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ABSTRACT

AN MRI COMPATIBLE BAND GAP DEPENDENT FIBER
OPTIC TEMPERATURE SENSOR

Fiber optic sensors (FOTSs) have been a research topic over two decades. Many
sensor types were developed in different schemes. Among many other parameters
like pressure, location, PH level detection..etc, which can be measured by fiber optic
sensors, temperature sensor is one of the most important, widely used and studied
sensor in many fields such as medical applications like minimally invasive surgeries,

In-Situ Thermal Remediation (ISTR) and oil and gas production and transportation.

The objective of this thesis is to research transmittance and reflectance depen-
dence with the temperature in order to help developing a fiber optic microsystem
temperature sensor based on the concept of the band gap energy of a gallium arsenide
(GaAs) to give information to the non-invasive medical instruments under the mag-
netic resonance imaging (MRI). Fiber optic sensor has immunity to electromagnetic

(EM) interference which is one of the best reasons to use it under the MRI.

Among other semiconductors, GaAs is one of the most convenient material due
to the its direct band gap . Direct band gap provides direct transitions of electrons
from valence band to conduction band due to valence band and conduction band are
in the same crystal momentum. So, electrons does not require an extra energy to
conservation of their momentum, this provides good absorption and emission of light.
Based on the properties of the GaAs, temperature changes can be monitored with a

insignificant delay and error.

Temperature sensing is based on the reflectance, transmittance and absorbance

changes in the semiconductor with respect to temperature. Incident light at carefully



determined wavelength will be reflected and transmitted with the different intensities
and correspondingly different powers at every different temperature. Light transmis-
sion and reflection through the GaAs crystal is also wavelength dependent. In this
thesis, transmitted light power will be measured by photodetector under different tem-

peratures.
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OZET

BAND GAP DEGISIMINE BAGLI FIBER OPTIK
SICAKLIK SENSORU

Fiber optik sicaklik sensorleri yirmi yili agkin bir siiredir aragtirma konusudur.
Bir ¢ok sensor cesidi cok farkli yollarla tiretilmektedir. Basing, konum, PH degeri
olciimii gibi sensorler tarafindan oSlgiilebilen bir ¢ok parametrenin yaninda, sicaklik
sensorii bir ¢ok alanda en 6nemli, en ¢ok kullanilan ve en ¢ok aragtirilan sensorlerden
biridir. Grigimsel olmayan medikal opearsyonlar, sicaklikla topragin iyilestirilmesi,

petrol ve gaz iiretimi ve dagitimi alanlar1 bu alanlardan bazilaridir.

Bu tezin amaci, MRI cihaz1 altinda midahalesiz medikal enstriimanlara bilgi
saglayan, galyum arsenit (GaAs) yari iletkeninin bant araligi enerjisini baz alan fiber
optik mikrosistem sensorlerin geligtirilmesine yardimeci olmasi amaciyla band gap’in

sicaklikla degismesine bagh gecirgenlik degisimlerini gozlemlemektir.

Diger yari iletkenler arasinda, GaAs’in direkt bant araligi GaAs’i en uygun mad-
delerden biri haline getirir. Direkt bant araligi, elektronlarin ekstra bir enerjiye duy-
madan valans bandindan iletken banda ge¢mesine olanak saglar. GaAs’in 6zelliklerine

baglh olarak, sicaklik degisimleri ¢ok kii¢iik bir gecikme ve hata ile izlenebilir.

Sicaklik algilama, sicakliga bagl olarak degisen yari iletkenin yansitma, gecirgenlik
ve sogurma ozelliklerindeki degigimleri baz alir. Belirlenen dalga boyunda gelen 1s1k,
her farkli sicaklikta farkli yogunluk ve glicte yansir ve iletilir. Isigin GaAs kristal
tizerinden yansimasi ve iletilmesi ayni1 zamanda dalga boyuna baghdir. Bu tezde 151g1in

iletilen 151810 giicti, farkl sicakliklarda bir foto dedektor yardimiyla oOlciilecektir.
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1. INTRODUCTION

Temperature measurement is crucial in variety of research fields such as medical
areas [1], oil and gas industries [2] and ecological applications like In-Situ Thermal
Remediation (ISTR) [3] in today’s world. Besides optical temperature sensors, there
can be found other kinds of temperature sensors like thermistors [4]and thermocouples
[5]. But these sensors have some disadvantages when compared to the optical sensors [6]
due to their sizes and lack of immunity to external disturbances like electromagnetic

(EM) field [7].

Temperature sensing devices can be found in many different forms depending on
their application fields. A simple mercury based thermometer is enough to measure
the weather, but it is not viable for measurement of the temperature of internal organs.
A thermistor can measure the desired object but under the electrical or magnetic field,
it can not be enough due to its high sensitivity to electrical or magnetic field [8].
Thermistor shows the temperature according to the current through the temperature
dependent resistor whose resistance depends on the temperature. Under an EM field,

current value can change due to electromagnetic induction [9)].

At this point, fiber optic temperature sensors play a crucial role due to their small

size and passive characteristics [10] to the harsh environments.

Reflection mode operation based fiber optic sensors generally use the data over
the reflected light from the sensor at the end of the fiber cable tip. Reflected light can
be in the same fiber cable or another fiber cable can be used as the path of the reflected

light.

Two of the most common methods for fiber optic temperature sensing are demon-

strated in the figure 1.1.
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Figure 1.1. Two different methods for detecting reflected light.

The method given on the upper side of the figure 1.1 is the dominant method
for commercial usage of fiber optic temperature sensors. As can bee seen in the upper
side figure, light comes from the light source goes through the fiber cable and inter-
acts with sensor which is a semiconductor wafer. Some of the light gets absorbed by
the semiconductor and some of the light reflects back. Due to the dielectric mirror,
transmission does not occur. The following method has a triangular semiconductor to
get total reflection. When the incoming light is bigger than the critical angle in the

triangular semiconductor, it reflects back totally [11].

There are two important points in the upper method. To increase the intensity
of the reflected light, a dielectric mirror [12] deposition can be done to the other side of
the incident light. It reflects back the light that should be transmitted. In more detail,
the light goes into the semiconductor, reflects back from the mirror and again goes into
the semiconductor. That means absorption occurs two times or it can be thought of
as light goes and penetrates semiconductor with doubled thickness. The advantage of

this method can be say in a simple mathematical sentence, if there is no mirror behind



the semiconductor material, reflected light would be:

where R,,,, is reflection with no mirror, T refers to transmission and A is the absorption.

As the mirror placed, returned light becomes:

Rm=1-24 (1.2)

R,, refers to reflection with the dielectric mirror deposited. It can be said that returned

light also includes transmitted light.

Another key is fiber coupler which has a key role for illuminated light and reflected
light to be in one fiber cable. It splits the light in desired ratios. In the following figure,

dielectric mirror placement and 2x1 fiber coupler can be seen in figure 1.1.

Experiments can have different ways to measure other than commercial industry
models, modified light can be observed as a reflection or transmission and setups can
be done in many ways. In section 2.3 Three different ways are described and shown.
Experimental setups are of course has disadvantages compare to professional factory-
made FOTSs. Main disadvantage is the calibration of the tools to align laser source,

wafer and photodiode. Disadvantages is told shortly in the section 2.3.

The aim of this thesis is designing a fiber optical temperature sensor (FOTS)
experiment to guide the further experiments for making commercial fiber optic tem-
perature sensors. Some important expectations from the FOTSs are accuracy as low
as £0.1°C, fast response time as short as 10 ms and immunity to EM interference so
that it can be use especially in the field of medical industry. Besides these features,
small dimensions of the optical sensors [6] allow many usage area in medical technol-

ogy. For example, in the field of interventional cardiology and oncology, temperature



feedback is highly important for operations like laser ablation catheter [13] to avoid
injuries in patient’s cardiovascular system. These operations can be performed under
MRI [14] and needs fast response and immunity to the EM interferences [15]. Fiber
optic temperature sensors (FOTSs) [16] provides these features with a beam of light in

a fiber optic cable with a semiconductor at the tip of the fiber.

Basic mechanism of this sensor is measuring the temperature by detecting the
intensity of the reflected light from the semiconductor material using photo-detector.
Temperature variations affect the optical absorption edge [17] of the semiconductor. As
the temperature increases, distance between atoms increases due to vibration energy of
atoms. And outermost electrons take place in valence band. And between the adjacent
atoms, an periodic potential occurs [18] which is a potential energy when electrons are
pass by other atoms or ions. There is an inverse relation between the inter-atomic

distance and electric potential [19].

Optical absorption edge wavelength [20] depends on the band gap energy of the
semiconductor materials. Optical absorption edge wavelength is also called cut-off
optical wavelength. Cut-off wavelength is the wavelength that semiconductor material
starts to transmit the incident light. This specific wavelength and temperature have
direct proportion. In other words, as the temperature increases, cut-off wavelength
increases and vice versa. Cut-off wavelength of semiconductor can be found from the
formula 1.3.

Ac = Z_cg (pm) (1.3)
where E; is the band gap energy of semiconductor, A, is cutoff wavelength, h is planck
constant and c is the speed of light in vacuum. Among many other methods, band gap
absorption is the preferred method in this thesis due to the aim of the thesis which is
measuring low temperatures such as the temperature values inside the cardiovascular
system. When the semiconductor material gets its transmission spectra gets to higher
wavelengths, in other words, it transmits to photons with lower energy and opposite

situation occur when the temperature decreases due to its band gap characteristics. In



the thesis, appropriate semiconductor is chosen as Gallium Arsenide (GaAs) due to its

convenient features.

GaAs (Gallium Arsenide) is a well known semiconductor material which com-
pounds gallium(Ga) from column III and arsenic(As) from column V. GaAs has a
direct band gap which is a very good and desirable feature for optical sensor. GaAs
semiconductor is the material that will be fitted on the tip of the fiber optic cable.
FOTS depend on the absorption and transmission of the GaAs crystal. As the temper-
ature increases, band gap of a GaAs crystal [21] decreases and it allows the transmission
of the longer wavelengths. Longer wavelength means less photon energy detected by

photo-detector.

In this thesis, instead of using different wavelengths, only one wavelength is se-
lected near the cut-off wavelength. That is because of choosing one wavelength has low

cost. Transmission and reflection values of the specific wavelength is observed.

1.1. Background and Applications

Communication with light through optical fibers concept was first researched by
Dr. K. C. Kao and G. A. Hockham in 1966 [22]. This modern low lost optical fiber
cables were introduced after the first functional laser designed by Theodore H. Maiman
in 1960 [23]. After these two significant inventions, in the beginning of the 1970s [24],
scientists started to focus on sensor technologies via fiber optic cables. Since then so
many sensor types such as pressure, temperature, chemical sensing, humidity..etc have

been developed and it’s still a growing research area [25].

First studies have done for the military aircrafts and rockets [26]. That is because
aircrafts and rockets have harsh environmental conditions when they fly and they need

to more sensitive sensors to overcome critical computations.

After almost two decades from the fibre concept, FOTSs were spread to other

areas scuh as medical applications [24] and oil industry [27]. It started to take it place



in the market. But until the 1990s, fibre sensors had obstacles compared to other
sensor types [28]. First of all, fibre sensors had quite small market comparing to other
sensors. That is because the usage area of the fibre sensors have not been increased

then. And cost was an another obstacle to improve the fibre sensor technology [28].

In time, fibre sensor were started to be needed because of new technologies and
applications were developed for specific requirements. Magnetic Resonance Imaging
(MRI) is one of the examples that widely known. During the minimally invasive oper-
ations under MRI, some feedbacks like temperature and pressure [29] are necessary for
accuracy of the operation. And the need for small devices and passive sensors are an-
other reasons to increase the demand for the fibre sensors because electrical transducers

respond to magnetic field under MRI and their functions are degraded [30].

After the 1990s, improvements have been accelerated and cost of the fiber optic
technologies and sensors related to that have been decreased significantly. This pro-
vided an opportunity to studies to further developments. Different kind of fibre optic
sensors such as pressure [31], temperature [32] and location sensors [33] have took their

places in the market [28].

As mentioned briefly earlier, FOTSs have significant place among all other sensor
types which detects variety of parameters such as pressure [31] , radiation [34] , accel-
eration [35], location [33], etc. Along with the fast progress in FOTS area, application

fields of the fiber optic sensors are also expanding.

1.1.1. Medical Applications

Recent developments prove that fiber optic sensors are quite useful in medical
applications. Accuracy and fast response in harsh environments is two of the desired

characteristics in the medical area.

As the technological developments proceed, main objective of the medical opera-

tions becomes to perform less invasive processes and avoid open surgeries [36]. Medical



advancements provides radio frequency (RF) ablations [37] or surgical operation with
miniaturized tools to avoid circumstances that mentioned. During the advanced opera-
tions, temperature tracking has a vital role [32]. Fiber optic temperature sensors’ small
size may vary from 100 microns to a few microns. FOTSs” small size allows physicians

to track temperature in real time in such operations.

Accurate and instantaneous tracking of temperature is important in operations
like laser therapy [13], cryotherapy [38], microwave (MW) [39] or RF based treatments

[37] because of the prevent overheating to the targeted site.

FOTSs can be used to measure the temperature of the body parts such as the
temperature inside the blood vessels or internal organs. That is because of the small
size of the FOTS is quite suitable for vessels. Minimally invasive surgical operations
needs to miniaturized tools as expected, FOTSs can be highly miniaturized and become

useful in these kind of operations [40)].

Here is some medical operations that need temperature tracking:

e High intensity focused ultrasound (HIFU) [41] can penetrate the soft tissue and
gives direct heating to targeted tissue. Targeted tissue absorbs ultrasonic energy
and gets thermally heated. Some of the HIFU operations need MRI guidance.
Thermal tracking is done by the fiber optic sensors in HIFU operations [42].

e Laser ablation (LA) [13] is an another method to thermally heat the tumor. It
contacts the tumor site and it needs to be temperature tracking with the help of
the FOTSs.

e Microwave (MW) therapy [39] or MW ablation (MWA) sends EM waves to water
molecules, due to water molecules are polar, this EM waves creates frictional
energy as a result of electrical charge on the water molecules. Lung and liver
cancer treatments can be done by the help of the MW ablation and it needs
to be done under MR imaging to locate the lesion. As predicted, temperature
monitoring is an inevitable in the MW ablation process and FOTSs plays the role

in it.



e RF ablation (RFA) [37] is another mehtod for tissue heating by creating electric
field lines through the body of the patient.

Laser ablation (LA) [13], RF [37] and MW ablation [39] and HIFU [41] treatments are
some techniques that can used in cancer treatments by burning the targeted tissues
by ablation or hyperthermia. Different techniques have roles in different areas like
interventional cardiology, vascular diseases, cancer treatments. These techniques need
a fast temperature feedback as told before to protect healthy cells from the electrical,

magnetic or EM field and also exact timing is important for destroying diseased tissue.

Fast response to the temperature variations, minimal structure and immunity to
EM fields are three main reasons for using FOTS in medical area [40] and additional

features are described as benefits of the FOTSs in the section 1.2.

In addition to temperature measurement, fiber optic sensors can detect many
other physical or chemical parameters. For physical parameters, some of examples are
pressure [31], localization [33] and strain sensing [43]. Some examples for chemical
sensing are detecting PH level of the blood [43], determining oxygen or carbon-dioxide
level in the blood [44]. There are variety of parameters that need to be tracked in
surgical operations and fiber sensors manage to track them and these parameters have

crucial role during the surgical operation.

Immunity to electrical, magnetic and EM field important feature. Electromag-
netic field induces current in conventional electrical sensors and disrupts the function-
ality and causes malfunctions [45]. Magnetic resonance imaging is indispensable in
variety of invasive or non invasive operations. Immunity of FOTSs provides lots of
benefits to track necessary parameters under the MRI. Like all other fiber optic sen-
sor types, fiber optic temperature sensor is irresponsive to the magnetic field which is

desirable for surgical operations which performed under the MRI.

MRI working principle and physics [46] behind it should be mentioned because of

it is a essential device in today’s medical area. It is an imaging technique that shows



3D images of the soft tissues in high resolution with the ability to show differences in
physiological changes. MRI is founded and demonstrated in the year 1946 by Purcell
[47] and F. Bloch [48] seperately. To imaging the targeted area of the body, one should
be positioned inside the MRI scanner and strong magnets of the MRI device create
strong and uniform magnetic field around the targeted area. Although magnetic field
shows differences in different systems, most of the clinical MRI systems uses either 1.5
T or 3 T which is about four orders of magnitude higher than the earth’s magnetic

field [46].

Under such a large magnetic field, only passive elements like fiber optic sensors

can track the vital parameters in the targeted tissue [10].

For emphasizing the importance of fiber optic temperature monitoring, following
example will be helpful. For intervention on the selected tumor, avoiding the damage
the healthy tissue during the thermal treatment is the aim of the surgical procedure.In
order to this, first, tumor position and its physical properties such as its geometry
is determined accurately by the surgeon [49]. Thermal treatment is started to apply
to ablate the tumor site with the help of real time temperature monitoring. Real
time temperature monitoring provides the surgeon to decide thermal exposure time on
tumor site. Temperature and time of exposure are the main parameters for thermally
ablating the tumor cells without harm the healthy tissues [40]. This can be best done

by the fiber optic temperature monitoring systems.

As an a little detailed example for usage area of the FOTSs in the Radio-frequency
Thermal Ablation (RFA) [50] in liver, lung and other tissues is mentioned as follows;
this procedure is resembles to previous definitions, RFA’s [50] aim is the treat small
sized tumors basically in liver, lung, kidney. RFA creates temperature field at the

target tumor site. It needs temperature monitoring as the given example before.
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1.1.2. Ecological Applications

Besides medical industry, FOTSs can be used in the decontamination of the toxic
fields which contaminated by oil. For this procedure, heating the soil with the help
of radio frequencies is used. FOTSs are used to monitor the temperature during the

clearing process [51].

1.1.3. Oil and Gas Industry

Oil industries search for oil and gas kilometers below the earth crust. Tempera-
ture measurement has an important role in determining the locations of the oil and gas.
These locations have temperature over 100°C. At such temperatures, electrical tem-
perature sensors have potential to explode inside the oil and gas reserves [27]. Due to
the passive nature of FOTSs, they are preferable to traditional electrical temperature

SEensors.

Medical applications of FOTSs is especially emphasized because of it is the main

objective of this thesis.

1.2. Advantages of the FOTSs

There are lots of advantages of fiber optic temperature sensors such as immunity
to EM field and small size [10], flexibility and sensitivity. FOTSs advantages has to be
proven to take market share in the temperature sensor market place. Advantages of

the FOTSs mentioned in three subsections.

1.2.1. Electromagnetic and Radio Frequency Interference Immunity

Fiber optic cables are generally manufactured from two types of material accord-
ing to which range they needed for; glass [52] or plastic [53]. Almost all fiber optic
cables and sensors have passive elements which means there are no electrical circuit

on them [10]. This feature gives fiber optic sensors a very good advantage. Due to
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the fiber cables communicate with light instead of electrons [54], they do not react to
electrical, magnetic, electromagnetic or radio frequency disturbances [10]. Immunity
brings another advantage apart from the other sensor types. Other electrical circuit
based sensor types need to be protected from the external disturbances which means
that they need to be shielded [55] to become unresponsive to the electric, magnetic or
electromagnetic effects because these fields induces an electrical current which affects
the measurement accuracy [8] Shielding process [55] enlarge their sizes. But fiber optic
sensors do not have to be shielded and this brings the advantage of small size that is

desirable for many medical applications.

1.2.2. Small Size, Flexibility and Safety

Fiber optic sensors can be quite small in size. Their diameter can range from a
couple of microns to a few millimeters [56] depending on the application requirements.
In a complicated surgery, a lot of surgical instruments can be needed and lots of in-
struments mean increasing the surgical operation area which is not a desired condition.
Miniaturized instruments help to reduce the surgical operation area. Another demand
for small sized fiber optic sensors is sometimes operations can be highly sensitive that
millimeters becomes important during the operations such as placing a stent into blood
vessels [57]. During these kind of operations, monitoring the patient’s conditions with
the conventional sensors insufficient because of their improper sizes. FOTSs have vital

roles due to their small sizes.

Flexibility and Safety are among the other important advantages of the FOTSs
[58]. Fiber optic cables are highly flexible which is a good feature for so many medical

applications. Monitoring curled parts of the body is achieved by this flexibility.

For safety issues, with no doubt, fiber optic sensors are the most trustable sen-
sor type due to their intrinsic characteristics which does not include active electrical
circuitry that can be affected by EM fields. For example, oil companies use fiber optic
cables to monitor the temperature of the oil wells [2,27] for safety issues. In other

words, fiber optic cable does not carry field induced current which may pose hazardous
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explosions [54].

Another thing for safety of FOTSs is that they do not need to be shielded due to
external disturbances not only for EM fields but also humidity or extreme temperatures

[59]. They can be used in long term monitoring where ever they desired.

1.2.3. Accuracy and stability

High sensitivity in FOTSs needs a professional calibration with high quality equip-
ments. A well tuned fiber optic sensor may have the accuracy of +0.1°C [32].

Stability is another important factor for FOTSs. Harsh environments such as
humidity or high temperatures can harm the electrical based temperature sensors [10].
But FOTSs have durable character that can be stable for a long time during monitoring

environments that other sensors can not withstand.

1.3. Contributions of the Thesis

Some contributions of the thesis to the next studies and literature presented as

follows:

e This thesis deal with the miniaturized fiber optic temperature sensor which based
on the band gap energy of the GaAs. This thesis deals with the determination
of the change of in the transmission and reflection with 3 different experiments.
Reflection measurement method is described as follows; illuminated light from
the laser source reflects back from the semiconductor material GaAs and goes
to the photodiode detector. Transmission analysis can be done by placing the
photodiode the back of the semiconductor and try to avoid external noises such
as ambient light.

e Another contribution of the thesis to the next studies is selecting the right semi-
conductor. In other words, specifications are important for the chosen semicon-

ductors. In this thesis, experiments are done in difficult situations because of the
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chosen gallium arsenide. This difficulties are due to lack of information in the
literature about gallium arsenide physical condition properties such as polishing
and misleading the company that GaAs wafer bought. Explanations about GaAs
will show the way to the other new studies that which parameters should be

taking into consideration when buying gallium arsenide wafer.

1.4. Organization of the Thesis

Organization of the thesis is as follows. In chapter 2, gallium arsenide pyhsical
and optical properties are introduced. GaAs characteristics are given and it’s band
structure is shown. After that, theoritical methods are explained to understand the
relationhip between temperature and band gap for semiconductors. Some calculations
are made to use them when they are necessary. Then, setups of the experiment are
shown in the figures. Setups of experiments are explained in detail and tools that used

in the setups are introduced.

In chapter 3, results from the setups are displayed. Reflected and transmitted
power versus temperature graphs are presented. Linearity between temperature and
transmission and reflection in measured temperatures are indicated. Analyzing the
results are made. Absorption coefficient versus temperature linearity is shown. Reasons

behind low transmission are explained.

In chapter 4, comments about experimental results are made. Future work advices

are given.
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2. DESIGN AND METHODS

In this chapter, firstly, we will mentione the physics of the GaAs semiconductor
material. Advantages of using GaAs are reviewed. After that, temperature measure-
ment mechanism is defined. Formulations related to light transmission through the
direct band gap semiconductors are given. Then, components for the experiment are
presented. Finally, experimental setup is demonstrated explanatorily with the photos

of the experiment.

2.1. Physical and Optical Properties of GaAs

Some properties of the semiconductors needs to be known in order to progress
in designing and understanding of the fiber optic temperature sensor. We will briefly
explain some basic fundamentals that based on the GaAs semiconductor. Detailed
information about semiconductor physics can be found in the semiconductor devices,
physics and technology textbook by Simon Sze and Ming-Kwei Lee [60] which is this

thesis’s reference for some brief information of the semiconductor physics.

Gallium arsenide (GaAs) consists of gallium (Ga) from column III and arsenic
(As) from column V, which makes GaAs a III-V compound. GaAs has a direct band
gap and it’s a crystalline material which has a Zincblende structure. It’s colour is grey
and it’s melting point is 1238°C [61]. GaAs can not find in nature. GaAs first created
by the Goldschmidt [62] in 1920’s.

Electrons can only be in discrete energy levels in solid materials [63]. Band gap
can be defined as restricted area to the electrons. In other words, bad gap is the
difference in energy between bottom of the conduction band and top of the valence
band which are allowed energy levels for the electrons. Band gap energy FE, is the
width of the forbidden energy gap between conduction band energy E. and valence
band energy F, which is E, - E, [64,65]. Energy band structure of GaAs can be seen
in Figure 2.1.
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Figure 2.1. Energy band structure of GaAs [66].
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Momentum is zero at I'-valley in figure 2.1. As we can see from the figure 2.1,
minimum of the conduction band and the maximum of the valence band take place
at the momentum p =0 which is what we want for this thesis because otherwise we
would need a phonon that adds momentum to electron to get the conduction band. In
other words, transition of electrons from valence band to the conduction band needs

no momentum. This makes GaAs direct band gap semiconductor.
2.2. Theoritical Measurement Method

Light interaction with the semiconductor material is a wavelength dependent
phenomenon. Illuminated light can be absorbed, transmitted and reflected. When
the light emitted from the laser source to the semiconductor material, photons are
absorbed substantially if the incident light energy is equal or greater than the band
gap energy of the semiconductor material [60]. That means, reflected light intensity

decreases proportional to the absorption.

When the incident photon energy is greater than band gap energy E,, photon
absorption increases rapidly and this point can be referred as cut-off wavelength or
transition wavelenght. We can find the cutoff wavelength from the formula below

Ao = (2.1)

hc
Eg
where ). is cutoff wavelength, h is planck constant and c is the speed of light in vacuum.

hc equals to 1.24 eV-um. Rearrangement of equation 2.1 gives us:

1.24
Ao =
E

g

(um) (2.2)

We can have an information about transition (cutoff) wavelength through the

GaAs at the room temperature. Using the band gap energy of GaAs as 1.42 eV, we can

calculate the necessary wavelength to illuminate to the semiconductor is % (upm) =

0.873 (m) which is in the near infrared region of the spectrum.
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When the temperature rises, band gap energy decreases. The increase in temper-
ature causes the atoms to vibrate more. This increased vibration causes the rise in the
interatomic distance. This leads to an decrease in potential energy [18]. Varshni [67]

have succeeded to show the relation between band gap and temperature in equation

2.5.

Interatomic distance and electron energy relationship can be seen in figure 2.2

Electron Energy

Atomic Distance

Figure 2.2. Electron Energy vs Atomic Distance [19]

As seen from the figure 2.2, band gap width decreases with respect to increasing
interatomic distance [68]. CB represents the conduction band and VB represents the
valence band. Band gap eventually disappears as we go through the right of the figure
2.2.

As can be seen from Varshni equation 2.5, if temperature increases, the band gap
decreases, exciting the electrons at the valence band becomes easier and less energy is
required to it, followed by increase in absorption. That means cut off wavelength shifts

to the longer wavelengths which do not have enough energy to excite the electrons
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at valence band. We can see the figure 2.3 as an example for shifting the longer

wavelengths with the increasing temperature.

Transmission (%)

Wavelength

Figure 2.3. Transmission vs wavelength with 3 different temperatures.

We can interpret the figure 2.3 in a different way. We can see that cut-off wave-
length shifts toward the right with increasing temperature. This shift of cut-off wave-
length means that required energy for transmission decreases. Instead of detecting the
cut-off wavelength points on the transmission graph, we can observe changes in the

light by just it’s energy.

Absorption coefficient a can be defined as the fraction of the absorbed photons
with per unit distance which has unit of em™!. This thesis focus on the wavelengths
around the cutoff wavelength. So, we can use the simplified version of the Urbach

rule [69] from the formula below

a = Ay/(hv — E,(T)) (2.3)
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where a is the absorption coefficient which is temperature T° dependent, hv is the
photon energy, E,(T") is the band gap energy with respect to temperature and A is a

constant for semiconductor (GaAs) material.

To obtain equations for transmission we can assume that reflection occurs both
sides equally with a normally incident light. Taking into account the internal reflec-
tions, we can see the intensity of the transmitted light in its last form in the figure
2.5. Internal reflection will become negligible due to the absorption through the way of
propagated light which is formulated and showed in the figure 2.5. After first reflection,
light propagates through the thickness [ and attenuated by e~ [70]. Attenuation of
the light can be seen in figure 2.4. This attenuation occurs every time light reflects

back inside the medium.

Intensity of
the Light
Iy
Ioe—al
Air GaAs
Interface

Figure 2.4. Attenuation of the Light.

If we sum all the transmitted lights and divide it to the incoming light [y, Trans-

mittance becomes;

(1 _ R)2€—al

T=(1-RPe L+ e 4 R = o

(2.4)
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Figure 2.5. Transmission and Internal Reflections.
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Iy is the incident photon intensity, [ is the thickness of the semiconductor (GaAs),
R is the reflectance of the GaAs, I is the intensity of the transmitted light and a is

the absorption coefficient with respect to the temperature.

Here we can see that transmission has inverse proportion with the reflection but
both of them are wavelength and temperature dependent due to their relationship with

the absorption coefficient and refractive index.

Another formula that we need to know is band gap energy changes with the
temperature of the GaAs. Formula for the band gap energy with respect to temperature

can be seen in following equation by Varshni [67] which is obtained experimentally.

(2.5)

For example at 300 K , 5.41 x 10%¢V/K for a and 204 K for b from the literature. a
and b are fitting parameters of the Varshni [67] equation and E,(0) is the band gap

energy at room temperature. These values are at 300°K temperature.

Equation 2.5 is first found by Varshni [67] At zero kelvin band gap energy is £,(0),
a in (eV/K) and b in (K) are the values that can be determined experimentally. Band
gap and temperature relation ship can be seen from the figure 2.6, E,(T") decreases
as the temperature increases. Equation 2.3 which is the absorption coefficient formula
shows that band gap energy E (7)) has also inverse proportion with the absorption
coefficient. Finally equation 2.4 for intensity of transmitted light has again inverse

proportion with the absorption coefficient.

Equations 2.3, 2.4 and 2.5 gives brief backgroun about understanding the de-
pendence of temperature with the electronic and photonic properties of semiconductor
(GaAs) material. We can see that absorption increases with the increasing tempera-

ture, thus, transmittance decreases with respect to increasing absorption. As a result,



22

154"

(aAs
¢ [xperimental

d — This work (7, 294K) _

MEE —— This work (7,-473K) 3

This work (7, =673K)

This work (7 =873K)

Band gap cnergy (¢V)
fo
1

1.0 4

0.9 - = Varshni's cquation

0'8 Ly I Ll I ] I L 1 .
0 200 400 600 800 1000

Temperature (K)

Figure 2.6. Band gap Energy vs Temperature [71]

transmittance decreases as the temperature increases.

Previous formulas were given for understanding the relationship between trans-

mission and temperature.

All stated parameters that gives information about the nature of semiconductor

with the light interaction.

Additional information about the reflectance is as follows. The fraction of the
light that is reflected depends on the refractive index of the semiconductor (relative
to that of air). Reflectance is the reflection of the incident energy from the medium.
Incident energy is light according to wavelength. Index of refraction n of the GaAs
[72] and index of the air ng, are two parameters for calculating reflectance of the
semiconductor material which has incident light comes normal to the reflected surface.
Figure 2.7 illustrates the behaviour of the light when it come across the interface

between air and GaAs. Reflected and transmitted lights has radiant powers which
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depends on the refractive indexes of air and GaAs and angle of incidence. Fresnel

equations [73] show the relationship between these features and reflected light. To

E

-Kq

X

A

h

Er

GaAs

Figure 2.7. Incident, Reflected and Transmitted Lights.

find the Reflectance, we will made some assumptions and derive some equations. We

—

can see the direction propagation vector k is z axis in figure2.7. We assume that

incident electric field polarized in the z axis direction. According to right hand rule [74],

magnetic field is in the y direction. Adding to that, light moves with a speed v; in the

air and vy in the GaAs medium.

We assume FElectric and Magnetic field does not change its direction when it

transmitted. But their amplitudes change. Again we assume the reflected components

of the electric field do not change direction upon reflection, but it travels in the negative

z direction. If we apply right hand rule again, we will see that magnetic field goes in

the negative y direction.
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Electric field of the incoming wave can be described as follows [75]:

Where E 1 is the incident electric field, Z'is the position vector Ey; is the amplitude
of incident electric field, w is the angular velocity, ¢+ = v/ —1, ¢ is the unit vector which
shows the polarization direction of the electric field in air and k is the propagation

vector in the air. General formula for the propagation vector is as follows

- A27Tn
k=k— 2.7
. (27)

where n is the index of the refraction, A is the wavelength in related medium and k is

the unit vector which shows the direction of .
Magnetic field of the incoming wave can be described as follows [75].
B_} = BOiei(Elgiwt)j (28)

7 is the unit vector which shows the polarization direction of the magnetic field and

By; is the amplitude of incident magnetic field.
Reflected components of the wave can be seen in 2.9 and
Ep = Epel—hz—uwt; (2.9)
E, r is the reflected electric field and Ej, is the amplitude of reflected electric field.

Polarization of the electric field does not change but k vector is changed in direction

which is the reason of the minus sign in front of the k.
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B = —By,elthi7-vh; (2.10)

B} is the magnetic field vector, By, is the amplitude of the reflected magnetic
field. In equation 2.10, we can see that magnetic field changed in both the direction

of both k and polarization direction which is the reason for the additional minus sign

before By, .

The relationship between electric and magnetic field is can be seen in figure 2.11.

g-fe_

FEc
n

< | =

(2.11)

c is the speed of light in vacuum, n is the refractive index and v is the speed of light
in medium.

We can replace the By, with according to equation 2.11 where v; is the

Eor
velocity of the light in air. New equation for reflected magnetic field becomes:

5 EOT‘

i(—]z:lz—’wt)ﬁ 212
o J (2.12)

Tranmitted parts of the wave are shown in equations 2.13 and 2.15.

Er = Eyeihiut); (2.13)
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By = Bye®iud)j (2.14)

ky is the propagation vector in GaAs. Speed and wavelength changes in the different
medium, this causes incident propagation vector to change from ki to ko According

to equation 2.11, transmitted magnetic field becomes:

— E 7o A~
By = —Zelkez-ut) (2.15)
V2

Electric and magnetic components of the incident, reflected and transmitted wave are
going parallel to the boundary in the case of normal incidence [76]. In other words,
there is no perpendicular component. We will look at the parallel components of the

EM wave. Boundary conditions at z = 0:

E;+ Er = Eyp (2.16)

B; + By = Br (2.17)

We can simplify the equations 2.16 and 2.17. Taking into account equation 2.11,

we can also reformulate the equation 2.17. Simplified equations as follows:

Eoi + Eor - EOt (218)

EOi EO’I‘ — & (2 19)

(%1 (%1 V2
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Due to Z—; = Z—f, equations 2.18 and 2.19 can be solved for reflection coefficient 7:

_ Ey, _ TN (2.20)

r =
Ey; n1 + Ng

Radiant power P of the wave is proportional to the square of electric field [77]

and it can be seen in the formula below

o ESE()A
 w

P (2.21)
where Ej is the amplitude of the electric field, A is the area of the electric field, ¢q is

the permittivity of vacuum.

Equation 2.21 shows us the relation ship between reflectance R and reflection
coefficient r. Reflectance R is the square of r. Reflection formula can be seen as

follows:

ny —MnNa9

Ny + No

(2.22)

If the angle of incidence is greater than zero , assuming that electric field polarized
in the z axis and taking the equation 2.11 into account which shows the for relationship

between electric and magnetic field, boundary conditions becomes:

Eoi + Eor = EOt (223)

Eyicos(0;)  Eorcos(0,)  Ey cos(6,)

2.24
U, U, U2 ( )
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From Snell’s law [78], we know that ;

n, sin(6;) = no sin(6;) (2.25)

s 200
na cos(60;) = nay/1 — sin2(6;) = nyy |1 — Smngez) = \/n — sin(6;) (2.26)
2

Substituting equations 2.23 and 2.24 with 2.26 gives us the reflectence for the

case angle of incidence (7rq4se2) 1S greater than zero:
case

ny cos(6;) — /n% — sin®(6;)

Tcasez = (227)
ny cos(6;) + \/n2 — sin®(6;)

Reflectance for this case (Rguse2) is the square of the reflection coefficient:

ny cos(6;) — \/n% — sin*(6;)

Rcasez = [ 3 )
ny cos(6;) + /n3 — sin®(6;)

) (2.28)

If we go further in reflectance, it can be seen that reflectance R depends on the
refractive index and it is known from literature that refractive index depends on the

incoming wavelength [79]. This makes the reflectance a wavelength dependent function.

Refractive index and reflectance data is well reported in the literature. For 980
nm wavelength, GaAs refractive index is 3,5160 at room temperature [80] and refractive
index for air is 1 [81]. Refractive index is also temperature dependent but it changes
so small in the near infrared which is 2.67 +0.007 x 10~4/°C' [82]. In detail, refractive

index and temperature dependency can be seen in the formula below [82]
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on
T) = —T 2.29
WT) = n+ o (229)
where g—; is refractive index variance per degree. Taking n4q4qs=3,5160 and n,;, =1, we

can calculate the reflectance and use it in further calculations.

3,5160 — 1

2
S0 )2 2 0.3103 2.30
3,5160 + 7 (2.30)

R=(

We found R=0.3103 which is almost % 31 of the incident light with normal incidence

reflects back at room temperature.

If temperature rises ten degrees from the room temperature, new refractive index

becomes for normal incidence;

Ngroc = 3.5160 + 10 x 2.6710~* ~ 3.5186 (2.31)

At 37°C, reflectance becomes;

3,5186 — 1

2
20 T V2 2 0.3106 2.32
3,5186 + 7 (2.32)

R=(

Equation 2.32 tells us, 10°C' temperature rise causes reflected light intensity to

increase 0.3%.

2.3. Setup of the Experiment

There are three different setups were done for this experiment.

Setup one has a fiber optic coupled laser source, a 50:50 beam splitter, GaAs
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waver at the tip of the beam splitter’s fiber cable and photo diode detector for the

readings. GaAs were placed to beam splitter’s single output side.

There are two different wavelengths were used. First of them is 880 nm, 2.7
(mW) (Min) Fiber-Coupled laser source. This laser source were used in the beginning
of the experiments of this thesis. 880 nm near infrared (NIR) is almost at the edge
of the cut-off wavelength, which is nearly desired for the setup. Due to the fact that
reflection from the semiconductor material is used to detect temperature for the first
experiment, 880 nm is used in the setup one. In other words, 880 nm wavelength is
enough for transmission theoretically but experimental results can be different from
theoretical results. In case of transmission does not occur, reflection thought to be

enough to get data with taking into account the absorption.

We use a fiber coupled laser which has 880nm wavelength.In order to drive the
880 nm pigtailed laser source, an appropriate driver is consturcted by using 5 V voltage
regulator and passive commponents. Driver schematic and PCB design were done in
the the Eagle software. Schematic includes LED driver and transimpedance which
converts monitor current from the LED to the voltage. Schematic can be seen in the

figure 2.8.
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Figure 2.8. Schematic of Laser Driver.
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Transimpedance circuit takes the current from the intrinsic photodiode (PD) of
the LED. This current goes through the reference resistor which is R2 in the figure 2.8
and induces voltage over R2. This voltage and current from PD will be our reference

points when measuring the power of the laser by photo detector.

18mA is required to operate the laser according to its user manual. It is a
product from the Thorlabs Inc. (LP880-SF3) and its power is 2.7 mW according
to user manual. It has FC/PC connector and its pin code is A’. To obtain 18 mA
drive current, resistor R1 in figure 2.8 is connected between the output and adjust of
the linear voltage regulator. Voltage regulator has constant 1.25 V across the these

two nodes. Resistance value can be calculated as follows: R = % = 691).

We used 73 () resistance to get the necessary current to drive the laser diode.
Simulation is made for the current through the laser diode. As can bee seen from the
figure of simulation 2.9 current is approximately 17.8 mA which is enough to drive the

laser diode.

18.83mA o

18.6mA—
18.4mA—
18.2mA~
18.0mA~
17.8mA—
17.6mA—
17.4mA—
17.2mA~
17.0mA—
16.8mA—

16.6mA T T T T T T T T T
Ops 10ps 20ps J0ps  A0ps 50ps 60ps T0ps S0ps  90ps  100ps

Figure 2.9. Simulation Result of the Current Passing over the Laser Diode.
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Figure 2.10. Rear and Front View of the Laser Driver.

Figure 2.10 is the photo of the laser driver.

The intrinsic photo diode on the laser gives the 0.22 mA monitor current when
the device is fed with the operating current according to user manual. PD current is
converted to the voltage via simple transimpedance circuit. Converting the monitor
current to the voltage provide us a reference point when comparing the power measured

from the power meter.

Optical kit used for the whole experiment is PM120VA which has the ana-
log/digital optical meter PM100A. It is a product from Thorlabs Inc and its mea-
surement range can easily handle with the power ranges in the experiments of the

thesis.
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Heating and cooling was a little bit hard due to the fact that when we heat or
cool down to a semiconductor, it is really hard to maintain the temperature in same
levels. Deciding the method for cooling the semiconductor to —6°C is not that easy
due to gallium arsenide fragile nature. Stabilization of the temperature at the same
level needs a professional tool such as heating and cooling chamber which would be

better for the experiments.

Methods for heating and cooling processes that are used in the experiments are

explained as follows.

Heating was handled by using a peltier for setup one and two, hot air compressor
for setup three. Cooling process was hard to achieve. First, peltier thermoelectric
cooler (TEC 12706) was used to cool down the gallium arsenide but infrared laser
never gave us the value below 15°C. To reach lower temperatures, another method
for cooling was found and prepared. Peltier thermoelectric cooler and 12 V mini fan
were used inside an insulated polystyrene box. Polystryrene box is a very good heat
insulator. This time, temperature stabilization achived but temperature never went

down below 10°C.

Finally cooling process were reached to the desired temperatures with the help
of freezer spray. Freezer spray was chosen to be the better option to go down further
degrees. For setup one and two, peltier temperature reduced below zero degrees with
the help of the freezer. Freezer was never interact with the GaAs wafer or photodiode.
For the setup three, freezer spray were used directly to the GaAs wafer. Firstly, freezer
is tested without GaAs semiconductor to see if it is affecting the photo diode or not.
It was observed that spraying through the photo diode and laser source did not change
the value at the analog/digital power meter display. Then the setup was prepared in
a way to protect the photodiode from the freezer spray. Protection were done to keep

clean the surface of the photodiode.

Stabilization of the temperature was a desired condition but another option was

used during the experiments. Videos of the experiments were recorded instead of
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stabilizing the temperature. It was an effective way to keep track temperature and
power values and of course faster than the stabilizing the temperature at some point.
Video can be stopped and data can be observed at any time without missing any part

of it.

For the setup setup three, we measured the transmission. We used different
wavelength for setup two and three. Because there was no transmission observed
through the GaAs wafer in setup one. 980 nm laser source was chosen instead of 880
nm laser diode. 980 nm laser still does not meet with our expectations due to the
chosen semiconductor wafer specifications but it was helpful in observing the changes

In transmission.

Second setup consist of 980 nm wavelength laser source as mentioned with ap-

proximately 23.8 mW lIsaer power. 980 nm LED is chosen for the rest of the experiment.

Besides of 980 nm laser source, a peltier cooler and freezer were used for the
cooling and heating process. Second experiment depends on the reflection from the
surface of the GaAs semiconductor through the air and detection of the reflected light
by the photodetector.

Schematics of the setup one and two can be seen in figure 2.11.
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Figure 2.13. Setup Two.

Third and last setup is based on the transmission power of the 980 nm light
through the GaAs. This transmission will have a role at the further experiments for

other researches besides of this thesis.

Setup three has 980 nm laser pointer source fixed on the table. GaAs wafer is
fixed between the 980 nm wavelength laser pointer and the photodiode. 5 V DC is

applied to drive the laser pointer.

We can see the schematic and photo of the setup three in figures 2.14 and 2.15

respectively.
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3. RESULTS

Heating and cooling processes were done without harming the exit point of the

fiber cable and equipments.

Setup three does not consist of any focusing lenses due to illuminated light goes
directly to the GaAs and GaAs is adjacent to photodiode. Focusing lens also were used

in the setup three but no difference were observed from the setup with no focusing lens.

3.1. Setup One Results

Experiment 1

] +  Experiment 2
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Figure 3.1. Reflected Power vs Temperature.

In setup one, reflectance change over the temperature can be calculated from the

formula 2.18:
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For 27°C', and 45° incident angle:

3,516c0s(45) — /12 — sin?(45
Ripees = [22210005(45) S US) e o, 3103 (3.1)
3,516c0s(45) + V12 — sin245

For 37°C', incex of refraction becomes;

Ny = 3.5160 + 10 x 2.67 x 10~* ~ 3.5186 (3.2)

New reflectance for 37°C' with 45° incident angle can be calculated as follows:

3,5186 cos(45) — /12 — sin?(45)
3, 5186 cos(45) + /12 — sin?(45)

Reases = [ ]2 ~ 0,3106 (33)

Just like the normal incidence case, reflectance changes 0.3%.

We saw that 880 nm laser source has 1.210(mW). Average power of the reflected
light for the room temperature is 414.36uW which is almost 34% of the incident light.
A change of 0.3% in incident light corresponds to a change of 3.63uW in reflected
light. This means 0.363uW change per degree. This value is so small to detect, so we
measured it in every 5°C'. In figure 3.1, this small change can be observed. On avarage,

2.36uW is observed for every 10°C' .

3.2. Setup Two Results

Just like the setup one, 0.3% change should be observed in every ten degrees.
Laser source has 23.8 mW and 0.3% change corresponds to 71.4uW change in reflected
light for 10°C' change. Our average result is approximately 59.7uW. Reflected light is
the 32.6 % of the incident light at room temperature.
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3.3. Setup Three Results

Data taken from the —6°C to 50°C.

We can see the results of setup three in the figure 3.3.
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Figure 3.3. Transmitted Power vs Temperature.

When the body is below 20°C', severe hypothermia occurs which is organs start
to fail, heart rate falls to risky levels as in respiration [83]. Normal body temperature is
37°C [84]. Hyperthermia [85] damages the enzymes such as respiration enzymes which
is responsible for cellular respiration [86] fail to work in the body. Tissue burns start

at 50°C' [87].

It can be clearly seen that transmitted power has a linear relationship with the

changing temperature which is desirable for temperature tracking.
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3.3.1. Analysis of the Results

In Setup one, output power of the laser source was different from the user manual
as well as the intrinsic photodiode of the laser. Transmission through the GaAs was
almost zero and we measure the reflected light power. Reflectance change over the
temperature is 2.36uW in every 10°C' which is a little bit low from the expected
variance. Linear relationship between the reflected light power and temperature was

observed.

In Setup two, 980 nm laser source was used. Variations in the reflected light
was more observable than the setup one. On average variation was 59.7uWW per ten
degrees which is close to expected variation. Setup two was easy to read results on the
powermeter due to its bigger variations with the temperature which is more detectable
by photodiode. Linear relationship between the reflected light power and temperature

was observed just as setup one.
In setup three, temperature dependence of the transmitted light power was ob-

served. We were expecting more transmission from our results. Reasons for low trans-

mission were explained below.

3.3.1.1. Reasons of Low Transmission. One can be recognize that transmission is too

low which is around between 0.4% and 0.5% of the laser power (23.8 mW) at room
temperature. We know from the literature that in the range of 980 nm wavelength,

transmission should be much more than our results.

There are some reasons behind our low transmission, first of all GaAs wafer used
in the experiment has only one side polished. Wafer polishing is important in optic
experiments. Wafer polishing process removes surface defects [88] and make the wafer
particle free. Smoothing the surface peaks and valleys are important factor. This peaks
and valleys can be a couple of micron in size but they have quite badly affect on the

transmission [89]. Due to defects on the unpolished side, incoming light reflects back
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and disperse widely and transmission decreases to the levels of between 0.4%-0.5% of

laser power (23.8 mW).

As an example to effects of comparing the transmissions between single side pol-
ished and double side polished wafers, the following figure 3.4 shows us the transmission
rates of the single side polished versus double side polished silicon wafer. Red line shows
the single side polished (SSP), blue line shows the double side polished (DSP) and the
black line represents the reference transmission without any wafer between laser source
and photodiode. Almost 90% of the transmission is lost in the infrared region for the
single side polished wafer because of the diffusion and scattering of the transmitted

and reflected light.
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Figure 3.4. Single Side Polished vs Double Side Polished Wafer Transmission [89]

Critical angle is the greatest angle before the total reflection occurs as the light
goes from the medium with higher refractive index to the medium with lower refractive

index [11]. Most of the reflected light from the unpolished side scatters inside the
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critical angle and escapes through the polished side. A large part of the light is trapped

inside due to their angle of incidence is larger than the critical angle [11].

This scattering and diffusion from the unpolished side of the wafer were seen in
the experiments of the thesis. When we tried to measure the reflected light from the

unpolished side of the wafer, photodiode did not get any noticeable results.

In the figure 3.5, we can see the diffused reflected light from the unpolished side
of the wafer. Calculating and modeling the scattered light from the rough surface is

really hard even if elaborated information about the rough surface is known.
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Figure 3.5. Diffuse Reflectivity of the Single Side Polished Wafer [90].
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Second reason for such a low transmission is wafer does not have an antireflection
coating (AR). Anti reflection coating decreases the reflectance around 4% [91] and

contribute to the transmission of illuminated light.

Third reason is thickness. Thickness is important parameter for transmission.
Thickness and transmittance relation can be seen simply in Lambert-Baer s Law [70]

in the formula 3.4

Where T transmittance, a is the absorption coefficient with respect to temper-
ature and [ is the thickness. Thickness and transmittance relationship were demon-
strated in figure 2.4. As the thickness increase, transmitted power decreases. If we
had use thinner wafer than ours, our transmitted power would be much more than the

results of current one.

These unwanted properties of the GaAs wafer were due to the misleading infor-

mations from the wafer supplier company that sold us the GaAs wafer.
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4. CONCLUSION

4.1. Conclusion

In this thesis, transmission and absorption of the gallium arsenide has been stud-
ied. Background and applications of fiber optic temperature sensors were introduced in
Chapter 1. Especially medical applications were emphasized due to aim of this thesis.
Usage areas of FOTSs in medical area has been introduced widely. Besides medical
industry, other areas also has been metioned shortly due to that FOTSs can be used
in many fields. In addition to that, advantages of the fiber optic sensors have been
explained and contributions of the thesis have been written item by item. Advantages
of the FOTSs provides to FOTSs more market area and followed by faster technological

developments which moves FOTSs one step further.

In Chapter 2, Firstly, gallium arsenide pysical and optical properties were intro-
duced to show it suitability to this thesis. The reasons for choosing gallium arsenide
as a appropriate semiconductor to make a fiber optic sensor have been explained. Its
band gap energy changes with respect to temperature presented in the formulas. Tem-
perature and transmission dependence has been shown thanks to these formulas and
their inventors; Urbach’s rule [69] and Varshni equation [67]. Relationship between
formulas has been shown and dependencies between temperature, bandgap, absorption
and transmission have been correlated. After introducing the theoretical formulas, se-
tups for the experiments were explained in detail. Finally, refractive index was taken
as 3,516 from the Skauli et al. 2003 [80]. Some GaAs refractive index values can be
different from each other but this differences only change some calculations but im-
portant factor in the thesis is seeing dependence of band gap and transmission to the

temperature.

In Chapter 3, different transmitted power with different temperatures have been
shown. Cooling and heating results have been introduced. Cooling and heating have

been tried in a different way such as Peltier cooler itself and Peltier cooler and a fan in
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a polyester box in the beginning of the experiments but achieving desired temperatures
were really hard with the Peltier cooler or its derivatives. Although the mechanism for
cooling and heating we choose seems simple, it was really helpful in our experiments
and there was no harmful effect on the gallium arsenide wafer and photodiode. We did
not go any furhther below from —10°C or upper from 50°C' to prevent any possible
damages on the photodiode. Additionally, transmitted power were low compared to

literature. Reasons behind this low transmission have been explained.

4.2. Future Work Advices

Here some advices for future works. Some of these recommendations have been
learned by searching, but most of them have been learned by making mistakes and

misunderstandings between us and the wafer supplier.

e Choosing the right semiconductor is quite important such experiments. Polishing
both sides of the semiconductor wafer is important for transmission experiments.
Also thickness is an important parameter like 2 side polishing.

e Right laser source is another important factor for transmission measuring. One
has to calculate the cut-off wavelength and choose the laser source wavelength
higher or equal to calculated wavelength if only one wavelength is used.

e Gallium arsenide or any other wafers in such experiments should be treated very
carefully. Dust particles or other things can leave marks on the wafer. These
marks can be cleaned by acetone with sanitary napkins. One should not clean
the wafer in his/her hands or otherwise wafer will shatter in a high probability.
Watfer should be clean on the soft surface.

o [f the GaAs wafer or another type of wafer is cut into two or more parts, it’s ori-
entation should be considered. Wafer can be cut by simple diamond cutting saw.
From wafer’s orientation, cutting direction should be known. Cutting process
should be learned before cutting the wafer because diamond cutting wafer should
be pressed only one point, and rest of the crack occurs by itself very smoothly

along it’s orientation.
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e Transmission observations can be done in better environments. If the semiconduc-
tor wafer can be placed in a professional heating cooling equipment, temperature
can be stabilized and observations become clearer. Cooling with freezer spray is

an alternative but every time gallium arsenide has to be cleaned after spraying.
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