaction
measurements are carried on to demonstrate whether the developed D- type F/O
sensors could detect molecular bindings on the gold surface. Interaction of Igg-

protein molecules are detected with label-free and on-line measurements.

5.1  Typical Behavior of the D-type F/O sensor

To determine the D-type F/O sensor typical characteristics, both the output and the
input powers are measured as a function of the time with the -10 um polished sensor.
The responses of the sensor to refractive indices 1.38, 1.41, 1.44, 1.45, 1.46, and
1.47, corresponding to glycerin concentrations of 40, 60, 80, 85, 91, and 100 wt. %
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respectively are shown in Figure 5.1 (a). The higher solution concentration makes the
output power decreases. The 1.46 RIU solutions does not even allow the light
passing through the fiber because the bio-layer RI reaches to the fiber core RI (1.46).
In the experiment, the water with 1.33 RIU can be used as a reference between each
RI measurement. Thus, it is observed that the sensor is capable for continuous
sensing in real-time. Furthermore, in Figure 5.1 (b) the output power change versus
the RI variation is presented. Solutions with 20 different refractive indices are used
for measurements. According to the graph three different RI zones (I: 1.32-1.44, 1I:
1.44-1.46, 111: 1.46-1.47) are defined. Increasing RI of solutions decreases the output
power slowly in the first zone and sharply in the second zone but, the output power

increases slightly in the third zone.

In order to understand polishing depth effects (h) on sensor response, the F/O sensors
with +5 um, -5 um, -10 pm and -20 pm polishing depths are fabricated and
examined with measuring both the output and the input powers as a function of
varying the refractive indices on the bio-layer as illustrated in Figure 5.2. When the
RI varies between 1.33 and 1.48, the polishing depth does not affect the

characteristic of the sensor response.
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Figure 5.1 Typical OWG sensor behavior: (a) Time response and (b) zones for the refractive
index changes.
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Figure 5.3 indicates that the average output power changes as a function of the
polishing depth in zone 1. There is only amplitude change on the output power with

the decreasing polishing depth because of the increasing loss.
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Figure 5.2 Effect of the polishing depth on the response of the D-type F/O sensor.
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The D-type F/O sensor performance can be defined with a sensitivity parameter that
is the indication of how good sensor’s response to the less amount of molecular
concentrations. This performance parameter is capable of explaining the levels of
physical parameters’ effects on output of the sensor. If there is no mechanical stress

change during measurements, the sensor’s sensitivity can be written as shifts inside

the bio-layer.
5Pnorm 5Pnorm
= eq. 5.1
S 5t a7 (eq.5.1)
oP
8Poorm = 5;: (eq. 5.2)

Wheredn is the RI change, 6T is the temperature change, Py IS the output power
difference, 6P, is the input power difference, and 6Pnom IS the normalized power.
Decreasing polishing depth allows us approaching the higher intense EM modes.
They have strong evanescent wave tail so it is possible to increase the sensitivity of
the sensor by modifying effective mode on evanescent wave. Therefore, sensitivities
of the +5 pm, -5 um, -10 um and -20 pm deep polished sensors are examined at A =
633 nm at 25 °C. The sensitivities are calculated and presented in Table 5.1 according

to the three RI zones.

For the first RI zone (1.33 - 1.44), decreasing polishing depth increases the
sensitivity of sensors till -10 um height. However, the -20 pm deep sensor cannot
detect the RI differences as the -10 um sensor. This result reveals that sensors’
sensitivity can be enhanced with the decreasing polishing depth. However the power
loss should not exceed the needed power limit as the -20 um deep polished sensor.
For the second zone (1.44 -1.46), decreasing polishing depth decreases the
sensitivity. Although polishing through the fiber core allows reaching higher intense
modes, the best molecular detection measurements are possible in the range of 1.44-
1.46.The power loss effect is more influential in the second zone. For the third zone
(1.46 - 1.47), there is no relation between the polishing depth and the sensitivity.
Each sensor has its own characteristic sensitivity for the third region. Besides, among
these three regions best sensitivity is obtained in the second zone because of the fiber
properties. The refractive index of the fiber core is 1.46 and fiber cladding is 1.44

respectively. Thus, sensor sensitivity has a dramatic change in the second zone.
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Table 5.1 Sensitivities of the D-type F/O sensors for different polishing depths.

Polishing Sensitivity

Wavelength Temperature Depth,h  Zone RI Ranges
(6Pnorm/0n)

(nm)

| 1.3251 - 1.4419 1070.7
+5 I 1.4419-1.4601 197628.5
I 1.4601-1.4711 4739.3
| 1.3251 - 1.4419 1095.3
-5 I 1.4419-1.4601 187265.9
633 nm 25 0C I 1.4601-1.4711 26.4
I 1.3251 - 1.4419 1113.6
-10 I 1.4419 - 1.4601 83333.3
I 1.4601-1.4711 3205.1
| 1.3251 - 1.4419 471.7
-20 I 1.4419 - 1.4601 37878.8
I 1.4601-1.4711 6.3

The best polishing depth changes depending on the RI zone. It is necessary to select
an appropriate polishing depth during fabrication process because sensitivities scale
up or down depending on RI zones. Also, the power loss with the polishing should be

taken in consideration.

5.2  Wavelength Measurements

Figure 5.4 illustrates the wavelength effects being examined with the relative power
ratio as a function of the refractive indices on the bio-layer with the -10 um deep
sensor. To obtain data between n = 1.33 and 1.47 three laser are used with 543nm,
594nm and 633nm wavelengths. Remarkably, the wavelength difference does not
affect sensor’s output power and its variation considerably but, sensor Rl zone is

shift a little bit. The best sensitivity is obtained with the 633nm laser.
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Figure 5.4 The wavelength effect on the sensor’s response.

5.3  Temperature Measurements

The eq. 3.1 indicates that sensor’s response depends on both RI and temperature
variations. Therefore it is important to investigate sensor’s temperature response in
order to get more accurate Rl measurements. The RI changes with respect to thermo-
optic coefficient of materials (see the second term in eq. 3.1). In this way, the effect
of the temperature on the sensitivity of +5 um, -5 um, -10 pm and -20 pm deep
polished sensors is analyzed between the ranges 23°C to 30°C, as shown in Figure
5.5. The used solution in experiment is a mixture of water (25%) and glycerin (75%)
solutions having the thermo-optic coefficient is about -10* K™ at 25°C [12, 13].
Besides, fiber core and cladding thermo-optic coefficient is dncore/dT = dngladding/ dT
~-10° K™ at 25 °C, which is too small to detect during the measurements [14]. Thus,
the changes in fiber are negligible and this gives a chance to detect only the solution
of RI difference. A linear output power and temperature relation is obtained fitting

with the negative thermo-optic coefficient variation.

To understand polishing depth effect on response for temperature, the sensitivity of
sensors is calculated and presented in Table 5.2. The results agree with the Table 5.1

for the first zone. There is no solution between 1.44 and 1.47 Rls. The sensitivity to
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the temperature increases with increasing polishing depth except -20 um deep sensor
by reason of high loss on the output power.

Table 5.2 Sensitivities for sensors with different polishing depths at different

temperatures.
Temperature Bio-layer Polishing Sensitivity
Wavelength range RI Depth, h(um)  (0Poory/0T)
+5 83.3
- -5 64.1
633nm  23°C-30°C "o
-10 25.5
-20 268.8
22 24 26 28 30
2.34 | B
231 | B
155 1 1 1 1 1 .
1.50 i
WS 1.45 -
=
£ 1.08 T
2 o0 1
0.84 i
0.44 -
0.42 i
040 1 " 1 " 1 " 1 " 1

Temperature (°C)

Figure 5.5 The temperature effect on the sensor’s response.
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54 Results of Surface Modification

Total reflection of different thickness gold-layer deposited D-type F/O sensors are
examined analytically for the range of refractive indices between 1.33 and 1.47. The
output powers are determined by running the Winspall™ software which utilizes
Fresnel equations. The model consists of 4 layers; fiber core, Cr film, gold film, and
bio-layer. Calculations depend on the configurations of infinite thickness fiber core;
2 nm Cr film; and 0 nm - 30 nm thin gold films. In fact, computed results are used to
analyze optical multilayer sensor systems. The results in Figure 5.6 (a) are the total
reflection graph of the 20 nm gold layer coated sensor for varying refractive indices
between 1.33 and 1.47.

The surface plasmon resonance (SPR) mode is observed that as the thickness of gold
film is increased from 10 nm to 30 nm, the resonance point shifts to the left from
1.43 to 1.35. The shown resonance points with respect to the combination of
surrounding medium refractive index (nsur) and thickness of gold film (tgoi) is
demonstrated in Figure 5.6 (b). On the other hand, Figure 5.6 (c) presents difference
on resonance angle shifts by determining the gold thickness and biolayerRI. If the
absolute value of the difference on resonance angle shift is higher, the sensor
response around that point is better. In the same figure, the highest shift zone is
marked with a dotted line. It is observed that sensors’ responses between 1.33 and
1.47 are not linear for a given gold layer thickness. Furthermore, the black zone
shown in Figure 5.6 (c) does not give any solution that has physical meaning.

Moreover, it is not possible to get any model result in this region.
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5.4.1 F/O sensors with SPR and OWG Modes

In order to excite surface plasmon resonance and waveguide (SPR+OWG) modes,
the 5 mm-long section of the -5 pum and the -20 um deep polished sensors are coated
with 20 nm-thickness gold films. Both the output and the input powers with respect
to varying the refractive indices between 1.33-1.47 are measured. Normalized forms

of measured power for sensors are illustrated in Figure 5.7 (a) and (b). For -5 um
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deep polished sensor, two resonance points are observed due to the existence of both
SPR and OWG modes (Figure 5.7 (a)). While OWG mode gives a narrow and sharp
resonance at the Rl = 1.44, SPR mode indicates a broader resonance. On the other
hand, when gold coated -5 um and -20 pm deep polished sensors are compared, the
SPR point shifts slightly to right to higher Rl and the OWG mode disappears. The
broad SPR mode becomes narrower and sharper for -20 um deep polished sensors.
Additionally, approaching the bio-layer RI to the fiber core RI decreases the gold
film effect on sensor response for both gold coated sensors. That is, there is only
waveguide modes existence between 1.44 and 1.47 ranges. Also, the simulation
results in Figure 5.6 (c) supports that solutions are not take place for refractive
indices between 1.44 and 1.47.
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Figure 5.7 Normalized power results a function of RI for (a) -5 um and (b) -20 um deep
polished with SPR+OWG sensors.

The D-type SPR F/O sensor performance can be defined with a sensitivity parameter
that is the indication of how good sensor’s response to the less amount of molecular
concentrations. We use 6Pnom/0n term (1/RIU) as the sensitivity. To calculate the
sensitivities of sensors, different Rl zones are defined according to measured data for
shown in Figure 5.7 (a) and (b). The calculated sensitivities of -5 um and the -20 um
deep polished sensors with and without gold layer are given in Table 5.3. For the -5
pum deep polished sensor, gold coating increases the sensitivity of sensor between the

refractive indices 1.33-1.44 and 1.46-1.47. Generally, higher sensitivities are
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obtained except the 2nd zone (1.3835-1.4273). In fact, the existence of OWG mode
at 1.44 and the broadened SPR mode decreases the 2nd zone sensitivity of the sensor.

Table 5.3. Sensitivities for OWG and OWG+SPR type F/O sensors at different
polishing deep and RI zones.

s B E
=4 2 22 Sensitivity
2 s B i Sensor Modes ~ Zone RI (6Pnorm/dn)
3 £ o35 (1/RIV)

= 2 3
1 1.3251 - 1.4419 1095.3
OWG 2 1.4419 - 1.4601 187265.9
-3 3 1.4601 - 1.4711 26.4
1 1.3251-1.3835 7142.8
2 1.3835-1.4273 2331.0
3 1.4273-1.4419 6289.3

OWG+SPR
4 1.4419-1.4492 7246.3
63 o 5 14492-1.4504 40983.6
6 1.4594-1.4711 55.5
1 1.3251 - 1.4419 4717
OWG 2 1.4419 - 1.4601 37878.8
3 1.4601 - 1.4711 6.3
-20
1 1.3251-1.3908 2232.1
2 1.3908-1.4455 4405.3
OWG+SPR

3 1.4455-1.4580 44052.9
4 1.4580-1.4711 395.3
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Furthermore, the sensor sensitivity decreases for the RI 1.44 and 1.46 with gold layer
deposition. Light absorbance of gold layer affects the sensor sensitivity negatively
for the 1.44-1.46. The sensitivity of the -20 um deep polished sensor is increased
with gold layer coating for the RI ranges between 1.44 and 1.47. The highest
sensitivity is observed at the 3rd zone (1.4455-1.4580). Also, a dramatic sensitivity
increase derived for the 1st and 2nd zones (1.3251- 1.4455).

5.4.2 Roughened F/O Sensor

To study the influence of surface roughness and increase the sensitivity of sensor
between the RI ranges 1.33-1.40, plasma etching is applied onto the surface of the -5
um polished and gold coated sensor. The increasing plasma etching time results in a
decreasing gold film thickness and increasing surface roughness. The measured
roughness values are 3.0 nm, 5.6 nm, and 7.8 nm for 0, 2, and 4 minutes plasma
etchings respectively as presented in Figure 5.8. The resonance point shifts to higher
refractive indices and the OWG mode disappears so the sensor sensitivity changes
for zones as demonstrated in Figure 5.8. In fact, slightly increasing roughness
provides higher sensitivity due to the increased interaction length and scattering
effect of the rough surface. In table 5.4, sensitivities of sensor are given. The
obtained highest sensitivity is obtained with the 2 min-plasma etching applied sensor.
The acquired sensitivity between 1.3251-1.3981 refractive indices is 8403.3 1/RIU.
However, applying plasma etching too much decreases both the gold film thickness

and the sensor sensitivity.
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Figure 5.8 Results of a) 0 min. b) 2 min. ¢) 4 min. d) 0-2-4 min. plasma etching applied to
the -5 pm deep polished sensor.
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Table 5.4 Plasma etching applied -5 polishing depth SPR sensor sensitivities for
different zones.

s S o £
g E S5E S Sensitivity
El < @ §-c=. E‘CED Zone RI (6Pnorm/én)
g E s0< ag (1/RIV)
1 1.3251-1.3835 7142.9
2 1.3835-1.4273 2331.0
0 3  1.4273-1.4419 6289.3
min. 4 1.4419-1.4492 7246.4
5  1.4492-1.4594 40983.6
6  1.4594-1.4711 55.6
1 1.3251-1.3981 8403.3
633nm  25°C -5 2 1.3981-1.4273 892.9
m?n. 3 1.4273-1.4492 2123.1
4 1.4492-1.4609 24813.9
5  1.4609-1.4711 58.8
1 1.3251-1.4127 8333.3
4 2 1.4127-1.4346 2188.2
min. 3 1.4346-1.46088 12626.3
4 1.46088-1.4711 80.0

55 Biological Measurements

In this section, it is demonstrated that the real-time molecular interaction is possible
with the developed D-type F/O sensors. 1gG proteins are detected with the -5 pm
deep polished, 20 nm thick gold film coated, and 2 min. RF plasma etched F/O
sensor. Rabbit Anti-Mouse 1gG (RAM) is used as the antibody reagent, while Mouse
IgG (MIgG) protein is selected as the antigen reagent. The 10 pg/uL. RAM and 50
ng/pL MlIgG mixtures are prepared inside Phosphate Buffered Saline (PBS) and they
are syringed into the flow cell respectively. In Figure5.9, the output power change as
a function of the time is presented for the IgG molecular interactions. The obtained
data in measurements are smoothed by using signal processing Savitzky-Golay
method.
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Figure 5.9 Detection of IgG molecules as a function of the
output power.
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CHAPTER 6

CONCLUSIONS

The aim of this study is to develop D-type F/O sensors for biological measurements.
These type sensors have many advantages such as being repeatable and reusable,
presenting high level of miniaturization and having real-time detection. Long-flat
surface of D-type F/O sensors make them more sensitive for detecting molecular
interaction at low concentrations. In fact, they can analyze intricate molecular
interactions in aqueous environments with measuring the variations in RIl. The D-
type multimode F/O sensors with the 25 mm-long-interaction length have been
fabricated. Evanescent field in the core section of the F/O cable was exposed to bio-
layer by mechanical polishing process to understand sensor’s response in different RI
regions. Also effects of critical parameters such as the polishing depth, the
wavelength, and the temperature on sensors’ output are studied for RI sensing

between 1.33 and 1.47.

Various sensitivities are observed in three different R1 zones (I: 1.32-1.44, 1I: 1.44-
1.46, 11I: 1.46-1.47). The polishing depth effects on these zones are studied at fix
wavelengths and the temperature. The maximum measured sensitivity for the +5 pm
sensor shows that it is capable of detecting changes in the refractive indices between
1.44 and 1.46 with a sensitivity of ~2x10 °. However, this sensitivity is not enough
for measuring small changes in biological suspensions such as bio-mixtures or bio-
films of proteins, DNA, antibodies, cell surface receptors, peptides, organic

molecules, oligonucleotides in liquids such as phosphate buffered saline (PBS),
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blood plasma, hemoglobin solution, lecithin and cholesterol mixtures. Such
biological medium may have a complex RI (m = n + ik) and its real part (n) may vary
between 1.33 and 1.39. This RI region sensitivity can be increased with generating
SPR mode. Therefore, D-type evanescent wave F/O sensors with the 5 mm-long-gold
coated section are fabricated at different polishing depths and surface roughness. The
modifications on sensor’s structure and deposition of thin gold layer make both SPR
and OWG modes to be excited at the same time. Adjusting polishing depth and
surface roughness with decreasing gold thin film layer can improve the sensitivity of

sensors for different RI range zones between 1.33 and 1.39.

Enhancing performance of the sensor response is possible with expending this study.

Some of suggestions/improvements for future work are listed as follows:

e Improvements on lapping-polishing procedure to get better and flat sensor’s
surfaces can increase sensitivity of sensor.

e Upgrading components of the optical system. A stable laser can improve
signal to noise ratio for measurements. Better detectors to decrease its
minimum reading signal. Better light coupling into F/O cable decreases the
losses.

e The sensor’s sensitivity for a required dynamic range may be increased with
changing length and thickness of the metal layer by combining an appropriate
roughness of the surface.

e Surface can be functionalized for different biological molecular interaction
measurements.

e Development more compact and multichannel F/O sensor arrays can provide

different molecular measurements simultaneously.
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