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ABSTRACT

DESIGN AND FABRICATION OF FIBER OPTIC
INTEGRATED SENSOR MICROSYSTEM FOR
INTERVENTIONAL MEDICAL DEVICES

In this thesis, there is presented the design, fabrication and characterization of a
medical device prototype for real time monitoring of pressure, temperature and local-
ization information for Magnetic Resonance Imaging (MRI) supported interventional
radiological applications. The system allows to determine the position of the medical
device used in surgery, as well as environmental conditions in real time by combin-
ing fiber optical components with micro electro mechanical system (MEMS) sensors,
fabricated on an inner diameter of 2.2 mm platform. The system mainly consists of
localization, temperature and pressure sensors, where each component takes measure-
ment optically, and transmits data in the same way. The localization detection is
realized due to the observation of Magneto Optical Kerr Effect (MOKE), which is a
method to measure the magnetization of the sample surface by the change in the polar-
ization of the light. In the controllable magnetic field area, which is created by gradient
field, the precision is reported for steel grade 430 as 0.475 mm and for Fe,O3 as 4.44
mm. Ambient temperature sensing is based on absorption change in semiconductor
due to variations of energy bandgap of a GaAs sample with temperature. Incident
light, at a specific wavelength, on the GaAs is reflected back with the temperature
change signature. The sensitivity of the sensor is reported as 0.494 nm/°C. Lastly, the
environmental pressure change with respect to chamber pressure of the metallic mem-
brane is measured interferometrically. Among different designs, the best sensitivity is

reported as 1.456 mV/mmHg by 200 pm diameter sized sensor.
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OZET

GIRISIMSEL TIBBI CIHAZLAR ICIN FIBER OPTIK
TUMLESIK ALGILAYICI MIKROSISTEM TASARIMI VE
URETIMI

Bu galigmada, Manyetik Rezonans Goriintiilleme (MRG) destekli girigimsel rady-
olojik uygulamalar i¢in basing, sicaklik ve lokalizasyon bilgilerinin gercek zamanlh
olarak izlenebildigi bir tibbi cihaz prototipinin tasarim, iiretim ve karakterizasyon
galigmalar1 sunulmustur. Sistem, i¢ ¢apt 2.2 mm olan bir platform tizerinde tretilen
mikro elektro mekanik sistem (MEMS) sensorleri, fiber optik bilegenleri ile birlestirerek
ameliyatta kullanilan tibbi cihazin konumunu ve cevresel kosullarin gercek zamanl
olarak belirlenmesine olanak tanir. Sistem temel olarak, her bir bilegenin optik olarak
olctim aldig1 ve verileri aym sekilde detektorlere ilettigi lokalizasyon, sicaklik ve basing
sensorlerinden olusur. Konum tespiti, 151gin polarizasyonundaki degigim ile 6rnek
ylizeyinin manyetizasyonunu oOl¢gmek icin kullanilan bir yontem olan Manyeto Op-
tik Kerr Etkisi (MOKE) gozlemi sayesinde gergeklestirilir. MR gradyan alami ile
olugturulan, kontrol edilebilir 30 mT manyetik alan araliginda, hassasiyet degerleri,
430 kalite celik i¢in 0.475 mm ve Fe,Os icin 4.44 mm olarak rapor edilmigtir. Or-
tam sicakliginin algilanmasi, GaAs yariiletken malzemenin enerji bant araliklarinin,
sicakliga bagl olarak degisimi esas alinarak gergeklestirilir. Bu degisim, sicakliga bagh
olarak, yariiletkenin sogurma katsayisinin degisimine sebep olmaktadir. Yariiletkenden
yansiyan 151gin dalga boyunun, yariiletkenin oOl¢iilmek istenen sicakliktaki enerji bant
araligi degeri ile orantili olarak degigmektedir. Sensoriin hassasiyeti 0.494 nm /°C olarak
rapor edilmistir. Cevresel basing ise, metalik zarin oda basinci baz alinarak zar tizerinde
gerceklesen biikiilmenin interferometrik olarak okunmasi ile olctiliir. Farkh tasarlanmis
membranlar arasinda en iyi hassasiyet, 200 gm ¢aph sensor ile 1.456 mV / mmHg olarak

olctilmiistiir.
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1. INTRODUCTION

As the inter-body biological systems are better understood, the basic features of
medical devices used in interventional treatment methods are enhancing rapidly. On
the one hand, while reducing their general dimensions to reduce possible risks during
the operation, designs that perform more than one function have started to emerge.
Therefore, minimization of the invasive diagnosis and treatment methods is leading the
development of more operable biocompatible devices. In parallel with the development
of micro electro mechanical systems (MEMS) in medical applications, basic sensors
such as temperature and pressure which have been used in different applications for a

long time, have been able to shrink into medical devices.

This thesis is a part of a TUBITAK project EEEAG 116E814 which presents
to develop a medical device prototype for MRI-supported interventional radiological
applications that can obtain temperature, pressure and location tracking information in
real time by combining fiber optic lines with micro electro mechanical system (MEMS)
sensors. This proposed system will provide real-time information about environmental
conditions of vessel or tissue in it, and the operator will be able to report the location of
the interventional device in medical applications. The literature research and working

principles of the system are described below in details under subsections.

1.1. Medical Tracking Systems

Minimally invasive medical interventions can provide both a reduced risk for
the patient and an increase in information about the working system of the human
body [1,2]. These minimized systems are very advantageous compared to their tra-
ditional counterparts, which involve cutting the target tissue starting from the skin.
Among many of these techniques, catheter based endovascular applications shaping a
considerable group of this area. Due to the necessity for the success of the operation
as well as minimal tissue deformation during the operation, instrument relative to the

patient’s anatomy should be found and tracked as accurately as possible.



There are several tracking systems developed since the first mechanical ones [3].
Even primitive tracking methods could provide position information around in some
millimeters when they first introduced, they have some disadvantages such as lack of
ability to track multiple devices and operation complexity. Accordingly, there were
developed some alternative methods. Ultrasonic(US) transducers were one of them
as used for localization [4,5]. However Ultrasonic sensing procedure is based on the
speed of sound. In consequence of the sound wave is dependent on environmental
factors, such as humidity and temperature, ultrasound tracking technique is prone to

distortions.

Additionally, there are some other commonly used medical imaging techniques
such as X-ray fluroscopy (XF) and optical tracking systems(OTS). The three dimen-
sional resolution of OTS are really good to be underestimated, however, there are
too many instruments that should be maintained in between them, which poses great
difficulty during interventional operations [6,7]. Besides, XF is mainly used one for
catheter based applications. Although it is an important advantage of XF to be able
to observe vascular structures by giving contrast agents to the vein, due to the ionizing
radiation effect of X rays, the possibility of creating harmful effects in patients and
healthcare workers in long-term procedures prevents XF from being the most optimal

solution [8,9].

In addition to these the promising method for monitoring is Magnetic Resonance
Imaging(MRI), a safe image acquisition method with high soft tissue contrast [10,
11]. As the main advantage, MRI does not utilize ionizing radiation during operation
which has some problematic issues mentioned in XF. Also, electromagnetic tracking
systems(EMTS) for MRI can provide three dimensional(3D) images instead XF which
can provide two dimensional(2D) images. One another major advantage is, MRI based
tracking systems detect the catheter position with identifying a magnetic material at
the tip of the device. They have lower resolution ratios than OTS, however, they do not
need any line of sight alignments. These advantages makes MRI based systems more
usable way to track catheter position in minimally invasive interventional operations

[12-21].



1.2. MRI Operating Principle and Proposed System

The nuclei of atom is a charged particle and possess spin with a magnetic dipole
moment, that can be represented as tiny spinning magnetic balls. Since the human
body is mostly water and and water molecules contain hydrogen, to construct an image
in MRI, Hydrogen H! nuclei is chosen, which are basically referred as protons. Without
any external magnetic field, nuclei have both up-spin and down-spin dipoles which are
spinning randomly around themselves. At that point, the number of up-spin dipoles

are the same with down-spin ones which results in zero net magnetic moment (M=0).

e ¢ PPN
- gl 2
LS Lol

(a) (b)

Figure 1.1. The alignment of the dipoles (a) in the absence (b) in the presence of
magnetic field [22].

When the external DC magnetic field gg is applied, the dipoles are diverted and
precessed in the direction of they are magnetized by an external field stimulation as
shown in Figure 1.1 [22]. After the external field effect is removed, they returned to
the direction defined by DC field. The emitted signal during this process is called free
induction decay (FID). The FID signal at each physical point can be associated with
the resonance frequency with the help of gradient magnetic fields. Frequency-position

relationship can be established with motion from here.



Alternatively, there is also a pulse sequence based technique that will show the
catheter position as a cursor on the MR image. Thus, the medical device can be used
for both imaging of the intervention and functional examination [23,24].In addition,
inductive coupling can be used as a wireless solution for MRI tracking in medical
devices [25]. A more advanced form of monitoring is the active method in which
electronic components are used on the catheter tip. In this method, micro coils are
used as antennas. However, micro antennas cause distortion in the MR image because
they disrupt the magnetic field regularity [26]. This monitoring technique causes gaps
in the MR image.

The vast majority of MRI catheter monitoring systems are based on the power and
signal carrying of conductive lines [27,28]. The main problem arising in MRI studies
is that the catheters and stents made of conductive materials are heated under the
RF field. Leakage currents, inductive cycles and RF fields in resonance cause medical
devices to warm up [29,30]. Many studies have been proposed to overcome the heating
problem. Although in the literature, there are suggested methods to solve the heating
problem either by dividing long wires into specific lengths and using transformers
between wire segments [30] or resonance shifting [31] methods, they have been described

as difficult and unreliable ways for cable/transformer integration in catheters.

Alternatively, as a solution to the heating problem, using optical transmission,
that removes the electrical cable for interventional medical devices, can significantly
improve patient safety. In the literature, there are application-specific integrated circuit
systems for optical communication [32,33]. However, electrical power is supplied to

such circuits, usually via a battery or by conductors.

In order to develop a fully MRI-compatible microsystem, an optoelectronic power
source, such as photovoltaic cells, optical-electrical converters, and optical power trans-
fer are required [34]. Besides, serial connected photodiodes can be used as a power
source for the microsystems [35]. The main disadvantage here is, the area spent by the
photodiodes connected in series is large and makes the miniaturization process difficult.

As a result, it is needed opto electronical power and transmission units integrated on



single MEMS based substrate for biomedical implants.

MEMS technology, has been used in communication using light for a very long
time [36]. Thanks to MEMS based structures integrated with laser sources, physically

movable optical apertures and reflectors can be realized [37-39).

In this part of thesis, fiber optic lines with a MEMS structure have been proposed
as an alternative for transmitting the position mark. In this approach, the phenomenon
known as the Magneto-Optical Kerr Effect(MOKE), in which the change of the po-
larization of the light reflected from a magnetic material can be associated with the
magnetization conditions of the material will be used for localization under MRI. The

polarization change created by magnetic field is associated linearly to the position.

1.3. Temperature Sensing Applications and Proposed System

In interventional oncology and cardiology, many different types of methods have
been used for the purpose of treatment through catheters in recent years. The main
aim is the reaching the treatment area and destruction of the tissue or creating scar
tissue with transferred electromagnetic energy to the diseased tissue. The primary
sources of energy used for this purpose are surgical laser, high intensity focused ul-
trasound and radio frequency energy [40-42]. In general, it has been found that it
is sufficient to expose healthy tissue to a temperature of 45-50 °C for a few seconds
to permanently damage it [43]. Therefore, the feedback of the ambient temperature

during the treatment will result as minimal healthy tissue destruction as possible.

The use of laser catheters has increased significantly in recent years, especially
flexible catheters [44,45]. The most important factors in laser-tissue interaction are
depth of penetration, thermal effect and reflection. Monitoring ambient temperature
plays an important role in determining the energy to be given, especially since the re-

flection will cause unintended thermal effects on the healthy tissue in the environment.



On the other hand, in recent years, the use of of High Intensity Focused Ultra-
sound (HIFU) method has been developing rapidly in the prostate cancer treatments.
In the HIFU, focused ultrasonic waves are sent to the cancer tissue and increasing the
temperature of this area up to 100 °C in a short time [46]. For the successful outcome
of the treatment, preserving the healthy tissue around is as important as the complete
destruction of the cancer tissue. Therefore, the temperature rise caused by ultrasonic

waves should be measured precisely in real time.

As another method, radio frequency energy is frequently used in the treatment of
atrial fibrillation disease [47]. The applied RF current electrically isolates the regional
fibrillation sources and ensures that the heart gets the normal beat rhythm. The major
disadvantage of this treatment method is the risk of stroke due to temperature change
during the operation. Therefore, it is necessary to monitor the temperature increase on

the contact surface of the cardiac tissue and the electrode while RF energy is applied.

In this part of the study, there is designing a fiber optical temperature sensor
which depends on energy band gap change method to detect the temperature value.
This method is based on the principle that the wavelength of the light, reflected from
the semiconductor, changes proportional to the energy band gap value of the semicon-
ductor at the desired temperature. Since the light intensity reflected from the Semi-
conductor and returning to the fiber will change with the temperature, it is possible
to detect the temperature at the catheter tip by measuring the intensity and spectrum

of the light.

1.4. Pressure Sensing Applications and Proposed System

Blood pressure in a human body is affected by lots of parameters such as muscle
activities, fluids, and externally gravity and atmospheric forces. Measurement of in vivo
blood pressure is a key aspect of many biomedical applications. In recent studies, it has
been observed that the decrease in blood pressure during the treatment of heart failure
indicates a deterioration in kidney function. Since this condition is not important to

diagnose early and may result in death, measurement of blood pressure with arterial



catheter in patients with heart failure is recommended as a standard procedure [48].

Recently, the mainstream devices for pressure measurement are based on catheters
and guide wires in different methods. One of them is air-charged catheters, which has
a wide range of use in urological operations [49]. As an alternative method, fluid-filled
catheters are very popular in urology and cardiovascular applications [50,51]. Besides
these electro-mechanical sensors, the fiber optical pressure sensors(FOPS) have become
more widely used in this field over time. Thanks to there is no electrical conductiv-
ity and their geometrical versatility, they are usable for catheter based applications.
Also having immunity to electromagnetic interference(EMI), and possibility of remote

operation and sensing, FOPS are suitable for use in MRI rooms.

The most common working principles of FOPS for biomedical applications are
based on intensity, phase and wavelength modulation and lately fiber Bragg grat-
ings(FBG). The working principle of the light intensity modulated method basically
based on the changing the amplitude of signal in light. One configuration uses a
fiber guides the light to the mirror and the intensity of the light changes according
to distance change in between mirror and fiber. Another method occurs a using fiber
bundles instead of single fiber and a mirror. As the distance change in between cou-
pled fibers, the intensity of transmitted light changes measurably. Accordingly in the
literature, some different micro bending methods are applied to compensate changes

in light source intensity or losses [52,53].

In this section of the study, it is proposed to design a fiber optical pressure sensor
based on the diffraction grating interferometer procedure to measure in-vivo blood
pressure. The membrane structure to be used for pressure sensing is manufactured
in a way that creates a reference pressure by micro-processing methods. This process
allows the membrane to form a chamber that is kept in a sealed pressure at micro
dimensions. According to environmental pressure changes, the displacement occurring
on the membrane is determined interferometrically by optical reading of reflected laser
beam from the membrane surface. The pressure change data is obtained by detecting

the reflected light on a photodetector.



In summary, this thesis aims to develop an integrated microsystem for real time
monitoring of localization, temperature and pressure information for the non-invasive
medical devices used for interventions performed in MRI. The sensors to be developed
will be placed on a MEMS platform and will be combined with three fibers as shown
in figure 1.2. This designed platform, which fits in a medical intervention device with
an internal diameter of 2.2 mm, have a cover that allows the media fluids to contact
the surface of the MEMS devices but prevents leakage under the platform. The three
structures on the MEMS platform that will be used for local position (Ax), temperature
(T) and pressure (P) detection are located on the same substrate and are irradiated
by a laser beam. The gradient index lens (GRIN-lens) at the end of the fibers provides
the light emitted without scattering.
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Figure 1.2. The components of microsystem and data transmission schematic.

In general, the system is discussed under three main groups for each sensing
method. In Chapter 2, the position of the medical device will be determined by the
magnetization of a magnetic material by changing the polarization of light due to the
Kerr Effect as explained in details. Chapter 3 discusses the physical phenomenon of the
change in energy bandgap as a method to detect the temperature change. Chapter 4
shows the design steps of pressure sensing method which is based on diffraction grating

interferometer. Finally, Chapter 5 concludes the thesis with future work.



2. LOCALIZATION SENSING

Advances in imaging technology increase the use of minimally invasive and image-
supported medical interventions. While catheter-based interventions have traditionally
been performed under XF, interest in the use of magnetic resonance imaging (MRI)
is growing in this area with the contribution of technological advances. For device
tracking inside an MR, environment, there are two methods that are commonly used:
passive and active tracking. Passive tracking based on the monitoring a device within
MRI images. By using contrast agents or magnetic material in device, the contrast
change can be visualized [54,55]. On the other hand, active devices with embedded
antennas or RF coils can generate detectable signals for localization. One another
active tracking method is the measurement of gradients, which does not rely on the
visualization of MR imaging, but using the spatially varying gradients of the MR
system. Besides placing three orthogonal coils to measure the induced voltage by
changing magnetic fields, another mechanism is developed to measure the magneto

optical effects using the gradient fields with optical sensors [56,57].

2.1. Magneto-Optical Effects

The magneto-optical effect is caused by the interaction of light with magnetic
material. Michael Faraday observed that the polarization of light passing through the
magnetic field applied glass material has changed and the first magneto-optical effect
is discovered. Faraday tried the same effect for the light reflected from the magnetic
surface applied metal surface, but he could not observe a meaningful result from these
studies due to surface defects. In 1877, John Kerr observed the magneto-optical effect
while examining the polarization of light reflected from the polished electromagnet
pole. Thus, the change of the polarization of the light passing through the magnetic
material was called the Faraday effect, and the change of the polarization of the light

reflected from the magnetic material was called the Kerr effect as shown in Figure 2.1.
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Figure 2.1. Interaction of the light with magnetic material.

Later on, Mogg et al. used the Kerr effect for surface magnetization and called
it SMOKE (Surface Magneto-Optical Kerr Effect) [58]. Thus, SMOKE has become
the most commonly used surface magnetization measurement technique in laboratories
around the world. Because of this technique is a simple, inexpensive and able to
determine hysteresis curves very quickly, SMOKE is one of the most used methods for

magnetization researches.
2.2. The Domain Theory of Magnetism

Each atom with unpaired electrons has a magnetic moment. These magnetic mo-
ments are caused by orbital angular and spin angular momentum of unpaired electrons.
In this direction, magnetic behaviour of a material depends on the atomic magnetic

interactions with neighboring atoms and also reactions to external magnetic field.
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For paramagnetic and diamagnetic materials, direction of each magnetic moment
of atom is independent. Thus, the net magnetic moment is zero when there is no
external magnetic field. Contrarily, ferromagnetic materials have atomic magnetic
dipole moments that attempt to orient parallel to each other. Once the moments are
get parallel, the ferromagnetic material will remain magnetized even in the case of outer
field is removed. This continuous orientation causing by the strong interaction between
adjacent magnetic moments. As a result of this interaction, regions consisting of atoms
with magnetic moments in the same direction occur in the ferromagnetic material and

these regions are called magnetic domains. [59].

The behaviour and structure of these domains determine the magnetization curve
of material, which is also named as hysteresis curve(Figure 2.2). This curve gives the
change in the net magnetization of the material, which changes with external magnetic
field. When the magnetic field H is applied to a magnetic material that has never been
magnetized or demagnetized, magnetization increases from zero to saturation M,. As
the magnetic field decreases, magnetization decreases slowly, following a different path

from the first path. When the outer magnetic field is zero, the material still has a

B Flux Density Saturation

Remanence = ..0
g &
0o .7

Coercivity ;

N .

Magnetising Force In Magnetising Force
Opposite Direction

LEJ

Saturation In @) Flux Density In
Opposite Direction -B Opposite Direction

Figure 2.2. Magnetization curve of ferromagnetic material [59].
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magnetization value, and this is known as permanent magnetization M,. To reduce
magnetization to zero, magnetic field (coercive field H,) is applied in reverse direc-
tion. Increasing the magnetic field further in the opposite direction, the magnetization
reaches saturation again in the direction parallel to the magnetic field as - M. Reducing

magnetic field back to zero causes the sample to have - M, magnetization.

2.3. Polarization of Light

An electromagnetic (EM) wave has electrical and magnetic field at the right
angles to the direction of propagation. As light is the form of energy emitted in
electromagnetic waves, it diffuses in space towards the direction of propagation and
magnetic and electric fields perpendicular to each other. It oscillates perpendicular to
the direction of propagation of the light beam. The term polarization of an EM wave
describes the behaviour of the electric field vector in the EM wave as it propagates in a
medium. This propagating wave can be divided into unpolarized and polarized parts.
The diffusion of unpolarized light, also called natural light, fluctuates arbitrarily around
the direction of propagation, so that in average no direction is favored [60]. However

for polarized light, all field components have a fixed phase difference to each other.

-

Linear Polarization Elliptical Polarization Circular Polarization

Figure 2.3. Basic states of polarization of light [60].
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Each state of polarization (SOP), such as linear, elliptical and circular polariza-
tion, can be split into two orthogonal states as s(perpendicular) and p(parallel) shown
in Figure 2.3. If the electric field is polarised in the plane of incidence, it is referred to
as p-polarised light. Conversely, if the electric field is polarised perpendicular to the

plane of incidence, then it is referred to as s-polarised light.

The phase difference between orthogonal states of linear polarized light is 0° or
180° and superposition results in a total electric field that is always oriented in the
same direction when viewed in the transverse plane. For the elliptical polarization, the
phase difference between the orthogonal states is > 0° and <90°. The projection results
in an ellipse with a right or left direction of rotation. As a special case of elliptical
polarization is circular polarization. For this, the phase difference in between the states
is either -90°, which represents the clockwise rotation which corresponds to right-hand
circular polarization, or 90° refers left-hand circular polarization state(Figure 2.4).

Also, the amplitude of the rotating vector is constant over entire 360° rotation [61].

Right-Circularly Polarized Light Left-Circularly Polarized Light

Figure 2.4. Circular polarization states of light [60].
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The state of polarization also can be represented by an ellipse as shown in Figure
2.5 [62]. Here, the right hand rule is used to describe the handedness of the polarization
state. The handedness of the elliptically polarized light describes the direction of
rotation of the E field vector as seen by the observer looking along the -z direction

towards the light source.

Figure 2.5. Polarization ellipse showing ellipticity (¢) and azimuth (0) [62].

where ") and el(ow) are modal amplitudes, d, and J, are phase retardations of s

and p polarization states respectively. Here, the azimuth 6 is the rotation angle between
the principal axis of the polarization ellipse and the s direction. A positive azimuth is
referred by counter clockwise rotation of the polarization ellipse. The ellipticity ¢ is

related to the ratio in between minor and major axes of the ellipse as;

= arctan — 2.1
€ = arctan - (2.1)

Rather than the azimuth, positive ellipticity corresponds to a clock-wise rotation of

ellipse.
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2.4. Magneto Optical Kerr Effect (MOKE)

MOKE can be described as the change in the polarization state of light, induced
by reflection on a sample under a magnetic field. Plane polarised light which is reflected
from a metallic surface, is generally elliptically polarised. On the other hand, if the
incident light is either p or s polarized, the reflected light still will be plane polarized
upon reflection as p or s. This is because the reflecting surface is a plane of symmetry
for the system [61]. This symmetry is destroyed when plane polarized light is reflected
off a magnetized surface. When the s-polarized light reflected from a magnetic surface,
the reflected light has a major s component but additionally a minor p-component.
This is because the B field component of electro-magnetic wave is tilted by the effect
of magnetic material and as the B and E field components of an EM wave are always
orthogonal to each other, the E field component is rotated with a small degree. This
causes the light to become elliptically polarised with its major axis rotated from its

initial incident polarization plane as shown in Figure 2.6.

~
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Figure 2.6. The polarization change with respect to MOKE [62].
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Also, a similar effect can be observed for p-polarized light. The angular change
of the polarized light are explained with two effects as Kerr ellipticity €, and Kerr

rotation 6.

MOKE can be categorized as polar, longitudinal and transverse MOKE, depend-
ing on the magneto optical geometries of the sample(Figure2.7). The main determining

factor here is the direction of magnetization vector with respect to surface.

2.4.1. Polar MOKE

The magnetization vector is applied perpendicular to the sample and parallel to
the incident light as shown in Figure 2.7. The linearly polarized light becomes elliptical

polarized after it reflects from magnetized surface proportional to the magnetization.

2.4.2. Longitudinal MOKE

The magnetization vector on the sample is parallel to both the reflection surface
and the plane of incidence. The angle of the reflected light is not normal to incident
light. As in the Polar MOKE;, the linearly polarized incident light becomes elliptically

polarized after reflection due to the Zeeman effect.

Name (a) Polar (b) Longitudinal (c) Transverse
Geometry

Detection Qut-of-plane in-plane
Polarization Rotation R I
Variation Ellipticity None

Figure 2.7. Demonstrations of magneto-optic interactions with different

magnetization orientations [63].
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2.4.3. Transverse MOKE

The magnetization is parallel to the surface but perpendicular to the plane of the
incidence. Here, the incident light is also not normal to the reflection surface. In this
particular effect, there is no change in the polarization of the incident light. Rather

than this, the reflectivity is measured [63].

2.5. Measurement and Characterization of the System

In the light of the explained effect, MOKE is determined as a method to detect
the location of the designed micro system. The proof of concept works are realized
in air setup and SS430 stainless steel is used, which can be easily magnetized in the
laboratory environment and has good reflectivity properties. The setup is customized
considering our specifications and needs regarding MOKE setup. The parts used are

listed below at Table2.1.

Table 2.1. Material List of MOKE Setup.

Name Catalog Number
1 Fiber Optical laser source FC/PC Thorlabs-S1FC780PM
2 Fiber Optical Cable FC/PC P1-780Y-FC-1
3 Plano Convex Lens Kit Thorlabs-LSB08
4 Polarized Beam Splitter Thorlabs-PBS122
5 Beam Splitter Thorlabs-BS019
6 Rotating Polarizer Thorlabs FBR-LPNIR
7 Polarimeter Thorlabs-PAX1000IR1/M
8 | Fiber-based polarization beam combiner | Thorlabs-PBC780PM-FC
9 Gaussmeter Alpha-GM-2

Firstly, a 780nm polarization maintained(PM) laser light coupled with a colli-
mated with two lenses and obtained a minimized beam size. This beam is passed

through a linear polarizer. Linearly polarized collimated beam is projected on the
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shiny surface of SS430 ferromagnetic material which is located in between two mag-
nets. The reflected light from sample is reached to the polarimeter and polarization
change signature with respect to applied magnetic field is measured as its Kerr rotation

(azimuth angle) and Kerr ellipticity components.

During the measurement, it was observed that the metal sample, which is located
in between magnets, was displaced from the point where it was first positioned, thus the
focus point of the reflected light is misaligned. To prevent this, a holder was designed
using SolidWorks design software, formed with a 3D printer with a polymer material,
and the 1.21 cm? size sample is mounted on the handle produced with plastic screws.
In addition, one of the magnets that create an electric field is nested on one surface of
the holder, and the sensor part of the Gaussmeter is positioned in between the sample

and the magnet as presented in Figure 2.8.

Figure 2.8. Designed holder to fix the sample under applied magnetic field.

Here, the laser beam should be positioned to the most magnetized spot on the
sample to take clear measurements. The identification of the point, where the laser
beam will be positioned on the magnetized surface, is determined by two measurements.
The magnetic flux density created by magnetic field applied by magnets along the
surface is mapped with Gaussmeter tip and a ruler is formed along the sensing end.

Thus, the surface of the steel sample was profiled and the laser light dropped to the
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point where the surface was exposed to the most magnetic field.
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Figure 2.9. Magnetization profile of the SS430 sample with applied magnetic field.

As it can be seen from the graph shown in Figure 2.9, the point where the
surface is mostly magnetized has been observed as 6mm away from the edge in both
measurements. According to this result, the point where the interaction of the reflected
light with the effect of the magnetic field can best be observed is determined. After the
point determination, the second pole magnet, is brought closer to and removed from

the fixed magnet in a controlled manner.

2.5.1. Calibration

Using the equipment listed in Table 2.1, the system was first calibrated according
to the sample used. The main purpose of the calibration is to obtain the mass magne-
tization (M-H) curve created on the sample due to the effect of magnetic flux density
change from samples B-H curve (APPENDIX C). To achieve this, used method and

calculations are presented below.
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As it is known, magnetic field strength H is proportional to magnetic flux density

B. The main formulations to correspond the relation in these two parameters are:

B = po(H + M) (2.2)

in SI units where M is magnetization, pg is magnetic permeability and its value is

47 x 1077 V-s/(A'm) and both H and M has units of A/m. Secondly;

B=H+4rM (2.3)

in Gaussian Units where the unit of B is Gauss, unit of H is Oersted and unit of M is

emu/cm?®.

Firstly, the sample was positioned in the middle of two magnets as Longitudinal
MOKE configuration and DC magnetic field in the interval from 1.3 to 10 Gauss was
applied on it. Due to this external field, a controlled variable magnetic field between
103 and 750 A/m applied on the sample. Thus, created longitudinal magnetization

on the sample surface changes the flux density of the sample. On the other hand,
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Figure 2.10. Volumetric magnetization curve of SS430 sample.
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net magnetization M on the sample is calculated with using Equation 2.3. As a first
step, the graph of M (emu/cm?®) - H (A/m) is obtained as Figure 2.10. In order to
obtain the mass magnetization M (emu/g) - H (A/m) curve, the transformation of
the magnetization unit from volume magnetization to mass magnetization is achieved.
For this, it is sufficient to divide the unit emu/cm?® by the bulk density of the sample
(d=7.8 g/cm? for the SS430 steel sample). Thus, the M-H graph is obtained for the

used sample is also presented in Figure 2.10.

Since the main aim of the tracking method will be in MRI, the controllable
magnetization change will be obtained by MRI gradient field strength. Briefly, the
gradient components create a linear variation in a magnetic field intensity of small
values. In addition to the main magnetic field By i.e 1.5 T, the gradient fields are also
applying in a same direction but focalized to a small area generally as 30cm?® and they
are adding to By. The main function of the gradient fields are the spacial encoding of
the MRI for imaging. However, due to the gradients can cause 30 mT /meter change on
main field, the Kerr effect is used based on the changes in the gradient field strength
to track the position of catheter. To calculate the external H magnetic field on the
sample which is applying by the gradient’ s magnetic flux intensity B, the fundamental
Equation 2.2 should be used where M is zero, B is 30 mT/m for gradients and pq for
air is 1.256 x 107% H/m. Hence, the applied H field to the sample is calculated as 23931
A/m for meter, as such, 23.931 A/mm.

2.6. Experimental Setups

In this part of the thesis, there will be presented three different setups with

different materials.

2.6.1. Air Optics Setup with SS430

Firstly, the light emitted from the fiber optic laser source is aligned to the sample
with the use of a fiber cable. In order to reduce the attenuation of the light beam, a

35 mm focal length convex lens is used as collimator and the beam width of the light
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is kept constant along the path.

The fixed beam is passed through the polarized beam splitter, and the polariza-
tion fixed light obtained. Light beam is then reflected from the most magnetized point

considering Figure 2.9.

At this point, the reflection angle of light plays an important role since the longi-
tudinal MOKE is used. According to literature research, it is determined that the Kerr
effect can be observed most effectively by reflecting from sample with 55° angle [64] as

shown in Figure 2.11.
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Figure 2.11. Graph of Kerr rotation as a function of incident angle 6, [64].

Accordingly, the angle in between the light and sample is aimed to be as close
as possible to 55° in the experimental setup. Afterwards, the beam reflected on the
sample is focused on the detector part of the polarimeter with a diameter of 200 pm

with using 25.4 mm focal length convex lens (Figure 2.12).
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Polarizing BS \
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Figure 2.12. Air optics setup with SS430 sample.

At this step, the polarization state of the reflected light is measured with Thorlabs
PAX1000IR1/M polarimeter. Among different methods, device uses the rotating \/4

waveplate technique (Figure 2.13).

Rotating i
Collimated Beam 24 Wave P;';ﬁfer E:‘;’;‘;
Plate

Figure 2.13. Rotating waveplate technique [60].

The measurement sensor consist of a rotating true zero order quarter waveplate (QWP),
a fixed polarizer and a photodiode. The polarization of the incoming collimated beam

is modulated by the rotating QWP as circular polarization state that enters the linear
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polarizer depends on the actual rotation angle of the waveplate. The fixed linear
polarizer, which is using as an analyzer, transforms the polarization modulation into
an amplitude modulation of the light power that enters the photodiode. [60]. The
modulated beam reflected on the photodiode is measured based on Malus’ Law. It
explains dependence of the intensity of polarized light with the initial intensity I,
passing through the analyzer filter and the 6 angle of rotation of the polarization and

it can be calculated with the following equation:

I =1Iycos®0 (2.4)

In the setup shown above, it is assumed that the electric field of focused light on the
polarimeter is Fy. As the intensity of light corresponds to the square of the electric
field strength, the electrical field component of the light passed through the analyzer

is as follows:

E = Ejcosf (2.5)

which gives the amount of electrical field that can pass through the analyzer.

In the light of these information, the experimental setup shows that an external
magnetic field, applied on an electromagnetic wave, can change the direction of electri-
cal field and accordingly, the polarization of the wave. With the usage of the N and S
pole magnets, the steel sample on which the beam is reflected, is magnetized. Due to
the external magnetic field effects in between 103 A/m and 750 A/m, the mass mag-
netization of the sample is changed in between 104.5 emu/g and 127.44 emu/g. This
change in magnetization caused the change in azimuth degree and correspondingly, the
power of the light beam reached to the photodiode. The changes of the azimuth degree
and power are measured with polarimeter in 50Hz sample rate and 1 (1024 pts FFT)
operating mode which means the data for calculation are collected per 1 revolution of
the waveplate (number of basic periods=1) and the FFT is carried out on 1024 points
within this half turn. Measurement results of change in degree and power are presented

in Figure 2.14 and Figure 2.15 respectively.
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As it can be seen in figures, the external magnetic field has an effect on the
power of the reflected light from the magnetized ferromagnetic sample and accordingly
polarization state change has been observed. From the Figure 2.14, the change in
azimuthal degree is 0.12° depending on the change in H field for 647 A/m (from 1.3
Gauss to 9.4 Gauss). As the minimum detectable degree change by detector is 0.01°,
the minimum detectable H field change (AH) corresponds to 54 A/m H field change
from this setup. Thus, as the gradient values change in 23.931 A/m per mm, it can
be said that, the change can be detectable in 2.25mm precision with this optical air
setup’s azimuthal degree. In parallel with this, from the Figure 2.15, it can be seen
that the change in power is 0.05 mW. As the power change sensitivity of the device is
0.001 mW, the minimum AH is calculated as 12.94 A/m which corresponds 0.54 mm

precision.

2.6.2. Fiber Optic Setup with SS430

Following the observation of the Magneto Optical Kerr Effect above and the cali-
bration mechanism created with the equipment used, the observed effect is transferred
to the wired system in order to make the system suitable for use in intravascular oper-
ations as predicted. Accordingly, the most important feature of the equipment listed
in Table 2.1 that they are designed to prevent the change of polarization statement
from external effects. In this context, the fiber optic cable and the light source is cho-
sen as polarization maintaining components. In the setup, the light coming from the
laser source, whose slow axis is fixed as vertically, and Thorlabs PBC780PM-FC, fixed

polarized beam combiner / splitter cable is used.

Since the laser source rays p-polarized light, only the first and third ports of the
cable are used. Firstly, the beam transmitted by the cable is collected with a 25.4mm
focal length convex lens. Then a mirror is used to reflect this beam onto the SS430
sample at 55°, which is the angle value at which Kerr effect can be observed most

effectively.
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Figure 2.16. Working principle of polarization maintainig cable.

The reflected beam from SS430 sample is reached to the second mirror and from
there, light beam reached to the polarimeter as shown in Figure 2.17. Measured az-
imuth and power change data in 1 (1024 pts FFT) operating mode are presented in
Figure 2.18 and Figure 2.19 respectively.
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Figure 2.17. Magneto Optical Kerr Effect measurement setup with PM cable.
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As it is presented in figures, Polar MOKE configuration is installed for the cable
setup. The azimuth degree and power ratio changes are observed. According to Figure
2.18 and Figure 2.19, the external B field creates 1619 A/m H field change on the
steel sample. With the effect of this change, the azimuth degree changed for 0.8°.
From here, the minimum detectable AH is calculated as 23.13 A/m. According to
this, the catheter tracking is able to do for 0.967 mm precision with azimuth degree
change of fiber optical setup. Also, the power change is observed as 0.142 mW in
this interval of H field change. As the minimum detectable power change is 0.001
mW by the polarimeter, the minimum detectable AH is calculated as 11.4 A/m by
the system. Correspondingly, from the power change graph, it is observed that the
precision of catheter tracking is calculated as 0.475 mm. As a result, it can be said

that the polarization state is affected by the external magnetic field as Kerr effect.

2.6.3. Air Setup with Fe,O3

As the main purpose of the system is to track the localization data of the sensors
in MRI, the use of materials with higher saturation coefficients as a sample becomes
more compatible. For this reason, a paramagnetic material is determined to meet the
system requirements. Therefore, iron(IlI)oxide (FeyO3), one of the available materials
in our clean room, is chosen due to the advantages of being convenient to work in
MRI with their high saturation magnetization value up to +1.5 T, quickly obtainable,
inexpensive and easy to use. For this reason, thin film Fe;Oj is coated on a borosilicate

glass via sputtering method.

After the proof of concept setups and calibration works are done with SS430 sam-
ple, the air setup is installed with (Fe;O3).Firstly, a light beam is collimated as 200m
with a 50mm convex lens. Then light beam passed through Thorlabs FBR-LPNIR
rotating linear polarizer module. Obtained linearly polarized light is reflected from
the sample, which is magnetized as Longitudinal MOKE configuration, and reached
to the polarimeter as shown in Figure 2.20. At that point, the external magnetic field
is applied in between 0 and 285 Gauss. This interval corresponds the magnetization

change in between 0 to 15 emu/g on M-H hysteresis curve.
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Figure 2.20. The air setup to observe the MOKE with FesO3 sample.

Besides azimuth and power change data, the ellipticity change is observed for

Fe,O3 sample with using PAX1000IR/M in 1 (1024 pts FFT) operating mode and

these datasets are presented in Figure 2.21, Figure 2.22, and Figure 2.23 below.
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Figure 2.21. The azimuth angle change of the light with Fe,O3 sample.
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According to the figures shown above, it can be seen that Kerr effect caused on
azimuth and elliptical degree changes of the light polarization and also on the power
of the beam. The change in the external magnetic field from 0 to 285 Gauss creates
22335.6 A/m H field change on the sample. From Figure 2.21, this change created 2.1°
change on azimuth degree in total which corresponds to minimum detectable H field
change AH as 106.36 A/m. So that, the precision of the catheter tracking is calculated

as 4.44 mm with measured azimuth degree change.

On the other hand, rather than the SS430 setups, an ellipticity change is observed
for FeoO3 sample. From figure 2.22, it is observed that the same external H field change
caused 0.87° change on the ellipticity degree. As the minimum detectable degree change
for ellipticity is 0.01°, the minimum detectable AH is obtained as 254.86 A/m which

corresponds 10.65 mm precision while the tracking the catheter.

However, unlike the SS430 setup results, a detectable sensitivity value could not
be observed in Fe,O3 air optics setup as the observed power change occurs in a very

small range.

As a result, different setups are realized with different configurations. First two
setups are the way of conceptual works to observe the magneto optical Kerr effect
with a ferromagnetic material SS430, and then, a more suitable paramagnetic material
Fe, O3 is used to test the observation of the Magneto Optical Kerr Effect for the higher
order external magnetic fields. Based on the graphs shown above, the light beam,
reflected from the magnetized material with special angle, shows some alterations in
polarization state according to magnetization of the sample. These obtained data sets
can be positioned on a linear fit curve and it is possible to observe the change of Kerr

effect parameters.

According to taken measurements with different configurations, it can be seen
that the minimum detectable localization change is 0.475 mm by observing the power
change of fiber optical setup. The azimuth degree change is also gives better result

than the air optical setups graphs. Also, although the applied magnetic field could go
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further for Fe;O3 coated sample, the ratio of the precision and minimum detectable AH
are reducing. For this setup, the elliptical degree change is observed on the contrary
of the first two setups, however, the observed power change does presents meaningful

results to track the localization precisely.

Thus, the effect of the Magneto-Optical Kerr Effect on the polarization change
has been demonstrated, depending on the change of the azimuth angle, ellipticity angle

and power change.

As future work, considering that the light will send to tip of the catheter and
reflected back from the same line on fiber, and there should be some specific angle in
between the incident and reflected light to observe Kerr effect, this part of the system
will use two triangles which are coated with Fe;Og thin film. As a demonstration, it is
planned that incoming light beam is going to reflect from the first triangles hypotenuse
and in the same way, beam is gonna reflect from the second triangles hypotenuse and
it is going to couple with fiber again. Coupled light will reach to the polarimeter via
PM fiber cable and according to magnetic field change in MRI, the optical position
tracking will be possible.
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3. TEMPERATURE SENSING

Conventional temperature measuring devices are available in different types, such
as thermistors, thermocouples or resistance temperature detectors, according to their
applications. However, because of their requirement of electrically conducting connec-
tions, they cause MRI signal interferences and signal voids. To overcome this problem,
the fiber-optical temperature sensors are preferred, as they are nonmagnetic and they
do not lead RF interferences and heating during MR imaging. Fiber optical tempera-
ture sensors (FOPS) are also based on different measurement methods. They can be
mainly listed as microfiber loop resonance, Brillouin scattering, fluorescence lifetime
measurements, Fabry-Perot interferometry, Fiber Bragg grating and optical translu-
cence of semiconductor measurement methods [65,66]. In this project, semiconductor
based method is chosen because of its high temperature sensitivity and thermal stabil-

ity as well as very good broad temperature linearity.
3.1. Operation Principle of Semiconductor Based Temperature Sensor

Semiconductor based fiber optical temperature sensor systems are consist of two
major branches as interrogator and sensor parts as shown in Figure 3.1 [67]. A light
from interrogator part is guided to the semiconductor via fiber cable and impinges on

crystal. The reflected light is collected and exposured on a spectrometer by fiber.

Interrogator : Sensor

Light Source

FIBER COUFLER 5 Semiconductor Chip

H L |

H !
Spectrometer .

- T

Figure 3.1. Temperature sensing system [67].
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At sensing part, the working principle depends on absorption property of semi-
conductor. The absortion coefficient of a material explains that how far a light of a
particular wavelength can penetrate before it is absorbed. This coefficient depends on
the material [68] and also on the wavelength of the exposured light on crystal. The
reason why semiconductors are using mainly to see this effect is, they have a sharp
edge in their absorption coefficient as shown in Figure 3.2 for different semiconductors.

Accordingly, gallium arsenide (GaAs) is chosen as a semiconductor in the sensing part.

GaAs

[ 5]
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Figure 3.2. Absorption coefficient of different semiconductors [68].

The temperature change in the medium effects on the GaAs crystal in very pre-
dictable and well known ways. Mainly, as the crystal’s temperature varies according to
environment, its transmission spectrum shifts to higher or lower wavelengths. At any
temperature value and specific wavelength of the light, crystal’s transmission spectrum

jumps from 0% to 100%. This jump is named as absorption shift as in Figure 3.3 [69].
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Figure 3.3. Temperature sensing transmission shift [69].

To understand how the absorption shift occurs, it is necessary to explain the
variation in the semiconductor’s energy band gap. The shift is the result of the impact
of changes in the semiconductor’s energy band gap. Electrons in isolated atoms have
their own energy values at certain point. Putting isolated atoms together in a crystal
creates different ranges of energy levels as bands for electrons, rather than restricted

ones. These bands are called as valance and conduction bands as seen in Figure 3.4 [70].
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3L T=300K / i
= 0.29 6V i\/ Jossev
<F]
R l |
p:}ﬁ E=142eV
D
=
M or
| /
Valence band
L[111] . X[100]

Wave vedor

Figure 3.4. Band structure of GaAs semiconductor [70].

The band gap refers to the energy required to bump the electrons in the material

from a relaxed, steady state into an excited state. As more energy enters the crystal
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in the form of heat, the band gap narrows, and less additional energy is required to
activate an electron. Photons entering the crystal actually carry the energy that drives
the electrons. If a photon carries enough energy to pass an electron to the upper energy
level through the gap, that photon is absorbed. Otherwise, photon will be transmitted

or reflected.

At some specific wavelength of incident light, the semiconductor acts as a trans-
parent material and transmits the light. In this wavelength, which is known as optical
absorption edge wavelength or also called as optical cut-off wavelength ()\.), depends
on the band gap energy of the semiconductor material. At room temperature, the
unique cut-off wavelength can be calculated as;

Ao = (3.1)

Thic
L,
where F, implies the band gap of the semiconductor equals 1.421 eV at room tem-
perature as seen in Figure 3.4, h is the plank constant equals 6.62 x 1073* J-s, ¢ is
the speed of the light in vacuum as 3 x 10® m/s and also 1 eV is 1.6 x 107 J as a
conversion factor gives cut-off wavelength as 873 nm for undoped GaAs which is in the

near infrared (NIR) region of the spectrum.

The shorter the photon wavelength, the more energy it carries. Since the band
gap narrows as the temperature of the semiconductor crystal increases, the photon
needs less energy to bypass the gap, the longer wavelength photons with less energy are
absorbed by the band. At this point, since the absorption rate of the semiconductor,
whose temperature increases, will increase, the amount of light transmitted on the
crystal will also decrease. As a result, observing the wavelength depended on absorption
shift gives the change of the crystalline temperature. The temperature dependence of

semiconductor band gap formula is given in Equation 3.2 as follows:

aT?

(3.2)
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where E,(0) is band gap energy at 0 °K is 1.519 eV, direct energy gap fitting constants
ais 5.41 x 107* eV /°K , and Debye temperature 3 is 204 °K for GaAs. The plotted

graph of the resulting bandgap versus temperature is shown in the Figure 3.5.
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Figure 3.5. Temperature dependence of the energy bandgap of GaAs.

According to calculations of this dataset, the energy band gap values show an
alteration in between 1.426 eV and 1.413 eV aimed temperature range, which is the
range of 19 °C - 48 °C. Implying this band gap values to the Equation 3.1 gives the
change of cut-off wavelength from 869.5 nm to 877.5 nm.

3.2. Optical Characterization Theory
To obtain equations for absorption and transmission, it is necessary to analyze the
basis light properties and concepts. The interaction of light with semiconductor basi-

cally can be examined as four base components: an incident, a reflected, a transmitted

and an absorbed. As the law of conversation of energy,

R+T+A=1 (3.3)



39

where R is reflectance, T is transmittance and A is absorbance. On the right hand side

of the equation, the incident light energy is shown as 1.

To begin with, reflectance is defined in terms of the index of refraction of the
media. If the media, surrounded by air, has an index of n, then the reflectance can be

written as,

N — Ngir

n—+ Nair

(3.4)

where the refraction index ng,; ~ 1.

According to Beer’s Law, after some of the incident light reflected from the sur-
face, light propagates through z direction with respect to thickness of the GaAs sample

material as,
I(z) = Ipe™™* (3.5)

where « is the absorption coefficient and I is the intensity at the incident surface. The

attenuation of the incident light on this path is shown in Figure 3.6.

Here, the absorption coefficient can be defined as the function of the absorbed
intensity during length in the material as,
1 dl

a= o (3.6)

In order to expand these equations for transmission, it is necessary to address
the situation where there is no absorption. At the exit surface of the material, another
reflection occurs. Therefore, the transmitted intensity can be written as a function of

incident intensity as,

Ir = (1 - R)*I, (3.7)
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Figure 3.6. Attenuation of the incident light.

where squared term is obtained from the fact that the two reflections from two interfaces
of material. At this point, the basic formula of transmittance which is the ratio of the
transmitted intensity and incident intensity becomes,

T = = (1— R)* (3.8)

With multiple reflections taken into account, the transmission can be written as [71],

T %- (3.9)

Adding absorption parameter into equation gives the final form of transmission:

T (1 _ R)Qe—at

= T (3.10)

where t is the thickness of the material.
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Since reflectance is a parameter in terms of refractive index n as shown in equation
3.4 and n is directly related to the wavelength, the reflectance becomes a function of

wavelength. In this regard, it is clear that transmission is a function of wavelength

Solving this equation gives absorption coefficient « as a function of A

To express the functional form of transmission, the reflectance parameter should

be described in respect to attenuation effect. This can be conveniently taken into

account by defining a complex refractive index as,

n=n-+1ikK (3.11)
where k refers extinction coefficient and related to the absorption coefficient as
a
(3.12)

H:E

where \ is the incident light wavelength. Substituting this into equation3.4 gives

1> (n—1)2—&?
CEn (3.13)

Moreover, writing x in terms of « results reflectance as a function of n, o and A as

2 (OAY?
gl %7;)2 (3.14)
()

Thus, implying equation 3.14 into 3.10 gives,

s (o217
1_(n—1) (3:\)2 oot
oL @D ‘%‘;l 2 -
1— (n_l <E) —20415
a2
(17 - ()
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Simplifying this equation gives transmission as a function of o, A\, n and ¢ as,

4096 e*! n? 7
—[16(=1+n)2 72 a2 A2]* + e20t [16(1 + n)2 12 a2 N2

T(a,\,n,t) = (3.16)
Numerical calculations are done for transmittance with an algorithm in MATLAB,
with respect to different wavelengths, and accordingly different absorption coefficient
values. One more simplification can be made under consideration of the working range
of wavelengths. As the infrared light wavelength \ is the order of 1 x 1075, it can be
said that o < 10 m~!. Thus, the o\ parameters at the denominator will be smaller
than 1 or at most 1. Accordingly (a?X?)? becomes much smaller than 1 and simplified
transmittance can be written as follows [72],
16 et n?

T= o r e T (3.17)

In consequence of the assumption for simplification, it can be said that o<1 x 10*em 1.
Herein, it would be coherent to make a calculation for reflectance and transmittance
according to available GaAs parameters. As the refractive index is a wavelength de-
pendent parameter, to obtain the refractive index of GaAs sample, Sellmeier Equation

(3.18) is used.

where )\ is the wavelength in pum, A=8.950, B=2.054 and C?=0.390 are empirical
Sellmeier coefficients for GaAs. According to this equation, the refractive index n for

different wavelengths is plotted as a graph and shown in Figure 3.7.

Implying calculated n values according to equation 3.18, into equation 3.4 and
equation 3.17 gives reflectance and transmittance values for pure GaAs sample and are

shown in Figure 3.8 and Figure 3.9 respectively.
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Figure 3.7. Refractive index change of GaAs for different wavelengths.
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Figure 3.9. Calculated transmittance data of pure GaAs for different wavelengths.

Correspondingly, putting obtained reflectance and transmittance data sets into

equation 3.3 gives absorption as shown in Figure 3.10.
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Figure 3.10. Calculated absorption data of pure GaAs for different wavelengths.
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3.3. Experimental Setup

The optical characterization calculations in section 3.2 are made for pure (un-
doped) GaAs. However, available sample in our lab is a single side polished and 350
pm thick P-type GaAs which has similar properties with pure one. The technical
properties are given in Appendix A. To measure optical transmission of the sample, a
Thorlabs CCS200 compact CCD spectrometer is used. Mainly, there are experienced
two setups, one of them is heating the sample directly with heat source, and another
one is heating the sample which is mounted into the water filled chamber with known

temperature. For both setups, there are used four light sources as:

875 nm Everlight SIR333/H19/F51-R11 LED.

880 nm Thorlabs LP880-SF3 laser source.

940 nm Everlight IR8353-14C LED.

980 nm Roithner-laser RLDH980-70-3 laser source.

It is observed that, for each experiment with 880 nm and 980 nm laser sources,
P type GaAs does not transmit any light. Therefore, the LED sources are used which

has wider bandwidth spectrum as shown in Appendix B.

3.3.1. Setup-1 Sample heated directly

To obtain the transmittance change of the sample, installed setups include a
mounted LED, two collimating lenses, sample and Optical Spectrum Analyzer (OSA).
Both LEDs are driven 1.4 volts and 95 mA. Radiated light from the source is adjusted
and collimated with two plano convex lenses. For 875 nm LED, lenses have 50 mm
focal length. However for 940 nm LED, used lenses had 35mm and 25.4 mm focal
lengths respectively. Beam size is minimized around 700 pum and it is reached to the
polished side of GaAs sample as shown in Figure 3.11. After the light beam traveled
350 um along in the sample, transmitted light was measured with OSA tip fixed on
the other side of the sample.
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Figure 3.12. Transmitted intensity graph of 875 nm light on directly heated sample.
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Figure 3.13. Transmitted intensity graph of 940 nm light on directly heated sample.

Also,the power of the light here measured as 8 mW for 875 nm LED and 5.5
mW for 940 nm LED. The sample is heated with a hot well and the temperature value
on the sample surface is measured with an IR thermometer. According to this setup,

obtained intensity and spectrum change graphs are shown in Figure 3.12 and Figure

3.13.

3.3.2. Setup-2 Sample heated with water

To be able to simulate the blood temperature and acquire more controllable data

sets, sample is mounted in a chamber full of water as shown in Figure 3.14.

Same setups are installed for both LED light sources but GaAs sample is mounted
in a water filled chamber. During measurements, the water in the chamber is heated to
45 °C and it is cooled until 20 °C. A W1209 thermostat is used as a reference sensor.
The intensity change and spectrum shifts are presented in the Figure 3.15 and Figure

3.16.
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Figure 3.14. Experimental setup of system heated with water.

Thus, it can be said that temperature dependent transmission data shows some
band gap changes. This change causes the spectrum shifts of transmitted light, inten-
sity changes and accordingly transmittance of the GaAs sample. It should be noted
that plotted intensity values on the graphs are taken in 2500 ms time integration,
whereas the direct light intensity was measured in 5 ms time integration which means

our sample transmits the light in 1/500 amount.

According to plotted graphs, for 875 nm LED light source, P type GaAs sample
has its cut-off wavelength at 932 nm, which means its F, is 1.334 eV and its intensity
is 0.230/1 at room temperature. Decreasing the temperature of the sample to the 20
°C causes shift in peak wavelength to 925 nm, where Fj is 1.344 eV and its intensity is
0.340/1. Heating sample to 45 °C shifts spectrum to 937nm where E,; becomes 1.327
eV and the intensity of the light is 0.140/1 in arbitrary units.
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Figure 3.15. Transmitted intensity graph of 875 nm light in heated water chamber.
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Figure 3.16. Transmitted intensity graph of 940 nm light in heated water chamber.

Similarly, for 940 nm LED light source, transmitted light from the sample shows
peak wavelength at 940 nm, with 1.323 eV E, value and its intensity is 0.725/1 in
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arbitrary units at room temperature. Decreasing the temperature to 20 °C shits the
peak to the 936 nm where E, is 1.329 eV and intensity is 0.875/1 and heating the
sample to the 45 °C causes spectrum shift to the 945 nm and Fj to the 1.316 eV where

its intensity in first setup is 0.250/1 and in second setup is 0.540/1 in arbitrary units.
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Figure 3.17. Intensity values of the transmitted light for four cases.

As a result, it is observed that GaAs sample acts as a band-pass filter . At some
specific wavelength of the light, material generates direct interband recombination of
electron and holes, where no phonon interaction is necessary. Hence, some of the light
is transmitted, while some is absorbed. At this point, increasing the temperature of
the sample shrinks the gap in between valance and conduction bands which enhances
the absorption ratio of the sample. Correspondingly, the transmitted intensity of the

light on the other side of the sample diminishes as shown in Figure 3.17.

As the minimum detectable spectrum change of the OSA is 0.6 nm, and changing
the temperature from 21 °C to 46 °C corresponds to change in the spectrum from
925.04 nm to 937.39 nm, the minimum detectable temperature change is reported as

1.215 °C and the sensitivity of the sensor is calculated as 0.494 nm/°C.
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4. PRESSURE SENSING

High precision pressure measurement is extremely important in many areas, es-
pecially in medical applications. Since one of the primary determinants of blood flow in
regional vascular beds is perfusion pressure, it should be tracked during the operation.
There are many pressure sensors are investigated to measure the blood pressure which
are self-contained devices. However, they have to provide their own power supply with
batteries or transcutaneous energy transfer and data read-out circuits [73]. As the
presented system is aimed to work with MRI, the sensor should be without electrical
components because of heating and interferences on the signal. Also, as the total size of
the system will have 2.2 mm diameter to be implementable for vessel, sensor structure
should be as small as possible. For this reason, the pressure sensor to be integrated
with the intravenous medical device is realized with MEMS technology using optical

reading methods.

This sensor architecture is based on a micro-membrane structure that separates
its environment from a reference cavity. Pressure differences in body environment
and the reference cavity cause bending on the micro-membrane. This bending can
be measured with nanometer precision with interferometer structure via fiber optical
connections. The designed pressure sensor is completely passive and it is not necessary
to transfer power to the sensor that travels through the body or to return the sensor

information as an electrical signal.

4.1. Optical Readout of the System

As the system does not have any electrical components, the deflection of the
membrane is determined by optical methods. For that reason, diffraction gratings are
designed under the membranes to serve as reference reflectors for read-out as shown in
Figure 4.1 . The reflected light from the gratings and the membrane create interference
pattern on the observer plane. The distance in between membrane and gratings are

modulated with the external pressure caused by the change of environment pressure.
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Correspondingly, the displacement of the membrane causes the intensity change at
observer plane and in this way, signal becomes modulated. Therefore, the pressure

change on the membrane can be easily observed to the intensity of the reflected light.

membrane
I )

Diffragtion_/l Transparent
grating substrate
I.3 IO |+3
|_1 I+1

in
Light source: Photodetector

Laser or optical fiber

Figure 4.1. The micro-interferometer with diffraction grating for readout optics.

4.2. Diffraction Grating Interferometer Theory

To begin with, interferometry is a measurement method which using the super-
position principle of EM waves. They are called interferometers because they work
by merging two or more sources of light to create an interference pattern, which can
be measured and analyzed. Interferometers are generally using to detect the small

displacements or surface irregularities in many disciplines.

As the principle of interference, two or more waves are interact. Because of
the superposition, photons pass through to the same location in space and they are
added together as they interact. The resulting wave named as the interference pattern.
The Figure 4.2 shows two different cases of interference. Total constructive interference
happens when the peaks of waves perfectly match up in phase, they are adding together

and constructing a larger wave as a sum of the merged waves where they are physically
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interacting. On the other hand, destructive interference occurs at the opposite case of
constructive case. The positive and negative peaks of waves meet and match through
the wave out of phase, and they get absorbed, or in some cases, totally destroy each

other [74].

+ +

Constructive _Destructive
iInterference iInterference

Figure 4.2. Constructive and destructive interferences of waves [74].

In addition to interference, waves also exhibit a diffraction property, which can
be explained as the bending of waves as they pass through an aperture. According
to Huygens principle, when light waves are passing through a slit, they will spread
out and exhibit an interference pattern in the region beyond as shown in Figure 4.3.
Here, the central maxima is the larger than the either side patterns or minimas, and

accordingly, the intensity decreases rapidly on the sides [75].

In the proposed sensor, for the analysis of the intensity of the light at the observer
plane, calculations can be simplified by seperately computing the components. Instead
of computing the amplitude of the light, it is more advantageous to deal with the
intensity of the light transmitted through a diffraction gratings [76]. Here, as the
system has gratings and membrane, the reflected light intensity propagates with an
optical path difference (OPD) of § as shown in Figure 4.4. When this path difference
is equal to an integral multiple of wavelengths, all the slits will constructively interfere

with each other and a bright spot will appear on the screen at an angle 6 [77]. Thus,
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the condition for the principal maxima becomes;

0 =dssinf =mA, m==£1,42 £3, .. (4.1)

where d; is the slit width, A is the incident light’s wavelength, 6 is the angle relative

to the original direction of the light and m is the order of the minimum.

Intensity

Q
(v

(a) Diffraction pattern. (b) Diffraction intensity.

Figure 4.3. Single slit interference [75].

Figure 4.4. Schematic of optical path difference [76].
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On the other hand, diffraction grating may consists of a large number of slits
with same widths and separated from the next one by a distance d,. In the case that
the incident light is planar and diffraction spreads the light from each slit over a wide-
angle, the light rays from each slit are merged and interfere with each other. Similarly,
the path difference between slits becomes again 6 = d,sinf. If the path difference
in between the slits are equal to an integral multiple of wavelengths, all the slits are
merged and interfere with each other as shown in Figure 4.5. Thus, bright spots will
appear on the screen at angle 6 [77]. The equation for the principal maxima will be the
same as Equation 4.1 as the system works with same fundamental. Also, the location
of the maximas does not depend on the slit number. However, increasing the number

of slits causes the sharper maximas. According to presented theory, optical interfero-

Figure 4.5. Light passing through a diffraction grating [75].

metric displacement detection capability is integrated into the probe by patterning the
membrane and the substrate as diffraction grating. Here, diffraction grating enables
to measure the displacement with its phase sensitivity ability. When a light beam
illuminates the membrane from the back side, the reflected light is separated into dif-
ferent diffraction orders. At that point, some of the light is reflecting form gratings and
some of them is passing through and reflecting from the membrane [78]. Therefore,
the intensity of the light at the diffraction orders changes sinusoidally, result different
oscillations as a function of the gap in between the membrane and grating substrate.

The intensity of the reflected light of for 0™ and 1°* orders can be formulated as [79]:

27rd} | 41, Gin? {27rd} (4.2)

I :Im S
0 cos [/\
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where I;,, and A are the intensity and the wavelength of incident light respectively and
d is the gap height. As it can be seen from the formulas, there is a 180° phase difference
in between the 0" order and other orders. Based on the Equation 4.2, the intensities
of 0™ and 1% orders can be plotted as a function of the gap and wavelength as shown

in Figure 4.6.
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Figure 4.6. Intensity of the light in the orders as a function of distance in between

membrane and gratings [76].

4.3. Design and Simulations

The membrane structure to be used for pressure sensing is manufactured by
microprocessing methods to create a reference pressure. Thanks to this process, it is
ensured that a micro-sized chamber that is tightly kept at a certain pressure is formed.
As the shape of the membrane, the advantage of the symmetrical bending of the disc

has led to the preference of these structures rather than the squared shape.

The pressure sensor design studies focused on disc-shaped Parylene-C (chemical
vapor deposited poly p-xylylene polymer) based structures. Different metal layers
of different thicknesses are placed on the top and bottom of the structural material
Parylene in the simulation environment, thus it is aimed to minimize the sensitivity of

the pressure sensor to temperature.
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Square shape Y- f‘

Figure 4.7. Bending simulations for square and circular shape membranes.

The following criteria have been observed in the design of the pressure sensor:

The nominal pressure value at the upper part of the sensing membrane is 60-140
mmHg (typical pressure range measured from blood).

The membrane should move 100-150 nm for 80 mmHg pressure change within
the range of 60-140 mmHg which is intended to be measured.

This amount of movement corresponds to a quarter of the red light wavelength
to be used. In case the pressure range to be measured coincides with a range of
motion that corresponds to a quarter wavelength, the minimum and maximum
amount of light will be obtained from the interferometer to be created.

Parylene structural layer is sandwiched in between two metal layers which have
approximately 100 and 300 nm thicknesses to decrease the thermal effects of the

environment.

Based on the listed criteria, COMSOL simulations on the micro membranes are

performed. According to Figure 4.7, the movement of the pressure detector is taken into

consideration by the average of 100 pum x 100 pm area, that deflects with the applied

pressure. First of all, according to the data obtained from the area in the middle of

the sensor, the bending amounts and profiles of the pressure sensors designed with

different sizes, materials, and material thicknesses are observed with the finite element

method according to 60-140 mm-Hg pressure. As the device expands sideways, even
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with the same thickness of the metal layers placed above and below the structural layer,

eventually a bending of around a few nm is observed per temperature variation in °C.

To set the boundaries of the sensor, the simulated structure’s metal layers are
chosen according to availability in the cleanroom. As aluminum and titanium are the
most reflective metals among the available ones, simulations are planned for realization
with these materials. In the simulation results presented below, the amount of the
membrane movement according to applied pressure and temperature data for different

metal layer thicknesses (100 - 300 nm range) and different disc radius are shared.

Presented cases are for the different parylene layer structures as 1 pum, 3 pm
and 5 pm thickness values. Accordingly in the below graphs, the y-axis shows the
membrane radius and the x-axis shows the metal layer thickness for each Parylene-C
thickness. The contour lines demonstrate the difference in movement of the 60 and
140 mm-Hg pressure amounts where the average of displacement in nm for AT=0 °C,
AP=80 mmHg in present of 760 mmHg for 100 yum?. Areas painted in gray indicate
places where there is more than the desired amount of movement (150 nm bending).
The simulation results with aluminum layers are shown in Figure 4.8, 4.9, 4.10. Also,

the simulation results with titanium layers are shown in Figure 4.11, 4.12, 4.13.
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Figure 4.8. Simulation results for aluminum metal layers for parylene = 1 pum.
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Figure 4.9. Simulation results for aluminum metal layers for parylene = 3 pm.
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Figure 4.10. Simulation results for aluminum metal layers for parylene = 5 pm.
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Figure 4.11. Simulation results for titanium metal layers for parylene = 1 pum.
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Figure 4.12. Simulation results for titanium metal layers for parylene = 3 pm.
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Figure 4.13. Simulation results for titanium metal layers for parylene = 5 pm.
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The above figures show the simulation results of the temperature sensitivity ob-
tained for aimed disc diameter and metal thickness. The desired amount of movement
(150 nm) where the average of displacement in nm for AT=30 °C, AP=0 mmHg in
present of 0 mmHg for 100 pm?. Also, it is also shown that the temperature sensitivity
for different thicknesses of the bottom metal layer as average displacement in nm. To
get rid of the thermal occasioned deflections of the structure, some metal thicknesses
are changed. The blue lines describe the average displacement change for AT=30 °C
and AP=0 mmHg, on the other hand, the green lines identify the average displacement
change for AT=0 °C and AP=80 mmHg.

In summary, the design of parylene structural layer 100-300 pym diameter sand-
wich model membranes are simulated using the finite element method (FEM) in the
COMSOL software environment. To identify the thickness of the main structure pary-

lene, three different simulations are realized for both aluminum and titanium metals.

As it can be seen in the figures on top left, as the radius increased, the membrane
deflected more. In the case that the thickness of the parylene is 1 ym, the membrane

deflection is more than desired which can cause some unwanted bends.

Although for 3 pum thick parylene based metal coated membranes giving better
results for average displacement depending on the radius of the disk, there are undesired

bendings on membrane for the size above 125 pum.

On the other hand, the simulation which are performed with 5 pm parylene thick-
ness, gave results in desired values. According to Figure 4.10 and 4.13, the membranes
can deflect smoothly up to 250 pum radius size. Also, it is observed the thickness of
bottom metal layers are giving good results for thermal expansion in the required thick-
ness for reflecting the light. Lastly, increasing the top metal layers thickness up to 350

pm range gains good athermal ability to the structure.

Based on the results obtained, it can be understood that the 5 ym thick membrane

which has the diameter size in the range of 100 - 200 pm with any metal combination
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using appropriate thickness, gives result in desired pressure change (80 - 140 mmHg).
In this context, mask drawing studies for microfabrication, focus on membranes with
the diameter size in the range of 200 - 400 micrometers, which are likely to yield desired

results.

4.4. Microfabrication of the Sensor

The fabrication process of the pressure sensor and the substrate of other sensors
are realized with three masks and performed in the clean room located in Bogazici
University, Center for Life Sciences and Technologies (LifeSci). The steps of the mi-

crofabrication process are shown in Figure 4.14
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Figure 4.14. Process sequence of the microfabrication.
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4.4.1. Mask Layout Design

Based on the design studies of pressure sensor with FEM software and obtained
process sequence, 3 masks are drawn for microfabriaction of 100, 125, 150, 175 and 200

micrometer radius disc structures. Each chip is addressed with numbers and letters.

e

4 F

(b) Single chip. (¢) Alignment markers.

Figure 4.15. Diffraction grating mask (Mask-1).
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In the following step, structure of diffraction grating, which is going to be used
in optical reading, is shaped with physical vapour deposition (PVD) method by using
first photo mask (Mask-1). As it is shown in Figure 4.15, appropriate space for GaAs

sample is shaped for temperature sensing in the same substrate.
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Figure 4.16. Sacrificial layer mask (Mask-2).
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In the next step, the photoresist sacrificial layer is shaped with Mask-2 (Figure
4.16). In this step, the first metal, then parylene and again metal layers are coated by
physical and chemical vapor deposition (CVD). In this way, the sandwich structure is

going to be shaped on sacrificial layer.

(a) Entire wafer.
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(b) Markers. (c) Shape after process.

Figure 4.17. Protector mask for etching processes (Mask-3).
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In the last stage, a small hole is vented into the pressure chamber by using Mask-
3 (Figure 4.17). This hole is used in the sacrificial layer etching process. Finally,
the chamber is sealed by dropping epoxy on the hole opened to create atmospheric
pressure difference. To fabricate the targeted structures, mask designs are realized
with L-Edit Layout Editor software and produced in the facilities of The Scientific and
Technological Research Council of Turkey (TUBITAK) Informatics and Information
Security Research Center (BILGEM). Produced masks are shown in Figure 4.18,

(a) Mask 1.

(b) Mask 2. (c) Mask 3.

Figure 4.18. Printed masks.
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4.4.2. Fabrication Process

The membrane being formed is built on a glass wafer since it will transmit data
with light. As the way to obtain the relevant pressure value will be an interferometric
method, process starts with shaping the diffraction grating on the glass wafer. The
fabrication process starts with lithography. Firstly, to activate the surface, wafer is
cleaned with a 1:20 diluted sulphuric acid (HySO4) - water solution for 8-10 seconds.
Cleaned wafer is diluted wit distilled (DI) water and dried with nitrogen gas (N). Then,
by spin coating method, the wafer is coated with 1ml hexamethyldisilicate (HMDS)
for 60 seconds at 6000 cycle/min, and surface activation is performed for photoresist
coating. Subsequently, the surface is coated with 5ml of AZ5214E photoresist for 60
seconds at 3700 cycle/min. Coated wafer is heated on hot plate at 110 °C for 50

seconds, thus, a 1.8 micrometer thick layer is formed.

The photoresist-coated wafer is exposed to ultraviolet(UV) light using the EVG
620 Automated Mask Alignment System device and Mask-1. At this point, ultraviolet
light is applied at the dosages of 40 mJ/cm?, 60 mJ/cm? and 120 mJ/cm?. It is
observed that 120 mJ/cm? is the most appropriate amount for this step. Abraded
structures after UV exposure are dissolved in 1:4 AZ400K developer - water solution
for 50 seconds. Thus, the surface formed is become ready for metal coating for the

diffraction grating to be used in the pressure sensor as shown in Figure 4.19.

Figure 4.19. 5x magnified view of the unit chip.
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As shown in the figure, an area with diameter of 700 pm is coated with photoresist
to protect the place for the bonding of GaAs material to be used in the temperature
sensing system. In addition, a 3 pm thick, 100 gm long photoresist diffraction gratings

are created as a mask for metal coating (Figure 4.20).

\...,h l‘.‘ ‘ i ¥ &

(a) Markers for 1°* and 2"? masks. (b) Markers for 2°¢ and 3¢ masks.

Figure 4.21. Alignment marks after 15° lithography.

The depths of the coated photoresist were measured by Bruker Dektak XT surface

measurement microscope and the results are shown in Figure 4.22.
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Figure 4.22. The depth of field where the materials to be used for (a) temperature

sensor and (b) diffraction grating are protected.

As the second phase of fabrication, aluminum and titanium metal layers are

coated trials on the photoresist structures. At this step, the Vaksis Angora Sputtering

System device is used for metal coating. The process is carried out vacuuming the

chamber for 24 hours and continued by applying 100 watt DC power to the target in

the chamber. In this way, structures on the wafer are coated by 120 nanometer and
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150 nanometer thick aluminium and titanium metals respectively in approximately 15
minutes. Coating thicknesses are presented in Figure 4.23
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(b) Thickness of coated Titanium on gratings.

Figure 4.23. Thickness of the coated metal layers.

After the metal deposition, process continued with photoresist removal. At this
stage, photoresist removed by keeping the wafer inside the acetone at 45 °C for 10
minutes. Thus, the unwanted metal coating on the surface is removed from the wafer

by removing the photoresist layer underneath. Microscopic images of the unit chip
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and diffraction gratings are shown in Figure 4.24 and Figure 4.25. Thus, the first
lithography stage and metal coating trials in forming the diffraction gratings were

successfully completed.

Figure 4.24. 5x magnified view of the metal coated unit chip.

Figure 4.25. 25x magnified view of the metal coated diffraction gratings.

The next step is the fabrication phase of the chamber required for the pressure
sensor to be formed to act as a membrane. The method to be followed in this direction
is to create the sacrificial layer, which will be abraded later, by coating photoresist
with the necessary lithography process. At this point, once again, 1 ml of HMDS is
coated with 6000 min/cycle for 60 seconds by spin coating method on the wafer, and

surface activation is performed for photoresist coating. The surface is then coated
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with AZ5214E photoresist for 60 seconds at 1100 revolutions per minute (rpm) to
form a sacrificial layer of approximately 3.7 micrometers. The plate is then placed on
110°C heating plate for 60 seconds. Thus, photoresist is hardened o nthe surface. The
photoresist-coated chip is exposed to ultraviolet light using Mask 2 with the EVG620
Mask Alignment device. The dosage of 120mJ/cm? UV light is applied on the wafer.
After UV exposure, eroded photoresist layer is dissolved in 1:4 AZ400K developer -
water solution for 50 seconds. Thus, the chamber to be used in the pressure sensor has

been made ready as shown in Figure 4.26.

Figure 4.26. 5x magnified different sample views of the sacrificial layer coated unit

chips.

Based on the simulations performed, the lengths of the paths, which are used to

reach the sacrificial layer during the etching process, are designed in different values.
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At the same time, the sensor circle membrane structures designed as 200 micrometers,

250 micrometers, 300 micrometers, 350 micrometers and 400 micrometers in diameters

are shown in Figure 4.27 and Figure 4.28. Also, the thickness of the coated photoresist

is shown in Figure 4.29

(a) (b) (c) (d) ()

Figure 4.27. Sacrificial photoresist layer views for different membranes. (a)200 pm,

(b)250 pm, (¢)300 pm, (d)350 pm, (e)400 pm.

(]

Figure 4.28. Designed paths to reach the sacrificial photoresist layer.

Thus, necessary preparations have been completed for the void area where the
required bending movement will take place after the etching process of the membrane

structure to be formed.

The next step is the fabrication of the pressure sensing membrane structure whose
motion is desired. The way to follow in this direction is the multi-layer coating method.

On the sacrificial layer, firstly, thin film metal coating process is carried out to reflect
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Figure 4.29. Thickness of the sacrificial layer photoresist.

the light from which data transfer will be made. This process is realized with PVD
sputter device. The process is carried out by keeping the chamber, which contains
wafer inside, in vacuum for 24 hours. Afterwards, wafer coated with applying 100
W DC power to the target for 75 minutes. As a result, different wafer surfaces are
coated approximately 300 nanometers and 350 nanometers of aluminium and titanium
respectively as a lower metal layer. Microscope images of the wafers after coating are

shown in Figure 4.30.

Thus, the first stage of the multilayer coating process of the membrane structure
has been completed. The next step is to adapt the flexibility of the desired membrane
structure to the desired pressure values, ie blood pressure values. Based on the data
obtained from the simulation studies, the coating of Parylene-C polymer material as 5
pm shows that the structure has reached the optimized value. This process starts with
loading the desired amount of polymer material to the loading boat in the parylene-
C coating device according to the desired thickness. The powder form Parylene-C is
heated until it is brought to 150 °C temperature value. The steam formed here is drawn
into the furnace under a certain pressure value, where it is heated up to a temperature

of 690 °C and sublimation of the material causes its molecules to separate into its



80

(a) Aluminium coating. (b) Titanium coating.

Figure 4.30. Lower metal coating of the membrane structure.

monomers. This gas, which contains monomers, is drawn into the chamber where the
coating is to be made. As the last step, a sudden cooling process is performed and the
monomers are polymerized again in the coating chamber. At this stage, the Parylene-C
layer become coated on the wafer in a controlled and homogeneous manner. In the
coating trials carried out for the targeted thickness of 5 um, it is determined that 7.25
mg of Parylene-C dimer material is sufficient. In order to make optimization studies,
4.75 pm and 5.25 pm thick polymer coating studies were also carried out. The images

of the Parylene-C coated surfaces are shown in Figure 4.31.

Figure 4.31. Microscope image of the surface coated with Parylene-C material.



81

The coated polymer layer was measured by Bruker Dektak XT surface measure-

ment microscope and the results are shown in Figure 4.32.
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Figure 4.32. Thickness measurement of Parylene-C polymer coated on the surface.

The flexibility coefficient of the membrane structure has been optimized in a way
that it can act in accordance with the changes in blood pressure values with the poly-
mer material used. The next step is upper metal coating, which is the last layer of the
sandwich structure membrane. The purpose of the final metal coating is to prevent
the membrane structure from going beyond the desired expansion values due to the
thermal expansion on the membrane. At the same time, due to the pressure differ-
ence in between the chamber and environment, a bend will occur on the membrane.
Additionally, the top layer metal is also fix the unwanted bending in a mechanically
convenient condition. This layer must therefore be thicker than the substrate metal of

the multilayer membrane structure.

At this fabrication stage, metal plating process, PVD sputtering device is used
again. As it is applied for other metal layers, the wafer kept into the chamber for
24 hours and 420 nm and 480 nm of aluminium and titanium metals are coated in
87 minutes and 95 minutes respectively. The metal coated surfaces are presented in

Figure 4.33.
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(a) Aluminium coating. (b) Titanium coating.

Figure 4.33. Upper metal coating of the membrane structure.

Thus, a structure that can bend sufficiently at blood pressure values (60-140
mmHg), which is aimed to be measured, is formed. With this bending, the structure
where interferometric measurements can be performed based on the reflection of the

light falling on the lower metal layer is built.

In the next phase, works focused on the release of the designed membrane with
the steps shown. The multi-layer structure, which is homogeneously coated on the
entire surface, should only be actively functional for the designed membrane structure.
For this reason, the sequential solving processes of the multi-layer structure are carried
out. In this direction, the layer needed to be etched in the first stage is the thick metal
layer at the top of the membrane structure. In order not to damage the membranes

from this dissolution process, a lithography process is used.

At this point, photoresist coating is applied on the thick metal surface. In the
following stages, it is deemed appropriate to cover the photoresist material as a thick
layer to protect the Parylene-C membrane structure, since the etching rates of pho-
toresist and Parylene-c are nearly the same. Accordingly, the surface is coated with 5
ml of AZ4533 positive photoresist material at 2000 rpm for 60 seconds, and an 8.8 pum
thick layer is formed. During the cooking phase of the photoresist, the hotplate is set

to 50 °C in order not to effect the Parylene-C structure in the membrane and wafer is
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kept there for 70 seconds. Thus, the photoresist layer is hardened on the surface. The
photoresist coated wafer is exposed to UV light using third mask with the EVG620
mask aligner. Since the coated photoresist layer is thick, UV light is applied at the
energy rate of 600 mJ/cm™2 and it is observed as a suitable amount for this step. Un-
used structures are bathed with 1:4 dilution of AZ400K developer-water solution for
70 seconds. Consequently, the formed surface has been made convenient to etch the
upper layer metal with a suitable acid solution. However, at the cleaning step of the
photoresist with developer solution, it is observed that aluminium coated wafers are
corroded as developer contains a potassium based chemical component and rendered
the structures unusable. Thus, etching process is held with titanium coated wafers
after this point. The titanium coated wafers microscopic images are presented in Fig-
ure 4.34. The coated photoresist layer is measured with Bruker Dektak XT surface

measurement microscope and the results are shown in Figure 4.35.

(a) Unit chip with two etching paths. (b) Unit chip with one etching path.

(c¢) Alignment markers.

Figure 4.34. Microscopic view of the photoresist layer used for metal etching process.
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Figure 4.35. Thickness measurement of photoresist on the upper metal layer.

Thus, the wafers are ready for the necessary etching processes to reach the sacri-
ficial layer. For this process, firstly, the upper layer of the sandwich structure is etched.
Since the coated metal on this layer is titanium, the solvent to be used is a hydrogen
fluoride acid (HF) solution. To use the acid properly, solution is prepared as 1:10
HF-water mixture. As HF is a strong acid, upper titanium layer is etched in a plastic
container for 35 seconds. As HF is not harmful for plastic and polymer materials,
Parylene-C layer escape damage during this process. Etched surface shapes are shown
in Figure 4.36. Accordingly, the etched metal layer thickness is measured with Bruker

Dektak XT surface measurement microscope and the results are shown in Figure 4.37.

DAt

Figure 4.36. Surface shape after upper titanium layer is etched.
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Figure 4.37. Measurement thickness of the surface after titanium layer is etched.

Hereby, it has been shown that the hydrofluoric acid solution does not dam-
age the photoresist layer and the coated (and dissolved) titanium metal thickness is

approximately 500 nm as can be seen the difference in Figure 4.35 and Figure 4.37.

The next step to reach the sacrificial layer is the etching of the Parylene-C layer.
This process is realized in the Nordson March AP-300 RF Plasma Processing device by
using oxygen plasma. Here, the shaped photoresist and metal layers on the membrane
are acting as a mask that prevents the etching of the Parylene-C in sandwich structure.
Process is carried out with 150 W RF power, 180-200mbarr pressure range and 100
sccm oxygen flow rate for 45 minutes. Thus, the unused Parylene-C material with a
thickness of 5 pm on the surface is dissolved. Post process surface shapes are given in

Figure 4.38.

The thickness is measured based on the difference in between the bottom metal
layer on the substrate and upper titanium layers on the mambrane. At this point, it
is observed that photoresist with a thickness of approximately 2 pym remains on the

membrane.



Figure 4.38. Surface structures after Parylene-C etching process.
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Figure 4.39. Measurement thickness of the surface after parylene layer is etched.

To reach the sacrificial layer, there is needed a final metal etching process. How-

ever, as it can be seen in the figures, in the Parylene-C etching process, the photoresist

layer did not stripped out homogeneously and therefore, to protect the upper layer

titanium metal, it become necessary to repeat the lithography step with mask-3. After

the repetition of the lithography process, surface has been made suitable to etch the
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bottom layer titanium with a suitable acid solution.

As a last step to reach the sacrificial layer, the non-functional regions of the
bottom layer titanium metal is etched with using photoresist. A 1:10 HF-water solution
is prepared again and the wafers are kept in the solution for 25 seconds as the layer is
thinner than the upper one. Since the solution only corroded the metal, the photoresist
coated on the chip helped protect the top layer of titanium and bottom titanium layer
is etched successfully. The condition of the wafer after the last etching process is

presented in Figure 4.40.

(a) (b)

() (d)

Figure 4.40. The production of the multilayer membrane structure is completed (a),

(b) The image of the unit chips, (c), (d) the image of the alignment markers.
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To characterize and to make available chips for aimed applications, wafers are
diced as 6x6 arrays (Figure 4.41.a) and as single chip (Figure 4.41.b) size of 2.2 mm?
at Sabanci University Nanotechnology Research and Application Center (SUNUM)
with DISCO DAD 320 Automatic Dicing Saw.

(a) Array of 6x6 single chips. (b) Diced single chips.

Figure 4.41. Diced fabricated chips.

To etch the sacrificial photoresist layer, some methods are tried. To make it
faster, first trials are realized with agitating the samples in sonicator. It is observed
that, using ultrasound homogenizer sonicator are pulling off all the membranes from
substrate even in 2 minutes. Alternatively, as a long way, chips are kept in acetone in
between 24 hours and 120 hours. According to these trials, it is observed that keeping
structures inside acetone for 36 hours is the most suitable method for releasing process
of the membrane. To create a chamber under the membrane and making available
sensors to detect the pressure change, cylindrical shaped chambers are sealed with a

metal adhesive epoxy from the paths and the metal layer from edges.

To characterize the sensor, a fully sealed closed system is designed. To illuminate
gratings and membrane, chips are sealed on a lamellae and this thin glass is sealed
with a chamber. Then, created chamber is connected to a manometer and a manual

air pump as shown in Figure 4.42.
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Figure 4.42. Experimental setup for pressure sensor characterization.
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As it can be seen in Figure 4.42, light beam from the laser source is trimmed
with an optical diaphragm to get rid of the unwanted shapes of the beam. Then, beam
size of a 637 nm laser ray is is collimated with a 100mm focal length convex lens. By
using a mirror in 45°, minimized beam is coupled to the phase sensitive diffraction
grating after passing through a transparent thin layer coverglass of the chamber and
the quartz substrate. Light beam is passed through the gratings and reflected back
from the titanium coated membrane. The first order diffracted beam is then detected

using Thorlabs PDA-36A2 Amplified Detector at 40 dB gain and oscilloscope.

Presented sensor demonstrates a 2-\ readout method to improve sensitivity. Ac-
cording to theory, one full sinusoidal oscillation of a reflected light wave from the sensor,
corresponds the displacement of the membrane as the same size of the wavelength of
the illuminated light. As the system has a reflected surface membrane, due to the
superposition theory of interference, two full sinusoidal oscillations of a reflected light
become the same A difference change of the wavelength of the light. The simulation
and experimental measurement results of 200 pym, 250 pm, 300 pgm, 350 pm, 400 pm
diameter membranes are given in Figure 4.43, 4.44, 4.45, 4.46, 4.47.

As simulation parameters, the chamber pressure is kept as 1 atm which is equal
to 760 mmHg. To simulate the blood pressure, the environmental pressure parameter
is applied as 925 and 1010 mmHg which corresponds 165-250 mmHg blood pressure
levels. Also, the simulations are made for half of the membrane, that’s why, plotted

graphs show the difference in between the middle and edge of the membrane.
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Figure 4.43. Simulated and measured membrane deflections for 200 ym diameter

membrane.

From Figure 4.43, it can be seen that the simulation result of the deflection of the

membrane is & 118 nm in the middle of the membrane, where the measured deflection

is 127.4 nm.
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Figure 4.44. Simulated and measured membrane deflections for 250 ym diameter

membrane.

From Figure 4.44, the simulation result of the deflection of the membrane is ~

260 nm in the middle of the membrane, where the measured deflection is 254.8 nm.
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Figure 4.45. Simulated and measured membrane deflections for 300 ym diameter

membrane.

From Figure 4.45, the simulation result of the deflection of the membrane is ~

508 nm in the middle of the membrane, the deflection measured as 509.6 nm.
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Figure 4.46. Simulated and measured membrane deflections for 350 pym diameter

membrane.

From Figure 4.46, the simulated membrane deflection gives result as ~ 890 nm

in the middle of the membrane, and the deflection measured as 891 nm.
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Figure 4.47. Simulated and measured membrane deflections for 400 ym diameter

membrane..

As it can be seen from Figure 4.47, the simulation result of the deflection of

the membrane is ~ 1470 nm in the middle of the membrane, where the deflection is

measured as 1210 nm.
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Table 4.1. Simulation and Measurement Results of Deflection of the Membranes.

Simulated Deflection | Sine Cycles | Measured Deflection
200 pm 118 nm 0.4 127.4 nm
250 um 260 nm 0.8 254.8 nm
300 pum 508 nm 1.6 509.6 nm
350 um 890 nm 2.8 891 nm
400 pm 1470 nm 3.8 1210 nm

According to the Table 4.1, the simulated and measured deflection rates are very
close to each other. Some differences are caused by the non-ideal etching processes.
Also, as it is expecting, membranes which are larger surface areas, deflected more than
smaller sized ones. From the measured cycle numbers of the sine waves, it is observed
that using 200 pm and 250 pm membranes are more suitable to use to detect the
blood pressure changes in between 80-140 mmHg range, since the sensitivity values are
calculated as 1.456 mV/mmHg and 1.884 mV/mmHg respectively from the reflected
light.
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5. CONCLUSION

In this thesis, a fiber optic integrated sensor microsystem is designed, fabricated
and characterized. The main principle of the system is for catheter tracking for in-
terventional operations in MRI. At the same time, device is able to track the body
reactions as body temperature and blood pressure during operation. As system works

under strong external magnetic field in MRI, data transmission is realized optically.

The described optical system consists of a localization, a temperature, a pressure
sensor and an adaptor that holds together three sensors. The localization sensor detects
the real time location of the catheter with using MRI gradients that shows an alteration
in 30 mT range. The Magneto Optical Kerr Effect (MOKE) is adapted method to
detect the location change in accordance with changed magnetic field. As a theory,
MOKE is a change on the polarization of the light that reflected from a magnetic
sample. To use this effect for catheter tracking, a micro-sized sample can be fabricate
on the tip of the catheter and with a polarization maintaining cable, magnetic field
effects on the light can be observable . As proof of concept work, a steel material is
used to observe this effect. A polarized light beam is collimated with convex lenses
and illuminated on the shiny surface of the ferromagnetic material and reflected light is
detected with polarimeter. Here, as applied magnetic field changes on the steel, samples
magnetization changes according to its M-H curve. Changing the magnetization effects
the B field on the light as an EM wave, and accordingly, the E field either. Changing
E field creates some polarization changes of the light which can detect by polarimeter.
The polarimeter can detect the little changes of azimuth and elliptical angles, which

are also identified as Kerr angles, and also, correspondingly, the power of the light.

At air optical setup of SS430 sample, observed minimum AH detection from
azimuth degree change graph is 54 A/m H thus, the minimum localization change is
calculated as 2.25 mm. Also, for the same setup, from the power change graph, AH

observed as 12.94 A /m which corresponds 0.54 mm precision in localization change.
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For the fiber optical setup with SS430, from the azimuth degree change results,
the minimum detectable AH is calculated as 23.13 A/m. which corresponds 0.967 mm
precision in the localization distance for the catheter. The power change gives results
in AH change as 11.4 A/m by the experimental setup, which means 0.475 mm precision

of the tracking device is detectable.

As the steel magnetically saturates at small magnetic fields, it is decided to use
Fe;O3 which is not saturating at larger magnetic fields. From the experimental setup,
obtained azimuth degree gives minimum AH as 106.36 A/m. So that, the precision of
the catheter tracking can be calculated in 4.44 mm precision. Also, for this setup, the
change in ellipticity degree is observed. The minimum AH is obtained as 254.865 A /m
which means, the medical device in MRI can be tracked in 10.65 mm. However, from
the power change graph, the change is observed according to magnetic field change,

but obtained data do not gave meaningful results.

For the measurement of the body temperature, the used method is bandgap tech-
nology. According to changing the semiconductors temperature, the energy band gap
in between valance and conduction bands. The GaAs is chosen as a semiconductor
material. [lluminated near IR light can pass through the GaAs sample at room tem-
perature. However, changing the temperature of the sample causes the interatomic
spacing in between the bands and shifts on its transmission spectrum to higher or
lower wavelengths. As more energy enters the crystal in the form of heat, the band gap
narrows, and less additional energy is required to activate an electron. Thus, increas-
ing the temperature of the sample causes to increasing the absorption coefficient of the
sample and transmitted light’s intensity becomes lower. Same effect can be observed

by decreasing the temperature in opposite way.

To detect the temperature change, an available p type GaAs sample is used for
experimental measurements. First, IR LED light sources exposed on the GaAs sample
at room temperature. Then, the transmission effects depending on the temperature
is observed with changing the temperature of the GaAs sample which located inside

a water chamber. According to measurements, the minimum detectable temperature
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change is reported as 1.215 °C and the sensitivity of the sensor is calculated as 0.494
nm/°C.

Also, the smoothly diced GaAs samples are going to be attached to the micro-

fabricated structures and this sensor will become usable in interventional applications.

To measure the blood pressure, a micro structured membrane is microfabricated
with sequential cleanroom processes. With the idea of interferometric optical readout
method, a diffraction grating structures are fabricated with 3 pm size and 100 pum
length. Different sized membranes, which is planned to bend with the effect of the
external pressure, are fabricated as a sandwich structure with titanium and parylene
layers in 200 pm, 250 pm, 300 pm, 350 pm and 400 pm diameters. The 2-\ readout
method is used to improve the sensitivity for detection. The first diffraction order
is used to monitor the membrane deflection. It is observed that membranes that
are fabricated with 200 pm and 250 pm diameter size are usable to blood pressure
measuring. As the measurements are taken in between 0 - 250 mmHg interval, the

sensitivities are calculated as 1.456 mV/mmHg and 1.884 mV/mmHg respectively.

As a result, all of the fibers, which are carrying the sensor data, are coupled
with substrate and merged with GRIN lenses in a single, 2.2 mm thick cylindrical 3D
printed holder. This encapsulated structure is going to be used in catheters in in-vivo

interventional applications.



APPENDIX A: GaAs SAMPLE PROPERTIES

Table A.1. P type GaAs technical properties [80].

Quality GaAs
Materials GaAS
Size 47
Thickness 350425 (pm)
Polished Single Side
Dopant Boron (P type)
Orientation 100
Resistivity (1.2-9.9)E-3
Mobility 1000-3000
EPD < 3000
Growth Method VGF
OF Lenght 17+1
IF Lenght T+1

100
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APPENDIX B: SPECTRAL DISTRIBUTIONS OF USED
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APPENDIX C: STAINLESS STEEL MAGNETIZATION

Magnetic flux density (T)

CURVE

1.5

1.0 |

0.5

T

o
18
T

-4000 -2000 0 2000 4000
Magnetic field (A/m)

Figure C.1. B-H hysteresis curve of Stainless Steel 430.
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